Astronomy
&
Astrophysics

A&A 563, A131 (2014)
DOI: 10.1051/0004-6361/201322339
c ESO 2014


Multiwavelength study of Cygnus A
IV. Proper motion and location of the nucleus
K. C. Steenbrugge1,2 , K. M. Blundell2 , and S. Pyrzas1
1
2

Instituto de Astronomía, Universidad Católica del Norte, Avenida Angamos 0610, Casilla 1280, Antofagasta, Chile
e-mail: katrien.steenbrugge@gmail.com
Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH, UK

Received 22 July 2013 / Accepted 11 February 2014
ABSTRACT

Context. Cygnus A, as the nearest powerful FR II radio galaxy, plays an important role in understanding jets and their impact on the
surrounding intracluster medium.
Aims. We explain why the nucleus is observed superposed onto the eastern lobe rather than in between the two lobes, and why the jet
and counterjet are non-colinear.
Methods. We made a comparative study of the radio images at diﬀerent frequencies of Cygnus A, in combination with the published
results on the radial velocities in the Cygnus A cluster.
Results. From the morphology of the inner lobes we conclude that the lobes are not interacting with one another, but are well
separated, even at low radio frequencies. We explain the location of the nucleus as the result of the proper motion of the galaxy
through the cluster. The required proper motion is of the same order of magnitude as the radial velocity oﬀset of Cygnus A with the
sub-cluster it belongs to. The proper motion of the galaxy through the cluster likely also explains the non-colinearity of the jet and
counterjet.
Key words. galaxies: active – galaxies: individual: Cygnus A – galaxies: jets – radio continuum: galaxies

1. Introduction
Cygnus A (3C 405) has been well studied at radio wavelengths
as it was one of the first double sources detected at radio wavelengths (see for instance Carilli et al. 1991 and Carilli et al.
1996). At GHz frequencies and above a jet directed at ∼60◦ to
our line of sight, embedded within the western lobe, is observed.
A weaker counterjet approximately anti-parallel to the jet is observed within the counterlobe or eastern lobe. In a set of previous
papers we have studied the jets and lobes of Cygnus A using radio and X-ray images and X-ray spectra. We showed that the jets
are precessing, have a best fit speed of 0.35c, and that the angle
between the jet and inner counterjet is 179◦, determined from the
best-fit precession model (Steenbrugge & Blundell 2008). From
a visual inspection of the jet and counterjet, these authors determined a somewhat smaller, angle of 177◦ ± 1.◦ 5. This result is
unexpected and remains unexplained. 40 kpc out from the nucleus the counterjet bends through a 27◦ 31 angle, the cause of
which is still poorly understood, but is possibly related to the
presence of relic plasma (Steenbrugge et al. 2010).
We also found that the plasma from a previous episode of
jet activity explains the presence of a relic counterjet in the
X-ray image of Cygnus A (Steenbrugge et al. 2008) and the fact
that at low frequencies the counterlobe is brighter than the lobe
(Steenbrugge et al. 2010). Although a well known general result, important for this article is that the size of the lobe and
counterlobe do depend on the observed frequency. Both the lobe
and counterlobe are much larger at 151 MHz than at 5 GHz and
are larger at 5 GHz than at 15 GHz (see for instance Fig. 5 in
Steenbrugge et al. 2010).

This radio galaxy is embedded in the Cygnus cluster formed
by the merging of 2 clusters, each probably having a richness class 1 (Markevitch et al. 1999; Ledlow et al. 2005).
The ongoing merger is clearly observed in the X-ray temperature map and supported by the radial velocity clustering and
location of the galaxies (Markevitch et al. 1999; Belsole &
Fabian 2007; Ledlow et al. 2005). From the radial velocity
structure, the location of the galaxies, and the observed X-ray
temperature structure, Ledlow et al. (2005) estimate that core
encounter will occur in 0.2−0.6 Gyr hence. The average radial velocity of the cluster galaxies identified by Ledlow et al.
(2005) is 19 008 ± 160 km s−1 with a velocity dispersion
of 1126 km s−1 . For Cygnus A these authors measured a radial
velocity of 16 811 km s−1 , and thus an oﬀset of 2197 km s−1
from the cluster average. However, the measured radial velocities are clustered in two groups, one with an average radial velocity of 17 648 km s−1 and one with an average radial velocity
of 20 126 km s−1 (as determined by Ledlow et al. 2005 using location and radial velocity information). From its radial velocity,
the host of this powerful FR II classical double radio galaxy is
at a redshift of 0.05607 (Owen et al. 1997). Assuming a Hubble
constant of 73 km s−1 Mpc−1 , 1 corresponds to 1.044 kpc.
Cygnus A is not in the centre of either of the subclusters
(Owen et al. 1997), and actually shows an oﬀset of 72 h−1
75 kpc
from the centre of the smaller subcluster (Ledlow et al. 2005).
The centres of the two subclusters are separated by 458 h−1
75 kpc
(Ledlow et al. 2005). There is an overall temperature diﬀerence discerned in the cluster, due to the merger. At the location of Cygnus A, but mostly on larger scales than the radio lobes, an asymmetry in temperature is clearly observed

Article published by EDP Sciences

A131, page 1 of 7

A&A 563, A131 (2014)

(Belsole & Fabian 2007). Due to the diﬀerence in timescale between the cluster merger and the jet age of the current activity,
and the fact that the asymmetry in the intracluster medium (ICM)
is on larger scales, the radio lobes are not aﬀected by the ongoing
merger process.
In this paper we study the morphology of the region surrounding the nucleus using radio images at diﬀerent frequencies. In aligning the radio and X-ray data, it is clear that the nucleus of the Cygnus A galaxy does not lie between both lobes,
but actually lies in front of, within or behind the counterlobe.
Explaining this result, we find a likely explanation for a second
observational result, namely that the jet and inner counterjet are
not co-linear (Steenbrugge & Blundell 2008).
In the following section we summarise the data used for this
analysis. In Sect. 3 we describe the morphology of the inner
lobes and the nucleus. The discussion is given in Sect. 4 and
our conclusions are stated in Sect. 5.
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For this study we use the same radio data we used in previous papers by our group. The data are described in Steenbrugge
et al. (2010). A detailed description of the data processing can
be found in Steenbrugge & Blundell (2008) and Steenbrugge
et al. (2010). To summarise, we use the 151-MHz Multi-Element
Radio-Linked Interferometer Network (MERLIN) image, which
was kindly provided by P. Leahy and published by Leahy et al.
(1989). The 327 MHz, 1345 MHz, 5 GHz, 8 GHz and 15 GHz
VLA1 data were obtained by C. Carilli and published by Carilli
et al. (1991, 1996), Carilli & Barthel (1996) and Perley & Carilli
(1996). Data from the four VLA configurations were combined
to obtain the highest resolution possible without losing the extended emission.

3. Morphology of the nuclear region
To study the nuclear region in detail, we made several figures
overlaying low- and high-frequency radio images. At low frequencies, 151 and 327 MHz, the nucleus is not detected consistent with the spectral shape of radio nuclei, e.g. Pearson et al.
(1992). On the other hand, emission from the lobes is detected
near the location of the nucleus. At 1.345 GHz the nucleus is
detected as well as some weak emission from the lobes near
the nucleus. At frequencies higher than 1.345 GHz the nucleus
and the jet are easily observed, but the counterjet is only weakly
detected. However, at these frequencies no emission from the
lobes is detected near the nucleus. Figure 5 of Steenbrugge et al.
(2010) clearly shows the diﬀerence in lobe size with radio frequency. In most figures in this article we use the 151 MHz
and 5 GHz data, as these are the best quality images at low and
high frequencies available.
In Fig. 1 we show in grey-scale the 151 MHz emission from
the lobes, with a transfer function that shows the low surface
brightness emission. Overlayed are two low-surface brightness
contours of the 5 GHz image of Cygnus A. The nucleus and part
of the inner jet are detailed by the contours. From the figure it is
clear that the counterlobe and lobe are well separated. However,
contrary to expectations the nucleus is not located equidistantly
from both lobes. Rather, the nucleus lies at the edge of, or in the
counterlobe. From the 5 GHz image the asymmetry in distance
between both lobes seems smaller.
1
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Fig. 1. 151 MHz image showing the low-surface brightness emission
from the lobes as a grey-scale image. The white contours are 2 lowsurface brightness (0.0037 and 0.01 Jy/beam) levels from the 5 GHz
image.
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Fig. 2. 1345 MHz image of the nucleus overlaid with the 327 MHz contours between 2.5 and 20 Jy/beam. Note that there is a “bridge” of emission between the lobe and counterlobe, where the width of the 327 MHz
emission is smallest. The grey-scale indicates the intensity in Jy/beam.

To study the location of the nucleus with respect to the counterlobe we made two more figures, both detailing the nucleus
and its surroundings only. In Fig. 2 we show the 1345 MHz image of the nucleus and its surroundings as a grey-scale image
with low-surface brightness 327 MHz contours overlayed. From
Fig. 2 it is clear that the nucleus and thus the host galaxy, defined as the gravitationally bound structure, does lie just within
the counterlobe, and again confirms that the nucleus certainly
is not located equidistantly from both lobes. Defining the exact
boundary of the lobes is somewhat complicated by the fact that
there is very weak emission at 1.345 GHz, 327 and 151 MHz
between both lobes, which we call “bridge”. This weak emission is narrower than the lobe emission further out (see Fig. 2)
and is therefore likely related to the jet. An additional complication is that the resolution at 151 and 327 MHz is poorer than
at 1345 MHz, 5 or 8 GHz. To further ascertain the position of the
nucleus we also overlayed a low brightness 151 MHz contour on
the 5 GHz image, which is shown in Fig. 3. Of the 3 figures this
one most clearly shows that the nucleus is located within the low
frequency emitting counterlobe.
To gain a more quantitative idea of the diﬀerence in distance
between the nucleus and the inner lobes, we measured the distance between the nucleus and the lowest radio contour for the
lobes for 1.345 GHz, 5 GHz and 8 GHz using the jet to determine
the direction towards both lobes. This we can compare to the
distance between the nucleus and the inner edge of each lobe as
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Fig. 3. Detail of the nucleus and inner jets as observed at 5 GHz
with a 151 MHz low brightness contour overlaid. The contour is
at 4.5 Jy/beam. The dashed lines trace the jet (counterjet) extended to
the counterlobe (lobe) side. The first weak jetknot in the counterlobe
lies below the jet extended into the counterlobe.
Table 1. Diﬀerence in distance between the nucleus and the inner edge
of the counterlobe and of the lobe along the jet direction for diﬀerent
radio frequencies.
Frequency
151 MHz
1.345 GHz
5 GHz
8 GHz

d (in  )
>7.9
5.8 ± 1.7
6.2 ± 0.8
6.6 ± 2.3

d (in kpc)
>16.5
11.6 ± 3.5
12.9 ± 1.7
14.0 ± 4.9

Notes. The diﬀerence in distances is given in observed arcseconds as
well as a physical distance assuming that the jet and counterjet make
a 60◦ angle in the plane of the sky.

measured at 151 MHz. For simplicity we assume that the jet and
counterjet make a 180◦ angle. The inner edges of the lobes are
not as sharp and well defined as the lobe edges near the hotspots,
creating an uncertainty as to where the lobe emission reaches at
the diﬀerent frequencies. This is the largest uncertainty in the
determined distances. We should note that the distance between
the nucleus and the inner lobes varies with angle in the plane of
the sky assumed for the measurement. Taking the jet direction
allows us to easily compare the results at the diﬀerent frequencies, but for some frequencies, this is not the smallest distance
between the nucleus and the lobe. The distances between the nucleus and the inner edges of the lobes is dependent on the quality
of the data, however, the diﬀerence in distance should be less affected by this. Therefore we only list the diﬀerence between both
distances in Table 1, and use these values in our comparison.
At 1.345 GHz the distance between the inner edge of the
lobe and the nucleus is 10. 3 ± 1. 2. The distance between the
nucleus and the inner edge of the counterlobe is 4. 5 ± 0. 5.
Taking a line-of-sight angle of 60◦ (Steenbrugge et al. 2008),
we obtain physical distances of 21 ± 2.5 kpc and 9.4 ± 1.0 kpc,
and a diﬀerence in these distances of 11.6 kpc. The results of
the diﬀerence in distances are summarised in Table 1. At 5 GHz
the distance between the edge of the counterlobe and nucleus
is 13. 6 ± 0. 3, while the distance between the nucleus and the
edge of the lobe is 19. 8 ± 0. 5. This gives physical distances
of 28.4 ± 0.6 and 41.3 ± 1.0 kpc. Thus even at 5 GHz the nucleus is not equidistant from the inner edge of the lobe, and the
diﬀerence between both distances is a considerable 12.9 kpc.
At higher frequencies the lobes show more substructure,
thus the chosen angle in the plane of the sky, i.e. along the jet

direction and its extension on the counterlobe side, has a larger
influence on the measured distances. At 8 GHz for the lobe side
the distinction between where there is only jet emission and
where the lobe plasma starts is somewhat ambiguous, partially
because this is also a noisier image. For the 8 GHz image we find
distances from the nucleus to the inner counterlobe and to the
inner lobe of respectively 20. 4 ± 1 and 27. 0 ± 1. 3 or 42.4 ±
2.1 kpc and 56.4 ± 2.7 kpc. The diﬀerence between both distances is somewhat larger, 14 kpc, than the result for 5 GHz, but
also has a larger uncertainty. Considering the uncertainties, these
diﬀerences in distance are consistent with each other. At 15 GHz
the counterlobe emission lies almost completely to the north of
the extended jet line, and completely to the north of the current counterjet and 2 hotspots, due to the bending of the counterjet about midway to the hotspots. If we still measure distances
to the inner edge of the lobes along the extended jet line, we
find 50. 9 and 59. 6 or 106.3 and 124.4 kpc, and thus a diﬀerence
of 18.1 kpc. Taking the closest emission to the nucleus for the
counterlobe the distance decreases to 39. 7 or 82.9 kpc, which is
more than 20 kpc closer than along the extended jet line. If on
the other hand we follow the current counterjet, then because the
emission from the lobe lies completely north of the counterjet
trajectory, we only encounter emission from the smaller hotspot.
Considering these large diﬀerences we do not give a value for
the diﬀerence in distance for this frequency in Table 1.
At 151 and 327 MHz the nucleus and jet are not detected. To
obtain the distance between the nucleus and the inner edge of the
lobe we use the position for the nucleus and the direction of the
jet as determined from the 5 GHz image. The distance between
the nucleus and the inner edge of the lobe is 7. 9 or 16.5 kpc,
but again there is a rather large uncertainty. Assuming a distance
of 0 kpc between the nucleus and the inner edge of the counterlobe, the above distance is also the diﬀerence in distance. From
Fig. 3 it appears that actually the nucleus is located a few kpc
within the counterlobe, and thus the above distance is a lower
limit. The diﬀerence in distance is either constant or increases
for higher frequencies, if we exclude the 151 MHz measurement.
In any case, at all frequencies studied, the inner lobe is further
from the nucleus than the inner counterlobe.
Figures 1–3 all show that both lobes are well separated, even
at the lowest frequency. There is no evidence that the lobes
are colliding and/or interacting with each other. Any interaction would likely lead to a shock and potentially an increased
magnetic field, and hence an increase in higher-frequency emission near the nucleus, which is not observed. At frequencies
above 1.345 GHz there is no emission between both lobes, with
the exception of emission that can be clearly identified as coming from the jet. At 151 MHz and 327 MHz there is very weak
emission between both lobes identified in Fig. 2 and labelled as
“bridge”. This weak emission has a width of 9. 6, and is thus resolved in the 151 MHz and 327 MHz images. Although too wide
for being emission directly from the jet as observed at 5 GHz, it
is likely the emission is related to the jet due to its morphology:
narrower than either the lobe or counterlobe, and coinciding with
the jet trajectory as detected at 1.345 and 5 GHz. Higher resolution and deeper low-frequency images are needed to clarify the
origin of this emission.
In Fig. 3 we draw with dashed lines the best fit straight line
of the jet between the jet entering the lobe as detected at 5 GHz
and the nucleus, and extending this line to the counterlobe side.
We also draw a dashed line connecting the nucleus with the
weaker counterjet knots reaching a weak ring-like feature in
the 5 GHz (see Fig. 3) image and extending it to the lobe side.
Consistent with the results of the precession modelling of the
A131, page 3 of 7
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Fig. 4. Detail of the nucleus and inner jet and counterjet as observed
at 5 GHz, optimised for the detection of the knots in the counterjet.

jet in Steenbrugge & Blundell (2008), the jet, nucleus and counterjet knots are not precessing around a straight line. From precession, the diﬀerence from a 180◦ angle is 1◦ (Steenbrugge &
Blundell 2008) and thus somewhat smaller than the angle between both dashed lines. The dashed line overlaying the counterjet knots makes these very hard to see, therefore in Fig. 4 we
show the 5 GHz image without lines.

4. Discussion
In this section we discuss possible explanations for the location of the nucleus, and thus also the gravitationally bound host
galaxy. The nucleus is superposed onto the counterlobe, indicating that it is located in front of, within or behind the counterlobe, rather than midway between the lobe and the counterlobe.
We also discuss a possible explanation for the observed noncolinearity between the inner jet, nucleus and inner counterjet,
as determined from the precession modelling (Steenbrugge &
Blundell 2008).
4.1. Why is there a nuclear position offset?
4.1.1. Asymmetric hotspot advance speed and/or expansion
of the lobe and counterlobe

A possible explanation for the position of the nucleus is that the
hotspot advance speed is diﬀerent for the lobe and counterlobe,
due to a diﬀerence in environment, i.e. the density and/or temperature of the ICM, into which the lobes expand. If the hotspot
advance speed in the counterlobe is slower, then the larger density in the counterlobe will cause an increased expansion either
sideways or toward the nucleus or both. As the distance between
the nucleus and the hotspot in the counterlobe is expanding more
slowly, this also means that the distance the electrons in the
counterlobe plasma need to travel to reach the nucleus is smaller.
To test this hypothesis we use the luminosities and volumes
of both lobes at the diﬀerent frequencies detailed in Steenbrugge
et al. (2010). At frequencies below GHz the counterlobe is indeed brighter, but at higher frequencies both lobes are equally
bright. The counterlobe is smaller at frequencies below 8 GHz,
but both lobes have the same size at 8 GHz and the counterlobe is
larger at 15 GHz. Further, Steenbrugge et al. (2010) rule out that
a diﬀerence in adiabatic expansion for both lobes can explain the
excess low-frequency emission in the counterlobe.
From large scale X-ray images we know that the Cygnus
cluster is undergoing a merger (Markevitch et al. 1999). This
merger should have increased the density on the lobe side of the
cluster, and certainly has resulted in a higher temperature of the
A131, page 4 of 7

ICM on the lobe side (Belsole & Fabian 2007). Thus, if there
is an eﬀect on the hotspot advance speed due to diﬀerences in
the ICM properties, it should be the lobe side hotspot that is
slowed down. From the X-ray data there is no evidence that the
advance speed of the hotspots in the counterlobe is slower than
the advance speed of the hotspots in the lobe. Hence, we think it
unlikely that any asymmetry in the hotspot advance speed could
explain why the nucleus lies in the counterlobe.
A related possibility is that the hotspot advance speed is the
same for both lobes, but that the expansion of the lobe is diﬀerent due to density asymmetries. In this scenario, the counterlobe
would have had an excess expansion toward the nucleus and a
smaller expansion perpendicular to the jet axis. This would result in a narrower counterlobe in comparison with the lobe, assuming that the width of the lobe is the same as the depth of the
lobe. The width of both lobes is rather variable, but the counterlobe is not obviously narrower. Furthermore, due to the merger,
if there is a higher ICM pressure, we expect it to be on the lobe
side. So we do not prefer this explanation either.
4.1.2. Emission from the bridge and lobe–counterlobe
interaction

An alternative explanation might be that the nucleus is located
inside both lobes, which have interacted in the past or are currently interacting. In this scenario we expect a brightening of the
low-frequency radio emission, due to the increase in the electron density at the site of the interaction. We also expect a rebrightening of higher radio frequency emission, resulting from
the compression of the plasma, re-energising the electrons. A
likely increase in magnetic field strength would ensure that the
electrons also emit synchrotron radiation at higher frequencies.
Finally, if the interaction is supersonic, then the shocks should
cause an increase in the X-ray determined temperature near the
nucleus.
In high-frequency images the lobes are well separated with a
clear lack of emission between them. At frequencies below GHz
there is a narrow strip of very weak radio emission between both
lobes, which we label the “bridge” in Fig. 2. This is the most
likely location of any interaction between both lobes. However,
there is certainly no brightening observed at low frequencies,
on the contrary the “bridge” has the lowest flux density. Further
morphological evidence against any interaction between both
lobes comes from the fact that at 151 MHz the “bridge” is narrower than any part of the lobes further out from the nucleus.
This is contrary to expectations if this is the site of lobe interaction. Moreover, the temperature of the X-ray plasma near the
nucleus is the lowest of all measured temperatures in this cluster and these regions were described as “belts” by Wilson et al.
(2006). There is thus no evidence of shocks near the nucleus. We
conclude that the counterlobe and lobe do not (yet) interact with
each other.
The jet observed at higher frequencies passes through the
“bridge” observed at 151 and 327 MHz (see Fig. 2), suggesting
that the emission is related to the jet. However the width of the
bridge, 9.6 in both the 151 and 327 MHz images, cannot be
explained by the width of the current jet as observed at 5 GHz
and the lower resolution at 151 and 327 MHz. Higher resolution
and deeper low-frequency images are needed to determine the
exact origin of this emission.
4.1.3. Buoyantly rising lobe

The diﬀerence in distance between the nucleus and the inner
edges of the lobes could be due to the fact that the current lobe
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has buoyantly risen, while the counterlobe has not. It seems unlikely that the lobe has risen by about 16.5 kpc, while the counterlobe has not risen at all. Furthermore, although this could in
principle explain the asymmetrical distance between the nucleus
and the inner edge of the lobe and counterlobe, it cannot explain
why the nucleus is superposed onto the counterlobe, nor why
the outer hotspot in the lobe is further from the nucleus than the
outer hotspot in the counterlobe.

4.1.4. Projection effect

We do not know whether the nucleus is located in the counterlobe or in front of it, and thus projected onto the counterlobe.
Depending on the depth of the counterlobe it could appear that
the counterlobe engulfs the nucleus, while the nucleus in reality
is not located in the counterlobe. For the nucleus to be equidistant from both lobes then, the counterlobe must have expanded
in depth more than the lobe, at least near the nucleus.
We cannot measure the depth of the lobe, therefore we
assume that the depth of the lobe equals its width. The areas measured from low-frequency radio data, and the calculated volumes, are larger for the lobe than for the counterlobe
(Steenbrugge et al. 2010). Assuming that the width of the lobe
is also its depth, the lobe volume is calculated to be 1.12 times
larger than the counterlobe at 151 MHz and 1.37 at 327 MHz
(Steenbrugge et al. 2010). Unless the ICM density has an angular dependence, such that the expansion in the width direction of
the lobe is diﬀerent from the expansion in the depth direction,
the above assumption should be valid on average. However, the
variable width measured along the length of the lobes, is a clear
indication of local diﬀerences in the ICM that can influence lobe
expansion. On average the width of the lobe is somewhat larger
than that of the counterlobe, and therefore it seems unlikely that
the depth near the nucleus is significantly larger for the counterlobe than for the lobe.
If the counterlobe is longer, then even for the same width
there could be a projection eﬀect. One can measure the distance
between the nucleus and the outer hotspots, which is independent of the frequency used. This distance is significantly longer
for the lobe than for the counterlobe. The distance between the
nucleus and the outer hotspot of the lobe and counterlobe, using
the 5 GHz image, are 67. 3 and 58. 6. This gives a physical distance, assuming a line of sight of 60◦ , of 140.6 and 122.3 kpc
for the lobe and counterlobe respectively. Assuming a hotspot
advance speed of 0.02c (Muxlow et al. 1988) and using an angle
of 60◦ between the jet axis and our line of sight, the light-travel
time diﬀerence between the extreme hotspots is 2 × 105 years
(Steenbrugge et al. 2008). We thus calculate that the length difference due to light travel time eﬀects should be 1.2 kpc. For a
hotspot advance speed of 0.005c (Alexander & Pooley 1996) this
value is 0.3 kpc. Both these measured hotspot advance speeds
are much smaller than the average hotspot advange speed of 0.2c
found by Best et al. (1995). However, Best et al. (1995) do note
a large spread in the individual hotspot advance speeds, and thus
this result is not inconsistent with the above measured hotspot
advance speeds. Both values are much smaller than the actual
measured diﬀerence in length of 18.3 kpc. This diﬀerence in
length is of the same order, but larger, than the diﬀerences in
distances between the nucleus and the inner edges of the lobes
(see Table 1).
We have assumed above that the length is given by the distance between the nucleus and the furthest hotspot. Generally,
lobe emission does not fill the whole area between the nucleus

and the hotspots, except for low-power radio galaxies (Blundell
et al. 1999). For the counterlobe as observed at 151 MHz
the distance between the nucleus and the furthest hotspot using the 5 GHz image is also the length of the counterlobe.
However, the lobe emission comes from an area with a length
smaller than the distance between the nucleus and the outer
hotspot at all frequencies. The length of the lobe at 5 GHz between the innermost emission, which is located away from the
jet, and the furthest hotspot is 60.4 or 126.1 kpc. If we measure
the length of the lobe at 151 MHz, this time along the jet axis,
we obtain a size of 60.3 or 125.9 kpc. Both these values are still
larger than the measured counterlobe length (122.3 kpc), but the
diﬀerence in size is much smaller, and is only three times larger
than the expected diﬀerence in length due to finite velocity of
light. We conclude that the required excess counterlobe expansion toward the nucleus is unlikely, considering that the lobe is
longer. Therefore projection eﬀects alone cannot explain the fact
that the nucleus appears to lie within the counterlobe.
4.1.5. Proper motion

A final explanation for why the nucleus is observed superposed
onto the counterlobe is that the host galaxy and the nucleus have
a proper motion through the cluster and sub-cluster. Because the
hotspots and lobes are not gravitationally bound, they will not
share this motion. Thus, the nucleus could have moved into or
in front of the counterlobe, which is presumed to be stationary
with respect to the ICM. To test this scenario we assume that
originally the nucleus was located midway between the lobe and
counterlobe, and was not engulfed by either. If we suppose that
the nucleus moves along the plane of the sky toward the direction
of the counterlobe, then it would have travelled ∼5 kpc for the
nucleus to be located in front of the counterlobe. Considering
that the measured radial velocity oﬀset is toward us (Ledlow
et al. 2005), it is likely that the nucleus is located in front of
the counterlobe, and there is a projection eﬀect in addition to the
proper motion of the galaxy through the cluster. In a second test
we assume that the nucleus has moved from the edge of the inner lobe, ∼9 kpc, which should give an upper limit to the proper
motion. The original location of the nucleus is unknown, but the
distance travelled by the real nucleus is likely bounded by both
numbers.
Assuming any reasonable travelled distance allows us to calculate a proper motion and determine if this proper motion is reasonable considering the known radial velocities in this cluster of
galaxies. Taking a hotspot advance speed of 0.02c (Muxlow et al.
1988) gives a jet activity age of 2 × 107 years. We thus obtain a
proper motion of 0.24 µas yr−1 or ∼250 km s−1 if the nucleus has
moved from the midpoint between both lobes. Assuming the nucleus moved the full distance between both lobes, the proper motion is 0.45 µas yr−1 or ∼450 km s−1 . Taking the slower hotspot
advance speed of 0.005c (Alexander & Pooley 1996) the above
velocities decrease by a factor of 4. Assuming that the lowfrequency plasma is only half the age of the current phase of
jet activity (following Blundell & Rawlings 2000) doubles the
values. But even the maximum value of 900 km s−1 is not an
unreasonably large proper motion in this cluster of galaxies.
Ledlow et al. (2005) measured a radial velocity oﬀset
of 2197 km s−1 towards the Earth for Cygnus A, compared to
the mean cluster radial velocity. However, those authors suggest that the cluster could be composed of 2 sub-clusters. If
so, then for the model also taking positional data into account,
Cygnus A has a radial velocity oﬀset from the closest subcluster
of ∼1000 km s−1 . However this result is rather dependent on the
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modelling and assumed sub-cluster membership and could be
as small as 163 km s−1 (Ledlow et al. 2005). The sub-cluster
Cygnus A likely belongs to has a radial velocity dispersion
of 1134 km s−1 (Ledlow et al. 2005). Thus over 2 × 107 years
the nucleus could have moved along the line-of-sight anywhere
between 3.3 to 20.4 kpc compared to the subcluster movement. It
is thus not unreasonable that the galaxy also has a proper motion
and has travelled 5–9 kpc in the plane of the sky.
The radial velocity oﬀset measured for Cygnus A is thus of
the same order as the proper motion derived above. Both measurements also have very large uncertainties. The above radial
velocities indicate that the proper motion we calculate is within
the expected range. We conclude that proper motion, is the best
explanation for the superposition of the nucleus with the counterlobe. The projection eﬀect would be due to the radial velocity of the nucleus toward us with respect to the rest of the
sub-cluster and cluster. From the morphology of the inner counterlobe, which becomes wider and shows a “southern spur” (see
Fig. 2), the counterlobe plasma seems partially deflected, potentially by the galaxy, which would indicate that the nucleus is located physically in the counterlobe. But there are other ICM perturbations that bend the lobe and counterlobe plasma, and thus
morphology alone cannot demonstrate whether this is just a superposition or not.
Could this proper motion be detectable with VLBI?
Krichbaum et al. (1998) and Bach et al. (2004) have studied VLBI images taken over 2 and 7 years apart, respectively.
However, Bach et al. (2004) does not identify the nucleus with
any certainty, and Krichbaum et al. (1998) aligned their images
at diﬀerent frequencies so that their assumed nucleus component is stationary. Hence no proper motions or upper limits are
obtained by either set of authors. The expected distance travelled for an assumed proper motion of 900 km s−1 , which is the
largest proper motion expected, in the 7 years of VLBI studies,
is ∼6 × 10−6 arcsec, and thus below the detection limit of the
VLBI. The current spatial resolution of the Global Millimeter
VLBI Array (GMVA) is 40–50 µas, with a likely improvement in
the near future to 15–20 µas (Krichbaum et al. 2006). Thus direct
measurement of any displacement of the nucleus of Cygnus A
might become possible in the not too distant future.
4.1.6. Comparison with wide-angle tailed radio galaxies

Radial velocity and proper motion through a cluster due to a
cluster merger is the generally accepted explanation for the wide
angle tailed (WAT) radio galaxies (Sakelliou & Merrifield 2000).
Like Cygnus A, WAT radio galaxies are oﬀset from the cluster’s centre determined from X-ray images. Why then do we
hardly see any morphological evidence for Cygnus A’s movement through its cluster or sub-cluster? The bending of the lobes
observed in WAT radio galaxies depends on the ram pressure
exerted on the lobes by the ICM. WAT radio galaxies are located in richness class 0−3 clusters, and are thus not necessarily located in only the densest clusters (Sakelliou & Merrifield
2000). However, according to Mao et al. (2010) WAT sources
are only detected in the densest regions of the cluster. There are
some indications that Cygnus A is located in a low density part
of the cluster. Namely, FR II galaxies are generally observed in
poor groups, where densities are lower; and FR I radio galaxies are normally observed at the centres of clusters of galaxies.
Cygnus A is one of only a handful of FR II galaxies located in
a cluster of galaxies. Thus a diﬀerence in density at the location
of Cygnus A in comparison with WAT radio galaxies in their
respective clusters could be an explanation for the diﬀerence
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in morphology. Space velocities of WAT radio sources, as for
Cygnus A, are generally poorly known, but a few 100 km s−1
seem to be suﬃcient to create WAT radio galaxies (Sakelliou
et al. 1996). Thus a diﬀerence in space velocity is an unlikely
explanation for the diﬀerence in morphology. The rather young
age of the Cygnus A lobes might be a further explanation for
the small eﬀect the motion through the cluster has on the morphology of the lobes. Although the cluster plasma density at the
location of Cygnus A is lower than in the centre of other clusters, at 15 GHz there are indications that the lobe is confined by
the ICM. This is consisitent with the conclusion from Barthel &
Arnaud (1996) that the slower adiabatic expansion of the radio
lobes due to the larger density of the cluster environment compared to the field increases the radio luminosity.
We should note that any proper motion of the nucleus with
respect to the lobes would violate the assumptions made by
Steenbrugge & Blundell (2008) in their Sect. 4.5. In that section
the jet speed was determined from the distance from the nucleus
to pairs of jetknots observed in the jet and counterjet. The jet
knots closer to the nucleus were emitted quite recently compared
to the start of the jet activity phase, and the derived speed is thus
less aﬀected. It also invalidates for this source the method, by
which the jet speed is determined from the jet/counterjet lengths,
if these lengths are determined as the distance between the nucleus and the hotspots (Alexander & Pooley 1996). A proper
motion of the nucleus also aﬀects the estimate for the duration
of the previous epoch of jet activity, as this was determined from
the length of the relic counterjet, which stops just short of the
current hotspots, and the current position of the nucleus.
4.1.7. Jet–counterjet angle

In Steenbrugge & Blundell (2008) we noted that the best precession model does require an angle of about 179◦ , rather than
the expected 180◦ between the inner jet and counterjet. In Fig. 3
we show the inner jet and counterjet, with a dashed line through
the inner jet which we extend on the counterlobe side and viceversa. The weak counterjet lies below this dashed line, indicating
that the jet and counterjet do not make a 180◦ angle. The same
figure, but without the lines tracing the jets, is shown in Fig. 4.
The proper motion of Cygnus A’s host galaxy can explain
the observed angle diﬀerence. If we assume that the nucleus
has a displacement of 2 kpc from the trajectory of the counterjet due to its proper motion, then using the lengths of the jet
and counterjet, 140.6 kpc and 122.3 kpc respectively, we can
calculate the angle between the jet and counterjet, and thus the
diﬀerence from 180◦ . This diﬀerence in angle is less than 1 degree, namely 0.87 degrees for the values given above, providing a plausible explanation for the observed jet-counterjet angle.
However, we should note that there is a substantial uncertainty
in the calculated value. There are uncertainties on the angle of
the jet with our line of sight, and the displacement from the original position is unknown. We conclude that the proper motion of
the nucleus can explain why the observed angle between the inner jets and the nucleus is 179◦ , instead of the predicted 180◦. In
this scenario the jets are emitted at a 180◦ angle, and only due to
the proper motion of the nucleus compared to the jets appears as
a 179◦. For a more accurate calculation deeper, high-resolution
radio data are needed.

5. Conclusion
In this article we studied the position of the nucleus with respect
to the lobes as well as the trajectory of the inner jets. We found
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that the nucleus is located in front of or in the counterlobe, the
best explanation for which is a proper motion of the Cygnus A
galaxy through the Cygnus cluster, probably caused by the ongoing merger in this cluster. The derived range in proper motion, between 60 and 900 km s−1 has the same order of magnitude as the range in radial velocity oﬀsets determined by Ledlow
et al. (2005). The lack of bending over larger angles as seen in
WAT radio sources seems to indicate that Cygnus A is located
in a rather low density region compared to central cluster densities. This proper motion is also likely to be the explanation that
the observed angle between the inner jet and counterjet with the
nucleus is 179◦ as determined from the precession modelling.
Future, deep and high-resolution low-frequency polarisation images should be able to determine whether the nucleus is located
in or in front of the counterlobe.
Acknowledgements. K.C.S. and S.P. gratefully acknowledge support from
ALMA-CONICYT grant 31110019, and thank ESO for its flexibility (ESO
project money could be used till CONICYT transferred the grant several months
after the project started).

References
Alexander, P., & Pooley, G. G. 1996, in Cygnus A – Study of a Radio Galaxy
(Cambridge University Press), 149
Bach, U., Krichbaum, T. P., Middelberg, E., et al. 2004, in European VLBI
Network on New Developments in VLBI Science and Technology, eds.
R. Bachiller, F. Colomer, J.-F. Desmurs, & P. de Vicente (Observatorio
Astronomico Nacional, Spain), 155

Barthel, P. D., & Arnaud, K. A. 1996, MNRAS, 283, L45
Belsole, E., & Fabian, A. C. 2007, in Heating versus Cooling in Galaxies and
Clusters of Galaxies, eds. H. Böhringer, G. W. Pratt, A. Finoguenov, &
P. Schuecker (Berlin, Heidelberg: Springer-Verlag), 101
Best, P. N., Bailer, D. M., Longair, M. S., & Riley, J. M. 1995, MNRAS, 275,
1171
Blundell, K. M., & Rawlings, S. 2000, AJ, 119, 1111
Blundell, K. M., Rawlings, S., & Willott, C. J. 1999, AJ, 117, 677
Carilli, C. L., & Barthel, P. D. 1996, A&ARv, 7, 1
Carilli, C. L., Perley, R. A., Dreher, J. W., & Leahy, J. P. 1991, ApJ, 383,
554
Carilli, C., Perley, R., Bartel, N., & Dreher, J. 1996, in Cygnus A – Study of a
Radio Galaxy (Cambridge University Press), 76
Krichbaum, T. P., Alef, W., Witzel, A., et al. 1998, A&A, 329, 873
Krichbaum, T. P., Agudo, I., Bach, U., Witzel, A., & Zensus, J. A. 2006, in Proc.
8th European VLBI Network Symposium [arXiv:astro-ph/0611288]
Leahy, J. P., Muxlow, T. W. B., & Stephens, P. W. 1989, MNRAS, 239, 401
Ledlow, M. J., Owen, F. N., & Miller, N. A. 2005, AJ, 130, 47
Mao, M. Y., Sharp, R., Saikia, D. J., et al. 2010, MNRAS, 406, 2578
Markevitch, M., Sarazin, C. L., & Vikhlinin, A. 1999, ApJ, 521, 526
Muxlow, T. W. B., Pelletier, G., & Roland, J. 1988, A&A, 206, 237
Owen, F. N., Ledlow, M. J., Morrison, G. E., & Hill, J. M. 1997, ApJ, 488,
L15
Pearson, T. J., Blundell, K. M., Riley, J. M., & Warner, P. J. 1992, MNRAS, 259,
13P
Perley, R. A., & Carilli, C. L. 1996, in Cygnus A – Study of a Radio Galaxy
(Cambridge University Press), 168
Sakelliou, I., & Merrifield, M. R. 2000, MNRAS, 311, 649
Sakelliou, I., Merrifield, M. R., & McHardy, I. M. 1996, MNRAS, 283, 673
Steenbrugge, K. C., & Blundell, K. M. 2008, MNRAS, 388, 1457
Steenbrugge, K. C., Blundell, K. M., & Duﬀy, P. 2008, MNRAS, 388, 1465
Steenbrugge, K. C., Heywood, I., & Blundell, K. M. 2010, MNRAS, 401, 67
Wilson, A. S., Smith, D. A., & Young, A. J. 2006, ApJ, 644, L9

A131, page 7 of 7

