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ABSTRACT

The angular asymmetries and relative separations of the hotspots of Fanaroff-Riley II
(FRII) radio sources in a complete sample of 3CR sources have been used to study
the effects of misalignment of the directions of ejection and the velocities of the
hotspots. It is found that the observed distribution of asymmetry angles is consistent
with unified schemes for radio galaxies and radio quasars and with the source
components being ejected uniformly within an angle ¢,_,, of 6°-7° about the source
axis. The separation quotients of the hotspots are also consistent with unified
schemes, if the velocities of the hotspots have a broad distribution about a mean of
0.2 ¢, with values extending at least up to 0.4 c.

Key words: galaxies: active - galaxies: jets — quasars: general — radio continuum:

galaxies.

1 INTRODUCTION

Barthel has listed a number of convincing reasons for sup-
posing that powerful radio galaxies and radio quasars are the
same objects viewed at different angles to the line of sight
(Barthel 1989, 1994). According to his unified scheme, those
radio sources with axes oriented within an angle of roughly
45° to the line of sight are observed to be quasars, while those
close to the plane of the sky are classified as radio galaxies.
This model provides a natural explanation for the large per-
centage of quasars that have one-sided jets and for the fact
that quasars appear systematically smaller than radio
galaxies. It has been suggested that the nuclear regions of
these sources are surrounded by dusty tori of obscuring
material which, in radio galaxies, prevents the observation of
central broad-line regions that are clearly visible in quasars.

The availability of large numbers of radio maps of power-
ful radio sources with very high angular resolution has
enabled further tests of Barthel's hypothesis to be carried
out. If quasars are truly oriented along the line of sight then
various observed asymmetries should appear more pro-
nounced in that population than in the radio galaxies. In this
paper we present an analysis of two such asymmetries: the
separation quotients and the asymmetry angles. In Section 2
we describe the data base used in the analysis. Section 3 is a
discussion of separation quotients and the fractional separa-
tion differences; the data are analysed in Section 4. In
Section 5 we consider the distribution of asymmetry angles.
The effect of this analysis upon the separation quotients is
discussed in Section 6. In Section 7, the correlations of the
two asymmetrics are presented, and the conclusions are dis-
cussed in Section 8.

2 THE NEW DATA BASE

The new data base consisted initially of the revised complete
sample of 3CR radio sources at declinations |d|=10°
defined by Laing, Riley & Longair (1983, hereafter LRL). A
literature search was made for maps of all the sources in this
sample (Bailer 1993), supplemented by new Very Large
Array (VLA) observations which have been obtained
recently by us (Best et al., in preparation). The analysis of
source asymmetries and separation quotients was restricted
to those FRII sources in which hotspots could be clearly
defined towards the extremities of both components. In cases
in which more than one hotspot was observed in a source
component, the more distant hotspot was selected. Of the
126 FRII sources, 95 had well-defined hotspots in both com-
ponents. In most cases, the nucleus was defined by a central
radio component; where no central radio component was
detected, the centre of the optical image of the galaxy or
quasar was used to define the position of the nucleus. Of the
95 sources, 23 were quasars and 72 were radio galaxies. For
comparison, among the 126 FRII sources, there were 29
quasars and 97 radio galaxies. All 95 radio sources were of
high radio luminosity, P;;4=>2.0 X 102 W Hz"!, and consti-
tuted a representative sample of the FRII sources in the
complete 3CR sample. In all our computations, Hubble’s
constant has been taken to be 50 km s~! Mpc~! and the
deceleration parameter g,=0.5.

The data used in the analysis are presented in the
Appendix as Table Al. The quantities derived from the
radio maps were the separation quotient Q, defined as the
ratio Q= 6,/6,, where 8, and 6, are the angular distances
from the nucleus of the more distant and closer hotspots,
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respectively, and the asymmetry angle §, which was taken to
be 180°, minus the observed angle between vectors drawn
from the nucleus of the radio source to the hotspots. The
values of § typically lie between 0° and 20°. Of the 95
sources, 86 were common to the sample of McCarthy, van
Breugel & Kapahi (1991) who studied correlations between
radio and optical asymmetries. The majority of the estimates
of the separation quotients were in agreement within about
+0.1, but there were 11 cases in which significant discrepan-
cies were found. These cases are discussed in the Appendix
and the adopted values justified.

3 THE ANALYSIS OF SEPARATION
QUOTIENTS

The separation quotient Q= 6,/6, for complete samples of
FRII sources can be used to set upper limits to the velocities
of advance of the hotspots through the intergalactic gas. It is
assumed that the two hotspots have moved at the same
speed, v, in opposite directions from the nucleus. As shown
by Ryle & Longair (1967) and Longair & Riley (1979), if 6
is the angle between the axis of the source and the line of
sight to the observer, the separation quotient is Q=6,/
0,=(1+pBcos 0)/(1—pBcos B), where 6, and 6, are the
angular distances of the hotspots more distant from and
closer to the nucleus, respectively, and f=uv/c. If the angles

between the axes of the sources and the line of sight are.

randomly distributed, the probability distribution of Q is

2
P(Q)—W dQ,

from Q=1 to a maximum value Q=(1+ §)/(1 — B). Longair
& Riley (1979) found that, for a complete sample of FRII
sources from the 3CR catalogue, the distribution p{Q) was
remarkably narrow and an upper limit to the average velocity
of the hotspots of §= 0.2 was derived.

Banhatti (1980) suggested that a better procedure was to
use the statistic x=(Q—1)/(Q+1)=(6, — 8,)/(6, + 8,) which
he called the fractional separation difference. In this case,
x=fcos . For a random distribution of angles, x is
uniformly distributed between x=0 and x=f=0v/c, that is,
p(x)dx=(1/B)dx. The probability distribution for x has an
advantage over that for Q in that it allows easy determination
of the probability distribution of the velocities of the hot-
spots. If P(x) is the observed probability distribution of x in a
complete sample of sources, the distribution of velocities can
be found by summing a series of distributions p(x) for differ-
ent values of 8= wv/c with appropriate weightings. The prob-
ability distribution g{ ) of sources having velocity v = c, can
be found by differentiating the function P(x), since it is
apparent that

P<x>=r=] gﬁﬁ)dﬂ. (1)

Banhatti used this procedure to show that the velocity dis-
tribution of the source components was quite broad with an
average velocity of about 0.2, assuming the model to be a
correct description of the dynamics of the sources.

We have analysed the properties of the distributions of the
separation quotients and fractional separation differences

using our new data base to investigate whether there is any
evidence for significantly relativistic hotspot velocities.

4 DISTRIBUTION OF FRACTIONAL
SEPARATION DIFFERENCES

Fig. 1 shows the probability distribution P(x) for the 95
sources in the sample, the quasars being distinguished from
the radio galaxies. There is a clear tendency for the radio
galaxies to have smaller values of x than the quasars. It is par-
ticularly noticeable that there are few quasars with values of
x=<0.1, whereas the radio galaxy distribution shows a pro-
nounced maximum at x=0. The mean value of x for the
quasars is greater than that for the radio galaxies, the values
being X,=0.206+0.031 and Xz;=0.124 £ 0.013. Applica-
tion of a Mann-Whitney U-test to the two data sets shows
that the hypothesis that the sources are drawn from the same
(unknown) parent sample is rejected at the 99 per cent con-
fidence level.

A natural explanation of this difference between the
values of X for radio galaxies and quasars is to associate it
with relativistic motion of the hotspots, as described by the
simple model of Section 3. If the axis of the source is
observed at a small angle to the line of sight, a quasar is
observed and large values of x= fcos 6 are expected. If the
angle of the axis of the source to the line of sight is large, the
source is identified as a radio galaxy and will appear much
more symmetrical. Only if the velocities of the components
are non-relativistic, < 0.1, are symmetric quasars observed.

To test this picture, the velocity distribution of the hot-
spots g() has been determined using Banhatti’s procedure.
By inspection it can be seen that a function of the form
P(x)=(A+1)(1—x)4 satisfies the boundary conditions
{P(x)dx=1 and P(x)=0 at x=1, and also provides a satis-
factory fit to the data if A =5.3 (Fig. 2a). The corresponding
velocity distribution g(f), derived by differentiation of P(x)
according to the prescription of equation (1), is shown in Fig.
2(b). As noted by Banbhatti, the velocity probability distribu-
tion extends to large velocities and so the fact that there is
one quasar with x=0.74 and one radio galaxy with x=0.53
is not as anomalous as it might appear from Fig. 1.
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Figure 1. The distribution of the fractional separation differences
for 95 3CR radio sources, comprising 23 quasars and 72 radio
galaxies.
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Figure 2. (a) The fit of the function P(x)=6.3(1-x)>? to the
observed distribution of P(x). (b) The probability distribution g(8) is
found by differentiating P(x) as described in Section 3.

From the distribution g(B), it is straightforward to work
out the predicted distributions P(x) for the radio galaxies and
quasars, according to Barthel’s model. We adopt a dividing
angle between the quasar and radio galaxy populations of 45°
to the line of sight. The comparison between the observed
and predicted distributions is illustrated in Fig. 3, from which
it can be seen that there is remarkable agreement between
the expectations of the model and the observed P(x) distri-
bution for both the quasars and the radio galaxies. This pro-
vides strong support not only for unification schemes, but
also for mildly relativistic advance of the hotspots. Indeed, if
the source velocities were non-relativistic, some other astro-
physical reason would have to be found to explain why, des-
pite the convincing evidence for the unified picture of radio

galaxies and quasars, the quasars are systematically more :

asymmetric than the radio galaxies.

It is not surprising that the model is also consistent with
the observation that the physical sizes of the quasars are
systematically smaller than those of the radio galaxies, since
this was part of Barthel’s original argument, using essentially
the same data base. For a dividing angle of 45°, it is expected
that the ratio of the average physical size of the quasars to
that of the radio galaxies would be 1.87. The average sizes of
the quasars and radio galaxies in the samples are 207 £29
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Figure 3. Comparison of the observed and predicted distributions
P(x) for radio galaxies and quasars for the velocity distribution
shown in Fig. 2(b).

X

Figure 4. A plot of the linear size of the radio source against frac-
tional separation difference x.

and 391 £ 35 kpc, respectively, in the latter case omitting the -
giant source 3C 236 which has physical size 6 Mpc. If 3C
236 were included, the latter figure would be 465 =81 kpc.
The observed ratio of physical sizes is thus 1.89 (it would be
2.25if 3C 236 were included). The correlation between pro-
jected (or observed) physical size D and x is displayed in Fig.
4. There is a clear tendency for the quasars to be displaced
towards the bottom right of the distribution, although there
are a few radio galaxies in the regions populated by the
quasars.

One consequence of the relativistic hotspot model, noted -
by Fokker (1986), is that, as the angle to the line of sight
decreases, the value of x increases and the projected physical
size of sources of the same intrinsic size decreases. Thus an
inverse correlation is expected between observed linear size
and the value of x. Fokker found no evidence for such a
correlation. The data in Fig. 4 can be used to repeat this
analysis; they are of higher quality than those available to*
Fokker and a number of our values of x and Q differ from
those used in his analysis. Application of a Spearman rank
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test to our data shows that, at best, there is a weak inverse
correlation between x and D, the correlation coefficient
being —0.07, significant at only the 75 per cent confidence
level. The expected correlation is, however, weakened
because of the dispersions in both the physical sizes and
inferred velocities of the sources. To estimate the importance
of these dispersions, a series of simulations was carried out in
which the velocities of the source components were selected
at random from the distribution shown in Fig. 2(b) and the
intrinsic physical sizes D, of sources were selected at random
from a uniform distribution, ranging from 100 to 1000 kpc.
A typical example of the simulated distributions is shown in
Fig. 5, the quasars and radio galaxies being distinguished as
in Fig. 4. It can be seen that the expected correlation has
been greatly weakened by the intrinsic dispersions in physi-
cal size and g but the correlation coefficient is still —0.27,
corresponding to a significant inverse correlation at the 3¢
confidence level. It is apparent, however, that Figs 4 and 5
show the same qualitative features. The strength of the
inverse correlation would be weakened further if, for

example, the sources with the highest velocities had greater

physical sizes. In fact, our simulations show that, if the intrin-
sic physical size were proportional to S, a positive correla-
tion coefficient of +0.20 would be expected. Thus only a
weak intrinsic correlation between D and f is needed to eli-
minate the expected inverse correlation between D and x.

To test for possible selection effects, the values of x have
been plotted as a function of radio luminosity in Fig. 6. It can
be seen that the quasars tend to lie towards the upper end of
the luminosity range, and in particular that there are no
quasars at the lowest luminosities. This corresponds to the
fact that, for a flux-limited sample, luminosity is strongly
correlated with redshift and that there are no quasars with
redshifts z<0.3 in the 3CR sample. Although the quasars
tend to lie at higher luminosities than the radio galaxies, it is
clear from Fig. 6 that there is no trend within either the radio
galaxy or quasar populations for x to be correlated with
luminosity. Indeed, within the quasar population there is
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Figure 5. A simulation of the predicted x-D diagram assuming
Barthel’s unified scheme for radio galaxies and quasars. It is
assumed that the hotspots have the velocity distribution shown in
Fig. 2(b) and that, intrinsically, their total linear sizes are randomly
selected from a uniform distribution covering the range 100 to 1000
kpc.

even some evidence for a negative correlation of x with
luminosity at the 97 per cent confidence level. We have
divided both the radio galaxy and quasar samples into equal
high- and low-redshift samples and a comparison of the aver-
age values of x for the two classes of object in the two red-
shift ranges is given in Table 1. There is no statistical
difference between the value of X in the low- and high-red-
shift samples of the radio galaxies; the quasars in the lower
redshift bin are slightly more asymmetric than those at higher
redshift, but only at the 2 ¢ level. This is partially due to the
single quasar with x = 0.74 falling into this bin. As a final test,
the above analysis can be repeated using only those radio
galaxies with a redshift of z> 0.3, to provide a sample with a
luminosity spread equivalent to that of the quasars. For this
new sample of 42 galaxies, the average value of x is Xzg=
0.13510.019 (compared with Xz =0.124 £ 0.013 for all the
radio galaxies) and the distribution of x is remarkably similar
to that of the complete sample of 72 radio galaxies. It is
apparent, therefore, that the reason that the quasars appear
more asymmetric than the radio galaxies is not due to any
luminosity or redshift effect.

5 THE DISTRIBUTION OF ASYMMETRY
ANGLES §

The above analysis of fractional separation differences
assumed that the radio sources are linear, whereas this is
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Figure 6. A plot of the radio luminosity against fractional separa-
tion difference for the 23 quasars and 72 radio galaxies in the
sample.

Table 1. Values of Xand & for radio galaxies and quasars.

Sample Number z ¢

of objects
Radio galaxies 36 0.113+0.019 5.81+0.83
z < 0.425
Radio galaxies 36 0.134+ 0.019 4.69+0.68
z > 0.425
Quasars 12 0.258 4 0.051 11.124 3.22
z < 1.02
Quasars 11 0.149+ 0.023 12.18 + 2.82
z > 1.02
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known not to be the case. Histograms showing the prob- T T T T T
ability distributions of the asymmetry angle ¢ for quasars and I —-— Radio Golaxies
radio galaxies are displayed in Fig. 7. A range of asymmetry " Quasars
angles is found among both samples, the distribution for the

60

galaxies. A Mann-Whitney U-test shows that the likelihood

that the two distributions are drawn from the same parent ST 7
distribution is less than 1 per cent. = !

The observed distributions of asymmetry angles for radio :
galaxies and quasars can, however, be naturally explained if ob Lo i
both classes of source belong to the same parent population ! :
observed at different angles to the line of sight. To model the - ! L.
non-collinearity, we assume that the hotspots are powered by L
beams from the nucleus, which are misaligned by an angle ¢ T T ——— 20 —
as illustrated in Fig. 8. The source is observed at some
unknown angle 6 to the line of sight and, for the sake of com- ¢ (degrees)
putational convenience, it is assumed that one component is Figure 7. The distribution of asymmetry angles ¢ for the radio
ejected along the angle 6 and that the other lies at an angle ¢ galaxies (dashed line) and the quasars (solid line) in the complete

sample of sources.

(@
View From
Above.

(b)
View From
Observer.

G

Figure 8. Illustrating the geometry of the simple model for the ejection of the source components at an angle ¢ to the axis of the double source
as defined by the angle 6. (a) The view from above; (b) the view from the observer. { is the projected asymmetry angle as measured by the
distant observer.
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to this direction but on the opposite side of the source, as
illustrated in the diagram. In our simulations, it is assumed
that the second component is ejected at an arbitrary angle
within the cone defined by the angle ¢,,,, that is,
pl¢)d g =sin gdg. If the second hotspot is at distance r, from
the nucleus, it must lie on the circle that forms the base of a
cone of angle ¢ and height r,cos ¢. If a is the angle around
the cone, measured from a =0 when the two hotspots lie in a
plane including the nucleus and the observer, the observed
value of { is given by

sin ¢sin o

tan {=-— —,
sin ¢ cos a cos 8+ cos ¢ sin 6

The value of { depends only upon the geometry of the
source and not upon any assumptions about the dynamics of
the hotspots. On the adoption of Barthel’s picture, it is
assumed that, if the angle 6 lies within 45° of the line of sight,
the object is classified as a quasar, and, if @ lies in the range
45° to 90°, the object is classified as a radio galaxy.

In Figs 9(a)-(d), the predicted probability distributions of

¢ for opening angles ¢, of 5°, 10°, 15° and 20° are
presented. It can be seen that the observed distributions of
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both radio galaxies and quasars shown in Fig. 7 would be
consistent with values of ¢, of about 10° Thus the
observed distribution of asymmetry angles is consistent with
the type of unified scheme for radio galaxies and quasars
proposed by Barthel - the quasars show a larger range of
asymmetry angles because they are observed closer to the
line of sight than the radio galaxies.

These conclusions are consistent with other evidence on
correlations between angular asymmetries and other
properties of the sources. Kapahi & Saikia (1982) and Hough
& Readhead (1989) found that the bending angles of the
source components (equivalent to our asymmetry angles) are
correlated with the dominance of the radio core, while these
authors and Hintzen, Ulverstad & Owenr (1983) found an
inverse correlation between bending angle and projected
linear size. Both sets of observations imply that the axes of
sources observed closer to the line of sight are more likely to
appear misaligned.

Barthel & Miley (1988) suggested that more distant
quasars appear to have more bent, distorted structures than
those observed nearby. Kapahi (1990) analysed a better-
defined sample and found no evidence for such a difference.
We have tested our sample for any evidence of this effect by
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Figure 9. The predicted probability distributions for the angle { for different assumed values of ¢, of (a) 5°, (b) 10°, (c) 15° and (d) 20°.
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redshift bins, and the mean values for each are included in
Table 1. There is no evidence for any dependence of the
asymmetry angle upon redshift in either sample.
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6 ASYMMETRY ANGLES AND THE
INTERPRETATION OF THE SEPARATION
QUOTIENTS

In the interpretation of the distribution of x in terms of
mildly relativistic motion of the hotspots in Section 3, it was
assumed that the hotspots were collinear, whereas the
analysis of Section 5 showed that this is only approximately
correct. We have therefore repeated the analysis of Section 4
but have assumed that the source components are misaligned
to the extent derived in Section 5. In this analysis there is no
longer any advantage in using the variable x and so we revert
to the simpler quantity Q. Probability distributions of Q for
the quasars and radio galaxies are shown in Fig. 10.

It is straightforward to show that, if the two hotspots move
at the same non-relativistic velocity, the observed values of
the non-relativistic separation quotient, Q,, for the geometry
of Fig. 8, are

1 . . . 2
Qo=m [(cos ¢ sin 8+ sin ¢ cos a cos 6)’ + sin’ @sin” a]'

If the components move at the same relativistic velocity v,

g = 0.2 and ¢, = 10°

(b)
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Figure 11. The predicted probability distributions for the separation quotient Q for ¢ =10° and for different assumed values of 8=v/c of (a),

0.1,(b)0.2,(c) 0.3 and (d) 0.4.
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1 .
the expression for Q becomes
.

[1=(v/c)cos 8] Qy
[1+(v/c)cos @cos ¢+ sin @sin gcosa)]

Q=

We have evaluated the probability distribution for the
separation quotient Q for a value ¢, =10° and different
values of the velocity of the hotspots 8= v/c. The predicted
distributions for values of 8=0.1, 0.2, 0.3 and 0.4 are shown
in Figs 11(a)~(d). It can be seen that the observed distribu-
tion of the values of Q for quasars is always somewhat
broader than that of the radio galaxies, as is expected if the
quasars are observed at a small angle to the line of sight and
the sources are intrinsically misaligned with ¢,,,=10° It is
evident from Fig. 11(a) that the observed distribution of
asymmetry angles { cannot account for the broad distribu-
tion of the values of Q, if the velocities of the components are
non-relativistic. The predicted distributions of N(Q) for
larger values of B8, however, are broader and, in the limit of
values of §=0.4, are similar to those found in the case
Gmax = 0°. It is apparent from the predicted histograms that
values of $=0.2-0.4 provide a much better fit to the data
than the value §=0.
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An alternative way of presenting these data is to fix § at a
value of 0.3 and increase the value of ¢, from 0° to 30°
(Figs 12a~-d). It can be seen that values of @,,,, of 30° result in
significant numbers of quasars with small values of Q,
contrary to the observations shown in Fig. 10. It is apparent
that values of ¢, ~ 10° provide the best fit to the data.

7 THE Q- ¢ DIAGRAM

The observed relation between Q and ¢ for the sources in
the sample is shown in Fig. 13. To illustrate the expectations
of our simple model, grey-scale plots are presented in Figs
14(a)-(d), which illustrate where the quasars and radio
galaxies are expected to be found in the Q- diagram. The
diagrams were generated using a Monte Carlo algorithm
adopting the same assumptions made above, namely that the
sources with 0°<0<45° are quasars and those with
45°< 98<90° are radio galaxies. In all these examples, it has
been assumed that ¢,,,,=10°. Inspection of these diagrams
shows that values of 8~ 0.2-0.3 result in the types of distri-
bution seen in Fig. 13. As expected, the quasars are concen-
trated towards larger values of @, with a rather sharp
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Figure 12. The predicted probability distributions for the separation quotient Q for f=v/c=0.3 and for different assumed values of ¢,,,, of

(a) 0% (b) 10°, (c) 20° and (d) 30°.
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Figure 13. The observed distribution of radio galaxies and quasars
in the Q- diagram for the sources in the complete sample.

boundary towards lower values of Q. In contrast, the radio
galaxies have a more uniform distribution, as observed.

8 DISCUSSION

Although there is considerable spread about the mean dis-
tribution, there is a clear trend for the quasars to be more
asymmetric than the radio galaxies in all of the tests
described above. Our conclusions are as follows.

(1) The difference in the distribution of asymmetry angles
between the quasars and the radio galaxies can be attributed
to the fact that all sources exhibit intrinsically the same non-
collinearity, but the axes of the quasars are observed at
angles closer to the line of sight than those of the radio
galaxies. Our quantitative simulations show that the statistics
of the asymmetry angles ¢, are entirely consistent with
Barthel’s picture that quasars are observed when the axis of
the source lies within 45° of the line of sight. This result is
independent of any assumption about the velocities of the
hotspots.

(2) Typically, the misalignment angles of the hotspots are
randomly distributed within a cone angle ¢, =10° This
angle is found by keeping one of the arms of the source fixed
and allowing the other to lie randomly within this cone. If the
hotspots were illuminated by jets emitted with random mis-
alignment angles in opposite directions, the cone angles
would correspond to about 6°-7° about the mean axis of the
source in either direction.

(3) The observed distribution of asymmetry angles &
alone cannot account for the observed distribution of separa-
tion quotients.

(4) The distribution of separation quotients for the
quasars and radio galaxies can be explained if the hotspots
are assumed to move away from the nucleus at mildly rela-
tivistic speeds. The typical speeds of advance of the hotspots
would be about 0.2¢, but there is a considerable spread
about this value, as illustrated in Fig. 2(b), which shows that
they can extend to velocities of at least 0.4 c.

The fourth conclusion is perhaps the most surprising
result of the present analysis and is in contrast with the con-
clusion of McCarthy et al. (1991) who found that the brighter
emission-line region lies on the side of the shorter arm of the
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radio source, suggesting that environmental effects influence
the separation quotient Q. McCarthy et al. quantified the
asymmetry in the intensity of the emission-line gas on either
side of the radio galaxy by the parameter R, defined to be the
ratio of the intensities of the [O 1] line emission on either side
of the nucleus. Despite the fact that there is a very clear
correlation between shorter arm length and the presence of
more intense emission-line gas, we find that there is no
evidence for any significant correlation between the value of
R and separation quotient Q. This result suggests that en-
vironmental effects are not necessarily the dominant cause of
the different arm lengths on either side of the nucleus.

It is quite conceivable that both environmental and rela-
tivistic effects are responsible for the observed distributions
of QO and x. A combination of these effects would help
explain why the observed value of X for radio galaxies is
slightly greater than would be expected on the basis of the
value of X for the quasars. Any intrinsic asymmetry due to
environmental effects should be more clearly distinguishable
in the radio galaxies since they are observed closer to the
plane of the sky than the quasars. To make a complete
analysis of this problem is beyond the scope of this paper.
Instead, using average values, if an intrinsic asymmetry of
x=(0.066 were associated with environmental effects, with
the remaining X, = 0.140 and Xz = 0.058 being attributed to
light traveltime across the source, the predicted ratio of X,/
Xpg = 2.41 for light traveltime effects would be obtained. In
this picture, the contributions from the two effects to the
asymmetry of radio galaxies would be roughly equal, whilst
in quasars the asymmetry would still be dominated by the
light traveltime across the source. Thus there would be a
correlation between short arm length and greater line emis-
sion in radio galaxies, as observed by McCarthy et al., but in
quasars this should be only very weak. The reduced import-
ance of the relativistic effect would slightly reduce the mean
speeds of advance of the hotspots to = 0.16.

It is interesting that independent evidence for such veloci-
ties has been found by Liu, Pooley & Riley (1992) for radio
galaxies with redshifts z 2 0.3 (see also Laing 1993). The hot-
spot advance speeds were determined from synchrotron-loss
ageing arguments, using equipartition magnetic field strengths,
and had an average value of f~0.15 with considerable
scatter about the mean. It is also important that Liu et al -
found that the velocities of those radio galaxies with redshifts
7<0.3 are generally lower, §<0.1. Interpreted literally, this
would imply that, in the lower radio luminosity galaxies, the
separation quotients reflect intrinsic effects rather than those
associated with the mildly relativistic motion. A small pro-
portion of the radio galaxies in our sample with redshifts
7<0.3 are broad-line radio galaxies. It has been suggested
that broad-line radio galaxies may be the low-luminosity
equivalent of the quasar population; this would eliminate the
problem encountered by unified schemes in that there are no
quasars at the lowest redshifts in the 3CR catalogue. These
broad-line galaxies have values of x that are indistinguishable
from those of the narrow-line galaxies. The hotspot advance
velocities derived by Liu et al. for these lower radio luminos-
ity sources provide a natural explanation for this observa-
tion, as intrinsic effects would be expected to dominate. It
should be noted that, if these few broad-line radio galaxies
were, in fact, classified separately from the narrow-line radio
galaxies, there would be negligible changes to the mean

Radio source asymmetries and hotspots

© Royal Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1995MNRAS.275.1171B&amp;db_key=AST

0 (P) Pue £'0 () ‘Z°0 (q) ‘T°0 (®) J0 san1o0RA 10dsioy pswnsse 10] pue o] = ***'¢ 10] weidep 3-0 2y ut siesenb pue soxered orpes Jo uonnqinsip paipaid oy §, *p andig
(sea.baq) ) . (seaibaq) 3

o .08 0z oc ot

4
T°0 = § ‘seixpjpy oipoY T0 = ¢ ‘suosond AQV
(seaubaq) 3 (ses.baq) )
o, .. . %€, .. .%. .

P. N. Bestetal.

1180

1°'0 = § ‘seixp|D9 olpoYy . 1°'0 = § ‘supsonpd Amv

Q1T T 92 QVRNNSG6T .

© Royal Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1995MNRAS.275.1171B&amp;db_key=AST

Radio Galaxies, g = 0.3

0.3

Quasars, g =

Radio source asymmetries and hotspots

nn.l..-nl.-.nl...ns ...-|....I-...l....$
o
-3 . A
<
i S - i
L | B L
@ @
- 3 v;- 3
o &5 .2 J K-
Ng'x ™
a I
L 2 I i
s O
X o L
©
<]
©

<
AO
I
® «
g'.
e &
~ 8
=]
(e}
—
©
SNas”

© Royal Astronomical Society ¢ Provided by the NASA Astrophysics Data System

1181

¢ (Degrees)

Figure 14 - continued

¢ (Degrees)


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1995MNRAS.275.1171B&amp;db_key=AST

[ ]
1
Y]
[NT
1.
(9]
1

1
[Xel]

1
!

(]

= 1182 P. N. Bestetal.

values of x, ¢ and D in the remaining population of radio
galaxies, and the results presented in this paper would be
unaffected.

Laing et al. (1994) have suggested that low-excitation
radio galaxies, generally at low redshifts, may form an iso-
tropic sample not unified with high-excitation radio galaxies
and quasars, but instead possibly forming part of the parent
population of BL Lac objects. If true, this would further
explain the excess of radio galaxies over quasars at redshifts
25 0.3. Our data are insufficient to investigate this theory.

The second conclusion can be used to make an alternative
estimate of the speed of the hotspots through the inter-
galactic medium, If it is assumed that the jets are collinear
when emitted from the nucleus, and that the asymmetry
angle is associated with the motion of the parent galaxy
through the intergalactic medium, the speed of advance of
the hotspots can be found. As in the case of the radio-trail
sources, it can be assumed that the typical velocities of
galaxies in cluster environments are about 1000 km s~! and
so, by geometry, the speed of the hotspot would be
U= 10000 km s !=0.03¢. This velocity is somewhat
smaller than the velocities inferred from the analysis of
Section 4. It should also represent an upper limit since radio
galaxies are frequently observed to be the dominant galaxy in
the cluster centre, and would therefore have lower than
average velocities relative to the intergalactic gas.

It might seem contrived to suppose that the jets powering
the radio sources are ejected within a cone of angle 7° at
almost. precisely the same relativistic speeds in opposite
directions. On the other hand, a similar physical situation
occurs in the remarkable Galactic source SS433, in which
the velocities of the jets are always 0.26 ¢ in opposite direc-
tions. The beams precess about the axis of the source with a
cone angle of 20°, somewhat greater than the value of
e = 7° found in the above analysis. The time-scales and
physical sizes associated with SS433 are many orders of
magnitude smaller than those associated with the extra-
galactic radio sources, but the physical similarities between
them are none the less striking.

Throughout our analysis, we have taken no account of the
effects of relativistic beaming upon the intensities of the hot-
spots. The flux densities of the hotspots constitute only a
small fraction of the total flux density of a typical radio
source and so relativistic beaming would have only a very
small effect upon the total intensity of the radio sources.
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APPENDIX

The values of the separation quotient Q given in Table Al
are generally in good agreement with the values published by
McCarthy, van Breugel & Kapahi (1991). Typically, the esti-
mates agree within * 0.1 but there are significant discrepan-
cies for 11 sources, which are listed in Table A2.

The differences from our adopted values are believed to
be due to the following causes.

3C 13: this discrepancy is due to an error in the position
of the optical galaxy on the map used by McCarthy et al.

3C 55: the map published by Leahy et al. (1989) indicates
a value of Q smaller than 1.48.

3C 205: the southern component of this source is double.
Our value was obtained using the more distant, slightly
fainter, hotspot.

Table A1. The properties of the radio sources.

Source Q z  ((/degrees) (Linear Size
/ kpc)

3Ce6.1 11  0.05 13 215
3C9 1.06 0.03 6 114
3C13 1.2 0.09 6 240
3C14 1.8 0.29 11 205
3C20 1.04 0.02 12 202
3C22 1.28 0.3 2 206
3C33 1.22 0.10 1.5 397
3C33.1 1.70 0.26 2 888
3C34 1.08 0.04 4 381
3C41 1.13 0.06 2 189
3C42 1.03 0.01 4 178
3C46 1.64 0.24 6 1123
3C47 1.22 0.10 3.5 456
3C55 1.04 0.02 6 572
3C61.1 1.23 0.10 10 738
3Ce68.1 1.26 0.11 7 447
3C68.2 1.12 0.06 1 189
3C79 1.32 0.14 11 433
3C98 1.18 0.08 8 264
3C109 1.07 0.03 12 500
3C153 1.6 0.23 0 44
3C171 1.03 0.01 3.5 171
3C173.1 1.21 0.10 0 324
3C175 1.36 0.15 11 391
3C184.1 135 0.15 10.5 473
3C190 1.57 0.22 22 7
3C191 1.71 0.26 2 40
3C192 1.19 0.09 2.5 308
3C196 1.3 0.3 9 83
3C204 1.41 017 5 300
3C205 1.33 0.14 7 153
3C208 1.31 0.13 7 94
3C212 1.12 0.06 1 77
3C215 2.27 0.39 42 384
3C219 1.02 0.01 11 718
3C220.1 1.25 0.11 1 229
3C223 1.08 0.04 2 960
3C228 1.15 0.07 C 332
3C234 1.36 0.15 9 438
3C236 1.71 0.26 2 5930
3C239 1.87 0.30 6 93
3C241 1.35 0.15 19 8
3C244.1 1.15 GC.07 9 352
3C249.1 - 2.02 0.34 10 134
3C252 1.83 0.29 9 513
3C254 6.8 0.74 15 105
3C263 1.71  0.26 0 345
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3C 215: all maps we have found are consistent with our
value.

3C 223: the map by van Breugel & Jagers (1982) has a
poorly defined southern hotspot. The map published by
Leahy & Perley (1992) gives a much improved position for
the hotspot.

3C 252, 3C277.2 and 3C 441: our new VLA observa-
tions have provided much more accurate values of Q for
these sources.

3C 299: the map published by Liu, Pooley & Riley (1992)
shows that the value of Q is greater than 3.0.

3C 303 and 3C 427.1: the maps used by McCarthy et al.
do not show radio cores and so the optical positions were
used by them. The maps available to us had well-defined
radio cores leading to more accurate values of Q.

Radio source asymmetries and hotspots

(Radio Luminosity Q/RG Redshift Reference
/1027 W Hz~1)

49.0 RG 0.840 PH
616.6 Q 2.012 LB
141.0 RG 1.351 BLRR
131.0 Q 1.469 JPR

6.20 RG 0.174 LEA

58.1 RG 0.938 BLRR

0.93 RG 0.059 LP

2.02 RG 0.181 vBJ

34.9 RG 0.690 BLRR

30.8 RG 0.795 L89

9.36 RG 0.395 LP

11.3 RG 0.437 GPPG

26.1 Q 0.425 PH

71.4 RG 0.735 LMS

5.25 RG 0.186 LP
112.1 Q 1.238 LMS
183.9 RG 1.575 BLRR

10.2 RG 0.256 SMP

0.21 RG 0.031 BHBV

10.3 RG 0.306 A

5.67 RG 0.277 LM

5.56 RG 0.238 B

6.71 RG 0.292 LP

62.3 Q 0.768 T

0.88 RG 0.119 LP
135.5 Q 1.197 SSFF
361.5 Q 1.952 BMSL

0.36 RG 0.060 BHBV
281.8 Q 0.871 LM

89.7 Q 1.112 L89
185.9 Q 1.534 BBYG
130.9 Q 1.109 BBYG
101.5 Q 1.049 ASZD

10.8 Q 0.411 HUO

6.09 RG 0.174 CBBP

33.1 RG 0.610 BBYG

1.32 RG 0.137 LP

38.1 RG 0.552 BBYG

5.31 RG 0.185 BBYG

0.66 RG 0.099 187
331.0 RG 1.781 LPR
208.9 RG 1.617 ASZD

19.2 RG 0.428 JPR

5.23 Q 0.311 BBYG

89.7 RG 1.105 BLRR

63.1 Q 0.734 OP

34.8 Q 0.652 T
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E- Table Al - continued

Source Q z  (¢/ degrees) (Linear Size (Radio Luminosity Q/RG Redshift Reference
/ kpc) / 1027 W Hz"1)

3C263.1 1.16. 0.07 5 56 70.1 RG 0.824 LPR
3C265 1.51  0.20 10 641 76.9 RG 0.811 FBBP
3C266 1.1  0.05 4 a7 121.9 RG 1.272 BLRR
3C267 1.15 0.09 0 326 119.0 RG 1.144 BLRR
3C268.4 1.18 0.08 15 93 116.3 Q 1.400 LM
3C270.1 1.2¢ 06.09 36 102 174.3 Q 1.519 SBC
3C274.1 1.05 0.02 0 986 15.5 RG 0.422 LW
30275.1 1.50 0.20 23 133 31.9 Q 0.557 SBC
3C277.2 241 0.41 6 472 43.3 RG 0.766 BLRR
3C280 1.18  0.08 3 123 127.4 RG 0.996 LPR
30284 1.41 0.17 1 831 3.30 RG 0.239 B
3C285 1.18 0.09 16 268 0.34 RG 0.079 AL
3C289 1.02 0.01 4 84 62.7 RG 0.967 BLRR
3C292 1.15 0.07 7 1060 27.3 RG 0.710 AL
3C295 1.40 0.17 1 36 86.0 RG 0.461 PT
3C299 3.27 0.53 4 70 7.73 RG 0.367 LPR
3C300 2.33  0.40 6 516 6.57 RG 0.272 B
3C303 1.00 0.00 1 139 1.07 RG 0.141 LP
3C321 1.13 0.06 2 687 0.58 RG 0.096 LW
3C322 1.2 0.09 0 278 169.7 RG 1.681 JPR
3C324 1.6 0.23 7 86 141.1 RG 1.206 FBBP
3C330 1.0 0.00 0 457 42.3 RG 0.549 LMS
3C334 1.65 0.25 4 812 18.1 Q 0.555 T
3C336 1.98 0.33 10 183 51.9 Q 0.927 T
3C337 1.88 0.31 4 333 23.3 RG 0.635 PRMS
3C340 1.06 0.03 2 384 31.6 RG 0.775 BLRR
3C341 1.2 0.09 7 474 11.4 RG 0.448 JPR
3C349 1.06 0.03 4 352 2.72 RG 0.205 LP
3C351 1.36 0.15 5 402 9.36 Q 0.371 LP
3C356 1.50 0.20 0 640 86.6 RG 1.079 FBBP
3C368 1.98 0.33 4 67 138.8 RG 1.132 CMJ
3C381 1.11  0.05 3 247 2.10 RG 0.161 H
3C382 1.08 0.04 12 287 0.31 RG 0.058 A
3C388 1.00 0.00 21 97 0.96 RG 0.091 BCH
3C390.3 1.45 0.18 2 318 0.70 RG 0.056 LP
3C427.1 1.24 0.11 10 172 49.5 RG 0.572 L89
3C432 1.28 0.12 16 108 256.6 Q 1.805 T
3C436 1.20 0.09 6 461 4.10 RG 0.215 H
3C437 1.10 0.05 1 294 184.0 RG 1.480 BLRR
3C438 1.17  0.08 9 118 19.2 RG 0.290 LP
3C441 2.44 0.42 6 255 34.4 RG 0.708 BLRR
3C452 1.02 0.01 6 511 1.70 RG 0.081 BBLP
3C457 1.08 0.04 8 1258 13.3 RG 0.428 LP
3C469.1 1.0 0.00 1 634 130.4 RG 1.336 L75
3C470 1.36 0.15 3 203 157.5 RG 1.653 BLRR
4C14.11 1.46 0.19 3 379 2.33 RG 0.206 LP
4C14.27 1.5 0.20 4 216 9.05 RG 0.392 LP
4C73.08 1.20° 0.09 0 1441 0.23 RG 0.058 J86

The initials in the final column of the table correspond to references in the reference list, with the following
exceptions: BLRR - Best P. N., Longair M. S., Réttgering H. J. A., Riley J. M. (in preparation); B - Blundell
K. (private communication); H - Hardcastle M. (private communication); LEA - Leahy J. P. (private
communication); T - Turner S. (private communication).

Table A2. Sources with discrepant values of Q.

Source  Q(this paper) Q(McCarthy et al)

3C13 1.2 2.22
3C55 1.04 1.48
3C205 1.33 1.15
30215 2.27 1.78
30223 1.08 1.25
3C252 1.83 2.0

30277.2 2.41 2.69
3C299 3.27 3.00
3C303 1.00 1.84
3C427.1 1.24 1.51
3C441 2.44 3.13
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