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ABSTRACT 
We analyse the jet-to-counterjet flux ratios measured from deep VLA images of 13 
3CR quasars made by Bridle et aI., in order to derive constraints on the degree of 
Doppler boosting (and hence the characteristic jet speeds on kiloparsec scales) and 
on how much intrinsic asymmetry between jets and counterjets is permitted. The 
main result is that the large jet-counterjet brightness ratios measured by Bridle et 
al. must be attributed almost entirely to the Doppler effect, requiring characteristic 
jet speeds ? 0.6c on kiloparsec scales. Modest intrinsic asymmetries are permitted, 
but do not reduce the characteristic speed significantly, while large asymmetries are 
ruled out by VLBI data. The data also require that orientations close to the plane of 
the sky are excluded (emax < 75°), so at least some quasars masquerade as galaxies. 
For emax in the range 45° to 60°, as suggested in certain unified schemes, the best
fitting jet speeds are in the range 0.6c to 0.7c. Analysis of jet-to-Iobe ratios for a 
complete sample of 3CR quasars leads to an upper limit on jet speed of < 0.95c, 
demonstrating that there is at least some deceleration between parsec and 
kiloparsec scales. 

Key words: galaxies: active - galaxies: jets - quasars: general. 

1 INTRODUCTION 

It is well known that the radio sources associated with lobe
dominated quasars frequently exhibit kiloparsec-scale radio 
jets connecting the compact nuclear radio source (the core) 
to the outer radio lobes (Bridle & Perley 1984). With 
moderately deep observations made with the Very Large 
Array (VLA), the detection rate of such jets approaches 100 
per cent, and the jets are invariably found on only one side 
of the nucleus. Recently, Bridle et al. (1994a, hereafter 
BHLBL) have presented extremely deep VLA images of 13 
extended quasars from the 3CR catalogue. Jets were 
detected in all 13 sources, and in five cases candidates for 
counterjet emission were detected, although there is no 
unambiguous case of a continuous counterjet. Estimates of 
the flux density ratios between the straight jet segments and 
the counterjets range from 0.8: 1 to > 175: 1, with a median 
value > 12: 1. It is these data that we analyse here. 

Explanations for the apparent one-sidedness of the jets 
fall into two categories. The first postulates that there are 
identical jets on each side of the nucleus, but that their 
observed brightnesses are severely modified by Doppler 
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beaming. This requires bulk relativistic flow in the jets over 
nearly their entire length from the nucleus to the lobe. The 
observed jet-counterjet brightness ratios may then permit 
us to infer the characteristic flow velocity, and may also set 
limits on the distribution of angles that the jets make with 
the line of sight. The second category postulates intrinsic 
asymmetries on either side of the nucleus. These may take 
many forms, from differing radiative efficiencies on the two 
sides to a single jet that flip-flops from side to side (e.g. 
Rudnick & Edgar 1984). In this picture, flow velocities may 
be quite slow [but faster than the speed of advance of the 
hotspots, which cannot be more than ~ 0.05e if the side of 
the source with the visible jet is the side nearer the observer 
(Scheuer 1996)]. 

These categories are, of course, not mutually exclusive, 
and in this paper we shall attempt to determine to what 
extent Doppler beaming is required and how much intrinsic 
asymmetry is pennitted by the observations. In order to 
disentangle the two effects, we must draw on other data that 
bear on questions of sidedness and orientation. These 
include the Laing-Garrington effect (Garrington 
et al. 1988; Laing 1988) and very long-baseline interfero-
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metry (VLBI) observations (Hough, Vermeulen & Read
head 1993). Crucial to this discussion is also the question of 
whether the lobe-dominated quasars are isotropically ori
ented with respect to the line of sight (Scheuer 1987; Bar
the11987, 1989). 

This paper is laid out as follows. In Section 2 we present 
the relevant data on jet -counterjet brightness ratios for the 
13 3CR quasars imaged by BHLBL, together with other 
information that will be used in our analysis. In Sections 3 
and 3.1 we discuss the effects of Doppler beaming and 
intrinsic asymmetry on the appearance of a radio source. 
We derive general results for a population of quasars distri
buted randomly in orientation to the line of sight within 
some range of angles. We also show how the observation 
that parsec- and kiloparsec-scale jets are usually found on 
the same side of the quasar nucleus strongly affects the 
degree of intrinsic asymmetry that is permitted. In Section 4 
we address the problem of the unknown orientations to the 
line of sight of the observed sources by Monte Carlo simula
tions of the observations made by BHLBL, for various com
binations of Doppler beaming and intrinsic asymmetry. In 
Section 5 we derive an independent upper bound on the 
amount of Doppler beaming by including the smaller qua
sars in the 3CR sample. In Section 6 we discuss briefly the 
effect of relaxing the artificial assumption of a single speed 
applicable to all sources and to all parts of the jet in a single 
source. In Section 7 we summarize our conclusions, and 
suggest observations that can extend and strengthen this 
kind of analysis. 

2 OBSERVATIONAL DATA ON THE BHLBL 
SAMPLE 

The relevant data from BHLBL are listed in Table 1. 
Column 1 gives the name of the source and column 2 gives 
its redshift. Column 3 lists in bold type the jet-to-counterjet 
flux density ratio, taken from table 6b of BHLBL. Through
out the rest of the paper this quantity is denoted by J. It is 
defined as the flux density of the initial straight portion of 
the jet divided by the flux density in an identical region on 
the other side ofthe core (see BHLBL for details). We use 
the 'straight jet' ratios rather than the 'whole jet' ratios also 
listed in BHLBL for three reasons. First, it is observation
ally a more clearly defined quantity, especially in sources 
with an asymmetric appearance such as 3C 9. Secondly, 
once a jet bends in the plane of the sky, its orientation to the 
line of sight will usually also change. Thirdly, the bends may 
be associated with the local environment, which may well be 
different on the counterjet side (see BHLBL). 

Column 4 lists the largest linear size of the source (mea
sured between the extremities of the lobes, assuming 
Ho=100 h km S-I Mpc- ' and Qo=O.5). Column 5 lists the 
'jet prominence' defined as the logarithm of the flux density 
of the straight portion of the jet divided by the flux density 
of the total lobe emission. This is compiled from the data in 
BHLBL, and includes a K-correction assuming spectral 
indices of II = 0.6 for the jets, and II = 1.0 for the lobes. (The 
spectral index II is defined as S ex:: v -'. ) 

In eight sources (for which lower limits are listed in 
column 3), there is no discernible feature on the side of the 
core opposite to the jet that can be attributed to a counter
jet. Flux-density limits on the counterjet side are deter-

Table 1. VLA data for 13 3CR quasars. 

Source Redshift Jet/ LLS !og!O(Jet 

Name Counterjet h-1 kpc Prominence) 

Ratio, J 

3C9 2.012 3.3 57 -2.75 

3C47 00425 >3.7 262 -2.21 

3C68.1 1.238 0.8 228 -2.67 

3C175 0.768 >12 212 -2.09 

3C204 1.112 >27 159 -1.89 

3C208 1.11 >5.2 60 -1.81 

3C215 OAll 26 196 -2.19 

3C249.1 0.311 12.4 149 -1.80 

3C263 0.646 >34 198 -2.02 

3C334 0.555 >175 215 -1.15 

3C336 0.927 >9.5 118 -1.97 

3C351 0.371 52 230 -2.09 

3C432 1.805 >4.7 63 -2.89 

mined by a combination of thermal noise and the success of 
subtracting sidelobes from other emission regions. In five 
sources there are features that might be part of a counterjet, 
but in no case do they have the appearance of a faint mirror 
image of the visible jet, which one might expect. The 
features that are seen may be local peaks of emissivity in a 
true couriterjet, or they may be unrelated. Thus it is possible 
that all the ratios listed in column 3 are actually lower limits. 
The value for 3C 68.1 is interesting because the brightness 
ratio in column 3 is less than unity. This is because we have 
defined the 'jet side' as the side with the stronger 'whole jet', 
which points to the north. If this choice is incorrect, then the 
value in column 3 should be (0.8) -I = 1.2, but this has no 
effect on the results of this paper. 

The jet-counterjet flux density ratios, J, in column 3 have 
a median value of 12 and an interquartile range from about 
5 to 30. In view of the lower limits, all three numbers are 
probably underestimated, but they give the minimum range 
of J that must be attributed to some combination of intrin
sic asymmetry and Doppler beaming. For simplicity, we 
shall usually take the ratios at face value and ignore the fact 
that many (and perhaps all) of them are lower limits. 

The 13 sources observed by BHLBL are all part of a 
larger complete sample of lobe-dominated 3CR quasars 
whose cores are being systematically observed with VLBI by 
Hough & Readhead (1989). The sample contains 28 
sources, selected by their lobe emission (presumed to be 
unbeamed), and is therefore believed to be essentially 
unbiased with respect to source orientation. We shall make 
extensive use of the Hough-Readhead sample below. 

Table 2 lists additional data on the BHLBL quasars that 
give information on their orientation to the line of sight. 
These are their lobe depolarization ratios (the Laing
Garrington effect) and their VLBI properties. Column 1 
gives the source name, and column 2 lists the magnitude of 
the Laing-Garrington effect. This is defined as the depolar
ization ratio, DPjet/DP counterjet' on the jet and counterjet 
sides. DP is defined as PlfJ/P6' where plfJ and P6 are the 
fractional polarizations of a lobe at 20- and 6-cm wave-
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lengths, respectively. These data are taken mainly from a list 
compiled by A. H. Bridle (personal communication) from 
published and unpublished observations. Column 3 states 
whether or not the VLBI jet is on the same side of the core 
as the VLA jet, and column 4 gives the apparent velocity of 
the VLBI jet. Column 5 gives references for the VLBI 
data. 

The data in column 2 show that in every source where it 
has been measured there is less depolarization in the lobe 
on the side of the source with the prominent jet (though 
marginally so in some cases). If this is interpreted purely as 
an orientation effect (Scheuer 1987; Garrington & Conway 
1991), then the jet we see must be on the near side of the 
source in nearly all of these sources. This in tum implies 
that Doppler beaming is the major cause of the observed 
jet-counterjet asymmetries. 

This interpretation of the Laing-Garrington effect has 
been controversial (Liu & Pooley 1991; McCarthy, van 
Breughel & Kapahi 1991; Tribble 1992), due to parallel 
asymmetries in the lobe spectral indices. Considerable pro
gress in disentangling these effects is presented by Bridle et 
al. (1994b) and Laing (1995), who conclude that the major 
contribution to the Laing-Garrington effect is indeed an 
orientation effect rather than an intrinsic asymmetry 
between the lobes. However, to obtain quantitative con
straints on source orientation from this would require a 
detailed model of the distribution of Faraday rotating 
material surrounding quasars, and this is not available. 

Instead, we shall use a more robust and easily modelled 
constraint from the VLBI observations (columns 3 and 4). 
Superluminal motion has been observed in three of these 
sources, and their jets must point towards the observer 
(assuming the standard explanation for superluminal 

Table 2. Lobe depolarization ratios and VLBI 
data. 

Source Depolariz- Sidedness Apparent Refs 

Name ation Ratio of pc scale Speed 

3C9 2.9 

3C47 1.5" 

3C68.1 

3C175 3.7 

3C204 1.3 

3C208 4.0 

3C215 1.7 

3C249.1 1.2 

3C263 1.0 

3C334 1.2 

3C336 2.8 

3C351 1.2 

3C432 2.26 

jet h-1c 

same 

same 

same 

same 

same 

same 

3.7 

<1 

2.5 

1.6 

a Data at 11- and 21-cm wavelengths. 

(1) 

(2) 

(3) 

(3) 

(4) 

(5) 

bData at 13- and 31-cm wavelengths. 
References: (1) Vermeulen et al. 1993; (2) 
Hough et al. 1993; (3) Hough 1994; (4) Hough 
et al. 1992; (5) Zensus et al. 1987. 
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motion; e.g. Pearson & Zensus 1987). Equally important, in 
all six sources for which the VLBI structure is sufficiently 
well determined, the parsec-scale jet (defined as the weaker 
and less compact VLBI component, in the absence of spec
tral index information) points towards the kiloparsec-scale 
jet. Unless the parsec- and kiloparsec-scale jets have the 
same intrinsic asymmetry and the same speed, this strongly 
limits the amount of intrinsic asymmetry that can be 
present. 

3 PRELIMINARY CONSIDERATIONS 

If we assume that the sources are intrinsically symmetrical, 
i.e., that the observed asymmetry is entirely due to Doppler 
beaming, then the J distribution immediately allows us to 
infer the characteristic jet velocity, {3ic, if we know how the 
jets are inclined to the line of sight. For a jet whose direction 
makes an angle 8 to the line of sight, the observed flux 
density is enhanced by a factor Db, where the Doppler factor 
D=[yll-{3icos8)]-1, and Yi=(1-{3f)-1I2. The correct 
value of fJ merits discussion. For the flux density of an 
isolated knot of emission, fJ = 3 + !Xi' where !Xi is the spectral 
index. For the flux density per unit length in a continuous 
jet, which is what is used to compute the ratios in Table 1, 
fJ =2 + !Xi. If a continuous jet contains a well-ordered mag
netic field aligned with its velocity vector, then fJ can be as 
large as 3 + 2!Xi (Begelman 1993). However, for fractional 
polarizations of 0.1-0.3, which are typical of the jets con
sidered here, the correction is much smaller and we neglect 
it. The typical jet spectral index is !X ~ 0.6 (BHLBL), so we 
shall use fJ = 2.6 in the following analysis. 

If the jet and counterjet are collinear and have the same 
speed, then J is given by 

J = (1 + {3i cos 8)b. 
1-{3i cos 8 

(1) 

It is illuminating to apply. equation (1) directly to 3C 334, 
which has the largest value of J (~175) among the sources 
observed by BHLBL. We obtain the following limits: 
{3i ~ 0.76 (corresponding to 8 ~ 0°), and 8::::;; 41 ° (correspond
ing to {3i::::;; 1). A small inclination to the line of sight is 
improbable, since 3C 334 has the fourth largest projected 
linear size of all the 3CR quasars. Thus either its jet is 
intrinsically very asymmetric, or it is significantly relativistic 
over a (minimally deprojected) distance of at least 75 h-1 

kpc. 
We can also apply equation (1) to the whole sample 

observed by BHLBL, for which the median value of the jet
counterjet ratio is J~ 12. Assuming that jet speed, {3/, is 
uncorrelated with orientation, 8, then their median values 
are related by {3i,median cos 8median ~ 0.44. This gives a strict 
upper limit of 8median::::;;64°. For a complete sample of radio 
sources with random orientations in the range [0, 8m.J, the 
median inclination angle is given by cos 8median = 
(1 + cos 8max)/2, which equals 60° if all orientations up to 90° 
are present. However, the sources observed by BHLBL are 
all large, and in fact include the 10 largest (in projected 
linear size) in the Hough-Readhead sample. Therefore 
they must be biased towards the largest inclinations to the 
line of sight. If 8max =90°, it is easy to show that their median 
inclination angle is 8median ~ 76°, in direct conflict with the 
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above limit of :::;;64°. Hence, if the jet-counterjet asymme
tries are attributed entirely to Doppler beaming, then 8max 

must be less than 90°, as has previously been suggested by 
Scheuer (1987) and by Barthel (1987, 1989), By itself, the 
significance of this result is modest because of the small 
sample size. It is greatly strengthened by the detailed analy
sis that follows. 

3.1 The appearance of radio sources with both Doppler 
beaming and intrinsic asymmetry 

Consider a source in which the kiloparsec-scale jet on one 
side of the core is intrinsically brighter than the jet on the 
other side by a factor Ri• The intrinsic asymmetry might be 
due to local environmental effects, or it may reflect unequal 
powers delivered by the central engine. Thus we must also 
allow the possibility of an intrinsic asymmetry in the core, 
Re. If the jets are also relativistic, then the combination of 
intrinsic asymmetry plus Doppler beaming leads to interest
ing orientation-dependent effects on the appearance of the 
source. 

For simplicity, assume that both kiloparsec-scale jets have 
the same speed PiC, that both parsec-scale jets have the 
same speed Pec, and that the intrinsically stronger jets are 
on the same side of the core on both parsec and kiloparsec 
scales. Now we must consider all orientations from 0° to 
180°, and we take 8 = 0° to be the case when the intrinsically 
stronger jets both point directly at the observer. Then on 
both scales, the jet-counterjet brightness ratio is simply 

J =R (1 + P cos 8)6, 
I-pcos8 

(2) 

with appropriate subscripts (j or c) attached to J, R, P 
and 0. 

For angles between 8=0° and 90°, the brighter observed 
jet is also the intrinsically stronger jet, and it makes an acute 
angle with the line of sight, i.e., it points partly towards the 
observer. For angles between 8=90° and some angle 8erit , 

the brighter observed jet is still the intrinsically stronger jet, 
but now it points away from the observer. The value of 8cri, is 
given by setting J = 1 in equation (2): 

In this regime, where the observed jet points away from the 
observer, supeduminal motion is impossible for a parsec
scale jet, and on kiloparsec scales we would expect the 
Laing-Garrington effect to be reversed. For angles in the 
range 8cri,:::;; 8:::;; 180°, the brighter observed jet is now the 
intrinsically weaker jet (boosted by Doppler beaming), and 
it points towards the observer. 

-This is shown in Fig. 1, where we plot the division 
between these cases as functions of R and cos 8. The solid 
lines are for P=0.98 (y=5) and P=0.5, corresponding to 
plausible speeds for the parsec- and kiloparsec-scale jets 
respectively. (We have used 0=2.6 for both curves. 
Although the cores tend to have flat spectra overall, the 
parsec-scale jets themselves are usually optically thin at 
centimetre wavelengths, with spectral indices similar to 
those of the kiloparsec-scale jets.) The broken horizontal 

line shows the situation for intrinsic asymmetries of 
Re=Ri=5.0. This divides the appearance ofthe source into 
four regions of cos 8, labelled a, b, c and d. In region a, both 
observed jets point towards the observer. In region b, both 
observed jets point away from the observer. Region c is 
particularly interesting, because here the parsec-scale jet 
points towards the observer, but the kiloparsec-scale jet still 
points away from the observer, i.e., the VLBI jet and the VLA 
jet will be observed on opposite sides of the core. We shall 
show how the lack of such sources in our sample allows us to 
place limits on how much intrinsic asymmetry is permitted. 
In region d, both observed jets point towards the observer, 
but both are the intrinsically weaker jets boosted by Dop
pler beaming. Note that if Rc = 1.0 (the source is symmetri
cal on parsec scales), then in both regions b and c sources 
will show oppositely pointed jets between parsec and kilo
parsec scales. In an isotropically oriented sample this may 
amount to up to half of all the sources, unless there is 
sufficient beaming on kiloparsec scales to make region d 
significant. 

These results are shown numerically in Table 3. Here we 
give the fraction, F, of sources in a complete sample of 

a:: 
0'1 -~ 

.2 

l(') 

ci 

a 

0.5 

b 

o -0.5 -1 

cos fi 

Figure 1. The appearance of a relativistic jet as a function of 
intrinsic asymmetry, R, and orientation to the line of sight, fJ. For 
an illustrative value of Re =R j =5.0, the parsec- and kiloparsec
scale jets will be oppositely directed if cos fJ lies in region c. If the 
parsec-scale jet is intrinsically symmetrical (Re = 1.0), then both 
regions b and c will exhibit oppositely directed jets. 

Table 3. Fraction of sources with oppositely pointed jets. 

R" = 1.0 R" = R; 

8"""" R; P; = 0.3 Pj = 0.5 

90° 1.0 0.00 0.00 

4.0 

12.0 

0.43 

0.50 

60° 4.0 0.37 

12.0 0.50 

45° 4.0 0.27 

12.0 0.50 

0.26 

0.44 

0.02 

0.39 

0.00 

0.18 

P; = 0.7 

0.00 

0.19 

0.32 

0.00 

0.14 

0.00 

0.00 

P; = 0.3 

0.00 

0.30 

0.28 

0.37 

0.50 

0.27 

0.50 

P; = 0.5 Pj = 0.7 

0.00 0.00 

0.13 

0.22 

0.02 

0.39 

0.00 

0.18 

0.06 

0.10 

0.00 

0.14 

0.00 

0.00 
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sources, uniformly distributed in cos 8 up to a maximum 
inclination 8max, for which the parsec- and kiloparsec-scale 
jets point in opposite directions. F is given by 
!(X - cos 8~)/(1 - cos 8max), where X is the more negative .. 
of cos 8~t and - cos 8max • 

The entries under Rc = 1.0 also give the fraction of sources 
expected to display a reverse Laing-Garrington effect, 
regardless of core asymmetry. Oppositely directed jets and a 
reverse Laing-Garrington effect should be found in a sub
stantial fraction of sources in a complete sample, if intrinsic 
asymmetries make a major contribution to the observed 
one-sidedness of the jets. Such sources should be particu
larly easily found among those observed by BHLBL, which 
are biased towards larger inclinations. The fact that they are 
not shows that Doppler beaming must greatly outweigh 
intrinsic asymmetries as the cause of the observed jet
counteIjet brightness ratios. 

We consider the case Rc =R j to be implausible for at least 
two reasons. First, if a jet has the same asymmetry on parsec 
and kiloparsec scales, this suggests a fundamental asym
metry in the rate of energy flow on the two sides of the 
source, rather than local environmental effects on the emis
sivity of the jets. Further, it must be a long-lived asymmetry, 
since the kiloparsec-scale jet reflects the flow of energy from 
the nucleus over, typically, the past 105 yr. We would there
fore expect to see a corresponding asymmetry between the 
extended radio lobes. However, BHLBL find that the 
brighter lobe is equally likely to be on the jetted or the 
unjetted side of the source, and that the median lobe flux 
density ratio (without regard to jet sidedness) is only 1.9. 
Secondly, if one wishes to postulate slow kiloparsec-scale 
jets with R jet ~ 12, then many of them will be pointing away 

-
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from us, and the Laing-Garrington effect must be attri
buted to intrinsic causes connected with whatever induces 
the asymmetry on parsec scales. We cannot think of a plau
sible way to accomplish this. Hence from now on we shall 
assume that Roore = 1.0. This is also the appropriate value to 
use if the parsec-scale jets exhibit short-lived asymmetries 
uncorrelated with the structure on larger scales. 

In the next Section we put all of the above considerations 
on a much firmer footing in order to obtain useful numerical 
results. In particular, we treat selection effects and sampling 
effects in a rigorous manner. 

4 SIMULATIONS 

In order to proceed further, we must take account of 
selection effects in the sources imaged by BHLBL, since 
they are certainly not uniformly distributed in cos 8. The 
selection criteria for those observations were simply that 
each quasar was known to have extended structure that 
could be well mapped by the VLA at 5 GHz, and that the 
sources were distributed in the sky to make a convenient 
observing schedule. By choosing sources of large angular 
extent, BHLBL have chosen sources that are preferentially 
oriented at large angles to the line of sight, i.e., for which 
Doppler beaming effects are in fact minimized. 

We note that the 13 quasars observed by BHLBL include 
the 10 quasars with the largest projected linear sizes in the 
Hough-Readhead sample. If we ignore the three smaller 
quasars (3C 9, 208 and 432), then we have a modest but 
well-defined and complete sample for more detailed statisti
cal investigations. The median J for the 10 sources lies 
between 12.4 and 26.0, if we ignore the lower limits in Table 

- -=-- = --- --

-- -'_~ltJ1i'i¥{~~}AtL;~;.---', -
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Figure 2. The brightness ratio distribution for simulated and observed sources with jet speed p = 0.8, assuming intrinsic symmetry between 
jet and counterjet, and an isotropic distribution of orientation angle (J up to (Jmax=90°. The top panel shows the scatter plot of the simulated 
and observed quantities. The ' - 's show the values of projected linear size, I, and jet-counterjet brightness ratio, J, for the simulated sources, 
and the '+ 's show the observed values. The lower panel shows cumulative distributions of J for the observations (dashed line) and 
simulations (solid line). 
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1. We assume here that the 28 sources in the Hough-Read
head sample are unbiased with respect to orientation, 
except for a possible upper cut-off, em.X' The reader is 
referred to Hough & Readhead (1989) for a detailed 
description of the construction of the sample. Note that 
none of the quasars in the 3CR catalogue that are excluded 
from this sample are as large as any of the BHLBL 
sources. 

The six sources in Table 1 for which we have VLBI infor
mation are also not chosen at random. In fact, they are the 
six with the strongest core fluxes at 5 GHz, which biases 
them towards smaller inclination angles. Five of them are in 
the complete subsample of 10 sources. In this Section we 
include these effects rigorously through Monte Carlo simu
lations of the Hough-Readhead sample. 

Our basic procedure, described in more detail below, is to 
choose a jet speed, {3F, and a degree of intrinsic asymmetry, 
R. We then simulate the Hough-Readhead sample many 
times, and construct the BHLBL subsample by using their 
selection criteria. This yields an expected distribution of 
jet-counterjet ratios that can be compared to the observed 
distribution with the Kolmogorov-Smirnov test. It also 
yields the probability that the five sources with the strongest 
cores should all exhibit parsec- and kiloparsec-scale jets on 
the same side. Combining these two probabilities then 
yields the final probability that the sources observed by 
BHLBL were chosen from a population with the specified 
values of {3j and R. 

For each simulation of the Hough-Readhead sample, we 
select 28 triplets of random numbers (e, D, R), where e is 
the inclination to the line of sight, D in the intrinsic linear 
size, and R is the intrinsic asymmetry between the jet and 
counterjet. Cos e is uniformly distributed in the ranges 

[1, cos em.J and [ - cos emax, - 1], and R is drawn from a 
top-hat distribution with a range [1, Rmax]. The intrinsic 
linear size is chosen from the distribution originally pro-

• posed by Kapahi (1975): 

F(D)dD=~(1- D)dD 
Do Do 

(3) 

for D 5,Do. The value of Do is determined by matching the 
simulated and the observed distributions of projected linear 
size. Although equation (3) has an artificial upper bound on 
the possible linear sizes of quasars, it gives an excellent fit to 
the observed projected size distribution, with Do = 400 kpc 
(for emax =900), with Do=510 kpc (for emax =600), and with 
Do =645 kpc (for emax =45°). We have explored other forms 
for F(D), and also the effect of linear size evolution, but 
these make negligible differences to the results of these 
simulations, and we do not show them. Other probability 
distributions can, of course, be chosen for e and R too, such 
as a gradual cut-off beyond emax (Scheuer 1987). We have 
tried to choose the simplest distributions compatible with 
plausibility. The most artificial assumption is that of a single 
speed, {3F, for all jets. In Section 6 we relax that assumption, 
and show that the results of this Section are basically 
unchanged if we interpret {3j as a mean value. 

Each simulated data set (28 triplets of e, D and R) is 
sorted according to projected linear size, 1 =D sin e. The 10 
largest sources are taken (to mimic the selection of the 
restricted BHLBL sample), and their values of J are cal
culated according to equation (2) for the chosen value of the 
jet speed. After generating 1000 such data sets, the distribu
tion of simulated J values is compared to that observed by 
BHLBL, using the Kolmogorov-Smirnov test (e.g. Press et 
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Figure 3. Goodness-of-fit contours for various values of maximum intrinsic asymmetry Rm .. and jet speed PjC, assuming an isotropic 
distribution of orientation angles up to 0max=90°. The contours are labelled by probability. 
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al. 1987, section 13.5). This tests the null hypothesis that two 
data sets are drawn from the same population, and returns 
the probability that the hypothesis is satisfied. 

The result of such a simulation for f3 = 0.8, Rmax = 1.0 and 
e max = 90° is shown in Fig. 2. The top panel shows the J 
values of the simulated (dashes) and observed (crosses) 

sources as a function of projected linear size. The source 
3C68.1 appears at J=0.8- 1 = 1.2. The lower panel shows 
the cumulative distributions of J for the simulated data 
(continuous line) and for the observations (broken line). It 
is easy to see that the simulations predict far more low 
values of jet -counterjet ratio than are found in the observa-
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tions. This is due to the large number of sources in the 
simulations that are oriented close to the plane of the sky. 
According to the Kolmogorov-Smirnov test, the probability 
that both distributions are drawn from the same population 
is only 4.9 per cent. Increasing the jet speed would increase 
this very little. 

We include the VLBI sidedness constraint as follows. For 
each subs ample of 10 sources, we take the five with the 
smallest inclination, and hence the strongest core flux 
density (simulating Hough's selection criterion), and find if 
all five have the parsec- and kiloparsec-scale jets on the 
same side. The fraction of such cases after 1000 simulations 
is multiplied by the Kolmogorov-Smirnov probability to 
give a final goodness-of-fit probability that the observed 
sources are drawn from a model population with the chosen 
values of jet speed and range of intrinsic asymmetry. 

This approach may seem heavy-handed at first sight, but 
it has two considerable advantages over more analytic 
methods. First, selection effects are easily and correctly 
treated. Secondly, additional complications such as redshift
dependent effects, velocity structure in the jets, or other 
distribution functions are easily incorporated. 

We have run a large number of such simulations for jet 
speeds in the range 0.0::;; Pi::;; 1.0, and intrinsic asymmetries 
in the range 1.0::;;Rmax ::;;40.0. Fig. 3 shows contours of the 
final goodness-of-fit probability for the case Omax = 90°. 
There is no acceptable fit to the observations. Highly asym
metric jets are permitted by the jet-counterjet ratios alone, 
but are ruled out by the VLBI data. On the other hand, even 
ultrarelativistic symmetric jets cannot generate large 
enough jet-counterjet ratios, because the BHLBL sources 
are biased towards large inclinations to the line of sight. 

Fig. 4 shows the results for Omax = 60°. Now there is an 
excellent fit to the observations (at Pi -:::! 0.7, Rmax -:::! 3.0) that 
attributes the J distribution almost entirely to Doppler 
beaming. Fig. 5 shows similar results for Omax=45°, with the 
best fit to the observations at Pi -:::! 0.6 and, again, insignifi
cant intrinsic asymmetry. 

We have also run these simulations for the case where all 
the lower limits on jet-counterjet ratios in Table 1 are 
doubled, simulating the effect ot' even deeper observations. 
The result is a modest increase in the best-fitting jet speed: 
to Pj -:::! 0.78 if Omax = 60°, and to Pi -:::! 0.65 if Omax = 45°. 

Values of Omax smaller than 45° would be inconsistent with 
the relative numbers of quasars and powerful radio galaxies 
(Barthel 1989), and there is no acceptable fit to the observa
tions if Omax> 75°. 

These results support directly the idea that the lobe
dominated quasars are not isotropically oriented with 
respect to the line of sight (Scheuer 1987; Barthel 1987, 
1989). Barthel proposed a full unification of radio-loud qua
sars with FR II radio galaxies, where sources oriented at 
small angles to the line of sight (0::;; 0::;; Omax) are identified 
optically as quasars, and those at larger angles to the line of 
sight (Omax::;; 0::;; 90°) are identified as galaxies. Barthel sug
gested that Omax -:::! 45°, based on a fairly low-redshift sample. 
At higher redshifts Omax -:::! 60° is more appropriate (Kapahi 
1990). Scheuer (1987) proposed a more modest effect 
where quasars close to the plane of the sky may sometimes 
be misidentified as galaxies. For a detailed review of these 
ideas and of unified models in general, see Antonucci 
(1993). The effect of either a sharp or gradual cut-off in 0 is 

dramatic, since now even the largest quasars avoid the plane 
of the sky and can therefore exhibit significant Doppler 
asymmetries. 

The results of this Section are quite clear. First, the jet
counterjet ratios measured by BHLBL cannot be attributed 
to intrinsic asymmetries in the radio soruces alone, but 
require significant relativistic speeds over the entire straight 
portion of the jet. Secondly, large inclination angles to the 
line of sight are excluded. 

5 AN UPPER LIMIT ON THE JET SPEED 

Without further knowledge of Omax, the results so far set 
essentially a lower limit on jet speed, especially in view of 
the fact that the measured jet-counterjet ratios are mainly 
lower limits. It is interesting to ask if there is any decelera
tion between parsec and kiloparsec scales. In other words, 
can we rule out values of Pi as high as 0.98 or more ()Ii ~ 5), 
characteristic of the parsec-scale jets? To do so, we shall 
look at quasars where Doppler beaming is expected to be 
more pronounced, i.e., at the smaller sources in the Hough
Readhead complete sample, which include sources inclined 
at smaller angles to the line of sight than the BHLBL 
sources. 

We have searched the literature using the NED data base 
for information on the other 15 sources of the Hough
Readhead sample, and this is presented in Table 4. Most of 
these sources exhibit prominent jets (which are always 
always one-sided), but the available images are very hetero
geneous, and none is as deep as those made by BHLBL. 

Columns 1, 2 and 3 list the source name, redshift and 
largest linear size respectively. Column 4 gives the depolar
ization ratio as defined in Section 2, where known, and we 
note that the Laing-Garrington effect is noticeably more 
pronounced than for the BHLBL quasars. This is easily 
understood as a combination of orientation and linear size 
effects, with the line of sight to the more distant lobe passing 
through denser parts of the Faraday screen. In Garrington, 
Conway & Leahy (1991), the depolarization ratio for 3C 191 
is listed as 0.43, but this is because the counterlobe is 
already completely depolarized at 5 GHz. Column 5 gives 
the sidedness of the parsec- and kiloparsec-scale jets 
(Hough 1994). Superluminal motion at about 3 h-1c has 
been detected in 3C 245 (Hough et al. 1996). The 'jet promi
nence' in column 5 is defined as before as the logarithm of 
the flux density of the 'straight jet' divided by the total flux 
density of the lobe emission, including the K-correction. We 
estimated the 'straight jet' flux density from the best avail
able images. Given the variable quality and resolution of 
these images, this is inevitably a rather subjective process, 
but we have tried to follow BHLBL's definition of a straight 
jet as closely as possible. Using the data in Hough & Read
head (1989), the flux density of the lobe emission was cal
culated as Stota! - Score - Sjet> so as to include resolved 
emission that may be missing from some of the images. 

In Fig. 6 the solid line shows a histogram of the jet prom
inences for all the sources in the Hough-Readhead sample. 
The broken line is the expected distribution of Doppler 
boosting factors, B = (2 + a) 10glOD, calculated for an iso
tropic distribution of angles up to Omax = 90°, and a jet speed 
Pi =0.98. 
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The Doppler factors range from Dmm = [y(1 -
P cos Om..)]-l to Dmax=[y(l- P)]-t, and the normalized dis
tribution of boost factors is given by 

a 
n(B) dB exp ( -aB) dB 

yP(1 - cos Om..) 
(4) 

between Bmax and Bmm, where a =In 10/(2 + IX). 
The important feature in Fig. 6 is that the histogram of 

observed jet prominences is quite narrow. The full range is 
only 2.4 in the logarithm, while for the boost distribution it 
is - (2 + IX) 10glO (1- P) = 4.4. A more useful measure is 
provided by the variances, which are 0.44 for the observed 
distribution, and 0.87 for the boost distribution. 

Note that on a logarithmic scale the histogram of 
observed jet prominences is simply the convolution of the 
distribution of intrinsic (unboosted) jet prominences with 
the boosting distribution (equation 4). Since the variances 
of distribution functions are additive under convolution, we 
can estimate how much of the width of the observed distri
bution can be due to Doppler boosting. 

The moments of equation (4) can be evaluated to give an 
expression for the variance of B. The result is 

A strict limit on the amount of Doppler boosting comes 
by assuming that the intrinsic width of the unboosted jet 
prominence distribution is zero. The standard Fisher F-test 
rejects the hypothesis that the jet speed is as high as 
Piet=0.98 at better than the 98 per cent confidence level. 

The assumption that the intrinsic distribution has zero 
width is obviously unrealistic. An estimate of the intrinsic 
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Figure 6. Solid line: histogram of the jet prominences, loglO<Sje,1 
Sextended), for all the sources in the Hough-Readhead sample. 
Broken line: the distribution of Doppler boost factors, 
(2 + a) loglO D, for a jet speed Pj = 0.98, assuming an isotropic dis-
tribution of angles up to 0max=90°. 
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width can be obtained from the 10 largest sources, for which 
Doppler boosting introduces little additional variance. 
Their variance is 0.15, which can be subtracted from the 
variance of the whole sample to yield 0.31, the maximum 
that can reasonably be attributed to Doppler boosting. This 
~orresponds to a characteristic jet speed of Piet ~ 0.85, show
mg clearly that there must be deceleration between parsec 
and kiloparsec scales. 

If Omax < 90°, then the high boost tail of the Doppler 
boosting distribution becomes much more pronounced, but 
the total variance decreases somewhat. Formally, we find 
characteristic jet speeds of Piet ~ 0.92 if Omax = 60°, and 
Piet ~ 0.95 if Omax=45°. These speeds should be considered 
only as upper limits for several reasons. First, the observed 
distribution of jet prominences shows no sign of the expo
nential tail that is exhibited by the boost distribution for 
high speeds. Secondly, the three sources with the largest jet 
prominences (3C 43,216 and 309.1) are all steep-spectrum 
compact sources. It is not entirely clear that they should be 
included in the Hough-Readhead sample (see the discus
sio?s in Hough & Re.adhead 1989 and Fanti & Fanti 1987). 
Thirdly, the sources m Table 4 are presumably a mixture of 
young and old sources, while those in Table 1 are all large, 
old sources. It is quite possible that the former have a larger 
range of intrinsic jet prominences, and that we have under
estimated the correction for this. All three considerations 
will lead to lower limits on the amount of permitted Dop
pler boosting. 

The result of this Section is that the distribution of jet 
prominences in a complete sample provides a powerful 
global constraint on Doppler boosting, and that there is 
certainly some deceleration between parsec and kiloparsec 
scales. 

6 RELAXING THE SINGLE-SPEED 
ASSUMPTION 

Up to this point we have made the artificial assumption that 
all sources have the same characteristic jet speed. Here we 

Table 4. The rest of the Hough-Readhead sample. 

Source Reds4ift 

Name 

3C14 1.469 

3C43 1.459 

3C181 1.382 

3C190 1.195 

3C191 1.956 

3C205 1.534 

3C207 0.684 

3C212 1.048 

3C216 0.67 

3C245 1.029 

3C268.4 1.40 

3C270.1 1.519 

3C275.1 0.557 

3C309.1 0.905 

4C16.49 1.296 

LLS 

h-1 kpc 

100 

11 

32 

19 

21 

79 

59 

48 

7.9 

39 

48 

45 

69 

11 

73 

Depolarization Sidedness of loglO(Jet 

Ratio pc scale jet Prominence) 

6.4 

2.2 

2.4 

4.1 

8.0 

2.2 

same 

same 

same 

same 

same 

-1.02 

-0.56 

494 

-1.11 

-1.84 

-2.67 

-1.56 

-1.25 

-0.94 

-1.09 

-1.86 

-2.56 

-1.43 

-0.82 

-1.60 
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start to investigate the effect of relaxing that assumption. A 
range of jet speeds can enter in at least three natural ways: 
(1) between sources, possibly correlated with age, or lumin
osity; (2) along each jet, if there is further deceleration on 
kiloparsec scales (this is the 'tired jet' model'discussed by 
BHLBL); or (3) within each jet if there is a transverse 
velocity profile, such as a fast spine and a slower boundary 
layer (see BHLBL and Laing 1993, 1995). 

If there is a range of speeds within a single jet, we will 
tend to see the faster parts of a jet at small inclination 
angles, and the slower parts of the jet at large inclination 
angles. This will soften the strong dependence of Doppler 
boosting on inclination angle. Following BHLBL, we define 
the fraction of jet material flowing with velocities between 
f3c and (f3 + df3)c as f(f3) df3. This function can also 
represent the distribution of speeds between sources. If 
f3 cos 8« 1, it is appropriate simply to use an average 
speed, f3 = J f3f(f3) df3. 

If f(f3) is specified, it is straightforward to incorporate it 
into the simulations described in Section 4. Fig. 7 shows the 
result if f3 is drawn from a top-hat distribution ranging from 
f31 to f3z. Here the jets are assumed to be intrinsically sym
metrical, and 8max=60°. Points on the main diagonal 
(f31 = f3z) correspond to the single-speed case shown in Fig. 
4, and the best fit to the observations is at f31 = f3z = 0.7. As 
the range of speeds among the jets increases, equally good 
fits are found along a line parallel to the opposite diagonal. 
This corresponds to the average speed, (f31 + f3z)/2, being 
still equal to 0.7. We find similar results for other values 
of 8mu;. 

Similarly, when analysing the distribution of jet prom
inences (Section 5), the Doppler-boost distribution must be 
averaged over jet speed. Thus we suggest (but have certainly 
not proven in general) that if the assumption of a single jet 
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<0.. • o 

-0 
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OJ 
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ci 

speed is relaxed, the results of this paper still hold, providing 
that we interpret speeds as appropriately averaged values. 

7 CONCLUSIONS 

The results of this paper can be summarized as follows. 

(1) The large jet-counterjet brightness ratios measured 
for the sources observed by BHLBL must be attributed 
almost entirely to Doppler beaming. Modest intrinsic asym
metries in the kiloparsec-scale jets are permitted, but do not 
remove the need for relativistic speeds, and large· asym
metries are ruled out by the VLBI data. 

(2) Good fits to the data are only obtained if orientations 
close to the plane of the sky are excluded (8max < 75°). If 8max 

is in the range of 45° to 60°, then the best-fitting character-
istic jet speeds are in the range 0.6c to 0.7c. . 

(3) The distribution of jet prominences for the whole 
Hough-Readhead sample is quite narrow. This leads to a 
strong formal upper limit on jet speed of 0.98c. Making a 
plausible allowance for the intrinsic width of the distribu
tion lowers the upper limit on jet speed to between 0.85c 
and 0.95c, depending on 8max • This demonstrates that there 
is significant deceleration between parsec and kiloparsec 
scales. 

(4) These results are insensitive to the precise form of 
the linear size distribution, and also to the inclusion of 
linear size evolution. Deeper observations and hence larger 
limits on the jet-counterjet brightness ratios lead to a 
modest increase in the required jet speed. 

(5) The results also appear to be insensitive to a distribu
tion of speeds within each jet or between different quasars, 
providing that speeds in this paper are interpreted as aver
age values. 

oL-__ ~ ____ ~ ____ ~ ____ ~ ____ ~ ____ L-__ ~ ____ ~ ____ ~ ____ ~ 

o 0.2 0.4 0.6 0.8 

Jet speed, {3, 

Figure 7. Goodness-of-fit contours for a range of jet speeds for the case lImax = 60° and Rmax = 1. The jet speed is drawn from a top-hat 
distribution with a range from PI to P2' 
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We conclude that kiloparsec-scale radio jets in quasars 
are significantly relativistic (Pj ~ 0.6) over the length of the 
'straight jet' regions measured by BHLBL, regardless of 
whether modest intrinsic asymmetries are also present. 
Whether or not this conclusion can be extended over the 
entire path to the hotspots is unclear. The median jet
counterjet ratio measured from the 'whole jets' (see 
BHLBL) is about 25, which is larger than that for the 
'straight jets'. However, BHLBL find evidence for local 
environmental effects in the outer parts of some jets, and it 
is impossible to disentangle these from possible changes in 
the Doppler factor. We note that there cannot be much 
deceleration past the 'straight' portion, or else the counter
jets will become plainly visible. 

We also conclude that there is a lack of quasars near the 
plane of the sky. This statement follows directly from the 
large jet-counterjet brightness ratios measured by BHLBL, 
and does not depend on model fitting. The missing quasars 
are presumably masquerading as galaxies. Since we cannot 
determine emax from our data, it is not clear what fraction of 
galaxies in fact contain a quasar nucleus. 

The major limitation on our results is simply the small 
number of sources considered. The constraints on jet speeds 
and inclination angles can be greatly strengthened by deep 
VLA images of more lobe-dominated quasars, combined 
with VLBI observations of their cores. It is not essential that 
a complete sample be observed, providing that the selection 
effects are understood and can be modelled. 

VLA observations of most of the remaining sources in the 
Hough-Readhead sample have recently been proposed, 
and should be undertaken shortly. It is even more important 
to complete the VLBI observations of this sample. This will 
determine the true fraction of quasars in which the parsec
scale jet points in the opposite direction to the kiloparsec
scale jet, which gives the strongest constraint on the degree 
of intrinsic asymmetry. 
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