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1. BASICS OF RELATIVISTIC BEAMING

Our interest in beaming models comes from the presumed existence of
bulk relativistic flows in the nuclei of active galaxies. It is worth
noting that this was in fact a theoretical prediction (Rees 1967),
although (as we shall see) there is still some debate about precisely
what is moving. We can begin with something uncontroversial: the

relativistic transformation of specific Intensity (or surface
brightness).
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where & is the doppler factor caused by relative motion of source and
chserver. Equation (1) may be derived im an elementary way by
transforming photon number densities and energies plus the relativistie
aberration of solid angle elements. A more direct approach iIs to note
that I,/¢? is proportional to the photon phase-space density, which is
a relativistiec invariant and is conserved along Llight rays (by
Liouville's theorem)}. If we now consider an optically thin (spherical)
blob moving with wvelocity @{c=l) at an angle cos-1 (p) to our line of
sight then, if the emission is isotropic in the bleb’s rest frame, the
received Elux denslity clearly also transforms as im (1). The doppler

factor is [T{I-ﬁp}]'l and so, for a power-law spectrum with flux
density S, = ¢™®, we have

S =5 (1-guy~ 3 (23

where S, is the wvalue at p=0 (in the plane of the sky). For a
quasi-continuous jet formed out of finite-lifetime blebs, the number of
blobs observed at a given instant scales as 51 and henece the
appropriate index in (2) becomes (Z2+a). The 'standard’ model consists
of a pair of such jets oppositely directed; however, 1life is simpler if
we follow Lind and Blandford ({1985) and neglect the receding component.
We can then obtain a useful expression for the probability distribution
of the beamed flux density. In general there will be an isotropic
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component in addition to the jet: we define R to be the ratic of one
side of the jet te the isotropic component, at p=0. The amplification
relative to p=~0 is therefore A= L+R[(1-fp)-{(2+®) . 1] and (since u is
uniformly distributed)
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where the maximum amplification Ay = L+R[(1-g)-(2+a} . 1], This
function is plotted in Figure 1 for wvarious values of y and R (o = 0 is
taken): note that Ay > 100 is required before the 'characteristic’
al/(240) form becomes established.
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Equation (3) is a severe idealisation and some complications are
discussed by Lind and Blandford (1985). The most natural of these is
to recognise that if the jet is in any way non-steady, the observed
emission will arise behind shocks. The effective beaming (post-shock)
speed 1s then lower than the shock speed - which is the pattern speed
observed with VLBI. If the jet consists of relativistically hot
material (P = pc?/3) then we have the exact relation between the
Lorentz factors of the shock and the post-shock material:

-2 =172

Tpﬂﬁtr!hﬂﬂk = Yshock 2 {g-ﬂshﬂck (4)
(neglecting the welocity of the unshocked jet material). If we
consider only strong shocks, then we have the approximate relation

= (2 ) . iR, (5)

Tpost-shock =~ Tshock r (Z-

(valid to € 10 percent for yshock > 5) where I' is the quasi-specific-
heat ratio; I' = 5/3 for cold plasma, &4/3 in the ultrarelativistic
limit. See Blandford and McKee (1976) for detalls of relativistie
shocks. Equation (5) tells us that the effective Lorentz factor for
beaming could easily be only -~ half that inferred from superluminal
motion.
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Further complications considered by Lind and Blandford include
non-planar shocks and optical depth effects. The latter are especially
important: for synchrotron emission, the optical depth scales as
pT€ﬂ+5fE} and the jet is likely to become optically thick when seen
end-omn. These effects thus tend to broaden the beaming cone
considerably beyond the canonical # -~ 1/y; we can probably still use a
redistribution function of the form (3}, but the relevant Lorentz
factor is a parameter uncertain by a factor > 2.

Less conventional explanations for superluminal motion include the
'light-signal’' model and electron streaming models. In the former
{e.g. Lynden-Bell 1977), the appearance of moving VLBEI knots is
generated by a pulse of radiation being scattered off a slowly-moving
jet, in which case the emission is not strongly beamed. This model has
fallen out of favour recently as it cammot explain why VLBI jets are
one-sided (the cores are known to be stationary: Bartel et al. 1984).
However, if current ideas about Iintrinsic one-sidedness persist (e.g.
Bridle 1984), this model may revive, although there will still be
difficulties explaining the lack of inverse-Compton X-rays in some
sources (Marscher and Broderick 1981). Streaming models are perhaps
even more speculative: here, bulk plasma flow is replaced by a highly
anisotropic electron distribution with electrons following magnetic
field lines at very low pitch angle. BSuch a configuration will indeed
be generated by synchrotron lesses, but scattering will tend teo
re-isotropise the distribution. Our knowledge of field configurations
in active nuclei is too poor to be certain if such a model is possible,
but it is certainly attractive in terms of its low energy requirements.
Beaming in this model is again weak as the cone angle of visibility is

set by the fileld geometry, not electron Lorentz factor (see e.g.
Coleman 1986).

It should be clear, then, that beaming will be a difficult ghost to lay
to rest, simply through our ignorance of the realistic P(>A) function.
In what follows, equation (3) will be assumed, in order to see if the
simplest picture can be made consistent.

2, UNIFIED MODELS

The essence of all beaming theories is to ask what a compact radio
source would look like when any putative beamed component is turned
away from our line of sight: what is the unbeamed parent population?
There have been three attempts to answer this guestion, which we now
consider.

Note that, unless otherwise stated, H, = 50 kms -1 Hpc'l and {1, = 1 are
assumed throughout.
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2.1 The Scheuer-Readhead Model

This unified model is almost certainly incorrect; nevertheless, it was
such a classic paper that we can profit greatly from studying its
downfall. Scheuer and Readhead (1979) sugpested that compact radie
quasars when unbeamed would appear as radio-quiet guasars. By assuming
that all the radio emission was beamed - i.e. equation (3) with R = 0 -
they were able te predict the radio flux-density distribution for an
optically-selected sample: P(>8) = 5'1f{2+ﬂ], assuming a small
dispersion in plane-of-sky flux densities. This prediction was not
confirmed: the detection rate appeared toe be a function of redshift
{Smith and Wright 1980) and, more crucially, Condon et al. (1981) found
that many quasars were not detected by the VLA at sub-mJy levels,
implying a much slower variation of P(>5) with 5. In retrospect, these
objections did not really refer to the wmain idea of the
Scheuer-Readhead model. All the above authors were working in terms of
a paradigm introduced by Schmidt (1970) whereby radio and optical
luminosities of quasars correlated. The beaming model was therefore
used to predict the distribution of radioc-optical flux raties. The
results of 5Smith and Wright and Condon et al. can equally well hbe
regarded simply as evidence against the Schmidt hypothesis and, indeed,
Peacock, Miller and Longair (1986) have used similar arpuments to show
that radio and optical luminosities probably do not correlate.

The real objection to the S5cheuer-Readhead model comes from more
detailed observations of compact radio quasars. These turn out to have
> 1 percent of their total flux in the form of extended steep-spectrum
emission (Perley et al. 1982; Schilizzi and de Bruyn 1983; Browne &
Perley 1986). The morphology of this emission is such that it seems
most unlikely to be beamed: the wunbeamed counterparts of compact
gquasars would still be gquite strong radio sources - much more luminous
than the typical radio-quiet quasar.

2.2 The Orr-Browne Model

The steep-spectrum haloes discussed above led Orr and Browne (1982) to
the idea that compact quasars were simply normal double radio sources
seen end-on, In particular, they assumed that the unbeamed
counterparts remained quasars, rather than appearing as radlo galaxies
(see Section 3 for discussion of the possibility that the optical
quasar light may be anisotropic). Orr and Browne used this idea to
predict the source counts for flat-spectrum quasars, given those for
steep-spectrum quasars, with a fair degree of success. They did not
check that their model also yielded the correct redshift distributions
for flat-spectrum quasars, but this has been wverified by Kapahi and
Kulkarni (1988).

We can generalise these analyses to consider the full evolving
luminosity function. Consider the integral luminosity function
resulting from the application of beaming amplification to the
plane-of-sky parent luminosity functiom Ng:



























