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Today’s lecture: Black Holes and Jets Part II

• Superluminal motion and doppler beaming.

• Orientation models and Unified schemes.



Superluminal motion

The existence of jets in AGN means that spherical symmetry is broken. But we
cannot take an individual active galaxy and rotate it to see what it looks like from
a different angle. Hence a large amount of effort has been devoted to making
statistical inferences about different types of AGN, and detailed observations of
observational effects which should be orientation dependent. The underlying
motive is, of course, to make as simple a model as possible, in which many of
the observationally diverse types of AGN are the same type of beast, just viewed
from a different position.

The most spectacular of these was proposed theoretically in the early days of
AGN studies by Martin Rees, and with modern techniques it can be readily
observed in many quasars with bright jets: superluminal motion.
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Superluminal motion: calculation

In this calculation we will assume that the quasar and observer are at rest w.r.t.
each other in flat spacetime. A full calculation including cosmological terms
masks the intrinsic physics here (and, indeed, we now know of superluminal
microquasars within the Galaxy, for which this treatment is exact).

Let us assume that a quasar lies at a large distance R from the observer, and its
jet is inclined to the line-of-sight at an angle θ. Suppose a “blob” of bright
emission in the jet—say a shock travelling up the jet— leaves the nucleus and
and travels up the jet at speed βc.

The observer sees the blob leave the nucleus at time

t1 =
R

c

Now let the blob propagate up the jet for some time T in the frame of the
nucleus. After this time, the blob has a transverse separation

∆X = βcT sinθ

Remember the observer can only measure the component of separation in the
plane of the sky.



Superluminal motion: calculation contd.

Now consider the time at which the observer sees the blob reaching this distance
from the nucleus. The light is emitted at time T but only has to travel a distance
R− βcTcosθ. So the observer sees the blob reach position ∆X at time

t2 =
R

c
+ T (1− βcosθ)

Hence the apparent transverse velocity is

βappc =
∆X

t2 − t1
=

βcsinθ

1− βcosθ

So for β close to 1 and small θ, we can easily observe βapp > 1. Values of βapp

up to ∼ 5—10 are measured, with the pioneering VLBI work such as that led by
Tony Readhead’s group at Caltech.











Superluminal motion: population statistics.

The maximum value of βapp which can be produced by a jet arises when β =
cosθ, for which...

βapp = γβ

...the proof of which is on the question sheet.

By taking the upper limit of βapp in large samples of quasars, we infer that the
bulk motion in the jets typically has γ ∼ 5 to 10.

The distribution of βapp in the quasar population can then be used to infer their
distribution in line-of-sight angle. We find that quasar jets are not isotropically
distributed in angle: they preferentially point towards us. More on this shortly.



Caveats for superluminal motion measurements. . .

• How certain are we that one component is being followed?

• Is the “core” really the core—self absorption varies with
observing frequency and the measured “central” component
not necessarily be the very centre of the core.

• How to deal with accelerating/decelerating blobs?



Doppler boosting of relativistic jets

The radiation emitted by a blob of jet material will be relativistically Doppler
boosted towards (or away from) the observer. Here we shall calculate how the
effects the observed brightness of the jet.

First we recall the Doppler Factor for radiation emitted by a source moving at an
angle θ to the line of sight:

D =
1

γ(1− βcosθ)

where γ is the usual Lorentz factor and β = v/c. Photons are received in the
observed frame at a rate D times the rate they are emitted. To calculate the
brightness in the observed frame, we must consider two other factors.



Doppler boosting of relativistic jets contd.

First, the solid angle subtended in the observed and emitted frames is different;
the emitted radiation is preferentially beamed towards the direction of motion.
Angle transforms as

sinθ′ = Dsinθ

and so solid angle transforms as

dΩ′ = D2dΩ

Second, photons received at some particular energy in the observed frame will
have been emitted at a different energy. Using our parametrisation of the
spectrum Sν ∝ ν−α, we find that the total observed brightness for a source
varies as

Bobs = BemD
3+α

N.B. the emission from a blob approaching us is Doppler boosted and the
brightness is increased; a receding blob has its emission Doppler boosted away
from us and its brightness is decreased by this factor.



Doppler boosting and jet “sidedness”

This Doppler boosting gives us one of the main clues that quasars and
radiogalaxies are the same type of object, but viewed from different orientations.
Looking at large samples of objects we find that the quasars tend to have one
very bright jet and often no sign of a counterjet; radiogalaxies on the other hand
often exhibit a jet and a counterjet.



Quasar/radiogalaxy unification

This picture of the quasars “pointing towards us” is neatly supported by the fact
that their average projected size is smaller than that of the radiogalaxies:

Peter Barthel’s cumulative histogram of quasar and radiogalaxy projected sizes.



Quasar/radiogalaxy unification

The ratio of quasar to radiogalaxy mean sizes implies that quasars are seen at
an angle of less than ≈ 45◦ to the line of sight.



Coincidentally Peter has been in the news just in the last few days!





Quasar/radiogalaxy unification

A large body of evidence now exists to support models of orientation-based
unification of different classes of AGN. To first order, we can split AGN at any
given luminosity into two classes.

• In Type I AGN, we can see the nuclear region directly. The jet axis points
towards us and we observe strong Doppler boosting of the jets. Usually the
optical/UV continuum emission from the accretion disc, broad emission
lines from high-velocity clouds near the nucleus, are visible.

• In Type II AGN, our point of view is more “sideways on”. Our view of the
nucleus is obscured by a dusty torus of material beyond the accretion disc.
In objects with powerful jets, these tend to be nearly symmetric. Optical
emission lines are narrow, originating the in the interstellar medium well
away from the nucleus.




