
Lecture notes 17: Active Galaxies

In 1944 an radio amateur, using self built equipment, picked up signals from
three source in the night sky: from the center of the Milky Way, Sagittarius A;
from a supernova remnant Cassiopeia A; and from an unknown source Cygnus
A. The latter region of strong radio emission was first optically identified in 1952
by Walter Baade and Rudolph Minkowski using the giant 200-inch reflector at
Mount Palomar Observatory to be a faint dust-lane elliptical galaxy (3C 405).
At the time this was the most distant galaxy known with a red shift z = 0.057,
equivalent to 220 Mpc. The luminosity of the radio emission is some 107 times
the radio luminosity of a normal galaxy.

Figure 1: This image is a radio map (at a wavelength of 6 cm) of the powerful
radio galaxy Cygnus A, produced from observations at the Very Large Array
by John Conway and Philip Blanco in March 1994. The 2 x 1 arc-minute image
shows Cygnus A’s famous double radio lobes, spanning over 500,000 light years,
which are fed by jets of energetic particles beamed from the compact radio core
between them. The giant lobes are formed when these jets are slowed down by
the tenuous gas which exists between galaxies.

Quasars and QSO’s

Some years later another radio-loud object, 3C 273, was discovered. It’s optical
counterpart was stellar-like, but with a jet protruding. The spectrum of this
“star” was unique showing strange emission lines indicating energetic processes.
The red shift was also very large, z = 0.158, indicating a distance of 660 Mpc,
much to far away to be a star.

In 1960 Alan Sandage discovered 3C 48, a radio source with an optical
counterpart that looked like a star, but with a red-shift z = 0.367 or a distance
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of 1200 Mpc.
All of these objects are examples of quasars, from quasi-stellar radio sources.

Also radio quiet quasars have been discovered, these are also known as as QSO’s

(quasi-stellar objects). In total 10% of quasars are radio-loud, 90% radio-quiet.
There are now 10 000 quasars known with red-shifts z = 0.06−5.8. Most quasars
are at z > 0.3, i.e at distances greater than 1000 Mpc.

Red-shift z > 1 does not mean that v > c. In cases where z > 0.1 we must
use the equations of relativity:

Imagine a source at rest relative the observer that releases light spanning
Nλ0 in time t0 such than Nλ0 = ct0. A source moving with velocity v will
during the same duration release the same number of wavelengths Nλ over time
t. In this case these waves are spread over a distance Nλ = ct + vt = (c + v)t.
Dividing these relations by each other and remembering that time dilation is
given by t = γt0, where γ = 1/

√

1 − v2/c2 we find
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It has now become clear that quasars are (very) luminous galactic cores.
The luminosity of quasars ranges Lquasar = 1038

− 1042 W. Their spectra are
dominated by non-thermal radiation and emission lines indicative of energetic
processes with line widths indicating velocities of up to 10 000 km/s.

Radio quiet quasars (QSO’s) are observed to associated with spiral galaxies
while the radio loud quasars are found in elliptical galaxies. A large percentage
of quasars have close lying neighbors, seem perturbed in some way, or seem
strange in some way. Note also that there are very few near lying quasars.

Seyfert and radio galaxies

Seyfert galaxies are named for Carl K. Seyfert who in 1943, described them as
their central regions having peculiar spectra with notable emission lines. They
also have very luminous and dynamical cores. 10% of the brightest galaxies
are Seyferts and there are roughly 700 known. The luminosity lie in the range
1036

− 1038 W. There is also some (weak) radio emission and some Seyferts are
colliding pairs of galaxies.

Radio galaxies are elliptical galaxies with strong radio emission, this emis-
sion often comes in two lobes as shown in figure 1 that are 5–10 times the size of
the galaxy. The radio emission is synchrotron radiation, indicative of very high
speed electrons in a strong magnetic field. These type of galaxies are found near
the center of rich clusters. The luminosities lie in the region 1036

−1038 W. One
well known example is Centaurus A, which is an elliptical galaxy in collision
with a spiral galaxy.
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Figure 2: The Sombrero galaxy (M104), a Seyfert galaxy with very luminous
dynamic cores. M104 is numerically the first object of the catalog which was
not included in Messier’s originally published catalog. However, Charles Messier
added it by hand to his personal copy on May 11, 1781, and described it as a
”very faint nebula.” It was Camille Flammarion who found that its position
coincided with Herschel’s H I.43, which is the Sombrero Galaxy (NGC 4594),
and added it to the official Messier list in 1921. This object is also mentioned by
Pierre Méchain as his discovery in his letter of May 6, 1783. William Herschel
found this object independently on May 9, 1784. Credit: www.seds.org (the
text), STScI and NASA.

BL Lacerta objects are star like and show no spectral lines. They are
elliptical galaxies with luminous cores, sometimes also known as “blazars”. They
show rapid rotations in their cores with time-scales on the order of a few years
which means that their cores are small, no larger than ct.

Supermassive black holes

Supermassive black holes were proposed as a unified explanation for all active

galactic nuclei (AGN’s) by Donald Lyndon Bell in 1968. These objects are
perhaps less strange than one would suppose, the density of mass M contained
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falls rapidly with increasing mass and is approximately 0.1× that of water for
a black hole of mass 109 MS .

The radiation arises as material rids itself of angular momentum as it de-
scends towards the black hole through an accretion disk. The Eddington limit,
set so that the radiation pressure of a compact source does not rip the source
itself apart, is

LEdd = 30 000(
M

MS

)LS

which gives 109 MS for a luminosity corresponding to that of 3C 273. An
accumulation of 1 − 10 MS/yr gives a supermassive black hole in 106 to 109

years.
There are many indirect indications that supermassive black holes are com-

mon: Motions near the core of the Milky Way and in the Andromeda galaxy, in
the core of the giant elliptical M87 - which also shows a jet out of its core, and
the galaxy NGC 4261.

The general idea is as follows:

1. Friction causes material to fall towards the black hole and heating of the
inner edge of the accretion disk.

2. The infall stops as a result of the conservation of angular momentum.

3. A pressure increase in the inner part of the disk causes material to be shot
out perpendicular to the disk in two jets.

4. A magnetic field is induced that helps to collimate the outflow jets.

Different ‘types’ of AGN’s are due different host galaxies or different viewing
angles. There are no near-lying quasars as most of the potential fuel has been
used up by the time of our Universal epoch. However, collisions between galaxies
can give new fuel to a sleeping black hole and thus revive it.

Exercises: Galaxies, Clusters of Galaxies, and Hubble’s

Law

1. Using our rough estimate for the density of of dark matter in the Milky
Way (explaining the constant velocity V of the disks rotation)

ρ(r) =
V 2

4πGr2
,

estimate the mass density of dark matter in the solar neighborhood. Ex-
press your answer in kg/m3, MS/pc3, and MS/pc3. How does this answer
compare with the mass stellar mass density in the solar neighborhood?
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2. The Sun is currently located 30 pc north of the the Galactic mid-plane and
is moving away from it with a velocity wS = 7 km/s. The z component of
the gravitational acceleration vector is directed toward the mid-plane so
the Sun’s peculiar velocity must be decreasing. Eventually the direction of
motion will reverse and the Sun will pass through the mid-plane heading
in the opposite direction. At that time the direction of the z component of
the gravitational acceleration will also reverse, ultimately causing the Sun
to move northward again. This oscillatory behavior above and below the
mid-plane has a well defined period and amplitude that we will estimate
in this exercise.

Assume that the disk of the Milky Way has a radius that is much larger
than its thickness. In this case, as long as we confine ourselves regions near
the mid-plane, the disk appears infinite in the z = 0 plane. Consequently
the gravitational acceleration is always oriented in the ±z-direction. We
will neglect the radial acceleration component in this problem.

(a) By constructing an appropriate surface and employing Gauss’ formu-
lation of Newton’s law of gravity

∮

g · dA = 4πGMin,

derive an expression for the gravitational acceleration vector at a
height z above the mid-plane, assuming that the Sun always remains
inside the disk of constant density ρ (i.e. the Sun does not move far
compared to the disks’ scale height hz in the z direction.

(b) Using Newton’s second law, show that the motion of the Sun in the
z-direction can be described by a differential equation of the form

d2z

dt2
+ kz = 0.

Express k in terms of ρ and G. This is just the familiar equation for
simple harmonic motion.

(c) Find general expressions for z and w as functions of time.

(d) If the total mass density in the solar neighborhood (including stars,
gas, dust, and dark matter) is 0.15 MS/pc3, estimate the oscillation
period.

(e) By combining the current determinations of zS and wS , estimate the
amplitude of the solar oscillation and compare your answer with the
vertical scale height of the thin disk.

(f) Approximately how many vertical oscillations does the Sun execute
during one orbital period around the Galactic centre?

3. Using Shapley’s assumption that M101 has a diameter of 100 kpc, and
adopting van Maanen’s flawed observation that M101 rotates with an an-
gular rotation rate of 0.02 arcssec/yr, estimate the speed of a point at the
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edge of the galaxy and compare it to the characteristic rotation speed of
the Milky Way.

4. (a) The mass density of stars in the neighborhood of the Sun is approxi-
mately 0.05MS/pc3. Assuming that the mass density is constant and
that all of the stars are main sequence M stars, estimate the fraction
of the Galactic disk’s volume that is occupied by stars.

(b) Suppose that an intruder star (a main sequence M star) travels per-
pendicularly through the Galactic disk. What are the odds of the
intruder colliding with another star during its passage through the
disk? Take the thickness of the disk to be approximately 1 kpc.

5. Estimate how long a Galaxy in the Coma cluster would take to travel
from one side of the cluster to the other. Assume that the galaxy moves
with a constant speed equal to the cluster’s radial velocity dispersion σr =
977 km/s. The Coma cluster has a diameter roughly equal to the diameter
of the Virgo cluster. How does this time compare to the Hubble time tH?
What can you conclude about whether the galaxies in the Coma cluster
are gravitationally bound?

6. Use Newtonian physics to calculate the values of the average density and
“surface gravity” for a 108MS black hole. Compare these values with those
for the Sun.

7. Hubble’s constant was measured to be roughly 500 km/s/Mpc by Hubble
himself (see figure 25.6 in Modern Astrophysics if you have a copy of
the book handy). Modern values range between 40 and 100 km/s/Mpc,
though a value of close to 70 km/s/Mpc has recently seemed to be gaining
favor. Estimate roughly the age of the Universe using these values.
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