
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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a)  Galaxy morphology: Hubble 
sequence 

b)  Galaxy types: luminosity-color 
diagram 

c)  Surface brightness profiles 
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M101: face-on galaxy NGC 4414: slight tilt NGC 891: edge-on 



Spiral Galaxies 

ESO	

•  They have a flat rotating 
disk with stars, gas and 
dust 

•  They have a central stellar  
concentration: the bulge. 
Can be shaped like a bar 

•  They have a halo of stars 
with many globular clusters 

•  Many young stars and star 
formation in the spiral 
arms 

•  Stars orbit the disk in 
circles and more randomly 
in bulge and halo 

•  Supermassive black hole 
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have orbits with many different inclinations. The disk is 
embedded within it.

All spiral galaxies have both a disk component and a 
halo component, but there are variations on the general 
theme. Bulge sizes can vary dramatically; for example, 
FIGURE 20.3 shows a spiral galaxy with an unusually large 
bulge that illustrates the general shape of the halo compo-
nent. Other spiral galaxies—known as barred spirals—
appear to have a straight bar of stars cutting across the 
center, with spiral arms curling away from the ends of the 
bar (FIGURE 20.4). Astronomers suspect that the Milky Way 
itself is a barred spiral galaxy, because of the elongation of 
our galaxy’s bulge.

Some galaxies have disk and halo components like spiral 
galaxies but appear to lack spiral arms (FIGURE 20.5). These 
lenticular galaxies (lenticular means “lens-shaped”) are 
sometimes considered an intermediate class between spirals 
and ellipticals, because they tend to have less cool gas than 
normal spirals but more than ellipticals. Most of the large 
galaxies in the universe (75–85%) are spiral or lenticular.

Elliptical Galaxies Elliptical galaxies differ from spiral gal-
axies primarily in that they have only a halo component and 
lack a significant disk component. That is, elliptical galax-
ies look much like the bulge and halo of a spiral galaxy 
without a disk. Elliptical galaxies come in a wide range of 
sizes (FIGURE 20.6). Relatively rare giant elliptical galaxies 
are among the most massive galaxies in the universe, while 
small dwarf elliptical galaxies are much more common.

Elliptical galaxies usually contain very little dust or cool 
gas. As a result, they generally have little or no ongoing star 
formation. Elliptical galaxies therefore look red or yellow in 
color because they lack the hot, young, blue stars found in 
the disks of spiral galaxies. However, large elliptical galax-
ies sometimes contain substantial amounts of very hot gas 
that emits X rays, much like the gas in the hot bubbles 
created by supernovae and powerful stellar winds in the 
Milky Way [Section 19.2].

bulge and disk because halo stars are generally dim and 
spread over a large volume of space.

Recall that the disk and the halo of the Milky Way repre-
sent two distinct populations of stars [Section 19.3]: Disk 
stars orbit in the same plane and include stars of all ages 
and masses, while halo stars have randomly oriented orbits 
and are all old and low in mass. The Milky Way’s bulge 
stars, on the other hand, exhibit a mixture of disk and halo 
properties. Other spiral galaxies share these characteristics, 
but in spiral galaxies with particularly large bulges, the 
bulge-star orbits have more in common with the orbits of 
halo stars than with those of disk stars. We will therefore 
simplify our discussion of galaxies by dividing their stars 
into two primary components:

 ■ The disk component consists of stars and dusty gas 
clouds that follow orderly, nearly circular orbits around 
the galactic center. Galaxy disks always contain a gase-
ous interstellar medium, but the amounts and propor-
tions of molecular, atomic, and ionized gas differ from 
one galaxy to the next.

 ■ The halo component (sometimes called the spheroi-
dal or ellipsoidal component), which we will take to 
include both the halo and the central bulge, generally 
has a rounded or elliptical shape. The halo component 
generally contains little cool gas and dust, and its stars 

FIGURE 20.3 NGC 4594 (the Sombrero Galaxy) is a spiral galaxy 
with a large bulge and a dusty disk that we see almost edge-on.  
A much larger but nearly invisible halo surrounds the entire galaxy. 
The bulge and halo together make up the spheroidal component  
of the galaxy. This image shows a region of the galaxy about 
82,000 light-years across.

FIGURE 20.4 NGC 1300, a barred spiral galaxy about 110,000 
light-years in diameter.

FIGURE 20.5 The lenticular galaxy NGC 4866. A few streaks of 
dusty gas can be seen in this galaxy’s disk, but it does not contain 
any noticeable spiral arms. The region pictured is about 75,000 
light-years across.
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and masses, while halo stars have randomly oriented orbits 
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A much larger but nearly invisible halo surrounds the entire galaxy. 
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Irregular galaxies represent only a small fraction of the 
nearby large galaxies, but telescopic observations prob-
ing deeper into the universe show that irregular shapes 
are more common among distant galaxies. Because the 
light of more distant galaxies has taken longer to reach us, 
these observations tell us that irregular galaxies were more 
common when the universe was younger.

Patterns in Galaxy Shapes Early attempts to understand 
the relationships among the major galaxy types focused 
primarily on shape. Astronomer Edwin Hubble devised a 
system that organized spiral and elliptical galaxies into a 
diagram shaped like a tuning fork (FIGURE 20.8). Elliptical 
galaxies appear on the “handle” at the left, designated by 
the letter E and a number. The larger the number, the flatter 
the elliptical galaxy: An E0 galaxy is a sphere, and the num-
bers increase to the highly elongated type E7. The two forks 
show spiral galaxies, designated by the letter S for ordinary 
spirals and SB for barred spirals, followed by a lowercase 
a, b, or c: The bulge size decreases from a to c, while the 

The most numerous galaxies in our Local Group lie 
at the other end of the galaxy size scale. They are round 
and diskless like large elliptical galaxies, but they are 
particularly small and much less bright. Because of these 
distinct differences, astronomers assign these galaxies to 
a special subtype (known as dwarf spheroidal galaxies). 
Their lack of brightness makes them almost impossible to 
detect at distances greater than a few million light-years. 
Nevertheless, astronomers suspect this galaxy subtype to 
be the most common in the universe, based on the large 
proportion of them in the Local Group.

Irregular Galaxies Some of the galaxies we see nearby fall 
into neither of the two major categories. The class of irregu-
lar galaxies is a miscellaneous class, encompassing small 
galaxies such as the Magellanic Clouds and larger “pecu-
liar” galaxies that appear to be in disarray (FIGURE 20.7). 
These blobby star systems are usually white and dusty, like 
the disks of spirals. Their colors tell us that they contain 
young, massive stars.

FIGURE 20.6 Elliptical galaxies come in a wide range of sizes.

a  M87, a giant elliptical galaxy in the Virgo Cluster, is one of
the most massive galaxies in the universe. The region shown is
more than 300,000 light-years across.

b  Leo I is one of at least a dozen dwarf elliptical galaxies in the
Local Group. It is only about 2500 light-years across.

FIGURE 20.7 Irregular galaxies.

a  The Large Magellanic Cloud, a small
companion to the Milky Way. It is about
30,000 light-years across.

b  The Small Magellanic Cloud, a smaller
companion to the Milky Way. It is about
18,000 light-years across.

c  NGC 1427A, an irregular galaxy with scat-
tered patches of star formation. The region
pictured is about 50,000 light-years across.
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M87: part of Virgo cluster ESO325-G004: part of 
Abell S0740 cluster 



Elliptical Galaxies 

•  Ellipsoidal shape with 
less structure: no disk 

•  Random star orbits 
around center 

•  Stars are on average 
older (less massive) than 
in spirals, so they look 
redder 

•  Less presence of 
interstellar medium (cool 
gas and dust) and less 
star formation 

•  Span many sizes 
•  Supermassive black hole 

in the center 
ESO	

IC2006	–	ESA/NASA	

Smith,	UCal	
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Their lack of brightness makes them almost impossible to 
detect at distances greater than a few million light-years. 
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galaxies such as the Magellanic Clouds and larger “pecu-
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the disks of spirals. Their colors tell us that they contain 
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more than 300,000 light-years across.

b  Leo I is one of at least a dozen dwarf elliptical galaxies in the
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•  No regular shape 
•  No bulge, no spiral 
arms 

•  Normally small (1/10 
of Milky Way’s mass) 

UGC	4459–	ESA/Hubble	

IC4710	–	ESA/Hubble	

•  Abundant gas and dust 
•  Young massive stars  
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amount of dusty gas increases. Galaxies with properties in-
termediate between those of spirals and ellipticals, such as 
lenticular galaxies, are designated S0 or SB0. The diagram 
does not show irregular galaxies, which are designated Irr.

Notice that the relative prominence of the halo and disk 
components changes gradually from one side of the diagram 
to the other. At the far left are elliptical galaxies with no 
elongation and no disk component at all. At the far right 
are spiral galaxies (and barred spiral galaxies) with a large 
star-forming disk, a small bulge, and a nearly invisible halo. 
The large but continuous range in properties shows that the 
main feature determining a galaxy’s type is the prominence 
of its disk component relative to the halo component.

Astronomers once suspected that Hubble’s tuning fork 
represented an evolutionary sequence in which galaxies 
flattened and spread out as they aged, but we now know 
that is not the case. Instead, other ways of looking at 
patterns among galaxies have yielded deeper insights.

Patterns in Galaxy Color and Luminosity Modern surveys 
of the universe can systematically measure the properties of 
millions of galaxies, allowing astronomers to take a more 
quantitative approach to galaxy classification that’s easier to 
compare with the predictions of galaxy-evolution models. In 
particular, measurements of galaxy luminosity and galaxy 
color can be used to create a diagram for galaxies that is 
similar to the H-R diagram for stars. FIGURE 20.9 shows such 
a diagram, with galaxy color plotted along the horizontal 
axis and galaxy luminosity along the vertical axis.

Notice that most galaxies fall into one of two major 
groups identified on the diagram, distinguished primarily 
by their levels of ongoing star formation:

FIGURE 20.8 This “tuning fork” diagram illustrates Hubble’s galaxy classes.

larger bulge, less dusty gas, tighter spiral arms

rounder appearance

E0 E5

S0

Sa Sb Sc

SBcSBbSBa

SB0

FIGURE 20.9 A graph plotting galaxy luminosities against colors 
shows that galaxies fall into two main groups: the blue cloud, consist-
ing mostly of spiral and irregular galaxies that are blue to white in 
color, and the red sequence, consisting mostly of elliptical galaxies 
that are redder in color. (The brightness of each small square reflects 
the number of galaxies with the corresponding color and luminosity.)
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elongation and no disk component at all. At the far right 
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main feature determining a galaxy’s type is the prominence 
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particular, measurements of galaxy luminosity and galaxy 
color can be used to create a diagram for galaxies that is 
similar to the H-R diagram for stars. FIGURE 20.9 shows such 
a diagram, with galaxy color plotted along the horizontal 
axis and galaxy luminosity along the vertical axis.

Notice that most galaxies fall into one of two major 
groups identified on the diagram, distinguished primarily 
by their levels of ongoing star formation:
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Elliptical galaxies 

Hubble made a division based on the 
ellipticity of a galaxy 

⟶ apparent major and minor axes of 
the ellipsoid  projection on the plane 
of the sky 

E0       spherical 

E7     highly elliptical (maximum observed) 
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groups identified on the diagram, distinguished primarily 
by their levels of ongoing star formation:

FIGURE 20.8 This “tuning fork” diagram illustrates Hubble’s galaxy classes.
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FIGURE 20.9 A graph plotting galaxy luminosities against colors 
shows that galaxies fall into two main groups: the blue cloud, consist-
ing mostly of spiral and irregular galaxies that are blue to white in 
color, and the red sequence, consisting mostly of elliptical galaxies 
that are redder in color. (The brightness of each small square reflects 
the number of galaxies with the corresponding color and luminosity.)
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Lenticular Galaxies 

ESO	

•  They have disks and 
bulge components like 
spirals but no arms 

•  Less cool gas than 
spirals but more than 
elliptical 

•  Intermediate between 
spirals and galaxies 
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have orbits with many different inclinations. The disk is 
embedded within it.

All spiral galaxies have both a disk component and a 
halo component, but there are variations on the general 
theme. Bulge sizes can vary dramatically; for example, 
FIGURE 20.3 shows a spiral galaxy with an unusually large 
bulge that illustrates the general shape of the halo compo-
nent. Other spiral galaxies—known as barred spirals—
appear to have a straight bar of stars cutting across the 
center, with spiral arms curling away from the ends of the 
bar (FIGURE 20.4). Astronomers suspect that the Milky Way 
itself is a barred spiral galaxy, because of the elongation of 
our galaxy’s bulge.

Some galaxies have disk and halo components like spiral 
galaxies but appear to lack spiral arms (FIGURE 20.5). These 
lenticular galaxies (lenticular means “lens-shaped”) are 
sometimes considered an intermediate class between spirals 
and ellipticals, because they tend to have less cool gas than 
normal spirals but more than ellipticals. Most of the large 
galaxies in the universe (75–85%) are spiral or lenticular.

Elliptical Galaxies Elliptical galaxies differ from spiral gal-
axies primarily in that they have only a halo component and 
lack a significant disk component. That is, elliptical galax-
ies look much like the bulge and halo of a spiral galaxy 
without a disk. Elliptical galaxies come in a wide range of 
sizes (FIGURE 20.6). Relatively rare giant elliptical galaxies 
are among the most massive galaxies in the universe, while 
small dwarf elliptical galaxies are much more common.

Elliptical galaxies usually contain very little dust or cool 
gas. As a result, they generally have little or no ongoing star 
formation. Elliptical galaxies therefore look red or yellow in 
color because they lack the hot, young, blue stars found in 
the disks of spiral galaxies. However, large elliptical galax-
ies sometimes contain substantial amounts of very hot gas 
that emits X rays, much like the gas in the hot bubbles 
created by supernovae and powerful stellar winds in the 
Milky Way [Section 19.2].

bulge and disk because halo stars are generally dim and 
spread over a large volume of space.

Recall that the disk and the halo of the Milky Way repre-
sent two distinct populations of stars [Section 19.3]: Disk 
stars orbit in the same plane and include stars of all ages 
and masses, while halo stars have randomly oriented orbits 
and are all old and low in mass. The Milky Way’s bulge 
stars, on the other hand, exhibit a mixture of disk and halo 
properties. Other spiral galaxies share these characteristics, 
but in spiral galaxies with particularly large bulges, the 
bulge-star orbits have more in common with the orbits of 
halo stars than with those of disk stars. We will therefore 
simplify our discussion of galaxies by dividing their stars 
into two primary components:

 ■ The disk component consists of stars and dusty gas 
clouds that follow orderly, nearly circular orbits around 
the galactic center. Galaxy disks always contain a gase-
ous interstellar medium, but the amounts and propor-
tions of molecular, atomic, and ionized gas differ from 
one galaxy to the next.

 ■ The halo component (sometimes called the spheroi-
dal or ellipsoidal component), which we will take to 
include both the halo and the central bulge, generally 
has a rounded or elliptical shape. The halo component 
generally contains little cool gas and dust, and its stars 

FIGURE 20.3 NGC 4594 (the Sombrero Galaxy) is a spiral galaxy 
with a large bulge and a dusty disk that we see almost edge-on.  
A much larger but nearly invisible halo surrounds the entire galaxy. 
The bulge and halo together make up the spheroidal component  
of the galaxy. This image shows a region of the galaxy about 
82,000 light-years across.

FIGURE 20.4 NGC 1300, a barred spiral galaxy about 110,000 
light-years in diameter.

FIGURE 20.5 The lenticular galaxy NGC 4866. A few streaks of 
dusty gas can be seen in this galaxy’s disk, but it does not contain 
any noticeable spiral arms. The region pictured is about 75,000 
light-years across.
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Hubble’s tuning fork 

 C H A P T E R  20  G A L A X I E S  A N D  T H E  F O U N D A T I O N  O F  M O D E R N  C O S M O L O G Y    609

amount of dusty gas increases. Galaxies with properties in-
termediate between those of spirals and ellipticals, such as 
lenticular galaxies, are designated S0 or SB0. The diagram 
does not show irregular galaxies, which are designated Irr.

Notice that the relative prominence of the halo and disk 
components changes gradually from one side of the diagram 
to the other. At the far left are elliptical galaxies with no 
elongation and no disk component at all. At the far right 
are spiral galaxies (and barred spiral galaxies) with a large 
star-forming disk, a small bulge, and a nearly invisible halo. 
The large but continuous range in properties shows that the 
main feature determining a galaxy’s type is the prominence 
of its disk component relative to the halo component.

Astronomers once suspected that Hubble’s tuning fork 
represented an evolutionary sequence in which galaxies 
flattened and spread out as they aged, but we now know 
that is not the case. Instead, other ways of looking at 
patterns among galaxies have yielded deeper insights.

Patterns in Galaxy Color and Luminosity Modern surveys 
of the universe can systematically measure the properties of 
millions of galaxies, allowing astronomers to take a more 
quantitative approach to galaxy classification that’s easier to 
compare with the predictions of galaxy-evolution models. In 
particular, measurements of galaxy luminosity and galaxy 
color can be used to create a diagram for galaxies that is 
similar to the H-R diagram for stars. FIGURE 20.9 shows such 
a diagram, with galaxy color plotted along the horizontal 
axis and galaxy luminosity along the vertical axis.

Notice that most galaxies fall into one of two major 
groups identified on the diagram, distinguished primarily 
by their levels of ongoing star formation:

FIGURE 20.8 This “tuning fork” diagram illustrates Hubble’s galaxy classes.
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FIGURE 20.9 A graph plotting galaxy luminosities against colors 
shows that galaxies fall into two main groups: the blue cloud, consist-
ing mostly of spiral and irregular galaxies that are blue to white in 
color, and the red sequence, consisting mostly of elliptical galaxies 
that are redder in color. (The brightness of each small square reflects 
the number of galaxies with the corresponding color and luminosity.)
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Milky	Way	is	believed	to	be	a	barred	spiral	galaxy	



Hubble’s tuning fork 

Irregular	galaxies	



Dwarf Spheroidal Galaxies 

•  Similar to elliptical galaxies 
but smaller and spheroidal 

•  Much fainter 
•  Millions of stars (compared 

to trillions in giants) 

•  Lower metallicity 
•  Very old population 
•  Most common in the 

universe although difficult 
to detect: ten in Local 
Group 

NGC	147:	Local	Group	-	Nielsen	



Beyond Hubble: a modified galaxy 
classification scheme 

Giant ellipticals, found 
in the centers of galaxy 
clusters. Can stretch 
100s of kpc 

M87 in Virgo cluster	

Faint ellipticals: 
●  Compact 
●  Diffuse: 

○  Dwarf ellipticals (dE)  < 10 
kpc 

○  Dwarf spheroidals (dSph) < 
0.5 kpc 

 

M32	

M110 
NGC147	



Beyond Hubble: a modified galaxy 
classification scheme 

Dwarf spirals, < 5kpc 

NGC 5474	

Magellanic spirals 

NGC 4449	

Hubble’s Irr	

Dwarf Irregulars  NGC 5477	



Galaxy luminosity 
vs color 
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amount of dusty gas increases. Galaxies with properties in-
termediate between those of spirals and ellipticals, such as 
lenticular galaxies, are designated S0 or SB0. The diagram 
does not show irregular galaxies, which are designated Irr.

Notice that the relative prominence of the halo and disk 
components changes gradually from one side of the diagram 
to the other. At the far left are elliptical galaxies with no 
elongation and no disk component at all. At the far right 
are spiral galaxies (and barred spiral galaxies) with a large 
star-forming disk, a small bulge, and a nearly invisible halo. 
The large but continuous range in properties shows that the 
main feature determining a galaxy’s type is the prominence 
of its disk component relative to the halo component.

Astronomers once suspected that Hubble’s tuning fork 
represented an evolutionary sequence in which galaxies 
flattened and spread out as they aged, but we now know 
that is not the case. Instead, other ways of looking at 
patterns among galaxies have yielded deeper insights.

Patterns in Galaxy Color and Luminosity Modern surveys 
of the universe can systematically measure the properties of 
millions of galaxies, allowing astronomers to take a more 
quantitative approach to galaxy classification that’s easier to 
compare with the predictions of galaxy-evolution models. In 
particular, measurements of galaxy luminosity and galaxy 
color can be used to create a diagram for galaxies that is 
similar to the H-R diagram for stars. FIGURE 20.9 shows such 
a diagram, with galaxy color plotted along the horizontal 
axis and galaxy luminosity along the vertical axis.

Notice that most galaxies fall into one of two major 
groups identified on the diagram, distinguished primarily 
by their levels of ongoing star formation:

FIGURE 20.8 This “tuning fork” diagram illustrates Hubble’s galaxy classes.
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FIGURE 20.9 A graph plotting galaxy luminosities against colors 
shows that galaxies fall into two main groups: the blue cloud, consist-
ing mostly of spiral and irregular galaxies that are blue to white in 
color, and the red sequence, consisting mostly of elliptical galaxies 
that are redder in color. (The brightness of each small square reflects 
the number of galaxies with the corresponding color and luminosity.)
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amount of dusty gas increases. Galaxies with properties in-
termediate between those of spirals and ellipticals, such as 
lenticular galaxies, are designated S0 or SB0. The diagram 
does not show irregular galaxies, which are designated Irr.

Notice that the relative prominence of the halo and disk 
components changes gradually from one side of the diagram 
to the other. At the far left are elliptical galaxies with no 
elongation and no disk component at all. At the far right 
are spiral galaxies (and barred spiral galaxies) with a large 
star-forming disk, a small bulge, and a nearly invisible halo. 
The large but continuous range in properties shows that the 
main feature determining a galaxy’s type is the prominence 
of its disk component relative to the halo component.

Astronomers once suspected that Hubble’s tuning fork 
represented an evolutionary sequence in which galaxies 
flattened and spread out as they aged, but we now know 
that is not the case. Instead, other ways of looking at 
patterns among galaxies have yielded deeper insights.

Patterns in Galaxy Color and Luminosity Modern surveys 
of the universe can systematically measure the properties of 
millions of galaxies, allowing astronomers to take a more 
quantitative approach to galaxy classification that’s easier to 
compare with the predictions of galaxy-evolution models. In 
particular, measurements of galaxy luminosity and galaxy 
color can be used to create a diagram for galaxies that is 
similar to the H-R diagram for stars. FIGURE 20.9 shows such 
a diagram, with galaxy color plotted along the horizontal 
axis and galaxy luminosity along the vertical axis.

Notice that most galaxies fall into one of two major 
groups identified on the diagram, distinguished primarily 
by their levels of ongoing star formation:

FIGURE 20.8 This “tuning fork” diagram illustrates Hubble’s galaxy classes.
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FIGURE 20.9 A graph plotting galaxy luminosities against colors 
shows that galaxies fall into two main groups: the blue cloud, consist-
ing mostly of spiral and irregular galaxies that are blue to white in 
color, and the red sequence, consisting mostly of elliptical galaxies 
that are redder in color. (The brightness of each small square reflects 
the number of galaxies with the corresponding color and luminosity.)
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A	quantitative	measure	of	color	
is	defined	as	the	ratio	in	

brightness	between	two	broad-
band	filters	
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amount of dusty gas increases. Galaxies with properties in-
termediate between those of spirals and ellipticals, such as 
lenticular galaxies, are designated S0 or SB0. The diagram 
does not show irregular galaxies, which are designated Irr.

Notice that the relative prominence of the halo and disk 
components changes gradually from one side of the diagram 
to the other. At the far left are elliptical galaxies with no 
elongation and no disk component at all. At the far right 
are spiral galaxies (and barred spiral galaxies) with a large 
star-forming disk, a small bulge, and a nearly invisible halo. 
The large but continuous range in properties shows that the 
main feature determining a galaxy’s type is the prominence 
of its disk component relative to the halo component.

Astronomers once suspected that Hubble’s tuning fork 
represented an evolutionary sequence in which galaxies 
flattened and spread out as they aged, but we now know 
that is not the case. Instead, other ways of looking at 
patterns among galaxies have yielded deeper insights.

Patterns in Galaxy Color and Luminosity Modern surveys 
of the universe can systematically measure the properties of 
millions of galaxies, allowing astronomers to take a more 
quantitative approach to galaxy classification that’s easier to 
compare with the predictions of galaxy-evolution models. In 
particular, measurements of galaxy luminosity and galaxy 
color can be used to create a diagram for galaxies that is 
similar to the H-R diagram for stars. FIGURE 20.9 shows such 
a diagram, with galaxy color plotted along the horizontal 
axis and galaxy luminosity along the vertical axis.

Notice that most galaxies fall into one of two major 
groups identified on the diagram, distinguished primarily 
by their levels of ongoing star formation:

FIGURE 20.8 This “tuning fork” diagram illustrates Hubble’s galaxy classes.
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FIGURE 20.9 A graph plotting galaxy luminosities against colors 
shows that galaxies fall into two main groups: the blue cloud, consist-
ing mostly of spiral and irregular galaxies that are blue to white in 
color, and the red sequence, consisting mostly of elliptical galaxies 
that are redder in color. (The brightness of each small square reflects 
the number of galaxies with the corresponding color and luminosity.)
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•  Blue cloud: spiral 
and irregular 
galaxies with 
many hot young 
stars 

•  Red sequence: 
elliptical galaxies 
with old stars 
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amount of dusty gas increases. Galaxies with properties in-
termediate between those of spirals and ellipticals, such as 
lenticular galaxies, are designated S0 or SB0. The diagram 
does not show irregular galaxies, which are designated Irr.

Notice that the relative prominence of the halo and disk 
components changes gradually from one side of the diagram 
to the other. At the far left are elliptical galaxies with no 
elongation and no disk component at all. At the far right 
are spiral galaxies (and barred spiral galaxies) with a large 
star-forming disk, a small bulge, and a nearly invisible halo. 
The large but continuous range in properties shows that the 
main feature determining a galaxy’s type is the prominence 
of its disk component relative to the halo component.

Astronomers once suspected that Hubble’s tuning fork 
represented an evolutionary sequence in which galaxies 
flattened and spread out as they aged, but we now know 
that is not the case. Instead, other ways of looking at 
patterns among galaxies have yielded deeper insights.

Patterns in Galaxy Color and Luminosity Modern surveys 
of the universe can systematically measure the properties of 
millions of galaxies, allowing astronomers to take a more 
quantitative approach to galaxy classification that’s easier to 
compare with the predictions of galaxy-evolution models. In 
particular, measurements of galaxy luminosity and galaxy 
color can be used to create a diagram for galaxies that is 
similar to the H-R diagram for stars. FIGURE 20.9 shows such 
a diagram, with galaxy color plotted along the horizontal 
axis and galaxy luminosity along the vertical axis.

Notice that most galaxies fall into one of two major 
groups identified on the diagram, distinguished primarily 
by their levels of ongoing star formation:

FIGURE 20.8 This “tuning fork” diagram illustrates Hubble’s galaxy classes.
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FIGURE 20.9 A graph plotting galaxy luminosities against colors 
shows that galaxies fall into two main groups: the blue cloud, consist-
ing mostly of spiral and irregular galaxies that are blue to white in 
color, and the red sequence, consisting mostly of elliptical galaxies 
that are redder in color. (The brightness of each small square reflects 
the number of galaxies with the corresponding color and luminosity.)
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•  Blue cloud: spiral 
and irregular 
galaxies with 
many hot young 
stars 

•  Red sequence: 
elliptical galaxies 
with old stars 

è Evolution from blue cloud to red sequence? 



Galaxy brightness profiles 

•  Elliptical galaxies approximately 
follow the de Vaucouleurs profile 
(like the Milky Way bulge)  

110 3 The world of galaxies

Table 3.1 Characteristic values for early-type galaxies

S0 cD E dE dSph BCD

MB !17 to !22 !22 to !25 !15 to !23 !13 to !19 !8 to !15 !14 to !17
M .Mˇ/ 1010–1012 1013–1014 108 –1013 107–109 107–108 " 109

D25 (kpc) 10–100 300–1000 1–200 1–10 0.1–0.5 <3
hM=LBi " 10 >100 10–100 1–10 5–100 0.1–10
hSNi " 5 " 15 " 5 4.8 ˙ 1.0 – –

D25 denotes the diameter at which the surface brightness has decreased to 25 B-mag/arcsec2 , SN is the ‘specific frequency’, a measure for the
number of globular clusters in relation to the visual luminosity [see (3.18)], and M=L is the mass-to-light ratio in Solar units (the values of this
table are taken from the book by Carroll & Ostlie)

Fig. 3.9 Surface brightness profile of the galaxy NGC4472, fitted by
a de Vaucouleurs profile (solid curve). The de Vaucouleurs profile
describes a linear relation between the logarithm of the intensity (i.e.,
linear on a magnitude scale) and r1=4 ; for this reason, it is also called an
r1=4 -law

have a high stellar mass). Also the opposite effect occurs:
some ellipticals, typically those of lower luminosity, have an
excess of light in their cores, relative to the extrapolation of
the brightness profile fit at larger radii.

3.2.3 Composition of elliptical galaxies

Except for the BCD’s, elliptical galaxies appear red when
observed in the optical, which suggests an old stellar pop-
ulation. It was once believed that ellipticals contain neither
gas nor dust, but these components have now been found,
though at a much lower mass-fraction than in spirals. For
example, in some ellipticals hot gas (! 107K) is detected
by its X-ray emission. Furthermore, H˛ emission lines of
warm gas (! 104 K) are observed, as well as cold gas
(! 100K) in the HI (21 cm) and CO molecular lines. Many
(up to 75% of the population) of the normal ellipticals
contain visible amounts of dust, partially manifested as a dust
disk (see the upper right panel of Fig. 3.8 for a prominent

example). They frequently show extended HI disks, up to
! 200 kpc in diameter. However, the estimated mass of the
cold atomic and molecular gas is typically less than 1% of
the stellar mass in ellipticals. This amount of gas is actually
smaller than expected from the gas release from the stellar
population due to its evolution, e.g., in the form of stellar
winds, planetary nebulae etc. The fate of the bulk of this gas
is currently unclear.

Whereas the largest fraction of the stellar population in
ellipticals is old—as we will see soon, most of the stars
in present-day ellipticals must have formed some 10 billion
years ago—there are spectroscopic indications for a low level
of recent star formation. This has been further supported
from UV-observations carried out by the GALEX satellite
which showed that ! 15% of galaxies which are red in
optical colors (and thus located in the upper peak of the color-
magnitude diagram in Fig. 3.7) show a strong UV-excess.
Spatially resolved imaging of early-type galaxies with an
UV-excess at wavelengths of ! ! 1500Å showed that
about 75% of them do indeed clearly display star-formation
activity (see Fig. 3.12 for four examples). The UV emission
is more extended that the optical image of the galaxies, i.e.,
the star formation occurs in the outer parts of the galaxies.
The star-formation rate is sufficiently low (! 0:5Mˇ =yr)
as to have a vanishing effect on the optical colors of these
galaxies. The large radii at which the UV emission is seen
suggests that the stars do not form from gas which has been
located in the gravitational potential of the galaxy; instead, it
is likely that it is gas infalling from the surrounding medium.
We have seen direct evidence for such infalling gas in the
Milky Way (see Sect. 2.3.7), and in Chap. 10 we will explain
that such gas infall is indeed expected in our model of
structure formation in the Universe.

The metallicity of ellipticals and S0 galaxies increases
towards the galaxy center, as derived from color gradients.
Also in S0 galaxies the bulge appears redder than the disk.
The Spitzer Space Telescope, launched in 2003, detected a
spatially extended distribution of warm dust in S0 galaxies,
organized in some sort of spiral structure. Cold dust was also
found in ellipticals and S0 galaxies.

This composition of ellipticals clearly differs from that of
spiral galaxies and needs to be explained by models of the

NGC	4472	
Schneider	

2.3 The structure of the Galaxy 65

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,

Z Re

0

dR R I.R/ D 1

2

Z 1

0

dR R I.R/ : (2.41)

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
Z 1

0

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.
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Table 3.1 Characteristic values for early-type galaxies

S0 cD E dE dSph BCD

MB !17 to !22 !22 to !25 !15 to !23 !13 to !19 !8 to !15 !14 to !17
M .Mˇ/ 1010–1012 1013–1014 108 –1013 107–109 107–108 " 109

D25 (kpc) 10–100 300–1000 1–200 1–10 0.1–0.5 <3
hM=LBi " 10 >100 10–100 1–10 5–100 0.1–10
hSNi " 5 " 15 " 5 4.8 ˙ 1.0 – –

D25 denotes the diameter at which the surface brightness has decreased to 25 B-mag/arcsec2 , SN is the ‘specific frequency’, a measure for the
number of globular clusters in relation to the visual luminosity [see (3.18)], and M=L is the mass-to-light ratio in Solar units (the values of this
table are taken from the book by Carroll & Ostlie)

Fig. 3.9 Surface brightness profile of the galaxy NGC4472, fitted by
a de Vaucouleurs profile (solid curve). The de Vaucouleurs profile
describes a linear relation between the logarithm of the intensity (i.e.,
linear on a magnitude scale) and r1=4 ; for this reason, it is also called an
r1=4 -law

have a high stellar mass). Also the opposite effect occurs:
some ellipticals, typically those of lower luminosity, have an
excess of light in their cores, relative to the extrapolation of
the brightness profile fit at larger radii.

3.2.3 Composition of elliptical galaxies

Except for the BCD’s, elliptical galaxies appear red when
observed in the optical, which suggests an old stellar pop-
ulation. It was once believed that ellipticals contain neither
gas nor dust, but these components have now been found,
though at a much lower mass-fraction than in spirals. For
example, in some ellipticals hot gas (! 107K) is detected
by its X-ray emission. Furthermore, H˛ emission lines of
warm gas (! 104 K) are observed, as well as cold gas
(! 100K) in the HI (21 cm) and CO molecular lines. Many
(up to 75% of the population) of the normal ellipticals
contain visible amounts of dust, partially manifested as a dust
disk (see the upper right panel of Fig. 3.8 for a prominent

example). They frequently show extended HI disks, up to
! 200 kpc in diameter. However, the estimated mass of the
cold atomic and molecular gas is typically less than 1% of
the stellar mass in ellipticals. This amount of gas is actually
smaller than expected from the gas release from the stellar
population due to its evolution, e.g., in the form of stellar
winds, planetary nebulae etc. The fate of the bulk of this gas
is currently unclear.

Whereas the largest fraction of the stellar population in
ellipticals is old—as we will see soon, most of the stars
in present-day ellipticals must have formed some 10 billion
years ago—there are spectroscopic indications for a low level
of recent star formation. This has been further supported
from UV-observations carried out by the GALEX satellite
which showed that ! 15% of galaxies which are red in
optical colors (and thus located in the upper peak of the color-
magnitude diagram in Fig. 3.7) show a strong UV-excess.
Spatially resolved imaging of early-type galaxies with an
UV-excess at wavelengths of ! ! 1500Å showed that
about 75% of them do indeed clearly display star-formation
activity (see Fig. 3.12 for four examples). The UV emission
is more extended that the optical image of the galaxies, i.e.,
the star formation occurs in the outer parts of the galaxies.
The star-formation rate is sufficiently low (! 0:5Mˇ =yr)
as to have a vanishing effect on the optical colors of these
galaxies. The large radii at which the UV emission is seen
suggests that the stars do not form from gas which has been
located in the gravitational potential of the galaxy; instead, it
is likely that it is gas infalling from the surrounding medium.
We have seen direct evidence for such infalling gas in the
Milky Way (see Sect. 2.3.7), and in Chap. 10 we will explain
that such gas infall is indeed expected in our model of
structure formation in the Universe.

The metallicity of ellipticals and S0 galaxies increases
towards the galaxy center, as derived from color gradients.
Also in S0 galaxies the bulge appears redder than the disk.
The Spitzer Space Telescope, launched in 2003, detected a
spatially extended distribution of warm dust in S0 galaxies,
organized in some sort of spiral structure. Cold dust was also
found in ellipticals and S0 galaxies.

This composition of ellipticals clearly differs from that of
spiral galaxies and needs to be explained by models of the
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! 200 kpc in diameter. However, the estimated mass of the
cold atomic and molecular gas is typically less than 1% of
the stellar mass in ellipticals. This amount of gas is actually
smaller than expected from the gas release from the stellar
population due to its evolution, e.g., in the form of stellar
winds, planetary nebulae etc. The fate of the bulk of this gas
is currently unclear.

Whereas the largest fraction of the stellar population in
ellipticals is old—as we will see soon, most of the stars
in present-day ellipticals must have formed some 10 billion
years ago—there are spectroscopic indications for a low level
of recent star formation. This has been further supported
from UV-observations carried out by the GALEX satellite
which showed that ! 15% of galaxies which are red in
optical colors (and thus located in the upper peak of the color-
magnitude diagram in Fig. 3.7) show a strong UV-excess.
Spatially resolved imaging of early-type galaxies with an
UV-excess at wavelengths of ! ! 1500Å showed that
about 75% of them do indeed clearly display star-formation
activity (see Fig. 3.12 for four examples). The UV emission
is more extended that the optical image of the galaxies, i.e.,
the star formation occurs in the outer parts of the galaxies.
The star-formation rate is sufficiently low (! 0:5Mˇ =yr)
as to have a vanishing effect on the optical colors of these
galaxies. The large radii at which the UV emission is seen
suggests that the stars do not form from gas which has been
located in the gravitational potential of the galaxy; instead, it
is likely that it is gas infalling from the surrounding medium.
We have seen direct evidence for such infalling gas in the
Milky Way (see Sect. 2.3.7), and in Chap. 10 we will explain
that such gas infall is indeed expected in our model of
structure formation in the Universe.

The metallicity of ellipticals and S0 galaxies increases
towards the galaxy center, as derived from color gradients.
Also in S0 galaxies the bulge appears redder than the disk.
The Spitzer Space Telescope, launched in 2003, detected a
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organized in some sort of spiral structure. Cold dust was also
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Fig. 3.10 Left panel: effective radius Re versus absolute magnitude
MB ; the correlation for normal ellipticals is different from that of
dwarfs. Right panel: average surface brightness !avg versus MB ;
with increasing luminosity, the surface brightness of normal ellipticals

decreases, while for dwarf ellipticals and spheroidals it increases.
Source: R. Bender et al. 1992, Dynamically hot galaxies. I - Structural
properties, ApJ 399, 462. c!AAS. Reproduced with permission

Fig. 3.11 Comparison of the brightness profile of a cD galaxy, the cen-
tral galaxy of the cluster of galaxies Abell 2670, with a de Vaucouleurs
profile. The light excess for large radii is clearly visible. Source: J.M.
Schombert 1986, The structure of brightest cluster members. I - Surface
photometry, ApJS 60, 603, p. 618, Fig. 1. c!AAS. Reproduced with
permission

formation and evolution of galaxies. We will see later that
the cosmic evolution of elliptical galaxies is also observed to
be different from that of spirals.

3.2.4 Dynamics of elliptical galaxies

Analyzing the morphology of elliptical galaxies raises a
simple question: Why are ellipticals not round? A simple
explanation would be rotational flattening, i.e., as in a rotat-
ing self-gravitating gas ball, the stellar distribution bulges
outwards at the equator due to centrifugal forces, as is also

the case for the Earth. If this explanation was correct, the
rotational velocity vrot, which is measurable in the relative
Doppler shift of absorption lines, would have to be of about
the same magnitude as the velocity dispersion of the stars "v
that is measurable through the Doppler broadening of lines.
More precisely, by means of stellar dynamics one can show
that for the rotational flattening of an axially symmetric,
oblate3 galaxy, the relation

!
vrot

"v

"

iso
!
r

#

1 " # (3.1)

has to be satisfied, where ‘iso’ indicates the assumption of an
isotropic velocity distribution of the stars. However, for very
luminous ellipticals one finds that, in general, vrot # "v ,
so that rotation cannot be the major cause of their ellipticity
(see Fig. 3.13). In addition, many ellipticals are presumably
triaxial, so that no unambiguous rotation axis is defined.
Thus, luminous ellipticals are in general not rotationally
flattened. For less luminous ellipticals and for the bulges
of disk galaxies, however, rotational flattening can play an
important role. The question remains of how to explain a
stable elliptical distribution of stars without bulk rotation.

The brightness profile of an elliptical galaxy is defined
by the distribution of its stellar orbits. Let us assume that
the gravitational potential is given. The stars are then placed
into this potential, with the initial positions and velocities
following a specified distribution. If this distribution is not

3If a " b " c denote the lengths of the major axes of an ellipsoid, then
it is called an oblate spheroid (D rotational ellipsoid) if a D b > c,
whereas a prolate spheroid is specified by a > b D c. If all three axes
are different, it is called triaxial ellipsoid.
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D25 denotes the diameter at which the surface brightness has decreased to 25 B-mag/arcsec2 , SN is the ‘specific frequency’, a measure for the
number of globular clusters in relation to the visual luminosity [see (3.18)], and M=L is the mass-to-light ratio in Solar units (the values of this
table are taken from the book by Carroll & Ostlie)

Fig. 3.9 Surface brightness profile of the galaxy NGC4472, fitted by
a de Vaucouleurs profile (solid curve). The de Vaucouleurs profile
describes a linear relation between the logarithm of the intensity (i.e.,
linear on a magnitude scale) and r1=4 ; for this reason, it is also called an
r1=4 -law

have a high stellar mass). Also the opposite effect occurs:
some ellipticals, typically those of lower luminosity, have an
excess of light in their cores, relative to the extrapolation of
the brightness profile fit at larger radii.

3.2.3 Composition of elliptical galaxies

Except for the BCD’s, elliptical galaxies appear red when
observed in the optical, which suggests an old stellar pop-
ulation. It was once believed that ellipticals contain neither
gas nor dust, but these components have now been found,
though at a much lower mass-fraction than in spirals. For
example, in some ellipticals hot gas (! 107K) is detected
by its X-ray emission. Furthermore, H˛ emission lines of
warm gas (! 104 K) are observed, as well as cold gas
(! 100K) in the HI (21 cm) and CO molecular lines. Many
(up to 75% of the population) of the normal ellipticals
contain visible amounts of dust, partially manifested as a dust
disk (see the upper right panel of Fig. 3.8 for a prominent

example). They frequently show extended HI disks, up to
! 200 kpc in diameter. However, the estimated mass of the
cold atomic and molecular gas is typically less than 1% of
the stellar mass in ellipticals. This amount of gas is actually
smaller than expected from the gas release from the stellar
population due to its evolution, e.g., in the form of stellar
winds, planetary nebulae etc. The fate of the bulk of this gas
is currently unclear.

Whereas the largest fraction of the stellar population in
ellipticals is old—as we will see soon, most of the stars
in present-day ellipticals must have formed some 10 billion
years ago—there are spectroscopic indications for a low level
of recent star formation. This has been further supported
from UV-observations carried out by the GALEX satellite
which showed that ! 15% of galaxies which are red in
optical colors (and thus located in the upper peak of the color-
magnitude diagram in Fig. 3.7) show a strong UV-excess.
Spatially resolved imaging of early-type galaxies with an
UV-excess at wavelengths of ! ! 1500Å showed that
about 75% of them do indeed clearly display star-formation
activity (see Fig. 3.12 for four examples). The UV emission
is more extended that the optical image of the galaxies, i.e.,
the star formation occurs in the outer parts of the galaxies.
The star-formation rate is sufficiently low (! 0:5Mˇ =yr)
as to have a vanishing effect on the optical colors of these
galaxies. The large radii at which the UV emission is seen
suggests that the stars do not form from gas which has been
located in the gravitational potential of the galaxy; instead, it
is likely that it is gas infalling from the surrounding medium.
We have seen direct evidence for such infalling gas in the
Milky Way (see Sect. 2.3.7), and in Chap. 10 we will explain
that such gas infall is indeed expected in our model of
structure formation in the Universe.

The metallicity of ellipticals and S0 galaxies increases
towards the galaxy center, as derived from color gradients.
Also in S0 galaxies the bulge appears redder than the disk.
The Spitzer Space Telescope, launched in 2003, detected a
spatially extended distribution of warm dust in S0 galaxies,
organized in some sort of spiral structure. Cold dust was also
found in ellipticals and S0 galaxies.

This composition of ellipticals clearly differs from that of
spiral galaxies and needs to be explained by models of the
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•  Spiral galaxy bulges also follow 
the de Vaucouleurs profile 
whereas its disks follow 
exponential brightness profiles  
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Fig. 3.10 Left panel: effective radius Re versus absolute magnitude
MB ; the correlation for normal ellipticals is different from that of
dwarfs. Right panel: average surface brightness !avg versus MB ;
with increasing luminosity, the surface brightness of normal ellipticals

decreases, while for dwarf ellipticals and spheroidals it increases.
Source: R. Bender et al. 1992, Dynamically hot galaxies. I - Structural
properties, ApJ 399, 462. c!AAS. Reproduced with permission

Fig. 3.11 Comparison of the brightness profile of a cD galaxy, the cen-
tral galaxy of the cluster of galaxies Abell 2670, with a de Vaucouleurs
profile. The light excess for large radii is clearly visible. Source: J.M.
Schombert 1986, The structure of brightest cluster members. I - Surface
photometry, ApJS 60, 603, p. 618, Fig. 1. c!AAS. Reproduced with
permission

formation and evolution of galaxies. We will see later that
the cosmic evolution of elliptical galaxies is also observed to
be different from that of spirals.

3.2.4 Dynamics of elliptical galaxies

Analyzing the morphology of elliptical galaxies raises a
simple question: Why are ellipticals not round? A simple
explanation would be rotational flattening, i.e., as in a rotat-
ing self-gravitating gas ball, the stellar distribution bulges
outwards at the equator due to centrifugal forces, as is also

the case for the Earth. If this explanation was correct, the
rotational velocity vrot, which is measurable in the relative
Doppler shift of absorption lines, would have to be of about
the same magnitude as the velocity dispersion of the stars "v
that is measurable through the Doppler broadening of lines.
More precisely, by means of stellar dynamics one can show
that for the rotational flattening of an axially symmetric,
oblate3 galaxy, the relation

!
vrot

"v

"

iso
!
r

#

1 " # (3.1)

has to be satisfied, where ‘iso’ indicates the assumption of an
isotropic velocity distribution of the stars. However, for very
luminous ellipticals one finds that, in general, vrot # "v ,
so that rotation cannot be the major cause of their ellipticity
(see Fig. 3.13). In addition, many ellipticals are presumably
triaxial, so that no unambiguous rotation axis is defined.
Thus, luminous ellipticals are in general not rotationally
flattened. For less luminous ellipticals and for the bulges
of disk galaxies, however, rotational flattening can play an
important role. The question remains of how to explain a
stable elliptical distribution of stars without bulk rotation.

The brightness profile of an elliptical galaxy is defined
by the distribution of its stellar orbits. Let us assume that
the gravitational potential is given. The stars are then placed
into this potential, with the initial positions and velocities
following a specified distribution. If this distribution is not

3If a " b " c denote the lengths of the major axes of an ellipsoid, then
it is called an oblate spheroid (D rotational ellipsoid) if a D b > c,
whereas a prolate spheroid is specified by a > b D c. If all three axes
are different, it is called triaxial ellipsoid.
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Brightness profiles: Sérsic profiles 

•  Sérsic profiles: useful 
parameterization of brightness 
profiles of multiple galaxies in 
terms of Sérsic index n, bn 
and Re 

•  n=1 is exponential, n=4 is de 
Vaucouleurs profile 

•  Larger n means more central 
concentration of light 

•  May not fit all galaxies and 
some need multiple components 

3.6 The population of luminous galaxies 139

3.6 The population of luminous galaxies

We started this chapter with the classification of galaxies,
according to morphology and according to their colors. After
discussing the properties of elliptical and spiral galaxies in
some detail, we are now ready to ask the obvious question:
what is the relation between ellipticals and spirals on the
one hand, and red and blue galaxies on the other? How are
these two classification schemes related? Furthermore, we
may look for other global properties of galaxies that either
correlate strongly with color, or with morphology.

The Sérsic brightness profile. As we have seen, the bright-
ness distribution of disks follows in general an exponential
profile, whereas bulges of disk galaxies and the light profile
of ellipticals are better described with a de Vaucouleurs
profile. Thus, the brightness profiles of galaxies are expected
to correlate well with their morphological type. J. Sérsic
introduced the brightness profile

log
!
I.R/

Ie

"
D !bn

"!
R

Re

"1=n
! 1

#
; (3.39)

hence called Sérsic brightness profile, where n is called
the Sérsic index. As was the case for the de Vaucouleurs
profile, the effective radius Re is chosen such that half of
the luminosity comes from within the circle of radius Re.
The coefficient bn must be chosen such that this property is
fulfilled; to good approximation, one finds bn " 1:999n !
0:327. Ie is the surface brightness at Re. If n D 4 , (3.39)
reduces to the de Vaucouleurs law, whereas for n D 1, an
exponential surface brightness distribution is obtained; in
this way, the Sérsic law provides a generalization of, and
includes these two brightness profiles. The larger n, the more
concentrated the light profile is in the central part, and at the
same time, the higher is the surface brightness for large R;
see Fig. 3.37.

The Sérsic profile provides a convenient parametrization
of the brightness profiles of galaxies, and can be used to
classify them, by getting the best fit of their light profile with
(3.39). In this way, n, Re and Ie is obtained. The fit is not
expected to be a good one in all cases; for example, if one
considers an Sa spiral galaxy, for which the bulge contributes
substantially to the total light, a single Sérsic profile for
both the (de Vaucouleurs) bulge and the (exponential) disk
will not necessarily provide an accurate fit. In this case,
one would expect that n lies between 1 and 4, depending
on the relative strength of the bulge. Indeed, n correlates
well with the bulge-to-disk ratio of galaxies. For nearby
galaxies, where the brightness profile is well resolved, multi-
component Sérsic models are usually fitted, with an inner one

Fig. 3.37 The Sérsic profile, plotted for various values of n. In the
upper panel, the surface brightness is plotted as a function of R=Re,
where all profiles are chosen to have the same brightness at Re. The
straight line (second from bottom) is the exponential profile, n D 1.
In the lower panel, the enclosed flux within R is displayed, again
normalized such that all profiles agree at Re, which is equivalent to say
that all profiles have the same total magnitude. Source: A.W. Graham
& S.P. Driver 2005, A concise reference to (projected) Sersic R1=n

quantities, including Concentration, Profile Slopes, Petrosian indices,
and Kron Magnitudes, astro-ph/0503176; Credit: NASA/JPL-Caltech

for describing the bulge component and the outer one fitting
the disk.

Photometric properties of local galaxies. The SDSS pro-
vided the first very large survey of galaxies with homoge-
neous photometry and spectroscopy, in particular redshift
information. Therefore, this survey allowed us to study the
statistical properties of galaxy properties in great detail. In
Fig. 3.38, the distribution of # 77 000 galaxies with z $ 0:05

is shown in terms of photometric parameters, characterizing
the luminosity, color, size, and brightness profile of these
galaxies. The distribution in absolute magnitude, shown
in the lower left panel, indicates that the galaxy sample
becomes incomplete for objects less luminous than Mr #
!19, owing to the flux limit of the spectroscopic sample in
the SDSS.7 Lower luminosity galaxies are in the sample only
if they are very close to us.

7The SDSS spectroscopic sample is flux limited, i.e., it contains
(almost) all galaxies in its sky region with a flux S > Slim. If we
restrict the sample to a maximum distance Dmax, then the sample is
also complete for luminosities L > 4!SlimD2

max.
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hence called Sérsic brightness profile, where n is called
the Sérsic index. As was the case for the de Vaucouleurs
profile, the effective radius Re is chosen such that half of
the luminosity comes from within the circle of radius Re.
The coefficient bn must be chosen such that this property is
fulfilled; to good approximation, one finds bn " 1:999n !
0:327. Ie is the surface brightness at Re. If n D 4 , (3.39)
reduces to the de Vaucouleurs law, whereas for n D 1, an
exponential surface brightness distribution is obtained; in
this way, the Sérsic law provides a generalization of, and
includes these two brightness profiles. The larger n, the more
concentrated the light profile is in the central part, and at the
same time, the higher is the surface brightness for large R;
see Fig. 3.37.

The Sérsic profile provides a convenient parametrization
of the brightness profiles of galaxies, and can be used to
classify them, by getting the best fit of their light profile with
(3.39). In this way, n, Re and Ie is obtained. The fit is not
expected to be a good one in all cases; for example, if one
considers an Sa spiral galaxy, for which the bulge contributes
substantially to the total light, a single Sérsic profile for
both the (de Vaucouleurs) bulge and the (exponential) disk
will not necessarily provide an accurate fit. In this case,
one would expect that n lies between 1 and 4, depending
on the relative strength of the bulge. Indeed, n correlates
well with the bulge-to-disk ratio of galaxies. For nearby
galaxies, where the brightness profile is well resolved, multi-
component Sérsic models are usually fitted, with an inner one

Fig. 3.37 The Sérsic profile, plotted for various values of n. In the
upper panel, the surface brightness is plotted as a function of R=Re,
where all profiles are chosen to have the same brightness at Re. The
straight line (second from bottom) is the exponential profile, n D 1.
In the lower panel, the enclosed flux within R is displayed, again
normalized such that all profiles agree at Re, which is equivalent to say
that all profiles have the same total magnitude. Source: A.W. Graham
& S.P. Driver 2005, A concise reference to (projected) Sersic R1=n

quantities, including Concentration, Profile Slopes, Petrosian indices,
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for describing the bulge component and the outer one fitting
the disk.

Photometric properties of local galaxies. The SDSS pro-
vided the first very large survey of galaxies with homoge-
neous photometry and spectroscopy, in particular redshift
information. Therefore, this survey allowed us to study the
statistical properties of galaxy properties in great detail. In
Fig. 3.38, the distribution of # 77 000 galaxies with z $ 0:05

is shown in terms of photometric parameters, characterizing
the luminosity, color, size, and brightness profile of these
galaxies. The distribution in absolute magnitude, shown
in the lower left panel, indicates that the galaxy sample
becomes incomplete for objects less luminous than Mr #
!19, owing to the flux limit of the spectroscopic sample in
the SDSS.7 Lower luminosity galaxies are in the sample only
if they are very close to us.

7The SDSS spectroscopic sample is flux limited, i.e., it contains
(almost) all galaxies in its sky region with a flux S > Slim. If we
restrict the sample to a maximum distance Dmax, then the sample is
also complete for luminosities L > 4!SlimD2

max.
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3.6 The population of luminous galaxies

We started this chapter with the classification of galaxies,
according to morphology and according to their colors. After
discussing the properties of elliptical and spiral galaxies in
some detail, we are now ready to ask the obvious question:
what is the relation between ellipticals and spirals on the
one hand, and red and blue galaxies on the other? How are
these two classification schemes related? Furthermore, we
may look for other global properties of galaxies that either
correlate strongly with color, or with morphology.

The Sérsic brightness profile. As we have seen, the bright-
ness distribution of disks follows in general an exponential
profile, whereas bulges of disk galaxies and the light profile
of ellipticals are better described with a de Vaucouleurs
profile. Thus, the brightness profiles of galaxies are expected
to correlate well with their morphological type. J. Sérsic
introduced the brightness profile
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hence called Sérsic brightness profile, where n is called
the Sérsic index. As was the case for the de Vaucouleurs
profile, the effective radius Re is chosen such that half of
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The coefficient bn must be chosen such that this property is
fulfilled; to good approximation, one finds bn " 1:999n !
0:327. Ie is the surface brightness at Re. If n D 4 , (3.39)
reduces to the de Vaucouleurs law, whereas for n D 1, an
exponential surface brightness distribution is obtained; in
this way, the Sérsic law provides a generalization of, and
includes these two brightness profiles. The larger n, the more
concentrated the light profile is in the central part, and at the
same time, the higher is the surface brightness for large R;
see Fig. 3.37.
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will not necessarily provide an accurate fit. In this case,
one would expect that n lies between 1 and 4, depending
on the relative strength of the bulge. Indeed, n correlates
well with the bulge-to-disk ratio of galaxies. For nearby
galaxies, where the brightness profile is well resolved, multi-
component Sérsic models are usually fitted, with an inner one
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for describing the bulge component and the outer one fitting
the disk.

Photometric properties of local galaxies. The SDSS pro-
vided the first very large survey of galaxies with homoge-
neous photometry and spectroscopy, in particular redshift
information. Therefore, this survey allowed us to study the
statistical properties of galaxy properties in great detail. In
Fig. 3.38, the distribution of # 77 000 galaxies with z $ 0:05

is shown in terms of photometric parameters, characterizing
the luminosity, color, size, and brightness profile of these
galaxies. The distribution in absolute magnitude, shown
in the lower left panel, indicates that the galaxy sample
becomes incomplete for objects less luminous than Mr #
!19, owing to the flux limit of the spectroscopic sample in
the SDSS.7 Lower luminosity galaxies are in the sample only
if they are very close to us.

7The SDSS spectroscopic sample is flux limited, i.e., it contains
(almost) all galaxies in its sky region with a flux S > Slim. If we
restrict the sample to a maximum distance Dmax, then the sample is
also complete for luminosities L > 4!SlimD2
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We started this chapter with the classification of galaxies,
according to morphology and according to their colors. After
discussing the properties of elliptical and spiral galaxies in
some detail, we are now ready to ask the obvious question:
what is the relation between ellipticals and spirals on the
one hand, and red and blue galaxies on the other? How are
these two classification schemes related? Furthermore, we
may look for other global properties of galaxies that either
correlate strongly with color, or with morphology.
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ness distribution of disks follows in general an exponential
profile, whereas bulges of disk galaxies and the light profile
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the luminosity comes from within the circle of radius Re.
The coefficient bn must be chosen such that this property is
fulfilled; to good approximation, one finds bn " 1:999n !
0:327. Ie is the surface brightness at Re. If n D 4 , (3.39)
reduces to the de Vaucouleurs law, whereas for n D 1, an
exponential surface brightness distribution is obtained; in
this way, the Sérsic law provides a generalization of, and
includes these two brightness profiles. The larger n, the more
concentrated the light profile is in the central part, and at the
same time, the higher is the surface brightness for large R;
see Fig. 3.37.

The Sérsic profile provides a convenient parametrization
of the brightness profiles of galaxies, and can be used to
classify them, by getting the best fit of their light profile with
(3.39). In this way, n, Re and Ie is obtained. The fit is not
expected to be a good one in all cases; for example, if one
considers an Sa spiral galaxy, for which the bulge contributes
substantially to the total light, a single Sérsic profile for
both the (de Vaucouleurs) bulge and the (exponential) disk
will not necessarily provide an accurate fit. In this case,
one would expect that n lies between 1 and 4, depending
on the relative strength of the bulge. Indeed, n correlates
well with the bulge-to-disk ratio of galaxies. For nearby
galaxies, where the brightness profile is well resolved, multi-
component Sérsic models are usually fitted, with an inner one

Fig. 3.37 The Sérsic profile, plotted for various values of n. In the
upper panel, the surface brightness is plotted as a function of R=Re,
where all profiles are chosen to have the same brightness at Re. The
straight line (second from bottom) is the exponential profile, n D 1.
In the lower panel, the enclosed flux within R is displayed, again
normalized such that all profiles agree at Re, which is equivalent to say
that all profiles have the same total magnitude. Source: A.W. Graham
& S.P. Driver 2005, A concise reference to (projected) Sersic R1=n
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for describing the bulge component and the outer one fitting
the disk.

Photometric properties of local galaxies. The SDSS pro-
vided the first very large survey of galaxies with homoge-
neous photometry and spectroscopy, in particular redshift
information. Therefore, this survey allowed us to study the
statistical properties of galaxy properties in great detail. In
Fig. 3.38, the distribution of # 77 000 galaxies with z $ 0:05

is shown in terms of photometric parameters, characterizing
the luminosity, color, size, and brightness profile of these
galaxies. The distribution in absolute magnitude, shown
in the lower left panel, indicates that the galaxy sample
becomes incomplete for objects less luminous than Mr #
!19, owing to the flux limit of the spectroscopic sample in
the SDSS.7 Lower luminosity galaxies are in the sample only
if they are very close to us.

7The SDSS spectroscopic sample is flux limited, i.e., it contains
(almost) all galaxies in its sky region with a flux S > Slim. If we
restrict the sample to a maximum distance Dmax, then the sample is
also complete for luminosities L > 4!SlimD2
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classify them, by getting the best fit of their light profile with
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will not necessarily provide an accurate fit. In this case,
one would expect that n lies between 1 and 4, depending
on the relative strength of the bulge. Indeed, n correlates
well with the bulge-to-disk ratio of galaxies. For nearby
galaxies, where the brightness profile is well resolved, multi-
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Hickson Compact Group 87:  
3 spirals, 1 elliptical 

Local Group: Milky Way, 
Andromeda and 70 small galaxies  
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they represent only a small minority (about 15%) of the 
large galaxies found outside clusters.

These features of groups and clusters indicate that a 
galaxy’s local environment may help determine whether it 
ends up as a spiral galaxy or an elliptical galaxy. For example,  
the fact that elliptical galaxies—which generally belong to 
the red sequence—tend to be found in the crowded central 
regions of clusters suggests that collisions between blue-
cloud spiral galaxies may transform them into red-sequence 
elliptical galaxies. Also, the most luminous galaxies in the 
universe tend to be found at the centers of galaxy clusters, 
suggesting that they may have grown large by dismantling 
and consuming smaller galaxies that came too close. We’ll 
explore these ideas in greater depth in Chapter 21. First, 
however, we need to understand how we measure galactic 
distances, on which our understanding of the expansion and 
age of the universe is based.

 Measuring Cosmic Distances Tutorial, Lessons 1–4

20.2  Measuring Galactic Distances
To learn more about a galaxy than just its shape and color, 
we need to know its distance. Only then can we calculate 
its true size and luminosity, and learn whether other galax-
ies that appear close to it in the sky are actual neighbors 

 ■ Galaxies in the blue cloud are blue because they 
contain numerous hot, young stars that signify active 
star formation. This star formation is possible because 
these galaxies tend to be spiral or irregular galaxies 
with cold, star-forming gas clouds.

 ■ Galaxies in the red sequence usually contain only older 
stars, which is why they are redder in color. Most galax-
ies in the red sequence are elliptical in shape, and the 
ones at the top of the diagram are the most luminous 
galaxies in the universe.

Galaxies that are now members of the red sequence must 
once have been members of the blue cloud. The reason is 
simple: A galaxy cannot have old stars now without having 
experienced an earlier episode of active star formation. We 
therefore infer that all galaxies start as members of the blue 
cloud, but some then transition to the red sequence, presum-
ably because they use up or lose all of the cold gas clouds 
necessary for star formation. The fact that the most luminous 
galaxies tend to be members of the red sequence suggests that 
star formation shuts down sooner in larger galaxies than in 
smaller ones, but that does not appear to be the whole story. 
Instead, the patterns we see among galaxy groups and clusters 
suggest that a galaxy’s environment (where it resides in rela-
tion to neighboring galaxies) also plays an important role.

Patterns in Galaxy Groups and Clusters Most of the gal-
axies in the universe are gravitationally bound together with 
neighboring galaxies. Spiral galaxies with ongoing star forma-
tion are often found in loose collections of up to a few dozen 
galaxies, called groups. Our Local Group is one example (see 
Figure 1.1). FIGURE 20.10 shows another galaxy group.

Larger collections are called galaxy clusters and may 
contain hundreds or thousands of individual galaxies 
concentrated in a region that can be 10 million or more 
light-years across (FIGURE 20.11). Elliptical galaxies in 
which star formation has ceased make up about half the 
large galaxies in the central regions of clusters, even though 

FIGURE 20.10 Hickson Compact Group 87, a small group of galax-
ies consisting of a large edge-on spiral galaxy below the center of 
this photo, two smaller spiral galaxies above it, and an elliptical 
galaxy to its right. The whole group is about 170,000 light-years 
in diameter. (The other objects in this photograph are foreground 
stars in our own galaxy.)

FIGURE 20.11 Central part of the galaxy cluster Abell 1689. Almost 
every object in this photograph is a galaxy belonging to the cluster. 
Yellowish elliptical galaxies outnumber the whiter spiral galaxies. 
The region pictured is about 2 million light-years across. (A few 
stars from our own galaxy appear in the foreground as white dots 
centered on cross-shaped spikes.)
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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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ably because they use up or lose all of the cold gas clouds 
necessary for star formation. The fact that the most luminous 
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star formation shuts down sooner in larger galaxies than in 
smaller ones, but that does not appear to be the whole story. 
Instead, the patterns we see among galaxy groups and clusters 
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tion are often found in loose collections of up to a few dozen 
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Fig. 1.18 The Hydra A cluster
of galaxies. The left-hand figure
shows an optical image, the one
on the right an image taken with
the X-ray satellite Chandra. The
cluster has a redshift of
z ! 0:054 and is thus located at a
distance of about 250Mpc. The
X-ray emission originates from
gas at a temperature of 40" 106K
which fills the space between the
cluster galaxies. In the center of
the cluster, the gas is cooler by
about 15%. Credit: Optical: B.
McNamara, La Palma; X-ray:
NASA/CXC/SAO

Fig. 1.19 The cluster of galaxies
Abell 383, as seen in optical light,
superposed by an image taken at
X-ray energies (purple) with the
Chandra satellite observatory.
The space between the galaxies is
filled by a hot gas, with
temperature of about 50 million
degrees, which emits the
energetic X-ray radiation. The
cluster is at a redshift of
z D 0:19, corresponding to a
distance of about 800Mpc, and
has an estimated mass of
# 3 " 1014 Mˇ. Credit: X-ray:
NASA/CXC/Caltech/A. Newman
et al./Tel Aviv/A. Morandi & M.
Limousin; Optical: NASA/STScI,
ESO/VLT, SDSS

deeper the potential well has to be to prevent the gas from
escaping via evaporation. Mass estimates based on the X-ray
temperature result in values that are comparable to those
from the velocity dispersion of the cluster galaxies. Whereas
the X-ray emitting gas provides a further mass component
of ordinary, baryonic matter—in fact, the X-ray emitting gas
contains more mass than the stars in the cluster galaxies—
the total mass of clusters exceeds that of stars and gas by a
factor of about five, thus clearly confirming the hypothesis
of the existence of dark matter in clusters (Fig. 1.19). A
third method for determining cluster masses, the so-called
gravitational lensing effect, utilizes the fact that light is
deflected in a gravitational field. The angle through which

light rays are bent due to the presence of a massive object
depends on the mass of that object. From observation and
analysis of the gravitational lensing effect in clusters of
galaxies, cluster masses are derived that are in agreement
with those from the two other methods. Therefore, clusters
of galaxies are a second class of cosmic objects whose mass
is dominated by dark matter.

Clusters of galaxies are cosmologically young structures.
Their dynamical time-scale, i.e., the time in which the mass
distribution in a cluster settles into an equilibrium state, is
estimated as the time it takes a member galaxy to fully
cross the cluster once. With a characteristic velocity of v !
1000 km=s and a diameter of 2R ! 2Mpc one thus finds
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thousands) 

•  Elliptical galaxies make 
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Clusters of galaxies 
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Fig. 1.18 The Hydra A cluster
of galaxies. The left-hand figure
shows an optical image, the one
on the right an image taken with
the X-ray satellite Chandra. The
cluster has a redshift of
z ! 0:054 and is thus located at a
distance of about 250Mpc. The
X-ray emission originates from
gas at a temperature of 40" 106K
which fills the space between the
cluster galaxies. In the center of
the cluster, the gas is cooler by
about 15%. Credit: Optical: B.
McNamara, La Palma; X-ray:
NASA/CXC/SAO

Fig. 1.19 The cluster of galaxies
Abell 383, as seen in optical light,
superposed by an image taken at
X-ray energies (purple) with the
Chandra satellite observatory.
The space between the galaxies is
filled by a hot gas, with
temperature of about 50 million
degrees, which emits the
energetic X-ray radiation. The
cluster is at a redshift of
z D 0:19, corresponding to a
distance of about 800Mpc, and
has an estimated mass of
# 3 " 1014 Mˇ. Credit: X-ray:
NASA/CXC/Caltech/A. Newman
et al./Tel Aviv/A. Morandi & M.
Limousin; Optical: NASA/STScI,
ESO/VLT, SDSS

deeper the potential well has to be to prevent the gas from
escaping via evaporation. Mass estimates based on the X-ray
temperature result in values that are comparable to those
from the velocity dispersion of the cluster galaxies. Whereas
the X-ray emitting gas provides a further mass component
of ordinary, baryonic matter—in fact, the X-ray emitting gas
contains more mass than the stars in the cluster galaxies—
the total mass of clusters exceeds that of stars and gas by a
factor of about five, thus clearly confirming the hypothesis
of the existence of dark matter in clusters (Fig. 1.19). A
third method for determining cluster masses, the so-called
gravitational lensing effect, utilizes the fact that light is
deflected in a gravitational field. The angle through which

light rays are bent due to the presence of a massive object
depends on the mass of that object. From observation and
analysis of the gravitational lensing effect in clusters of
galaxies, cluster masses are derived that are in agreement
with those from the two other methods. Therefore, clusters
of galaxies are a second class of cosmic objects whose mass
is dominated by dark matter.

Clusters of galaxies are cosmologically young structures.
Their dynamical time-scale, i.e., the time in which the mass
distribution in a cluster settles into an equilibrium state, is
estimated as the time it takes a member galaxy to fully
cross the cluster once. With a characteristic velocity of v !
1000 km=s and a diameter of 2R ! 2Mpc one thus finds
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Galaxy luminosity function 

•  Distribution of galaxies as a 
function of luminosity 

•  Less luminous galaxies are 
more frequent 

•  Well modeled by Schechter 
function: 

3.10 Luminosity function of galaxies 155

the Dn ! ! relation for ellipticals, the peak luminosity of
SN Ia, and the surface brightness fluctuation method. These
secondary distance indicators were then applied to galaxies
as much larger distances, such that their peculiar velocity is
negligible compared to their radial velocity according to the
Hubble law.

By combining the various methods, a distance to the
Coma cluster of about 90Mpc was obtained. Furthermore,
using the SN Ia technique, distances of galaxies with D .
400Mpc could be measured. The resulting Hubble constant,
incorporating the new calibration of the period-luminosity
relation from Cepheids in the Milky Way and in NGC4258,
reads

H0 D 74˙ 3 km=s=Mpc : (3.50)

The error given here denotes the estimated systematic uncer-
tainty in the determination of H0, whereas the statistical
uncertainty is smaller by a factor of two and thus subdom-
inant. Thus, the dimensionless Hubble constant, defined in
(1.7), is h D 0:74 ˙ 0:03. A convenient way to memorize
this is h2 " 1=2.

Thus, the uncertainty about the value of the Hubble
constant has finally shrunk to a mere 6%—after decades
of intense debates between two camps of scientists, where
the first camp obtained values near 50 km=s=Mpc, and the
other camp about twice this value, each with error bars that
were very much smaller than the differences between their
results.

We will see later that the Hubble constant can also be
measured by completely different methods. The currently
most accurate of these, based on tiny small-scale anisotropies
of the cosmic microwave background (Sect. 8.7.1), results in
a value which is in fairly good agreement with that in (3.50),
and yields a smaller estimated error.

3.10 Luminosity function of galaxies

Definition of the luminosity function. The luminosity
function specifies the way in which the members of a class of
objects are distributed with respect to their luminosity. More
precisely, the luminosity function is the number density of
objects (here galaxies) of a specific luminosity. ˚.M/ dM
is defined as the number density of galaxies with absolute
magnitude in the interval ŒM;M C dM ". The total density
of galaxies is then

# D
Z 1

!1
dM ˚.M/ : (3.51)

Accordingly, ˚.L/ dL is defined as the number density of
galaxies with a luminosity between L and LC dL. It should

be noted here explicitly that both definitions of the luminos-
ity function are denoted by the same symbol, although they
represent different mathematical functions, i.e., they describe
different functional relations. It is therefore important (and in
most cases not difficult) to deduce from the context which of
these two functions is being referred to.

Problems in determining the luminosity function. At
first sight, the task of determining the luminosity function
of galaxies does not seem very difficult. The history of
this topic shows, however, that we encounter a number of
problems in practice. As a first step, the determination of
galaxy luminosities is required, for which, besides measuring
the flux, distance estimates are also necessary. For very
distant galaxies redshift is a sufficiently reliable measure of
distance, whereas for nearby galaxies the methods discussed
in Sect. 3.9 have to be applied.

Another problem occurs for nearby galaxies, namely the
large-scale structure of the galaxy distribution. To obtain a
representative sample of galaxies, a sufficiently large volume
has to be surveyed because the galaxy distribution is heavily
structured on scales of # 100h!1Mpc and more. On the
other hand, galaxies of particularly low luminosity can only
be observed locally, so the determination of ˚.L/ for small
L always needs to refer to local galaxies. Finally, one
has to deal with the so-called Malmquist bias; in a flux-
limited sample luminous galaxies will always be overrep-
resented because they are visible at larger distances (and
therefore are selected from a larger volume). A correction
for this effect is always necessary, and was applied, e.g., to
Fig. 3.7.

3.10.1 The Schechter luminosity function

The global galaxy distribution can be roughly approximated
by the Schechter luminosity function

˚.L/ D
!
˚"

L"

" !
L

L"

"˛
exp

#
!L=L"$ ; (3.52)

where L" is a characteristic luminosity above which the
distribution decreases exponentially, ˛ is the slope of the
luminosity function for small L, and ˚" specifies the
normalization of the distribution. A schematic plot of
this function, as well as a fit to early data, is shown in
Fig. 3.50.

Expressed in magnitudes, this function appears much
more complicated. Considering that an interval dL in lumi-
nosity corresponds to an interval dM in absolute magnitude,
with dL=L D !0:4 ln 10 dM , and using ˚.L/ dL D
˚.M/ dM , i.e., the number of sources in these intervals are
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Fig. 3.50 Left panel: galaxy luminosity function as obtained from
13 clusters of galaxies. For the solid circles, cD galaxies have also
been included. Right panel: a schematic plot of the Schechter function.

Source (left panel): P. Schechter 1976, An analytic expression for the
luminosity function for galaxies, ApJ 203, 297, p. 300, Fig. 2. c!AAS.
Reproduced with permission

of course the same, we obtain

˚.M/ D ˚.L/

ˇ̌
ˇ̌ dL
dM

ˇ̌
ˇ̌ D ˚.L/ 0:4 ln 10L (3.53)

D 0:921˚"100:4.˛C1/.M
!#M/ exp

!
!100:4.M!#M/

"
:

(3.54)

As mentioned above, the determination of the parameters
entering the Schechter function is difficult; a characteristic
set of parameters in the blue band is given as

˚" D 1:6 " 10#2h3Mpc#3 ;

M "
B D !19:7C 5 logh or

L"
B D 1:2 " 1010h#2L ;̌B ; (3.55)

˛ D !1:07 :

While the blue light of galaxies can be strongly affected
by star formation, the luminosity function in the red bands
measures the typical stellar distribution. In the K-band, we
have

˚" D 1:6 " 10#2h3Mpc#3 ;

M "
K D !23:1C 5 logh ; (3.56)

˛ D !0:9 :

The total number density of galaxies is formally infinite if
˛ # !1, but the validity of the Schechter function does
of course not extend to arbitrarily small L. The luminosity
density11

ltot D
Z 1

0

dL L˚.L/ D ˚"L" ! .2C ˛/ (3.58)

is finite for ˛ $ !2. The integral in (3.58), for ˛ % !1, is
dominated by L % L", and n D ˚" is thus a good estimate
for the mean density of L"-galaxies.

11Here, ! .x/ is the Gamma function, defined by

! .x/D
Z 1

0
dy y.x"1/ e"y : (3.57)

For positive integers, ! .nC1/DnŠ. We have ! .0:7/ $ 1:30, ! .1/D
1, ! .1:3/ $ 0:90. Since these values are all close to unity, ltot % ˚!L!
is a good approximation for the luminosity density.
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OBSERVATION: spectroscopy 
•  Decomposition of light through e.g. prism 
•  Reveals chemical composition, temperature, velocity... 
•  In galaxies: ensemble of stars and ISM 

Ø  Elliptical galaxies have 
strong absorption lines 
from atmospheres of stars 

Ø  Spiral galaxies have 
emission lines from gas 
heated by young stars 

R.	Kennicut	

R.	Kennicut	



OBSERVATION: spectroscopy 

Ø  Absorption lines from 
stellar atmospheres 
and/or cold gas from 
the interstellar medium 
–OLD (ellipticals, 
lenticulars, spiral 
bulges 

Ø Emission lines from hot 
gas around young massive 
stars – YOUNG (irregulars, 
spirals)   



OBSERVATION: integral field 
spectroscopy 

34 1 Introduction and overview

Fig. 1.43 The principle of an
integral field unit (IFU) based on
image slicing is illustrated. In a
first step, the image of an object
is ‘sliced’, using an arrangement
of mirrors. The light of each slice
is then send through a long-slit
spectrograph, so that a spectrum
from each pixel of a slice is
obtained. Hence, in this way one
obtains a spectrum of each pixel
element in the area of the
extended object. Adding up the
light from all wavelengths in a
pixel then yields the original
image of the object. By
weighting the contributions from
the various wavelengths by an
appropriate filter function,
images in different wavebands
can be obtained. Using lines in
the spectrum of each image
element, the corresponding
Doppler shift can be obtained and
a two-dimensional velocity field
of the object (such as a rotation
curve) can be reconstructed.
Credit: European Southern
Observatory

here. One is adaptive optics, a technique to obtain an angular
resolution approaching the diffraction limit of the telescope.
This is usually not the case, as turbulence in the atmosphere
leads to a blurring of an image. In adaptive optics, one
accounts for this by deforming the mirror at a high frequency,
as to counteract the changing image position on the sky due
to the turbulence. The wavefront of the incoming light is
controlled by observing a bright reference source located
closely on the sky to the target of interest. The motion of
the reference source on the CCD then yields the necessary
information about the wavefront deformation,which thus can
be corrected for. In many cases, the source to be observed
does not have a bright source close-by. One way to use
adaptive optics in this situation is to generate an artificial
source on the sky, by pointing a laser upwards. By tuning the
laser to a wavelength of 5892Å, sodium atoms in the upper
atmosphere at ! 90 km altitude are excited and re-emit the
light. In this way, an artificial light source (called laser guide
star) is created which is viewed through the same atmosphere
as the source of interest.

Another innovative technique, called integral field spec-
troscopy, allows one to obtain the spectral energy distribution
for different regions of an extended source, pixel by pixel.
Several different methods for this are used; a particular one,

based on image slicing by an arrangement of mirrors, is
explained in more detail in Fig. 1.43.

Optical interferometry is also reaching a state of maturity.
Like in radio astronomy, the light received from several
telescopes can be combined to obtain a higher-resolution
image of a source. In contrast to VLBI techniques, the light
at the different telescopes is not recorded and correlated
afterwards; instead, the light beams from the different tele-
scopes need to be combined directly. Below the plateau of
the Paranal observatory is a large tunnel system where the
light beams of the VLTs and/or the auxiliary telescopes are
combined. The two Keck telescopes were built on a common
structure to enable interferometry. The latest development
in optical interferometry is the Large Binocular Telescope
(LBT), where the two mirrors are mounted on a single
structure (see Fig. 1.44).

1.3.4 UV telescopes

Radiation with a wavelength shorter than ! . 0:3"m D
3000Åcannot penetrate the Earth’s atmosphere but is instead
absorbed by the ozone layer, whereas radiation at wave-
lengths below 912Å is absorbed by neutral hydrogen in the

•  Simultaneous 
imaging and 
spectral coverage  

•  Very useful to 
study galaxies! 
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measured from 
Doppler shift: 
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Galaxy rotation curves 
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We can summarize the results of these measurements with 
a diagram that plots the orbital speed of objects in the galaxy 
against their orbital distances. As a simple example of how 
we construct such a diagram, sometimes called a rotation  
curve, consider how the rotation speed of a merry-go-
round depends on the distance from its center. Every object 
on a merry-go-round goes around the center in the same 
amount of time (the rotation period of the merry-go-round). 
But because objects farther from the center move in larger 
circles, they must move at faster speeds. The speed is propor-
tional to distance from the center, so the graph illustrating 
the relationship between speed and distance is a steadily 
rising straight line (FIGURE 23.1a).

In contrast, orbital speeds in our solar system decrease 
with distance from the Sun (FIGURE 23.1b). This drop-off in 
speed with distance occurs because virtually all the mass 
of the solar system is concentrated in the Sun. The gravita-
tional force holding a planet in its orbit therefore decreases 
with distance from the Sun, and a smaller force means a 
lower orbital speed. Orbital speeds must drop similarly 
with distance in any other astronomical system that has its 
mass concentrated at its center.

FIGURE 23.1c shows how orbital speed depends on 
distance in the Milky Way Galaxy. Each individual dot 
represents the orbital speed and distance from the galac-
tic center of a particular star or gas cloud, and the curve 
running through the dots represents a best fit to the data. 
Notice that the orbital speeds remain approximately 
constant beyond the inner few thousand light-years, so 
most of the curve is relatively flat. Because this is so differ-
ent from the declining orbital speeds found in our solar 
system, we conclude that most of the Milky Way’s mass 
must not be concentrated at its center. Instead, the orbits 
of progressively more distant gas clouds must encircle more 
and more mass. The Sun’s orbit encompasses about 100 
billion solar masses, but a circle twice as large surrounds 
twice as much mass, and a larger circle surrounds even 
more mass.

To summarize, orbital speeds in the Milky Way imply 
that most of our galaxy’s mass lies well beyond the orbit 
of our Sun. A more detailed analysis suggests that most of 

 Detecting Dark Matter in a Spiral Galaxy Tutorial, Lessons 1–3

23.2  Evidence for Dark Matter
Scientific evidence for dark matter has been building for 
decades and is now at the point where dark matter seems 
almost indispensable to explaining the current structure 
of the universe. For that reason, we will devote most of 
this chapter to dark matter and its presumed role as the 
dominant source of gravity in our universe, saving further  
discussion of dark energy for the final section of the chapter.  
In this section, we’ll begin our discussion of dark matter 
by examining the evidence for its existence and what the 
evidence indicates about its nature.

What is the evidence for dark matter  
in galaxies?
Several distinct lines of evidence point to the existence of 
dark matter, including observations of our own galaxy, of 
other galaxies, and of clusters of galaxies. Let’s start with 
individual galaxies and then proceed on to clusters.

Dark Matter in the Milky Way In Chapter 19, we saw how 
the Sun’s motion around the galaxy reveals the total amount 
of mass within its orbit. We can similarly use the orbital  
motion of any other star to measure the mass of the Milky Way  
within that star’s orbit. In principle, we could determine 
the complete distribution of mass in the Milky Way by  
doing the same thing with the orbits of stars at every different 
distance from the galactic center.

In practice, interstellar dust obscures our view of disk 
stars more than a few thousand light-years away from 
us, making it very difficult to measure stellar velocities. 
However, radio waves penetrate this dust, and clouds of 
atomic hydrogen gas emit a spectral line at the radio wave-
length of 21 centimeters [Section 19.2]. Measuring the 
Doppler shift of this 21-centimeter line tells us a cloud’s 
velocity toward or away from us. With a little geometry, we 
can then determine the cloud’s orbital speed.

FIGURE 23.1 interactive figure These graphs show how orbital speed depends on distance from the 
center in three different systems.

a  A rotation curve for a merry-go-round
is a rising straight line.

b  The rotation curve for the planets in
our solar system.

c  The rotation curve for the Milky Way
Galaxy. Dots represent actual data points
for stars or gas clouds. 
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We can summarize the results of these measurements with 
a diagram that plots the orbital speed of objects in the galaxy 
against their orbital distances. As a simple example of how 
we construct such a diagram, sometimes called a rotation  
curve, consider how the rotation speed of a merry-go-
round depends on the distance from its center. Every object 
on a merry-go-round goes around the center in the same 
amount of time (the rotation period of the merry-go-round). 
But because objects farther from the center move in larger 
circles, they must move at faster speeds. The speed is propor-
tional to distance from the center, so the graph illustrating 
the relationship between speed and distance is a steadily 
rising straight line (FIGURE 23.1a).

In contrast, orbital speeds in our solar system decrease 
with distance from the Sun (FIGURE 23.1b). This drop-off in 
speed with distance occurs because virtually all the mass 
of the solar system is concentrated in the Sun. The gravita-
tional force holding a planet in its orbit therefore decreases 
with distance from the Sun, and a smaller force means a 
lower orbital speed. Orbital speeds must drop similarly 
with distance in any other astronomical system that has its 
mass concentrated at its center.

FIGURE 23.1c shows how orbital speed depends on 
distance in the Milky Way Galaxy. Each individual dot 
represents the orbital speed and distance from the galac-
tic center of a particular star or gas cloud, and the curve 
running through the dots represents a best fit to the data. 
Notice that the orbital speeds remain approximately 
constant beyond the inner few thousand light-years, so 
most of the curve is relatively flat. Because this is so differ-
ent from the declining orbital speeds found in our solar 
system, we conclude that most of the Milky Way’s mass 
must not be concentrated at its center. Instead, the orbits 
of progressively more distant gas clouds must encircle more 
and more mass. The Sun’s orbit encompasses about 100 
billion solar masses, but a circle twice as large surrounds 
twice as much mass, and a larger circle surrounds even 
more mass.

To summarize, orbital speeds in the Milky Way imply 
that most of our galaxy’s mass lies well beyond the orbit 
of our Sun. A more detailed analysis suggests that most of 
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23.2  Evidence for Dark Matter
Scientific evidence for dark matter has been building for 
decades and is now at the point where dark matter seems 
almost indispensable to explaining the current structure 
of the universe. For that reason, we will devote most of 
this chapter to dark matter and its presumed role as the 
dominant source of gravity in our universe, saving further  
discussion of dark energy for the final section of the chapter.  
In this section, we’ll begin our discussion of dark matter 
by examining the evidence for its existence and what the 
evidence indicates about its nature.

What is the evidence for dark matter  
in galaxies?
Several distinct lines of evidence point to the existence of 
dark matter, including observations of our own galaxy, of 
other galaxies, and of clusters of galaxies. Let’s start with 
individual galaxies and then proceed on to clusters.

Dark Matter in the Milky Way In Chapter 19, we saw how 
the Sun’s motion around the galaxy reveals the total amount 
of mass within its orbit. We can similarly use the orbital  
motion of any other star to measure the mass of the Milky Way  
within that star’s orbit. In principle, we could determine 
the complete distribution of mass in the Milky Way by  
doing the same thing with the orbits of stars at every different 
distance from the galactic center.

In practice, interstellar dust obscures our view of disk 
stars more than a few thousand light-years away from 
us, making it very difficult to measure stellar velocities. 
However, radio waves penetrate this dust, and clouds of 
atomic hydrogen gas emit a spectral line at the radio wave-
length of 21 centimeters [Section 19.2]. Measuring the 
Doppler shift of this 21-centimeter line tells us a cloud’s 
velocity toward or away from us. With a little geometry, we 
can then determine the cloud’s orbital speed.

FIGURE 23.1 interactive figure These graphs show how orbital speed depends on distance from the 
center in three different systems.

a  A rotation curve for a merry-go-round
is a rising straight line.

b  The rotation curve for the planets in
our solar system.

c  The rotation curve for the Milky Way
Galaxy. Dots represent actual data points
for stars or gas clouds. 
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1.2 Overview 13

Fig. 1.17 The Coma cluster of
galaxies, at a distance of roughly
90Mpc from us, is the closest
massive regular cluster of
galaxies. Almost all brighter
objects visible in this image of
the central region of Coma are
galaxies associated with the
cluster—Coma contains more
than a 1000 luminous galaxies.
This images is a color composite
made from optical data from the
Sloan Digital Sky Survey
(SDSS), shown in blue, and
infrared data from the Spitzer
Space Telescope, shown in red
and green, for the longer and
shorter wavelength, respectively.
Credit:
NASA/JPL-Caltech/GSFC/SDSS

! 2 h!1Mpc. Clusters predominantly contain early-type
galaxies, so there is not much star formation taking place any
more. Some clusters of galaxies seem to be rather circular
in projection, others have a highly elliptical or irregular
distribution of galaxies; some even have more than one
center. The cluster of galaxies closest to us is the Virgo
cluster, at a distance of ! 18Mpc; it is a cluster with an
irregular galaxy distribution. The closest regular cluster is
Coma, at a distance of ! 90Mpc.6 Coma (Fig. 1.17) contains
about 1000 luminous galaxies, of which 85% are early-type
galaxies.

In 1933, Fritz Zwickymeasured the radial velocities of the
galaxies in Coma and found that their distribution around the
mean has a dispersion of about 1000 km=s. From the total
luminosity of all its galaxies the mass of the cluster can be
estimated. If the stars in the cluster galaxies have an average
mass-to-light ratio (M=L) similar to that of our Sun, we
would concludeM D .Mˇ=Lˇ/L. However, stars in early-
type galaxies are on average slightly less massive than the
Sun and thus have a slightly higherM=L.7 Thus, the above
mass estimate needs to be increased by a factor of ! 10.

Zwicky then estimated the mass of the cluster by multi-
plying the luminosity of its member galaxies with the mass-

6The distances of these two clusters are not determined from redshift
measurements, but by direct methods that will be discussed in Sect. 3.9;
such direct measurements are one of the most successful methods of
determining the Hubble constant.
7In Chap. 3 we will see that for stars in spiral galaxies M=L "
3Mˇ=Lˇ on average, while for those in elliptical galaxies a larger
value of M=L " 10Mˇ=Lˇ applies. Here and throughout this book,
mass-to-light ratios are quoted in Solar units.

to-light ratio. From this mass and the size of the cluster,
he could then estimate the velocity that a galaxy needs to
have in order to escape from the gravitational field of the
cluster—the escape velocity. He found that the characteristic
peculiar velocity of cluster galaxies (i.e., the velocity relative
to the mean velocity) is substantially larger than this escape
velocity. In this case, the galaxies of the cluster would fly
apart on a time-scale of about 109 yr—the time it takes a
galaxy to cross through the cluster once—and, consequently,
the cluster would dissolve. However, since Coma seems to
be a relaxed cluster, i.e., it is in equilibrium and thus its
age is definitely larger than the dynamical time scale of
109 yr, Zwicky concluded that the Coma cluster contains
significantly more mass than the sum of the masses of its
galaxies. Using the virial theorem8 he was able to estimate
the mass of the cluster from the velocity distribution of the
galaxies. This was the first clear indicator of the existence of
dark matter.

X-ray satellites later revealed that clusters of galaxies
are strong sources of X-ray radiation. They contain hot gas,
with temperatures ranging from 107 up to 108K (Fig. 1.18).
This gas temperature is another measure for the depth of
the cluster’s potential well, since the hotter the gas is, the

8The virial theorem in its simplest form says that, for an isolated
dynamical system in a stationary state of equilibrium, the kinetic energy
is just half the potential energy,

Ekin D 1

2

ˇ̌
Epot

ˇ̌
: (1.8)

In particular, the system’s total energy is Etot D Ekin C Epot D
Epot=2 D !Ekin.
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Fig. 2.— Top panels: BTFR adopting ⌥⇤ = 0.5 M�/L�. Galaxies are color-coded by fg = Mg/Mb. Solid lines show error-weighted
fits. Dotted lines show fits weighted by f2

g , increasing the importance of gas-dominated galaxies. The dashed line shows the ⇤CDM initial
condition with fV = 1 and fb = 0.17 (the cosmic value). Bottom panels: residuals from the error-weighted fits versus the galaxy e↵ective
radius. The outlier is UGC 7125, which has an unusually high correction for Virgocentric infall and lies near the region where the infall
solution is triple-valued. If we consider only the correction for Local Group motion, UGC 7125 lies on the BTFR within the scatter.

3.1. Observed and Intrinsic Scatter

Figure 1 (top-left) shows that �obs decreases with ⌥⇤
and reaches a plateau at ⌥⇤ & 0.5M�/L�. This plateau
actually is a broad minimum that becomes evident by
extending the ⌥⇤-range up to unphysical values of ⇠10
M�/L� (not shown). The observed scatter is systemat-
ically lower for the accurate-distance sample, indicating
that a large portion of �obs in the full sample is driven
by distance uncertainties.
Figure1 (top-right) shows that �int is below 0.15 dex

for any realistic value of ⌥⇤. The similar intrinsic scat-
ter between the two samples suggests that our errors on
Hubble-flow distances are realistic. For a fiducial value of
⌥⇤ = 0.5 M�/L�, we find �int = 0.10± 0.02 for the full
sample and �int = 0.11 ± 0.03 for the accurate-distance
sample. As we discuss in Sect. 4, this represents a chal-
lenge for the ⇤CDM cosmological model.

3.2. Slope, Normalization, and Residuals

Figure1 (bottom panels) shows that the BTFR slope
(normalization) monotonically increases (decreases) with
⌥⇤. This is due to the systematic variation of the gas

fraction (fg = Mg/Mb) with Vf . Figure 2 (top pa-
nels) shows the BTFR for ⌥⇤ = 0.5 M�/L�, colour-
coding each galaxy by fg. Low-mass galaxies tend to
be gas-dominated (fg & 0.5) and their location on the
BTFR does not strongly depend on the assumed ⌥⇤
(Stark et al. 2009; McGaugh 2012). Conversely, high-
mass galaxies are star-dominated and their location on
the BTFR strongly depends on ⌥⇤. By decreasing ⌥⇤,
Mb decreases more significantly for high-mass galaxies
than for low-mass ones, hence the slope decreases and
the normalization increases.
For any ⌥⇤, we find no correlation between BTFR

residuals and galaxy e↵ective radius: the Pearson’s,
Spearman’s, and Kendall’s coe�cients are consistently
between ±0.4. Figure 2 (bottom panels) shows the case
of ⌥⇤ = 0.5 M�/L�. Similarly, we find no trend with
e↵ective surface brightness. We have also fitted exponen-
tials to the outer parts of the luminosity profiles and find
no trend between residuals and central surface bright-
ness or scale length. These results di↵er from those of
Zaritsky et al. (2014) due to the use of Vf instead of H I
line-widths (see also Verheijen 2001). The lack of any
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128 3 The world of galaxies

As a first example of that fact, we will show in this
section that the kinematic properties of spirals and ellipticals
are closely related to their luminosity. As we shall discuss
below, spirals follow the Tully–Fisher relation (Sect. 3.4.1),
whereas elliptical galaxies obey the Faber–Jackson relation
(Sect. 3.4.2) and are located in the fundamental plane
(Sect. 3.4.3). These scaling relations are a very important tool
for distance estimations, as will be discussed in Sect. 3.9.
Furthermore, these scaling relations express relations
between galaxy properties which any successful model of
galaxy evolution must be able to explain. Here we will
describe these scaling relations and discuss their physical
origin.

3.4.1 The Tully–Fisher relation

Using 21 cm observations of spiral galaxies, in 1977 R. Brent
Tully and J. Richard Fisher found that the maximum rotation
velocity of spirals is closely related to their luminosity,
following the relation

L / v˛max ; (3.19)

where the power-law index (i.e., the slope) of the Tully–
Fisher relation is about ˛ ! 4 . The larger the wavelength of
the filter in which the luminosity is measured, the smaller the
dispersion of the Tully–Fisher relation (see Fig. 3.27). This
is to be expected because radiation at larger wavelengths
is less affected by dust absorption and by the current star
formation rate, which may vary to some extent between
individual spirals. Furthermore, it is found that the value of ˛
increases with the wavelength of the filter: The Tully–Fisher
relation is steeper in the red, which follows from the fact that
more massive, or more luminous galaxies—i.e., those with
larger vmax—are redder, as can be seen from Fig. 3.7. The
dispersion of galaxies around the relation (3.19) in the near-
infrared (e.g., in the H-band) is about 10%.

Because of this close correlation, the luminosity of spirals
can be estimated quite precisely by measuring the rotational
velocity. The determination of the (maximum) rotational
velocity is independent of the galaxy’s distance. By com-
paring the luminosity, as determined from the Tully–Fisher
relation, with the measured flux, one can then estimate
the distance of the galaxy—without utilizing the Hubble
relation!

The measurement of vmax is obtained either from a
spatially resolved rotation curve, by measuring vrot.!/,
which can be done with optical spectroscopy or, for
relatively nearby galaxies, also with spatially resolved 21 cm
spectroscopy. Alternatively, one can observe an integrated

Fig. 3.27 The Tully–Fisher relation for galaxies in the Local Group
(dots), in the Sculptor group (triangles), and in the M81 group
(squares). The absolute magnitude is plotted as a function of the width
of the 21 cm profile which indicates the maximum rotation velocity
(see Fig. 3.28). Filled symbols represent galaxies for which independent
distance estimates were obtained, either from RR Lyrae stars, Cepheids,
or planetary nebulae. For galaxies represented by open symbols, the
average distance of the respective group is used. The solid line is a
fit to similar data for the Ursa-Major cluster, together with data of
those galaxies for which individual distance estimates are available
(filled symbols). The larger dispersion around the mean relation for the
Sculptor group galaxies is due to the group’s extent along the line-of-
sight. Source: M.J. Pierce & R.B. Tully 1992, Luminosity-line width
relations and the extragalactic distance scale. I—Absolute calibration,
ApJ 387, 47, p. 51, Fig. 1. c!AAS. Reproduced with permission

spectrum of the 21 cm line of HI that has a Doppler width
corresponding to about 2vmax (see Fig. 3.28). The Tully–
Fisher relation shown in Fig. 3.27 was determined by
measuring the width of the 21 cm line.

Explaining the Tully–Fisher-relation. The shapes of the
rotation curves of spirals are very similar to each other, in
particular with regard to their flat behavior in the outer part.
The flat rotation curve implies
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Fig. 3.28 21 cm profile of the galaxy NGC7331. The bold dots indi-
cate 20 and 50% of the maximum flux; these are of relevance for the
determination of the line width from which the rotational velocity is
derived. Source: L.M. Macri et al. 2000, A Database of Tully–Fisher
Calibrator Galaxies, ApJS 128, 461, p. 467, Fig. 5. c!AAS. Reproduced
with permission

M D v2maxR

G
; (3.20)

where the value of the distance R from the center of the
galaxy is chosen to be in the range of the flat part of the
rotation curve, i.e., where vrot.R/ ! Vmax. We note that the
exact value of R is not important; of course,M D M.R/ in
(3.20). By re-writing (3.20),

L D
!
M

L

""1 v2maxR

G
; (3.21)

and replacing R by the mean surface brightness hI i D
L=R2, we obtain

L D
!
M

L

""2 ! 1

G2 hI i

"
v4max : (3.22)

This is the Tully–Fisher relation if M=L and hI i are the same
for all spirals. As discussed previously, the latter is in fact
suggested by Freeman’s law (Sect. 3.3.2). Since the shapes of
rotation curves for spirals seem to be very similar, the radial
dependence of the ratio of luminous to dark matter may also
be quite similar among spirals. Furthermore, since the mass-
to-light ratios of a stellar population as measured from the
red or infrared emission do not depend strongly on its age,

the constancy of M=L could also be valid if dark matter is
included.

Although the line of argument presented above is far
from a rigorous derivation of the Tully–Fisher-relation, it
nevertheless makes the existence of such a scaling relation
plausible.

Mass-to-light ratio of spirals. We are unable to determine
the total mass of a spiral because the extent of the dark halo
is unknown. Thus we can measureM=L only within a fixed
radius. We shall define this radius asR25 , the radius at which
the surface brightness attains the value of 25mag/arcsec2 in
the B-band6; then spirals follow the relation

log
!
R25

kpc

"
D "0:249MB " 4:00 ; (3.23)

independently of their Hubble type. Within R25 one finds
M=LB D 6:2 for Sa’s, 4.5 for Sb’s, and 2.6 for Sc’s. This
trend does not come as a surprise because late types of spirals
contain more young, blue and luminous stars.

The baryonic Tully–Fisher relation. The above ‘deriva-
tion’ of the Tully–Fisher relation is based on the assumption
of a constant M=L value, where M is the total mass (i.e.,
including dark matter). Let us assume that (1) the ratio of
baryons to dark matter is constant, and furthermore that
(2) the stellar populations in spirals are similar, so that the
ratio of stellar mass to luminosity is a constant. Even under
these assumptions we would expect the Tully–Fisher relation
to be valid only if the gas does not, or only marginally,
contribute to the baryonic mass. However, low-mass spirals
contain a significant fraction of gas, so we should expect that
the Tully–Fisher relation does not apply to these galaxies.
Indeed, it is found that spirals with a small vmax . 100 km=s
deviate significantly from the Tully–Fisher relation—see
Fig. 3.29a.

Since the luminosity is approximately proportional to
the stellar mass, L / M#, the Tully–Fisher relation is a
relation between vmax and M#. Adding the mass of the gas,
which can be determined from the strength of the 21 cm line
and molecular emission, to the stellar mass, a much tighter
correlation is obtained, see Fig. 3.29b. It reads

Mdisk D 2 # 109 h"2 Mˇ

!
vmax

100 km=s

"4
; (3.24)

and is valid over five orders of magnitude in disk mass
Mdisk D M# C Mgas. If no further baryons exist in spirals

6We point out explicitly once more that the surface brightness does not
depend on the distance of a source.
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where the value of the distance R from the center of the
galaxy is chosen to be in the range of the flat part of the
rotation curve, i.e., where vrot.R/ ! Vmax. We note that the
exact value of R is not important; of course,M D M.R/ in
(3.20). By re-writing (3.20),
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and replacing R by the mean surface brightness hI i D
L=R2, we obtain
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This is the Tully–Fisher relation if M=L and hI i are the same
for all spirals. As discussed previously, the latter is in fact
suggested by Freeman’s law (Sect. 3.3.2). Since the shapes of
rotation curves for spirals seem to be very similar, the radial
dependence of the ratio of luminous to dark matter may also
be quite similar among spirals. Furthermore, since the mass-
to-light ratios of a stellar population as measured from the
red or infrared emission do not depend strongly on its age,

the constancy of M=L could also be valid if dark matter is
included.

Although the line of argument presented above is far
from a rigorous derivation of the Tully–Fisher-relation, it
nevertheless makes the existence of such a scaling relation
plausible.

Mass-to-light ratio of spirals. We are unable to determine
the total mass of a spiral because the extent of the dark halo
is unknown. Thus we can measureM=L only within a fixed
radius. We shall define this radius asR25 , the radius at which
the surface brightness attains the value of 25mag/arcsec2 in
the B-band6; then spirals follow the relation
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independently of their Hubble type. Within R25 one finds
M=LB D 6:2 for Sa’s, 4.5 for Sb’s, and 2.6 for Sc’s. This
trend does not come as a surprise because late types of spirals
contain more young, blue and luminous stars.

The baryonic Tully–Fisher relation. The above ‘deriva-
tion’ of the Tully–Fisher relation is based on the assumption
of a constant M=L value, where M is the total mass (i.e.,
including dark matter). Let us assume that (1) the ratio of
baryons to dark matter is constant, and furthermore that
(2) the stellar populations in spirals are similar, so that the
ratio of stellar mass to luminosity is a constant. Even under
these assumptions we would expect the Tully–Fisher relation
to be valid only if the gas does not, or only marginally,
contribute to the baryonic mass. However, low-mass spirals
contain a significant fraction of gas, so we should expect that
the Tully–Fisher relation does not apply to these galaxies.
Indeed, it is found that spirals with a small vmax . 100 km=s
deviate significantly from the Tully–Fisher relation—see
Fig. 3.29a.

Since the luminosity is approximately proportional to
the stellar mass, L / M#, the Tully–Fisher relation is a
relation between vmax and M#. Adding the mass of the gas,
which can be determined from the strength of the 21 cm line
and molecular emission, to the stellar mass, a much tighter
correlation is obtained, see Fig. 3.29b. It reads

Mdisk D 2 # 109 h"2 Mˇ
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and is valid over five orders of magnitude in disk mass
Mdisk D M# C Mgas. If no further baryons exist in spirals

6We point out explicitly once more that the surface brightness does not
depend on the distance of a source.
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where the value of the distance R from the center of the
galaxy is chosen to be in the range of the flat part of the
rotation curve, i.e., where vrot.R/ ! Vmax. We note that the
exact value of R is not important; of course,M D M.R/ in
(3.20). By re-writing (3.20),
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and replacing R by the mean surface brightness hI i D
L=R2, we obtain
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This is the Tully–Fisher relation if M=L and hI i are the same
for all spirals. As discussed previously, the latter is in fact
suggested by Freeman’s law (Sect. 3.3.2). Since the shapes of
rotation curves for spirals seem to be very similar, the radial
dependence of the ratio of luminous to dark matter may also
be quite similar among spirals. Furthermore, since the mass-
to-light ratios of a stellar population as measured from the
red or infrared emission do not depend strongly on its age,

the constancy of M=L could also be valid if dark matter is
included.

Although the line of argument presented above is far
from a rigorous derivation of the Tully–Fisher-relation, it
nevertheless makes the existence of such a scaling relation
plausible.

Mass-to-light ratio of spirals. We are unable to determine
the total mass of a spiral because the extent of the dark halo
is unknown. Thus we can measureM=L only within a fixed
radius. We shall define this radius asR25 , the radius at which
the surface brightness attains the value of 25mag/arcsec2 in
the B-band6; then spirals follow the relation
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independently of their Hubble type. Within R25 one finds
M=LB D 6:2 for Sa’s, 4.5 for Sb’s, and 2.6 for Sc’s. This
trend does not come as a surprise because late types of spirals
contain more young, blue and luminous stars.

The baryonic Tully–Fisher relation. The above ‘deriva-
tion’ of the Tully–Fisher relation is based on the assumption
of a constant M=L value, where M is the total mass (i.e.,
including dark matter). Let us assume that (1) the ratio of
baryons to dark matter is constant, and furthermore that
(2) the stellar populations in spirals are similar, so that the
ratio of stellar mass to luminosity is a constant. Even under
these assumptions we would expect the Tully–Fisher relation
to be valid only if the gas does not, or only marginally,
contribute to the baryonic mass. However, low-mass spirals
contain a significant fraction of gas, so we should expect that
the Tully–Fisher relation does not apply to these galaxies.
Indeed, it is found that spirals with a small vmax . 100 km=s
deviate significantly from the Tully–Fisher relation—see
Fig. 3.29a.

Since the luminosity is approximately proportional to
the stellar mass, L / M#, the Tully–Fisher relation is a
relation between vmax and M#. Adding the mass of the gas,
which can be determined from the strength of the 21 cm line
and molecular emission, to the stellar mass, a much tighter
correlation is obtained, see Fig. 3.29b. It reads

Mdisk D 2 # 109 h"2 Mˇ

!
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and is valid over five orders of magnitude in disk mass
Mdisk D M# C Mgas. If no further baryons exist in spirals

6We point out explicitly once more that the surface brightness does not
depend on the distance of a source.
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Fig. 2.— Top panels: BTFR adopting ⌥⇤ = 0.5 M�/L�. Galaxies are color-coded by fg = Mg/Mb. Solid lines show error-weighted
fits. Dotted lines show fits weighted by f2

g , increasing the importance of gas-dominated galaxies. The dashed line shows the ⇤CDM initial
condition with fV = 1 and fb = 0.17 (the cosmic value). Bottom panels: residuals from the error-weighted fits versus the galaxy e↵ective
radius. The outlier is UGC 7125, which has an unusually high correction for Virgocentric infall and lies near the region where the infall
solution is triple-valued. If we consider only the correction for Local Group motion, UGC 7125 lies on the BTFR within the scatter.

3.1. Observed and Intrinsic Scatter

Figure 1 (top-left) shows that �obs decreases with ⌥⇤
and reaches a plateau at ⌥⇤ & 0.5M�/L�. This plateau
actually is a broad minimum that becomes evident by
extending the ⌥⇤-range up to unphysical values of ⇠10
M�/L� (not shown). The observed scatter is systemat-
ically lower for the accurate-distance sample, indicating
that a large portion of �obs in the full sample is driven
by distance uncertainties.
Figure1 (top-right) shows that �int is below 0.15 dex

for any realistic value of ⌥⇤. The similar intrinsic scat-
ter between the two samples suggests that our errors on
Hubble-flow distances are realistic. For a fiducial value of
⌥⇤ = 0.5 M�/L�, we find �int = 0.10± 0.02 for the full
sample and �int = 0.11 ± 0.03 for the accurate-distance
sample. As we discuss in Sect. 4, this represents a chal-
lenge for the ⇤CDM cosmological model.

3.2. Slope, Normalization, and Residuals

Figure1 (bottom panels) shows that the BTFR slope
(normalization) monotonically increases (decreases) with
⌥⇤. This is due to the systematic variation of the gas

fraction (fg = Mg/Mb) with Vf . Figure 2 (top pa-
nels) shows the BTFR for ⌥⇤ = 0.5 M�/L�, colour-
coding each galaxy by fg. Low-mass galaxies tend to
be gas-dominated (fg & 0.5) and their location on the
BTFR does not strongly depend on the assumed ⌥⇤
(Stark et al. 2009; McGaugh 2012). Conversely, high-
mass galaxies are star-dominated and their location on
the BTFR strongly depends on ⌥⇤. By decreasing ⌥⇤,
Mb decreases more significantly for high-mass galaxies
than for low-mass ones, hence the slope decreases and
the normalization increases.
For any ⌥⇤, we find no correlation between BTFR

residuals and galaxy e↵ective radius: the Pearson’s,
Spearman’s, and Kendall’s coe�cients are consistently
between ±0.4. Figure 2 (bottom panels) shows the case
of ⌥⇤ = 0.5 M�/L�. Similarly, we find no trend with
e↵ective surface brightness. We have also fitted exponen-
tials to the outer parts of the luminosity profiles and find
no trend between residuals and central surface bright-
ness or scale length. These results di↵er from those of
Zaritsky et al. (2014) due to the use of Vf instead of H I
line-widths (see also Verheijen 2001). The lack of any
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As a first example of that fact, we will show in this
section that the kinematic properties of spirals and ellipticals
are closely related to their luminosity. As we shall discuss
below, spirals follow the Tully–Fisher relation (Sect. 3.4.1),
whereas elliptical galaxies obey the Faber–Jackson relation
(Sect. 3.4.2) and are located in the fundamental plane
(Sect. 3.4.3). These scaling relations are a very important tool
for distance estimations, as will be discussed in Sect. 3.9.
Furthermore, these scaling relations express relations
between galaxy properties which any successful model of
galaxy evolution must be able to explain. Here we will
describe these scaling relations and discuss their physical
origin.

3.4.1 The Tully–Fisher relation

Using 21 cm observations of spiral galaxies, in 1977 R. Brent
Tully and J. Richard Fisher found that the maximum rotation
velocity of spirals is closely related to their luminosity,
following the relation

L / v˛max ; (3.19)

where the power-law index (i.e., the slope) of the Tully–
Fisher relation is about ˛ ! 4 . The larger the wavelength of
the filter in which the luminosity is measured, the smaller the
dispersion of the Tully–Fisher relation (see Fig. 3.27). This
is to be expected because radiation at larger wavelengths
is less affected by dust absorption and by the current star
formation rate, which may vary to some extent between
individual spirals. Furthermore, it is found that the value of ˛
increases with the wavelength of the filter: The Tully–Fisher
relation is steeper in the red, which follows from the fact that
more massive, or more luminous galaxies—i.e., those with
larger vmax—are redder, as can be seen from Fig. 3.7. The
dispersion of galaxies around the relation (3.19) in the near-
infrared (e.g., in the H-band) is about 10%.

Because of this close correlation, the luminosity of spirals
can be estimated quite precisely by measuring the rotational
velocity. The determination of the (maximum) rotational
velocity is independent of the galaxy’s distance. By com-
paring the luminosity, as determined from the Tully–Fisher
relation, with the measured flux, one can then estimate
the distance of the galaxy—without utilizing the Hubble
relation!

The measurement of vmax is obtained either from a
spatially resolved rotation curve, by measuring vrot.!/,
which can be done with optical spectroscopy or, for
relatively nearby galaxies, also with spatially resolved 21 cm
spectroscopy. Alternatively, one can observe an integrated

Fig. 3.27 The Tully–Fisher relation for galaxies in the Local Group
(dots), in the Sculptor group (triangles), and in the M81 group
(squares). The absolute magnitude is plotted as a function of the width
of the 21 cm profile which indicates the maximum rotation velocity
(see Fig. 3.28). Filled symbols represent galaxies for which independent
distance estimates were obtained, either from RR Lyrae stars, Cepheids,
or planetary nebulae. For galaxies represented by open symbols, the
average distance of the respective group is used. The solid line is a
fit to similar data for the Ursa-Major cluster, together with data of
those galaxies for which individual distance estimates are available
(filled symbols). The larger dispersion around the mean relation for the
Sculptor group galaxies is due to the group’s extent along the line-of-
sight. Source: M.J. Pierce & R.B. Tully 1992, Luminosity-line width
relations and the extragalactic distance scale. I—Absolute calibration,
ApJ 387, 47, p. 51, Fig. 1. c!AAS. Reproduced with permission

spectrum of the 21 cm line of HI that has a Doppler width
corresponding to about 2vmax (see Fig. 3.28). The Tully–
Fisher relation shown in Fig. 3.27 was determined by
measuring the width of the 21 cm line.

Explaining the Tully–Fisher-relation. The shapes of the
rotation curves of spirals are very similar to each other, in
particular with regard to their flat behavior in the outer part.
The flat rotation curve implies
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Fig. 3.28 21 cm profile of the galaxy NGC7331. The bold dots indi-
cate 20 and 50% of the maximum flux; these are of relevance for the
determination of the line width from which the rotational velocity is
derived. Source: L.M. Macri et al. 2000, A Database of Tully–Fisher
Calibrator Galaxies, ApJS 128, 461, p. 467, Fig. 5. c!AAS. Reproduced
with permission
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where the value of the distance R from the center of the
galaxy is chosen to be in the range of the flat part of the
rotation curve, i.e., where vrot.R/ ! Vmax. We note that the
exact value of R is not important; of course,M D M.R/ in
(3.20). By re-writing (3.20),

L D
!
M

L

""1 v2maxR

G
; (3.21)

and replacing R by the mean surface brightness hI i D
L=R2, we obtain
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!
M

L

""2 ! 1

G2 hI i

"
v4max : (3.22)

This is the Tully–Fisher relation if M=L and hI i are the same
for all spirals. As discussed previously, the latter is in fact
suggested by Freeman’s law (Sect. 3.3.2). Since the shapes of
rotation curves for spirals seem to be very similar, the radial
dependence of the ratio of luminous to dark matter may also
be quite similar among spirals. Furthermore, since the mass-
to-light ratios of a stellar population as measured from the
red or infrared emission do not depend strongly on its age,

the constancy of M=L could also be valid if dark matter is
included.

Although the line of argument presented above is far
from a rigorous derivation of the Tully–Fisher-relation, it
nevertheless makes the existence of such a scaling relation
plausible.

Mass-to-light ratio of spirals. We are unable to determine
the total mass of a spiral because the extent of the dark halo
is unknown. Thus we can measureM=L only within a fixed
radius. We shall define this radius asR25 , the radius at which
the surface brightness attains the value of 25mag/arcsec2 in
the B-band6; then spirals follow the relation

log
!
R25

kpc

"
D "0:249MB " 4:00 ; (3.23)

independently of their Hubble type. Within R25 one finds
M=LB D 6:2 for Sa’s, 4.5 for Sb’s, and 2.6 for Sc’s. This
trend does not come as a surprise because late types of spirals
contain more young, blue and luminous stars.

The baryonic Tully–Fisher relation. The above ‘deriva-
tion’ of the Tully–Fisher relation is based on the assumption
of a constant M=L value, where M is the total mass (i.e.,
including dark matter). Let us assume that (1) the ratio of
baryons to dark matter is constant, and furthermore that
(2) the stellar populations in spirals are similar, so that the
ratio of stellar mass to luminosity is a constant. Even under
these assumptions we would expect the Tully–Fisher relation
to be valid only if the gas does not, or only marginally,
contribute to the baryonic mass. However, low-mass spirals
contain a significant fraction of gas, so we should expect that
the Tully–Fisher relation does not apply to these galaxies.
Indeed, it is found that spirals with a small vmax . 100 km=s
deviate significantly from the Tully–Fisher relation—see
Fig. 3.29a.

Since the luminosity is approximately proportional to
the stellar mass, L / M#, the Tully–Fisher relation is a
relation between vmax and M#. Adding the mass of the gas,
which can be determined from the strength of the 21 cm line
and molecular emission, to the stellar mass, a much tighter
correlation is obtained, see Fig. 3.29b. It reads

Mdisk D 2 # 109 h"2 Mˇ

!
vmax

100 km=s

"4
; (3.24)

and is valid over five orders of magnitude in disk mass
Mdisk D M# C Mgas. If no further baryons exist in spirals

6We point out explicitly once more that the surface brightness does not
depend on the distance of a source.
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Fig. 3.28 21 cm profile of the galaxy NGC7331. The bold dots indi-
cate 20 and 50% of the maximum flux; these are of relevance for the
determination of the line width from which the rotational velocity is
derived. Source: L.M. Macri et al. 2000, A Database of Tully–Fisher
Calibrator Galaxies, ApJS 128, 461, p. 467, Fig. 5. c!AAS. Reproduced
with permission
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galaxy is chosen to be in the range of the flat part of the
rotation curve, i.e., where vrot.R/ ! Vmax. We note that the
exact value of R is not important; of course,M D M.R/ in
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and replacing R by the mean surface brightness hI i D
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This is the Tully–Fisher relation if M=L and hI i are the same
for all spirals. As discussed previously, the latter is in fact
suggested by Freeman’s law (Sect. 3.3.2). Since the shapes of
rotation curves for spirals seem to be very similar, the radial
dependence of the ratio of luminous to dark matter may also
be quite similar among spirals. Furthermore, since the mass-
to-light ratios of a stellar population as measured from the
red or infrared emission do not depend strongly on its age,

the constancy of M=L could also be valid if dark matter is
included.

Although the line of argument presented above is far
from a rigorous derivation of the Tully–Fisher-relation, it
nevertheless makes the existence of such a scaling relation
plausible.

Mass-to-light ratio of spirals. We are unable to determine
the total mass of a spiral because the extent of the dark halo
is unknown. Thus we can measureM=L only within a fixed
radius. We shall define this radius asR25 , the radius at which
the surface brightness attains the value of 25mag/arcsec2 in
the B-band6; then spirals follow the relation

log
!
R25

kpc

"
D "0:249MB " 4:00 ; (3.23)

independently of their Hubble type. Within R25 one finds
M=LB D 6:2 for Sa’s, 4.5 for Sb’s, and 2.6 for Sc’s. This
trend does not come as a surprise because late types of spirals
contain more young, blue and luminous stars.

The baryonic Tully–Fisher relation. The above ‘deriva-
tion’ of the Tully–Fisher relation is based on the assumption
of a constant M=L value, where M is the total mass (i.e.,
including dark matter). Let us assume that (1) the ratio of
baryons to dark matter is constant, and furthermore that
(2) the stellar populations in spirals are similar, so that the
ratio of stellar mass to luminosity is a constant. Even under
these assumptions we would expect the Tully–Fisher relation
to be valid only if the gas does not, or only marginally,
contribute to the baryonic mass. However, low-mass spirals
contain a significant fraction of gas, so we should expect that
the Tully–Fisher relation does not apply to these galaxies.
Indeed, it is found that spirals with a small vmax . 100 km=s
deviate significantly from the Tully–Fisher relation—see
Fig. 3.29a.

Since the luminosity is approximately proportional to
the stellar mass, L / M#, the Tully–Fisher relation is a
relation between vmax and M#. Adding the mass of the gas,
which can be determined from the strength of the 21 cm line
and molecular emission, to the stellar mass, a much tighter
correlation is obtained, see Fig. 3.29b. It reads
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and is valid over five orders of magnitude in disk mass
Mdisk D M# C Mgas. If no further baryons exist in spirals

6We point out explicitly once more that the surface brightness does not
depend on the distance of a source.

Using	mass-to-light	ratio	(M/L):	

Using	mean	surface	brightness,	I=L/R2:		
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cate 20 and 50% of the maximum flux; these are of relevance for the
determination of the line width from which the rotational velocity is
derived. Source: L.M. Macri et al. 2000, A Database of Tully–Fisher
Calibrator Galaxies, ApJS 128, 461, p. 467, Fig. 5. c!AAS. Reproduced
with permission
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where the value of the distance R from the center of the
galaxy is chosen to be in the range of the flat part of the
rotation curve, i.e., where vrot.R/ ! Vmax. We note that the
exact value of R is not important; of course,M D M.R/ in
(3.20). By re-writing (3.20),

L D
!
M

L

""1 v2maxR

G
; (3.21)

and replacing R by the mean surface brightness hI i D
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This is the Tully–Fisher relation if M=L and hI i are the same
for all spirals. As discussed previously, the latter is in fact
suggested by Freeman’s law (Sect. 3.3.2). Since the shapes of
rotation curves for spirals seem to be very similar, the radial
dependence of the ratio of luminous to dark matter may also
be quite similar among spirals. Furthermore, since the mass-
to-light ratios of a stellar population as measured from the
red or infrared emission do not depend strongly on its age,

the constancy of M=L could also be valid if dark matter is
included.

Although the line of argument presented above is far
from a rigorous derivation of the Tully–Fisher-relation, it
nevertheless makes the existence of such a scaling relation
plausible.

Mass-to-light ratio of spirals. We are unable to determine
the total mass of a spiral because the extent of the dark halo
is unknown. Thus we can measureM=L only within a fixed
radius. We shall define this radius asR25 , the radius at which
the surface brightness attains the value of 25mag/arcsec2 in
the B-band6; then spirals follow the relation
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independently of their Hubble type. Within R25 one finds
M=LB D 6:2 for Sa’s, 4.5 for Sb’s, and 2.6 for Sc’s. This
trend does not come as a surprise because late types of spirals
contain more young, blue and luminous stars.

The baryonic Tully–Fisher relation. The above ‘deriva-
tion’ of the Tully–Fisher relation is based on the assumption
of a constant M=L value, where M is the total mass (i.e.,
including dark matter). Let us assume that (1) the ratio of
baryons to dark matter is constant, and furthermore that
(2) the stellar populations in spirals are similar, so that the
ratio of stellar mass to luminosity is a constant. Even under
these assumptions we would expect the Tully–Fisher relation
to be valid only if the gas does not, or only marginally,
contribute to the baryonic mass. However, low-mass spirals
contain a significant fraction of gas, so we should expect that
the Tully–Fisher relation does not apply to these galaxies.
Indeed, it is found that spirals with a small vmax . 100 km=s
deviate significantly from the Tully–Fisher relation—see
Fig. 3.29a.

Since the luminosity is approximately proportional to
the stellar mass, L / M#, the Tully–Fisher relation is a
relation between vmax and M#. Adding the mass of the gas,
which can be determined from the strength of the 21 cm line
and molecular emission, to the stellar mass, a much tighter
correlation is obtained, see Fig. 3.29b. It reads

Mdisk D 2 # 109 h"2 Mˇ
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and is valid over five orders of magnitude in disk mass
Mdisk D M# C Mgas. If no further baryons exist in spirals

6We point out explicitly once more that the surface brightness does not
depend on the distance of a source.

Flat	rotation	curve:	

~constant	
è Useful to measure distances! 
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Fig. 2.— Top panels: BTFR adopting ⌥⇤ = 0.5 M�/L�. Galaxies are color-coded by fg = Mg/Mb. Solid lines show error-weighted
fits. Dotted lines show fits weighted by f2

g , increasing the importance of gas-dominated galaxies. The dashed line shows the ⇤CDM initial
condition with fV = 1 and fb = 0.17 (the cosmic value). Bottom panels: residuals from the error-weighted fits versus the galaxy e↵ective
radius. The outlier is UGC 7125, which has an unusually high correction for Virgocentric infall and lies near the region where the infall
solution is triple-valued. If we consider only the correction for Local Group motion, UGC 7125 lies on the BTFR within the scatter.

3.1. Observed and Intrinsic Scatter

Figure 1 (top-left) shows that �obs decreases with ⌥⇤
and reaches a plateau at ⌥⇤ & 0.5M�/L�. This plateau
actually is a broad minimum that becomes evident by
extending the ⌥⇤-range up to unphysical values of ⇠10
M�/L� (not shown). The observed scatter is systemat-
ically lower for the accurate-distance sample, indicating
that a large portion of �obs in the full sample is driven
by distance uncertainties.
Figure1 (top-right) shows that �int is below 0.15 dex

for any realistic value of ⌥⇤. The similar intrinsic scat-
ter between the two samples suggests that our errors on
Hubble-flow distances are realistic. For a fiducial value of
⌥⇤ = 0.5 M�/L�, we find �int = 0.10± 0.02 for the full
sample and �int = 0.11 ± 0.03 for the accurate-distance
sample. As we discuss in Sect. 4, this represents a chal-
lenge for the ⇤CDM cosmological model.

3.2. Slope, Normalization, and Residuals

Figure1 (bottom panels) shows that the BTFR slope
(normalization) monotonically increases (decreases) with
⌥⇤. This is due to the systematic variation of the gas

fraction (fg = Mg/Mb) with Vf . Figure 2 (top pa-
nels) shows the BTFR for ⌥⇤ = 0.5 M�/L�, colour-
coding each galaxy by fg. Low-mass galaxies tend to
be gas-dominated (fg & 0.5) and their location on the
BTFR does not strongly depend on the assumed ⌥⇤
(Stark et al. 2009; McGaugh 2012). Conversely, high-
mass galaxies are star-dominated and their location on
the BTFR strongly depends on ⌥⇤. By decreasing ⌥⇤,
Mb decreases more significantly for high-mass galaxies
than for low-mass ones, hence the slope decreases and
the normalization increases.
For any ⌥⇤, we find no correlation between BTFR

residuals and galaxy e↵ective radius: the Pearson’s,
Spearman’s, and Kendall’s coe�cients are consistently
between ±0.4. Figure 2 (bottom panels) shows the case
of ⌥⇤ = 0.5 M�/L�. Similarly, we find no trend with
e↵ective surface brightness. We have also fitted exponen-
tials to the outer parts of the luminosity profiles and find
no trend between residuals and central surface bright-
ness or scale length. These results di↵er from those of
Zaritsky et al. (2014) due to the use of Vf instead of H I
line-widths (see also Verheijen 2001). The lack of any

Lelli+16	
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As a first example of that fact, we will show in this
section that the kinematic properties of spirals and ellipticals
are closely related to their luminosity. As we shall discuss
below, spirals follow the Tully–Fisher relation (Sect. 3.4.1),
whereas elliptical galaxies obey the Faber–Jackson relation
(Sect. 3.4.2) and are located in the fundamental plane
(Sect. 3.4.3). These scaling relations are a very important tool
for distance estimations, as will be discussed in Sect. 3.9.
Furthermore, these scaling relations express relations
between galaxy properties which any successful model of
galaxy evolution must be able to explain. Here we will
describe these scaling relations and discuss their physical
origin.

3.4.1 The Tully–Fisher relation

Using 21 cm observations of spiral galaxies, in 1977 R. Brent
Tully and J. Richard Fisher found that the maximum rotation
velocity of spirals is closely related to their luminosity,
following the relation

L / v˛max ; (3.19)

where the power-law index (i.e., the slope) of the Tully–
Fisher relation is about ˛ ! 4 . The larger the wavelength of
the filter in which the luminosity is measured, the smaller the
dispersion of the Tully–Fisher relation (see Fig. 3.27). This
is to be expected because radiation at larger wavelengths
is less affected by dust absorption and by the current star
formation rate, which may vary to some extent between
individual spirals. Furthermore, it is found that the value of ˛
increases with the wavelength of the filter: The Tully–Fisher
relation is steeper in the red, which follows from the fact that
more massive, or more luminous galaxies—i.e., those with
larger vmax—are redder, as can be seen from Fig. 3.7. The
dispersion of galaxies around the relation (3.19) in the near-
infrared (e.g., in the H-band) is about 10%.

Because of this close correlation, the luminosity of spirals
can be estimated quite precisely by measuring the rotational
velocity. The determination of the (maximum) rotational
velocity is independent of the galaxy’s distance. By com-
paring the luminosity, as determined from the Tully–Fisher
relation, with the measured flux, one can then estimate
the distance of the galaxy—without utilizing the Hubble
relation!

The measurement of vmax is obtained either from a
spatially resolved rotation curve, by measuring vrot.!/,
which can be done with optical spectroscopy or, for
relatively nearby galaxies, also with spatially resolved 21 cm
spectroscopy. Alternatively, one can observe an integrated

Fig. 3.27 The Tully–Fisher relation for galaxies in the Local Group
(dots), in the Sculptor group (triangles), and in the M81 group
(squares). The absolute magnitude is plotted as a function of the width
of the 21 cm profile which indicates the maximum rotation velocity
(see Fig. 3.28). Filled symbols represent galaxies for which independent
distance estimates were obtained, either from RR Lyrae stars, Cepheids,
or planetary nebulae. For galaxies represented by open symbols, the
average distance of the respective group is used. The solid line is a
fit to similar data for the Ursa-Major cluster, together with data of
those galaxies for which individual distance estimates are available
(filled symbols). The larger dispersion around the mean relation for the
Sculptor group galaxies is due to the group’s extent along the line-of-
sight. Source: M.J. Pierce & R.B. Tully 1992, Luminosity-line width
relations and the extragalactic distance scale. I—Absolute calibration,
ApJ 387, 47, p. 51, Fig. 1. c!AAS. Reproduced with permission

spectrum of the 21 cm line of HI that has a Doppler width
corresponding to about 2vmax (see Fig. 3.28). The Tully–
Fisher relation shown in Fig. 3.27 was determined by
measuring the width of the 21 cm line.

Explaining the Tully–Fisher-relation. The shapes of the
rotation curves of spirals are very similar to each other, in
particular with regard to their flat behavior in the outer part.
The flat rotation curve implies
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To his surprise, Zwicky found that clusters of galaxies 
have much greater masses than their luminosities would 
suggest. That is, when he estimated the total mass of stars 
necessary to account for the overall luminosity of a clus-
ter, he found that it was far less than the mass he meas-
ured by studying galaxy speeds. He concluded that most 
of the matter within these clusters must not be in the form 
of stars and instead must be almost entirely dark. Many 
astronomers disregarded Zwicky’s result, believing that 
he must have done something wrong to arrive at such a 
strange result. However, more sophisticated measurements 
ultimately confirmed Zwicky’s original finding.

Hot Gas in Clusters A second method for measuring a 
cluster’s mass relies on observing X rays from the hot gas 
that fills the space between its galaxies (FIGURE 23.7). This 
gas (sometimes called the intracluster medium) is so hot—
typically tens of millions of Kelvin—that it emits primarily 
X rays and does not appear in visible-light images. Measure-
ments show that for large clusters, this hot gas can represent 
up to seven times as much mass as the mass found in stars.

The hot gas can tell us about dark matter because its 
temperature depends on the total mass of the cluster. The 
gas in most clusters is nearly in a state of gravitational equi-
librium—that is, the outward gas pressure balances grav-
ity’s inward pull [Section 14.1]. In this state of balance, 
the average kinetic energies of the gas particles are deter-
mined primarily by the strength of gravity and hence by the 
amount of mass within the cluster. Because the temperature 

galaxies, and observing how the clusters bend light as  
gravitational lenses.

Orbits of Galaxies in Clusters The idea of dark matter is 
not particularly new. In the 1930s, astronomer Fritz Zwicky 
was already arguing that clusters of galaxies held enormous 
amounts of this mysterious stuff (FIGURE 23.6). Few of his 
colleagues paid attention, but later observations supported 
Zwicky’s claims.

Zwicky was one of the first astronomers to think of 
galaxy clusters as huge swarms of galaxies bound together 
by gravity. It seemed natural to him that galaxies clumped 
closely together in space should all be orbiting one 
another, just like the stars in a star cluster. He therefore 
assumed that he could measure cluster masses by observ-
ing galaxy motions and applying Newton’s laws of motion 
and gravitation.

Armed with a spectrograph, Zwicky measured the 
redshifts of the galaxies in a particular cluster and used 
these redshifts to calculate the speeds at which the individ-
ual galaxies are moving away from us. He determined the 
recession speed of the cluster as a whole—that is, the speed 
at which the expansion of the universe carries it away from 
us—by averaging the speeds of its individual galaxies.

Once he knew the recession speed for the cluster, 
Zwicky could subtract this speed from each individual 
galaxy’s speed to determine the speeds of galaxies relative 
to the cluster center. Of course, this method told him only 
the average radial component (the speed toward or away 
from us) of the actual galaxy velocities [Section 5.4], but 
by averaging over enough individual galaxies, Zwicky could 
get a good average orbital velocity for the cluster’s galaxies  
as a whole. Once he knew the average orbital velocity of 
the galaxies, he could use Newton’s universal law of gravi-
tation to estimate the cluster’s mass (see Mathematical 
Insight 23.2). Finally, he compared the cluster’s mass to its 
luminosity.

FIGURE 23.5 The broadening of absorption lines in an elliptical 
galaxy’s spectrum tells us how fast its stars move relative to one 
another.
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FIGURE 23.6 Fritz Zwicky, discoverer of dark matter in clusters of 
galaxies. Zwicky had an eccentric personality, but some of his ideas 
that seemed strange in the 1930s proved correct many decades later.
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Dark matter in elliptical galaxies 

o  Orbits of stars are more 
random and no hydrogen 
clouds to produce 
emission lines 

o  Multiple Doppler shifts 
create a broadening of 
the line 

o  Line width remains 
constant as a function of 
galaxy radius 
 
è Dark matter, ten times 
more than luminous matter 
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To his surprise, Zwicky found that clusters of galaxies 
have much greater masses than their luminosities would 
suggest. That is, when he estimated the total mass of stars 
necessary to account for the overall luminosity of a clus-
ter, he found that it was far less than the mass he meas-
ured by studying galaxy speeds. He concluded that most 
of the matter within these clusters must not be in the form 
of stars and instead must be almost entirely dark. Many 
astronomers disregarded Zwicky’s result, believing that 
he must have done something wrong to arrive at such a 
strange result. However, more sophisticated measurements 
ultimately confirmed Zwicky’s original finding.

Hot Gas in Clusters A second method for measuring a 
cluster’s mass relies on observing X rays from the hot gas 
that fills the space between its galaxies (FIGURE 23.7). This 
gas (sometimes called the intracluster medium) is so hot—
typically tens of millions of Kelvin—that it emits primarily 
X rays and does not appear in visible-light images. Measure-
ments show that for large clusters, this hot gas can represent 
up to seven times as much mass as the mass found in stars.

The hot gas can tell us about dark matter because its 
temperature depends on the total mass of the cluster. The 
gas in most clusters is nearly in a state of gravitational equi-
librium—that is, the outward gas pressure balances grav-
ity’s inward pull [Section 14.1]. In this state of balance, 
the average kinetic energies of the gas particles are deter-
mined primarily by the strength of gravity and hence by the 
amount of mass within the cluster. Because the temperature 

galaxies, and observing how the clusters bend light as  
gravitational lenses.

Orbits of Galaxies in Clusters The idea of dark matter is 
not particularly new. In the 1930s, astronomer Fritz Zwicky 
was already arguing that clusters of galaxies held enormous 
amounts of this mysterious stuff (FIGURE 23.6). Few of his 
colleagues paid attention, but later observations supported 
Zwicky’s claims.

Zwicky was one of the first astronomers to think of 
galaxy clusters as huge swarms of galaxies bound together 
by gravity. It seemed natural to him that galaxies clumped 
closely together in space should all be orbiting one 
another, just like the stars in a star cluster. He therefore 
assumed that he could measure cluster masses by observ-
ing galaxy motions and applying Newton’s laws of motion 
and gravitation.

Armed with a spectrograph, Zwicky measured the 
redshifts of the galaxies in a particular cluster and used 
these redshifts to calculate the speeds at which the individ-
ual galaxies are moving away from us. He determined the 
recession speed of the cluster as a whole—that is, the speed 
at which the expansion of the universe carries it away from 
us—by averaging the speeds of its individual galaxies.

Once he knew the recession speed for the cluster, 
Zwicky could subtract this speed from each individual 
galaxy’s speed to determine the speeds of galaxies relative 
to the cluster center. Of course, this method told him only 
the average radial component (the speed toward or away 
from us) of the actual galaxy velocities [Section 5.4], but 
by averaging over enough individual galaxies, Zwicky could 
get a good average orbital velocity for the cluster’s galaxies  
as a whole. Once he knew the average orbital velocity of 
the galaxies, he could use Newton’s universal law of gravi-
tation to estimate the cluster’s mass (see Mathematical 
Insight 23.2). Finally, he compared the cluster’s mass to its 
luminosity.

FIGURE 23.5 The broadening of absorption lines in an elliptical 
galaxy’s spectrum tells us how fast its stars move relative to one 
another.
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Dark matter in elliptical galaxies: 
Faber-Jackson relation 

Faber-Jackson: Analogous to spiral galaxies, observational 
dependence between galaxy luminosity and velocity dispersion 
in center of ellipticals (also M-σ relation) 
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Fig. 3.29 (a) The mass contained in stars as a function of the rotational
velocity Vc for spirals. This stellar mass is computed from the luminos-
ity by multiplying it with a suitable stellar mass-to-light ratio which
depends on the chosen filter and which can be calculated from stellar
population models. This is the ‘classical’ Tully–Fisher relation. Squares
and circles denote galaxies for which Vc was determined from the 21 cm
line width or from a spatially resolved rotation curve, respectively. The
colors of the symbols indicate the filter band in which the luminosity
was measured: H (red), K’ (black), I (green), B (blue). (b) Instead of the
stellar mass, here the sum of the stellar and gaseous mass is plotted. The
gas mass was derived from the flux in the 21 cm line,Mgas D 1:4MHI,
corrected for helium and metals. The line in both plots is the Tully–
Fisher relation with a slope of ˛ D 4. Source: S. McGaugh et al. 2000,
The Baryonic Tully-Fisher Relation, ApJ 533, L99, p. L100, Fig. 1.
c!AAS. Reproduced with permission

(such as, e.g., MACHOs), this close relation means that the
ratio of baryons and dark matter in spirals is constant over a
very wide mass range.

3.4.2 The Faber–Jackson relation

A relation for elliptical galaxies, analogous to the Tully–
Fisher relation, was found by Sandra Faber and Roger Jack-
son. They discovered that the velocity dispersion in the center
of ellipticals, !0, scales with luminosity (see Fig. 3.30),

L / !40 ; or log.!0/ D !0:1MB C const: : (3.25)

‘Deriving’ the Faber–Jackson scaling relation is possible
under the same assumptions as for the Tully–Fisher relation.
However, the dispersion of ellipticals about this relation is
larger than that of spirals about the Tully–Fisher relation.

3.4.3 The fundamental plane

The Tully–Fisher and Faber–Jackson relations specify a
connection between the luminosity and a kinematic property
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velocity dispersion and the luminosity of elliptical galaxies. It can be
derived from the virial theorem. Data from R. Bender et al. 1992, ApJ
399, 462

of galaxies. As we discussed previously, various relations
exist between the parameters of elliptical galaxies. Thus one
might wonder whether a relation exists between observables
of elliptical galaxies for which the dispersion is smaller
than that of the Faber–Jackson relation. Such a relation was
indeed found and is known as the fundamental plane.

To explain this relation, we will consider the various
relations between the parameters of ellipticals. In Sect. 3.2.2
we saw that the effective radius of normal ellipticals and
cD’s, i.e., excluding dwarfs, is related to the luminosity
(see Fig. 3.10). This implies a relation between the surface
brightness and the effective radius,

Re / hI i"0:83
e ; (3.26)

where hI ie is the average surface brightness within the
effective radius, so that

L D 2"R2e hI ie : (3.27)

From this, a relation between the luminosity and hI ie results,

L / R2e hI ie / hI i"0:66
e or approximately hI ie / L"1:5 :

(3.28)

Hence, more luminous ellipticals have smaller surface
brightnesses, as is also shown in Fig. 3.10. By means of
the Faber–Jackson relation, L is related to !0, the central
velocity dispersion, and therefore, !0, hI ie, and Re are
related to each other. The distribution of elliptical galaxies
in the three-dimensional parameter space .Re; hI ie ; !0/ is
located close to a plane defined by

Bender+92	
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Fig. 3.29 (a) The mass contained in stars as a function of the rotational
velocity Vc for spirals. This stellar mass is computed from the luminos-
ity by multiplying it with a suitable stellar mass-to-light ratio which
depends on the chosen filter and which can be calculated from stellar
population models. This is the ‘classical’ Tully–Fisher relation. Squares
and circles denote galaxies for which Vc was determined from the 21 cm
line width or from a spatially resolved rotation curve, respectively. The
colors of the symbols indicate the filter band in which the luminosity
was measured: H (red), K’ (black), I (green), B (blue). (b) Instead of the
stellar mass, here the sum of the stellar and gaseous mass is plotted. The
gas mass was derived from the flux in the 21 cm line,Mgas D 1:4MHI,
corrected for helium and metals. The line in both plots is the Tully–
Fisher relation with a slope of ˛ D 4. Source: S. McGaugh et al. 2000,
The Baryonic Tully-Fisher Relation, ApJ 533, L99, p. L100, Fig. 1.
c!AAS. Reproduced with permission

(such as, e.g., MACHOs), this close relation means that the
ratio of baryons and dark matter in spirals is constant over a
very wide mass range.
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son. They discovered that the velocity dispersion in the center
of ellipticals, !0, scales with luminosity (see Fig. 3.30),
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of galaxies. As we discussed previously, various relations
exist between the parameters of elliptical galaxies. Thus one
might wonder whether a relation exists between observables
of elliptical galaxies for which the dispersion is smaller
than that of the Faber–Jackson relation. Such a relation was
indeed found and is known as the fundamental plane.

To explain this relation, we will consider the various
relations between the parameters of ellipticals. In Sect. 3.2.2
we saw that the effective radius of normal ellipticals and
cD’s, i.e., excluding dwarfs, is related to the luminosity
(see Fig. 3.10). This implies a relation between the surface
brightness and the effective radius,

Re / hI i"0:83
e ; (3.26)

where hI ie is the average surface brightness within the
effective radius, so that

L D 2"R2e hI ie : (3.27)

From this, a relation between the luminosity and hI ie results,

L / R2e hI ie / hI i"0:66
e or approximately hI ie / L"1:5 :
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Hence, more luminous ellipticals have smaller surface
brightnesses, as is also shown in Fig. 3.10. By means of
the Faber–Jackson relation, L is related to !0, the central
velocity dispersion, and therefore, !0, hI ie, and Re are
related to each other. The distribution of elliptical galaxies
in the three-dimensional parameter space .Re; hI ie ; !0/ is
located close to a plane defined by
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matter rests primarily on applying Newton’s laws of motion 
and gravity to observations of the orbital speeds of stars 
and gas clouds. We’ve used the same laws to make the case 
for dark matter in clusters, along with additional evidence 
based on gravitational lensing predicted by Einstein’s 
general theory of relativity. It therefore seems that one of 
the following must be true:

1. Dark matter really exists, and we are observing the 
effects of its gravitational attraction.

2. There is something wrong with our understanding of 
gravity that is causing us to mistakenly infer the exist-
ence of dark matter.

We cannot completely rule out the second possibility, 
but most astronomers consider it very unlikely. Newton’s 
laws of motion and gravity are among the most trustworthy  
tools in science. We have used them time and again to 
measure masses of celestial objects from their orbital prop-
erties. We found the masses of Earth and the Sun by apply-
ing Newton’s version of Kepler’s third law to objects that 
orbit them [Section 4.4]. We used this same law to calcu-
late the masses of stars in binary star systems, revealing the 
general relationships between the masses of stars and their 

directions (FIGURE 23.9). Each alternative path produces a 
separate, distorted image of the blue galaxy.

Multiple images of a gravitationally lensed galaxy are 
rare. They occur only when a distant galaxy lies directly 
behind the lensing cluster. However, single distorted 
images of gravitationally lensed galaxies are quite common. 
FIGURE 23.10 shows a typical example. This picture shows 
numerous normal-looking galaxies and several arc-shaped 
galaxies. The oddly curved galaxies are not members of the 
cluster, nor are they really curved. They are normal galax-
ies lying far beyond the cluster whose images have been 
distorted by the cluster’s gravity.

Careful analyses of the distorted images created by  
clusters enable us to measure cluster masses without  
using Newton’s laws. Instead, Einstein’s general theory of 
relativity tells us how massive these clusters must be to 
generate the observed distortions. Cluster masses derived 
in this way generally agree with those derived from galaxy 
velocities and X-ray temperatures. It is reassuring that the 
three different methods all indicate that clusters of galaxies 
hold substantial amounts of dark matter.

Does dark matter really exist?
Astronomers have made a strong case for the existence 
of dark matter, but is it possible that there’s a completely 
different explanation for the observations we’ve discussed? 
Addressing this question gives us a chance to see how 
science progresses.

All the evidence for dark matter rests on our understand-
ing of gravity. For individual galaxies, the case for dark 

FIGURE 23.9 interactive figure A cluster’s powerful gravity bends 
light paths from background galaxies to Earth. If light arrives from 
several different directions, we see multiple images of the  
same galaxy.

real galaxyimage of galaxy image of galaxy

Gravitational lensing: A cluster’s gravity bends light from a single
galaxy so that it reaches Earth from multiple directions.

Earth

galaxy  cluster
Gravity bends light from
the galaxy as it passes
through the cluster.

We therefore see
images of the galaxy
in the directions from
which the light appears
to be coming.

Result: Through a telescope on Earth, we see multiple images
of what is really a single galaxy.

FIGURE 23.8 interactive photo This Hubble Space Telescope  
photo shows a galaxy cluster (known as CL0024+1654) acting 
as a gravitational lens. The yellow elliptical galaxies are cluster 
members. The small blue ovals (such as those indicated by the 
arrows) are multiple images of a single galaxy that lies almost 
directly behind the cluster’s center. (The picture shows a region 
about 1.4 million light-years across.)
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ments. As we will soon see, this was a daring idea at that
time, but since then such experiments have been carried out.
In this section we will mainly summarize and discuss the
results of these searches for MACHOs. We will start with a
description of the microlensing effect and then proceed with
its specific application to the search for MACHOs.

2.5.1 The gravitational lensing effect I

Einstein’s deflection angle. Light, just like massive parti-
cles, is deflected in a gravitational field. This is one of the
specific predictions by Einstein’s theory of gravity, General
Relativity. Quantitatively it predicts that a light beam which
passes a point massM at a distance ! is deflected by an angle
Ǫ , which amounts to

Ǫ D 4GM

c2 !
: (2.74)

The deflection law (2.74) is valid as long as Ǫ ! 1, which
is the case for weak gravitational fields. If we now setM D
Mˇ, ! D Rˇ in the foregoing equation, we obtain

Ǫˇ "1:0074

for the light deflection at the limb of the Sun. This deflection
of light was measured during a Solar eclipse in 1919 from
the shift of the apparent positions of stars close to the shaded
Solar disk. Its agreement with the value predicted by Einstein
made him world-famous over night, because this was the first
real and challenging test of General Relativity. Although the
precision of the measured value back then was only # 30%,
it was sufficient to confirm Einstein’s theory. By now the
law (2.74) has been measured in the Solar System with a
relative precision of about 5$10!4, and Einstein’s prediction
has been confirmed.

Not long after the discovery of gravitational light deflec-
tion at the Sun, the following scenario was considered. If the
deflection was sufficiently strong, light from a very distant
source could be visible at two positions in the sky: one light
ray could pass a mass concentration, located between us and
the source, ‘to the right’, and the second one ‘to the left’, as
sketched in Fig. 2.30. The astrophysical consequence of this
gravitational light deflection is also called the gravitational
lens effect. We will discuss various aspects of the lens
effect in the course of this book, and we will review its
astrophysical applications.

The Sun is not able to cause multiple images of distant
sources. The maximum deflection angle Ǫˇ is much smaller
than the angular radius of the Sun, so that two beams of light
that pass the Sun to the left and to the right cannot converge
by light deflection at the position of the Earth. Given its

Fig. 2.30 Sketch of a gravitational lens system. If a sufficiently mas-
sive mass concentration is located between us and a distant source,
it may happen that we observe this source at two different positions
on the sphere. Source: J. Wambsganss 1998, Gravitational Lensing in
Astronomy, Living Review in Relativity 1, 12, Fig. 2. c"Max Planck
Society and the author; Living Reviews in Relativity, published by
the Max Planck Institute for Gravitational Physics (Albert Einstein
Institute), Germany

radius, the Sun is too close to produce multiple images, since
its angular radius is (far) larger than the deflection angle
Ǫˇ. However, the light deflection by more distant stars (or
other massive celestial bodies) can produce multiple images
of sources located behind them.

Lens geometry. The geometry of a gravitational lens sys-
tem is depicted in Fig. 2.31. We consider light rays from a
source at distanceDs from us that pass a mass concentration
(called a lens or deflector) at a separation !. The deflector is
at a distanceDd from us. In Fig. 2.31 " denotes the true, two-
dimensional position of the source in the source plane, and ˇ
is the true angular position of the source, that is the angular
position at which it would be observed in the absence of light
deflection,

ˇ D "

Ds
: (2.75)

The position of the light ray in the lens plane is denoted by
!, and # is the corresponding angular position,

# D !

Dd
: (2.76)

Simplified Einstein’s 
deflection angle: 
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Dark Matter candidates 
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these effects are expected to be extremely weak. So far, 
no one has succeeded in making an unambiguous detec-
tion of gravitational waves, though efforts are under way 
in several different nations. In the United States, the best 
known is the Laser Interferometer Gravitational-Wave 
Observatory (LIGO), which consists of large detectors in 
Louisiana and Washington State that search in tandem for 
telltale signs of gravitational waves; the new Advanced 
LIGO began its search for gravitational waves in 2015 (see 
Figure 6.30).

Despite the lack of direct detection, scientists are quite 
confident that gravitational waves exist. In 1974, astrono-
mers Russell Hulse and Joseph Taylor discovered a binary 
star system in which both stars are highly compressed 
neutron stars [Section 18.2]. The small sizes of these 
objects allow them to orbit each other extremely closely 
and rapidly. General relativity predicts that this system 
should be emitting a substantial amount of energy in 
gravitational waves. If the system is losing energy to these 
waves, the orbits of the two stars should steadily decay. 
Observations show that the rate at which the orbital period 
is decreasing matches the prediction of general relativ-
ity, a strong suggestion that the system really is losing 
energy by emitting gravitational waves (FIGURE S3.22).  
Indeed, in 1993 Hulse and Taylor received the Nobel Prize 
for their discovery, indicating that the scientific community  
believes their work all but settled the case for gravita-
tional waves.

Other similar systems have since been discovered, and 
they also show orbital decay as would be expected if they 
are losing energy through the emission of gravitational 
waves. For example, one system (discovered in 2003) has 
two neutron stars orbiting each other every 2.4 hours. 
Calculations indicate that the energy this system is losing to 
gravitational waves will cause the two neutron stars to collide 
with each other about 85 million years from now, emitting 
a characteristic pulse of gravitational waves in the process  
(FIGURE S3.23). Fortunately, we don’t have to wait 85 million fact that time runs more slowly in gravitational fields. 

Gravitational redshifts have been measured for spectral 
lines from the Sun and from many other stars. The results 
agree with the predictions of general relativity, confirming 
that time slows down in stronger gravitational fields.

What are gravitational waves?
According to general relativity, a sudden change in the 
curvature of space in one place should propagate outward 
through space like ripples on a pond. For example, the 
effect of a star suddenly imploding or exploding should be 
rather like the effect of dropping a rock into a pond, and 
two massive stars orbiting each other closely and rapidly 
should generate ripples of curvature in space rather like 
those of a blade turning in water. Einstein called these 
ripples gravitational waves. Similar in character to light 
waves but far weaker, gravitational waves are predicted to 
have no mass and to travel at the speed of light. But do 
they actually exist?

The distortions of space carried by gravitational waves 
should compress and expand objects as they pass by. In 
principle, we could detect gravitational waves by look-
ing for such waves of compression and expansion, but 

FIGURE S3.21 When a small, dim object (such as a dim star, a 
planet, or a black hole) passes in front of a brighter, more distant 
star, gravitational lensing temporarily makes the star appear 
brighter. Because of the small objects involved, this type of  
gravitational lensing is often called microlensing.

Earth

before during after

small, dim
object

starLight from the star travels
straight out in all directions.

Gravitational lensing
redirects more light to
Earth when the object
passes directly in front
of the star.

Result: Images show the star appearing brighter during the lensing event.

FIGURE S3.22 The decrease in the orbital period of the Hulse-
Taylor binary star system matches what we expect if the system is 
emitting gravitational waves. (Data courtesy of Joel Weisberg and 
Joseph Taylor.)
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these effects are expected to be extremely weak. So far, 
no one has succeeded in making an unambiguous detec-
tion of gravitational waves, though efforts are under way 
in several different nations. In the United States, the best 
known is the Laser Interferometer Gravitational-Wave 
Observatory (LIGO), which consists of large detectors in 
Louisiana and Washington State that search in tandem for 
telltale signs of gravitational waves; the new Advanced 
LIGO began its search for gravitational waves in 2015 (see 
Figure 6.30).

Despite the lack of direct detection, scientists are quite 
confident that gravitational waves exist. In 1974, astrono-
mers Russell Hulse and Joseph Taylor discovered a binary 
star system in which both stars are highly compressed 
neutron stars [Section 18.2]. The small sizes of these 
objects allow them to orbit each other extremely closely 
and rapidly. General relativity predicts that this system 
should be emitting a substantial amount of energy in 
gravitational waves. If the system is losing energy to these 
waves, the orbits of the two stars should steadily decay. 
Observations show that the rate at which the orbital period 
is decreasing matches the prediction of general relativ-
ity, a strong suggestion that the system really is losing 
energy by emitting gravitational waves (FIGURE S3.22).  
Indeed, in 1993 Hulse and Taylor received the Nobel Prize 
for their discovery, indicating that the scientific community  
believes their work all but settled the case for gravita-
tional waves.

Other similar systems have since been discovered, and 
they also show orbital decay as would be expected if they 
are losing energy through the emission of gravitational 
waves. For example, one system (discovered in 2003) has 
two neutron stars orbiting each other every 2.4 hours. 
Calculations indicate that the energy this system is losing to 
gravitational waves will cause the two neutron stars to collide 
with each other about 85 million years from now, emitting 
a characteristic pulse of gravitational waves in the process  
(FIGURE S3.23). Fortunately, we don’t have to wait 85 million fact that time runs more slowly in gravitational fields. 

Gravitational redshifts have been measured for spectral 
lines from the Sun and from many other stars. The results 
agree with the predictions of general relativity, confirming 
that time slows down in stronger gravitational fields.

What are gravitational waves?
According to general relativity, a sudden change in the 
curvature of space in one place should propagate outward 
through space like ripples on a pond. For example, the 
effect of a star suddenly imploding or exploding should be 
rather like the effect of dropping a rock into a pond, and 
two massive stars orbiting each other closely and rapidly 
should generate ripples of curvature in space rather like 
those of a blade turning in water. Einstein called these 
ripples gravitational waves. Similar in character to light 
waves but far weaker, gravitational waves are predicted to 
have no mass and to travel at the speed of light. But do 
they actually exist?

The distortions of space carried by gravitational waves 
should compress and expand objects as they pass by. In 
principle, we could detect gravitational waves by look-
ing for such waves of compression and expansion, but 

FIGURE S3.21 When a small, dim object (such as a dim star, a 
planet, or a black hole) passes in front of a brighter, more distant 
star, gravitational lensing temporarily makes the star appear 
brighter. Because of the small objects involved, this type of  
gravitational lensing is often called microlensing.
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FIGURE S3.22 The decrease in the orbital period of the Hulse-
Taylor binary star system matches what we expect if the system is 
emitting gravitational waves. (Data courtesy of Joel Weisberg and 
Joseph Taylor.)
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these effects are expected to be extremely weak. So far, 
no one has succeeded in making an unambiguous detec-
tion of gravitational waves, though efforts are under way 
in several different nations. In the United States, the best 
known is the Laser Interferometer Gravitational-Wave 
Observatory (LIGO), which consists of large detectors in 
Louisiana and Washington State that search in tandem for 
telltale signs of gravitational waves; the new Advanced 
LIGO began its search for gravitational waves in 2015 (see 
Figure 6.30).

Despite the lack of direct detection, scientists are quite 
confident that gravitational waves exist. In 1974, astrono-
mers Russell Hulse and Joseph Taylor discovered a binary 
star system in which both stars are highly compressed 
neutron stars [Section 18.2]. The small sizes of these 
objects allow them to orbit each other extremely closely 
and rapidly. General relativity predicts that this system 
should be emitting a substantial amount of energy in 
gravitational waves. If the system is losing energy to these 
waves, the orbits of the two stars should steadily decay. 
Observations show that the rate at which the orbital period 
is decreasing matches the prediction of general relativ-
ity, a strong suggestion that the system really is losing 
energy by emitting gravitational waves (FIGURE S3.22).  
Indeed, in 1993 Hulse and Taylor received the Nobel Prize 
for their discovery, indicating that the scientific community  
believes their work all but settled the case for gravita-
tional waves.

Other similar systems have since been discovered, and 
they also show orbital decay as would be expected if they 
are losing energy through the emission of gravitational 
waves. For example, one system (discovered in 2003) has 
two neutron stars orbiting each other every 2.4 hours. 
Calculations indicate that the energy this system is losing to 
gravitational waves will cause the two neutron stars to collide 
with each other about 85 million years from now, emitting 
a characteristic pulse of gravitational waves in the process  
(FIGURE S3.23). Fortunately, we don’t have to wait 85 million fact that time runs more slowly in gravitational fields. 

Gravitational redshifts have been measured for spectral 
lines from the Sun and from many other stars. The results 
agree with the predictions of general relativity, confirming 
that time slows down in stronger gravitational fields.

What are gravitational waves?
According to general relativity, a sudden change in the 
curvature of space in one place should propagate outward 
through space like ripples on a pond. For example, the 
effect of a star suddenly imploding or exploding should be 
rather like the effect of dropping a rock into a pond, and 
two massive stars orbiting each other closely and rapidly 
should generate ripples of curvature in space rather like 
those of a blade turning in water. Einstein called these 
ripples gravitational waves. Similar in character to light 
waves but far weaker, gravitational waves are predicted to 
have no mass and to travel at the speed of light. But do 
they actually exist?

The distortions of space carried by gravitational waves 
should compress and expand objects as they pass by. In 
principle, we could detect gravitational waves by look-
ing for such waves of compression and expansion, but 

FIGURE S3.21 When a small, dim object (such as a dim star, a 
planet, or a black hole) passes in front of a brighter, more distant 
star, gravitational lensing temporarily makes the star appear 
brighter. Because of the small objects involved, this type of  
gravitational lensing is often called microlensing.
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Fig. 2.36 Light curve of the first observed microlensing event in the
LMC, in two broad-band filters. The solid curve is the best-fitting
microlensing light curve as described by (2.93), with !max D 6:86.
The ratio of the magnifications in both filters is displayed at the
bottom, and it is compatible with 1. Some of the data points deviate
significantly from the curve; this means that either the errors in the
measurements were underestimated, or this event is more complicated
than one described by a point-mass lens—see Sect. 2.5.4. Source: C.
Alcock et al. 1993, Possible gravitational microlensing of a star in the
Large Magellanic Cloud, Nature 365, 621

density is increased by the bar-like shape of the bulge. On
the other hand, the lensing probability in the direction of the
Magellanic Clouds is much smaller than expected for the
case where the dark halo consists solely of MACHOs. Based
on the analysis of the MACHO collaboration, the observed
statistics of lensing events towards the Magellanic Clouds
is best explained if about 20% of the halo mass consists of
MACHOs, with a characteristic mass of aboutM ! 0:5Mˇ
(see Fig. 2.38).

Interpretation and discussion. This latter result is not
easy to interpret and came as a real surprise. If a result
compatible with ! 100% had been found, it would have
been obvious to conclude that the dark matter in our Milky
Way consists of compact objects. Otherwise, if very few
lensing events had been found, it would have been clear
that MACHOs do not contribute significantly to the dark
matter. But a value of 20% does not immediately allow any

Fig. 2.37 In this 8ı!8ı image of the LMC, 30 fields are marked in red
which the MACHO group has searched for microlensing events during
the " 5:5 yr of their experiment; images were taken in two filters to test
for achromaticity. The positions of 17 microlensing events are marked
by yellow circles; these have been subject to statistical analysis. Source:
C. Alcock et al. 2000, The MACHO Project: Microlensing Results
from 5.7 Years of Large Magellanic Cloud Observations, ApJ 542, 281,
p. 284, Fig. 1. c#AAS. Reproduced with permission

unambiguous interpretation. Taken at face value, the result
from the MACHO group would imply that the total mass of
MACHOs in the Milky Way halo is about the same as that in
the stellar disk.

Furthermore, the estimated mass scale is hard to under-
stand: what could be the nature of MACHOs with M D
0:5Mˇ? Normal stars can be excluded, because they would
be far too luminous to escape direct observations. White
dwarfs are also unsuitable candidates, because to produce
such a large number of white dwarfs as a final stage of stellar
evolution, the total star formation in our Milky Way, inte-
grated over its lifetime, needs to be significantly larger than
normally assumed. In this case, many more massive stars
would also have formed, which would then have released
the metals they produced into the ISM, both by stellar winds
and in supernova explosions. In such a scenario, the metal
content of the ISM would therefore be distinctly higher than
is actually observed. The only possibility of escaping this
argument is with the hypothesis that the mass function of
newly formed stars (the initial mass function, IMF) was
different in the early phase of the Milky Way compared to
that observed today. The IMF that needs to be assumed in
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these effects are expected to be extremely weak. So far, 
no one has succeeded in making an unambiguous detec-
tion of gravitational waves, though efforts are under way 
in several different nations. In the United States, the best 
known is the Laser Interferometer Gravitational-Wave 
Observatory (LIGO), which consists of large detectors in 
Louisiana and Washington State that search in tandem for 
telltale signs of gravitational waves; the new Advanced 
LIGO began its search for gravitational waves in 2015 (see 
Figure 6.30).

Despite the lack of direct detection, scientists are quite 
confident that gravitational waves exist. In 1974, astrono-
mers Russell Hulse and Joseph Taylor discovered a binary 
star system in which both stars are highly compressed 
neutron stars [Section 18.2]. The small sizes of these 
objects allow them to orbit each other extremely closely 
and rapidly. General relativity predicts that this system 
should be emitting a substantial amount of energy in 
gravitational waves. If the system is losing energy to these 
waves, the orbits of the two stars should steadily decay. 
Observations show that the rate at which the orbital period 
is decreasing matches the prediction of general relativ-
ity, a strong suggestion that the system really is losing 
energy by emitting gravitational waves (FIGURE S3.22).  
Indeed, in 1993 Hulse and Taylor received the Nobel Prize 
for their discovery, indicating that the scientific community  
believes their work all but settled the case for gravita-
tional waves.

Other similar systems have since been discovered, and 
they also show orbital decay as would be expected if they 
are losing energy through the emission of gravitational 
waves. For example, one system (discovered in 2003) has 
two neutron stars orbiting each other every 2.4 hours. 
Calculations indicate that the energy this system is losing to 
gravitational waves will cause the two neutron stars to collide 
with each other about 85 million years from now, emitting 
a characteristic pulse of gravitational waves in the process  
(FIGURE S3.23). Fortunately, we don’t have to wait 85 million fact that time runs more slowly in gravitational fields. 

Gravitational redshifts have been measured for spectral 
lines from the Sun and from many other stars. The results 
agree with the predictions of general relativity, confirming 
that time slows down in stronger gravitational fields.

What are gravitational waves?
According to general relativity, a sudden change in the 
curvature of space in one place should propagate outward 
through space like ripples on a pond. For example, the 
effect of a star suddenly imploding or exploding should be 
rather like the effect of dropping a rock into a pond, and 
two massive stars orbiting each other closely and rapidly 
should generate ripples of curvature in space rather like 
those of a blade turning in water. Einstein called these 
ripples gravitational waves. Similar in character to light 
waves but far weaker, gravitational waves are predicted to 
have no mass and to travel at the speed of light. But do 
they actually exist?

The distortions of space carried by gravitational waves 
should compress and expand objects as they pass by. In 
principle, we could detect gravitational waves by look-
ing for such waves of compression and expansion, but 

FIGURE S3.21 When a small, dim object (such as a dim star, a 
planet, or a black hole) passes in front of a brighter, more distant 
star, gravitational lensing temporarily makes the star appear 
brighter. Because of the small objects involved, this type of  
gravitational lensing is often called microlensing.
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FIGURE S3.22 The decrease in the orbital period of the Hulse-
Taylor binary star system matches what we expect if the system is 
emitting gravitational waves. (Data courtesy of Joel Weisberg and 
Joseph Taylor.)

0

1975 1980 1985 1990 1995 2000 2005
 -45

 -40

 -35

 -30

 -25

 -20

 -15

 -10

 - 5

cu
m

ul
at

iv
e 

de
vi

at
io

n 
fro

m
 1

97
4 

or
bi

t (
in

 s
ec

on
ds

)   =  observed data point

theoretical prediction

M16_BENN9068_08_SE_CS3_422-444.indd   437 08/09/15   11:28 AM

 C H A P T E R  S3  S P A C E T I M E  A N D  G R A V I T Y    437

these effects are expected to be extremely weak. So far, 
no one has succeeded in making an unambiguous detec-
tion of gravitational waves, though efforts are under way 
in several different nations. In the United States, the best 
known is the Laser Interferometer Gravitational-Wave 
Observatory (LIGO), which consists of large detectors in 
Louisiana and Washington State that search in tandem for 
telltale signs of gravitational waves; the new Advanced 
LIGO began its search for gravitational waves in 2015 (see 
Figure 6.30).

Despite the lack of direct detection, scientists are quite 
confident that gravitational waves exist. In 1974, astrono-
mers Russell Hulse and Joseph Taylor discovered a binary 
star system in which both stars are highly compressed 
neutron stars [Section 18.2]. The small sizes of these 
objects allow them to orbit each other extremely closely 
and rapidly. General relativity predicts that this system 
should be emitting a substantial amount of energy in 
gravitational waves. If the system is losing energy to these 
waves, the orbits of the two stars should steadily decay. 
Observations show that the rate at which the orbital period 
is decreasing matches the prediction of general relativ-
ity, a strong suggestion that the system really is losing 
energy by emitting gravitational waves (FIGURE S3.22).  
Indeed, in 1993 Hulse and Taylor received the Nobel Prize 
for their discovery, indicating that the scientific community  
believes their work all but settled the case for gravita-
tional waves.

Other similar systems have since been discovered, and 
they also show orbital decay as would be expected if they 
are losing energy through the emission of gravitational 
waves. For example, one system (discovered in 2003) has 
two neutron stars orbiting each other every 2.4 hours. 
Calculations indicate that the energy this system is losing to 
gravitational waves will cause the two neutron stars to collide 
with each other about 85 million years from now, emitting 
a characteristic pulse of gravitational waves in the process  
(FIGURE S3.23). Fortunately, we don’t have to wait 85 million fact that time runs more slowly in gravitational fields. 

Gravitational redshifts have been measured for spectral 
lines from the Sun and from many other stars. The results 
agree with the predictions of general relativity, confirming 
that time slows down in stronger gravitational fields.

What are gravitational waves?
According to general relativity, a sudden change in the 
curvature of space in one place should propagate outward 
through space like ripples on a pond. For example, the 
effect of a star suddenly imploding or exploding should be 
rather like the effect of dropping a rock into a pond, and 
two massive stars orbiting each other closely and rapidly 
should generate ripples of curvature in space rather like 
those of a blade turning in water. Einstein called these 
ripples gravitational waves. Similar in character to light 
waves but far weaker, gravitational waves are predicted to 
have no mass and to travel at the speed of light. But do 
they actually exist?

The distortions of space carried by gravitational waves 
should compress and expand objects as they pass by. In 
principle, we could detect gravitational waves by look-
ing for such waves of compression and expansion, but 

FIGURE S3.21 When a small, dim object (such as a dim star, a 
planet, or a black hole) passes in front of a brighter, more distant 
star, gravitational lensing temporarily makes the star appear 
brighter. Because of the small objects involved, this type of  
gravitational lensing is often called microlensing.
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Taylor binary star system matches what we expect if the system is 
emitting gravitational waves. (Data courtesy of Joel Weisberg and 
Joseph Taylor.)
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Fig. 2.36 Light curve of the first observed microlensing event in the
LMC, in two broad-band filters. The solid curve is the best-fitting
microlensing light curve as described by (2.93), with !max D 6:86.
The ratio of the magnifications in both filters is displayed at the
bottom, and it is compatible with 1. Some of the data points deviate
significantly from the curve; this means that either the errors in the
measurements were underestimated, or this event is more complicated
than one described by a point-mass lens—see Sect. 2.5.4. Source: C.
Alcock et al. 1993, Possible gravitational microlensing of a star in the
Large Magellanic Cloud, Nature 365, 621

density is increased by the bar-like shape of the bulge. On
the other hand, the lensing probability in the direction of the
Magellanic Clouds is much smaller than expected for the
case where the dark halo consists solely of MACHOs. Based
on the analysis of the MACHO collaboration, the observed
statistics of lensing events towards the Magellanic Clouds
is best explained if about 20% of the halo mass consists of
MACHOs, with a characteristic mass of aboutM ! 0:5Mˇ
(see Fig. 2.38).

Interpretation and discussion. This latter result is not
easy to interpret and came as a real surprise. If a result
compatible with ! 100% had been found, it would have
been obvious to conclude that the dark matter in our Milky
Way consists of compact objects. Otherwise, if very few
lensing events had been found, it would have been clear
that MACHOs do not contribute significantly to the dark
matter. But a value of 20% does not immediately allow any

Fig. 2.37 In this 8ı!8ı image of the LMC, 30 fields are marked in red
which the MACHO group has searched for microlensing events during
the " 5:5 yr of their experiment; images were taken in two filters to test
for achromaticity. The positions of 17 microlensing events are marked
by yellow circles; these have been subject to statistical analysis. Source:
C. Alcock et al. 2000, The MACHO Project: Microlensing Results
from 5.7 Years of Large Magellanic Cloud Observations, ApJ 542, 281,
p. 284, Fig. 1. c#AAS. Reproduced with permission

unambiguous interpretation. Taken at face value, the result
from the MACHO group would imply that the total mass of
MACHOs in the Milky Way halo is about the same as that in
the stellar disk.

Furthermore, the estimated mass scale is hard to under-
stand: what could be the nature of MACHOs with M D
0:5Mˇ? Normal stars can be excluded, because they would
be far too luminous to escape direct observations. White
dwarfs are also unsuitable candidates, because to produce
such a large number of white dwarfs as a final stage of stellar
evolution, the total star formation in our Milky Way, inte-
grated over its lifetime, needs to be significantly larger than
normally assumed. In this case, many more massive stars
would also have formed, which would then have released
the metals they produced into the ISM, both by stellar winds
and in supernova explosions. In such a scenario, the metal
content of the ISM would therefore be distinctly higher than
is actually observed. The only possibility of escaping this
argument is with the hypothesis that the mass function of
newly formed stars (the initial mass function, IMF) was
different in the early phase of the Milky Way compared to
that observed today. The IMF that needs to be assumed in
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matter detection! 



Summary 

•  Galaxies come as spirals, ellipticals, lenticulars, irregulars, 
dwarfs 

•  Luminous galaxies can be organized in the Hubble sequence 
or magnitude-color diagram  

•  Elliptical galaxies have less dust and cool gas, less star 
formation and older stellar populations 

•  Brightness profiles of galaxies can be modeled with Sérsic 
profiles  

•  Galaxies coexist in groups and clusters 
•  Rotational curves of galaxies/galaxy clusters reveal invisible 

mass: dark matter 
•  Tully-Fisher and Faber-Jackson relations relate galaxy’s 

luminosity with stars’ velocity and dispersion 


