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ABSTRACT
Double–double radio galaxies (DDRGs) offer a unique opportunity for us to study multiple
episodes of jet activity in large-scale radio sources. We use radio data from the Very Large
Array and the literature to model two DDRGs, B1450+333 and B1834+620, in terms of their
dynamical evolution. We find that the standard Fanaroff–Riley II model is able to explain
the properties of the two outer lobes of each source, whereby the lobes are formed by ram-
pressure balance of a shock at the end of the jet with the surrounding medium. The inner
pairs of lobes, however, are not well described by the standard model. Instead we interpret
the inner lobes as arising from the emission of relativistic electrons within the outer lobes,
which are compressed and re-accelerated by the bow shock in front of the restarted jets and
within the outer lobes. The predicted rapid progression of the inner lobes through the outer
lobes requires the eventual development of a hotspot at the edge of the outer lobe, causing the
DDRG ultimately to resemble a standard Fanaroff–Riley II radio galaxy. This may suggest
that DDRGs are a brief, yet normal, phase of the evolution of large-scale radio galaxies.

Key words: ISM: jets and outflows – galaxies: active – galaxies: individual: B1450+333 –
galaxies: individual: B1834+620 – galaxies: jets.

1 IN T RO D U C T I O N

Fanaroff–Riley type II radio galaxies (FRII; Fanaroff & Riley 1974)
are well known for the ejection of highly collimated jets from
a central nucleus. These jets subsequently inflate a pair of radio
synchrotron-emitting lobes where the jets are decelerated by the
ram pressure of the intergalactic medium (IGM). ‘Double–double
radio galaxies’ (DDRGs) form a subclass of FRII objects in which
there are multiple pairs of lobes, all strongly coaligned to within a
few degrees of each other. There are currently ∼12–17 such systems
known, identified and studied by Schoenmakers et al. (2000a,b),
Kaiser, Schoenmakers & Röttgering (2000), Konar et al. (2006),
Saikia, Konar & Kulkarni (2006), Marecki & Szablewski (2009),
Machalski, Jamrozy & Konar (2010) and Saikia & Jamrozy (2009,
and references therein). Recently the first ‘double–double radio
quasar’, 4C 02.27 has been discovered (Jamrozy, Saikia & Konar
2009), showing that the properties of DDRG are not purely phe-
nomena of giant radio sources and may even be a common, but
short-lived, phase of active galaxy evolution.

The second, inner pair of lobes in each DDRG/Q was interpreted
as evidence for a second episode of jet activity, within the remnant
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cocoon of the original jet, as opposed to knots in an underlying jet.
Support for this conclusion was increased significantly by the dis-
covery by Brocksopp et al. (2007) of a third pair of closely aligned
lobes in the first known ‘triple-double radio galaxy’, B0925+420.
Such objects therefore give us rare and invaluable opportunities to
study the duty cycles of large-scale radio galaxies, despite their
episodes of jet activity taking place on time-scales of millions of
years.

Brocksopp et al. (2007) modelled the three pairs of lobes of
B0925+420 in terms of their dynamical evolution in order to deter-
mine the permitted ranges of jet power as a function of age of the
source and density of the surrounding medium, thereby testing the
hypothesis that the subsequent pairs of lobes were indeed forming
within the cocoon of the original jet. They found that the formation
of the inner pair of lobes was indeed consistent with the outer pair
having been displaced buoyantly by the ambient medium. The mid-
dle lobes were more problematic, requiring higher densities than
those found within the outer lobes. An alternative model (Clarke &
Burns 1991) was suggested, interpreting the inner and middle lobes
as jet-driven bow shocks within the outer lobes.

In order to further fine-tune the mechanisms by which the ob-
served characteristics of the lobes can be reproduced, it is neces-
sary to model more lobes from other DDRG systems. In this paper
we use Very Large Array radio data for two additional systems,
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DDRG: formation of the radio structures 485

B1450+333 and B1834+620, which have been the subjects of de-
tailed studies previously (Schoenmakers et al. 2000b; Konar et al.
2006). We summarize previous results from the literature in the re-
mainder of Section 1, we present the VLA observations in Section 2,
the resulting total intensity, spectral index and polarization images
in Sections 3 and 4 for B1450+333 and B1834+620, respectively,
and then use the results as inputs for the model in Sections 5–7.
We note that the modelling sections assume a WMAP cosmology,
with H0 = 71 km s−1 Mpc−1, �m = 0.27, �� = 0.73 (Spergel et al.
2003).

1.1 B1450+333

B1450+333 (=J1453+3308) was identified as a DDRG by
Schoenmakers et al. (2000a) using data from Faint Images of the
Radio Sky at 20 cm (FIRST: Becker, White & Helfand 1995), the
NRAO VLA Sky Survey (NVSS: Condon et al. 1998) and the West-
erbork Northern Sky Survey (WENSS: Rengelink et al. 1997). It
consists of four radio lobes distributed about a central core and
only the southern, outer lobe shows tentative evidence for a weak
hotspot. The southern lobes are weaker and more extended than the
northern lobes and the outer lobes display an extended morphol-
ogy perpendicular to, as well as along, the jet axis. Konar et al.
(2006) studied this object further, using a wide range of observing
frequencies and resolutions. They modelled the spectra of the lobes
and determined spectral ages for the northern and southern outer
lobes of ∼47 and 58 Myr, respectively, implying a mean separation
velocity of 0.036c; the synchrotron age of the inner lobes was ∼2
Myr, implying a velocity of ∼ 0.1c. B1450+333 lies at a redshift
of 0.249 (Schoenmakers et al. 2000a).

1.2 B1834+620

B1834+620 was similarly identified as a DDRG by Schoenmakers
et al. (2000a,b) using data from the WENSS and NVSS. It too
consists of four radio lobes about a central core, with hotspots
present at the leading edges of the northern outer and southern
inner lobes. The authors used the presence of these hotspots to
argue in favour of the inner lobes having rapid advance velocities
in a low-density environment; such a conclusion was supported by
the discrepancy between the large optical emission line luminosity
of the host galaxy and the relatively low radio power of the inner
lobes, as well as by the model of Kaiser et al. (2000). B1834+620
lies at a redshift of 0.519 (Schoenmakers et al. 2000b).

2 O BSERVATI ONS

Radio observations of B1450+333 and B1834+620 were obtained
using the VLA on 2000 October 20–21, when the array was in
the highest resolution A-configuration, and 2001 April 2, when
the array was in the B-configuration. Data were obtained at three
frequencies – 1.40 GHz (L band), 4.86 GHz (C band) and 8.46
GHz (X band) – in each array, as for our previous observing cam-
paign for B0925+420 (Brocksopp et al. 2007); IFs at two adja-
cent frequencies were used in each continuum observation. In or-
der to reduce potential bandwidth-smearing in the most extended
image, the 1.40-GHz B-array observation of B1450+333 was ob-
tained in the PA/PB spectral line observing mode. This gave us
eight channels of 3.125 MHz each, resulting in a 25-MHz band-
width instead of the more usual, continuum bandwidth totalling
50 MHz. Full polarization information was also recorded. 3C 286
(JVAS J1331+3030) was used as the flux and polarization calibra-
tor while JVAS J1416+3444 and JVAS J1849+670 were used for
phase calibration of B1450+333 and B1834+620, respectively, and
to ensure parallactic angle coverage.

The 2000/2001 VLA data were reduced using standard flag-
ging, calibration, cleaning and imaging routines within AIPS (version
31DEC04). The flux densities of 3C 286 were obtained using the
formulae of Baars et al. (1977) but with the revised coefficients of
Rick Perley, as is the default option in the SETJY routine. Additional
analysis routines within AIPS were used to measure lobe parame-
ters and create spectral index maps. We list the angular resolutions
and sensitivities of the images at all three frequencies and in both
array-configurations in Table 1.

We note that these VLA observations of B1450+333 have been
presented by Konar et al. (2006) and so we do not repeat their work
here. The B1834+620 observations are previously unpublished,
although a detailed study of this source has also been presented by
Schoenmakers et al. (2000b).

3 R E S U LT S – B1 4 5 0+3 3 3

B1450+333 was detected at each of the six frequency/resolution
combinations. The B-array images clearly resolve the core and
inner lobes, although the outer lobes are only detected in the B-
array images at 1.40 GHz and much of the extended emission is
resolved out in the A-array maps. The higher-frequency images
hint at an extended morphology to the inner lobes, approximately
aligned along the axis of the large-scale source. The morphology of
this object has been studied in further detail by Konar et al. (2006)
and images at various frequencies can be seen there.

We used the VLA images to measure the flux, length and width of
each lobe, typically using the lower-resolution images, and to create

Table 1. Angular resolutions, position angles (PA) and 1σ noise levels in each of the new VLA images.

Frequency A-array res. (PA) A-array 1σ Time on B-array res. (PA) B-array 1σ Time on
(GHz) (arcsec) (◦) (µJy beam−1) source (min) (arcsec) (◦) (µJy beam−1) source (min)

B1450+333
1.40 1.7 × 1.5 (−12.4) 217.0 236 6.6 × 4.9 (74.8) 214.0 55
4.86 0.6 × 0.5 (−21.9) 28.9 117 1.6 × 1.5 (−85.9) 38.5 88
8.46 0.3 × 0.2 (−7.3) 29.1 117 0.9 × 0.8 (−72.8) 29.9 89

B1834+620
1.40 1.9 × 1.5 (−8.33) 212.0 249 5.9 × 4.9 (17.09) 556.0 62
4.86 0.5 × 0.3 (13.89) 44.1 116 2.0 × 1.5 (−60.8) 64.6 59
8.46 0.3 × 0.2 (−19.4) 27.6 98 1.2 × 0.9 (−60.8) 41.1 57
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486 C. Brocksopp et al.

Figure 1. Spectral index map created from the VLA data for the inner lobes
of B1450+333. We used the B-array images at 4.86 GHz so as to ensure
that no emission was resolved out and the A-array image at 1.40 GHz so as
to match the resolutions as closely as possible. The higher-resolution image
was reconvolved with the beam of the lower-resolution image to give an
angular resolution = 1.7 × 1.5 arcsec. The core appears to have a relatively
flat spectrum and the lobes a steeper spectrum with α predominantly in the
range −0.5 to −1.5.

spectral index images (Fig. 1); we define the spectral index, α, in
terms of the Sν ∝ να , where Sν is the flux density at frequency ν. The
spectral index images use B-array data at the two higher frequencies,
so as to minimize the amount of emission resolved out, and A-
array data at 1.40 GHz so as to match the resolutions as closely
as possible. The lobes have α predominantly in the range −0.5 to
−1.5. whereas the core is flatter and/or inverted. There appear to be
some localized regions of steeper spectrum, particularly at higher
frequencies. These values of α are consistent with those calculated
for e.g. B0925+420 (Brocksopp et al. 2007) and the lobes of more
typical FRII radio galaxies, confirming that all the flux has been
recovered. We use these measurements as input parameters for the
modelling in Section 7.

Using B-array polarization images at all three frequencies, we
produced a rotation measure (RM) image. Using the CURVAL routine
within AIPS, we measured typical pixel values of ≤ 10 rad m−2, con-
sistent with that of Konar et al. 2006, although occasional higher
pixel values resulted in a mean (using the IMSTAT routine within AIPS)
of 14 rad m−2. Using this higher value, we derived corrections to the
position angle of polarization of 32◦ and 3◦ for 1.40 and 4.86 GHz,
respectively. Fig. 2 shows the resultant fractional polarization im-
ages with electric vectors corrected for RM; the main image is at

Figure 2. Fractional linear polarization (FP) images of B1450+333 using
the VLA:B-array data only. FP is represented by the grey-scale, which ranges
from 3σ to the map peak in each case. The ‘wedge’ indicates the grey-scale
in the main image only. The main image is at 1.40 GHz and the inset plots
of the inner lobes are at 4.86 GHz. The vectors indicate the direction of
the electric field, following correction for RM (=14 rad m−2), and their
length indicates the linear polarization (1 arcsec = 4.81 × 10−5 Jy beam−1).
The outer lobes are very strongly polarized – up to ∼60 per cent in places,
particularly around the edge of the northern lobe – while the rest of the
lobes are still typically polarized up to ∼20 per cent. The vectors show a
complicated structure to the electric field, particularly in the outer lobes and
we discuss this further in the text.

1.40 GHz so as to show the outer lobe structure (and at higher
resolution than the polarization images presented by Konar et al.
2006) and the inset plots of the inner lobes are at 4.86 GHz. The
electric field vectors are roughly perpendicular to the jet direction
for most parts of the inner lobes, as is typical for lobes in standard
radio galaxies. However, there are also significant disruptions to an
ordered field, particularly in the centre of the northern inner lobe.
The magnetic field becomes perpendicular to the source axis in the
outer regions of (in particular) the northern outer lobe. This may
be caused by compression due to lobe expansion, as also suggested
for the middle lobes of B0925+420 (Brocksopp et al. 2007), which
may seem surprising for a lobe which is no longer supplied with
additional energy (see Section 7). The level of fractional polariza-
tion depends on location within the lobe. The northern outer lobe
showed higher levels (40–60 per cent) of FP around the outer parts
and lower levels (7–20 per cent) towards the centre. The southern
outer lobe showed similar levels but with a more ‘patchy’ structure,
perhaps caused by a clumpy composition, consistent with the 20 per
cent depolarization detected by Konar et al. (2006). The inner lobes
were slightly less polarized but still with the higher levels tending
towards the sides of the lobes.
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Figure 3. VLA images of B1834+620 showing the two pairs of lobes. All contours are at −3, 3, 6, 12, 24, 48, 96, 192 × σ . LHS: the 1.40-GHz B-array
data showing extended emission along the jet axis (σ = 556 µJy beam−1). Centre: 4.86-GHz B-array data showing discrete lobes without extension (σ =
64.6 µJy beam−1). Right: 4.86-GHz A-array image showing the inner lobes only (σ = 44.1 µJy beam−1).

4 R E S U LT S – B1 8 3 4+6 2 0

Similarly, B1834+620 was detected at each of the six fre-
quency/resolution combinations although much of the extended
emission was resolved out in the high-frequency A-array images.
Images at each frequency are shown in Fig. 3, with inset plots
overlaying the right-hand panel to show the inner lobes at high res-
olution. All the lobes are extended along the axis of the large-scale
source and the 1.40-GHz images hint at some possible emission
extending from the outer lobes back towards the inner lobes. This
source has previously been studied by Schoenmakers et al. (2000b)
and here we extend their analysis using new, higher-resolution im-
ages.

We used the VLA images to obtain fluxes, widths and lengths
of the lobes, again typically using the lower-resolution images, and
to create spectral index images (Fig. 4). The values of α appear
reasonable and of the order ∼ −1 for lobes and flatter in the core;
however, the spectrum in the 4.86-GHz/8.46-GHz image appears
unexpectedly steep (−3 to −4) in places suggesting that some of
the 8.46-GHz emission has been resolved out. We therefore use the
fluxes of Schoenmakers et al. (2000b) in Section 7.

The discrepancy affecting the spectral index image also appears
to affect our estimates for the rotation measure; we obtain a very
low value of 0.4 rad m−2 which is inconsistent with the higher value
of 55–60 obtained by Schoenmakers et al. (2000b). Given the much
greater number of frequencies used by these authors, and the lower
resolution of their images, we adopt their value for correction of our
images. We note that unpublished data from the Westerbork Syn-
thesis Radio Telescope further support this higher value of rotation
measure (de Bruyn et al. in preparation). The resultant fractional
polarization image at 1.40 GHz is plotted in Fig. 5 with inset plots
showing the inner lobes at 4.86 GHz. Contrary to B1450+333, the
electric vectors are approximately perpendicular to the jet axis in
each of the four lobes, with the main region of disruption taking
place around the leading edge of the northern outer lobe. This lo-
cation corresponds to the bright hotspot, an uncommon feature of
DDRG objects, although common to detect in more conventional
FRII galaxies. The degree of fractional polarization is less extreme
in this object, typically around 20 per cent in all lobes, although

Figure 4. Spectral index maps created for the inner and outer lobes of
B1834+620; we used the A-array image for 1.4 GHz and the B-array image
for 4.86 GHz so as to ensure that no emission was resolved out at the higher
frequencies. The higher-resolution image was reconvolved with the beam
of the lower-resolution image, resulting in an angular resolution = 1.9 ×
1.5 arcsec. The core appears to have a relatively flat spectrum and the lobes
a steeper spectrum with α in the range −0.5 to −2. Inset plots show the
inner lobes at higher magnification.

possibly a little higher in parts of the northern outer lobe which,
again, is likely to be related to the hotspot.

5 A M O D E L FO R T H E O U T E R L O B E S

The standard model for the evolution of the large-scale structure
inflated by jets in FRII-type radio galaxies was first proposed by

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 410, 484–498
Downloaded from https://academic.oup.com/mnras/article-abstract/410/1/484/1035091
by University Library user
on 17 April 2018
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Figure 5. Fractional linear polarization (FP) images of B1834+620 using
the VLA:B-array data only; FP is represented by the grey-scale, which ranges
from 3σ to the map peak in each case. The ‘wedge’ indicates the grey-scale
in the main image only. The main image is at 1.40 GHz and the inset plots
of the inner lobes are at 4.86 GHz. The vectors indicate the direction of the
electric field, following correction for RM (=55 rad m−2), and their length
indicates the linear polarization (1 arcsec = 4.81 × 10−5 Jy beam−1). The
outer lobes are strongly polarized, typically up to ∼20 per cent. The electric
vectors are perpendicular to the source axis in all lobes, with the exception
of the hotspot in the north outer lobe.

Scheuer (1974) and Blandford & Rees (1974). The momentum
transported along the jet is balanced by the thermal pressure and
ram pressure of the receding medium in the vicinity of the host
galaxy. The momentum balance leads to the formation of a strong
shock at the end of the supersonic jet. After passing through the jet
shock, the jet material inflates a lobe or cocoon of low-density, but
high-pressure, gas. This material protects the jet flow from turbulent
disruption through contact with the higher-density ambient medium.

Falle (1991) showed that an initially overpressured jet will come
into pressure equilibrium with its own lobe. For a jet propagating
into an ambient medium with a power-law density distribution, i.e.

ρx = ρ
( r

a

)−β

, (1)

where r is the distance from the centre of the distribution and ρ and
a are constants, the growth of the lobe will be self-similar (Kaiser
& Alexander 1997). The size of the lobe is then related to the age
of the jet flow, t, by a power law.

We can also calculate the radio luminosity of the lobe of a given
size (e.g. Kaiser, Dennett-Thorpe & Alexander 1997; Blundell &
Rawlings 2000; Manolakou & Kirk 2002). This takes into account
the cumulative effects of energy losses of the radiating electrons

due to the adiabatic expansion of the lobe, the emission of syn-
chrotron radiation and the inverse Compton scattering of cosmic
microwave background (CMB) photons. Here we use the model of
the source dynamics by Kaiser & Alexander (1997) and that for the
radio synchrotron emission of the lobe by Kaiser et al. (1997). This
combined model was recently summarized and discussed in Kaiser
& Best (2007) (see also Kaiser & Best 2008) and we will use the
model in the form presented there.

In the radio maps of the two DDRGs there is little or no evidence
for active hotspots in the outer lobes. This suggests that they are
no longer supplied with energy by active jets. Here we assume that
the energy supply to the outer lobes only stopped recently in terms
of the total source age, t. The dynamics of the lobes are then still
governed by the same equations as during the active jet phase lasting
a time tj < t. However, no freshly relativistic accelerated electrons
enter the lobes after tj + tt, where tt is the time it takes for the last
jet material ejected by the central active galactic nucleus (AGN)
at tj to reach the end of the still-growing lobe (Kaiser et al. 2000;
Brocksopp et al. 2007). We note that the parameter tj did not appear
in the standard model, referenced above, but is introduced here as a
free parameter.

The combined model involves a number of parameters. These
can be divided into three groups. Set parameters are fixed to plau-
sible values by considering the underlying physics or observations
independent of the radio observations. The values of observed pa-
rameters are derived from the observational radio data of individual
DDRGs discussed in this paper. Free parameters are those derived
by making the model self-consistent and taking into account all
observational information. Table 2 summarizes all parameters and
we discuss the more important ones below.

The adiabatic index of the lobe material depends on its compo-
sition. For lobes filled only with magnetic fields and a relativistic
pair plasma, we would expect a relativistic equation of state with

l = 4/3. However, in the following we find that the energy den-
sity of the lobes of B 1450+333, and to a much lesser extent those
of B 1834+620, may contain a significant contribution from other,
non-radiating particles, i.e. k �= 0 (where k is the ratio of the energy
densities of non-radiating particles to those of relativistic electrons).
Also, if the power-law energy distribution of the electrons does in-
deed extend down to Lorentz factors of around unity, then most
particles will not be highly relativistic and hence we set 
l = 5/3.
The limits of the initial electron energy distribution do not strongly
influence the results as long as m ∼ 2, but for steeper power laws
the lower energy cut-off may become more important. This is the
case for the inner lobes of the DDRGs discussed here and we will
return to this point in Section 6.1.

The way in which the ratio of the energy density of the magnetic
field in the lobe to that of all particles, R, is defined in Kaiser
et al. (1997) and Kaiser & Best (2007) implies that the relativistic
electrons and the magnetic field are not fulfilling the minimum-
energy condition at any point in time when k �= 0. However, the
magnetized plasma in the lobes of FRII-type sources appears to
be close to minimum-energy conditions (e.g. Croston et al. 2005).
Hence we enforce minimum-energy conditions by setting R =
3/ [4 (k + 1)]. In this way, all model equations involving R and k
remain valid.

The outer lobes of the DDRGs discussed in this paper are very
large. The model therefore predicts the sources to be old. Any
inclination of the lobes towards our line of sight, implying a viewing
angle θ < 90◦, would result in projection with the actual lobe sizes
and their ages increasing even further. However, this is a small effect
as long as θ > 45◦. While the observational data do not rule out
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Table 2. Summary of model parameters for the standard FRII model. The notation is that used in Kaiser & Best (2007).

Adiabatic index of lobe material 
l 5/3
Adiabatic index of external medium 
x 5/3
Adiabatic index of magnetic field 
B 4/3
Minimum of initial electron Lorentz factor γ min 1

Set Maximum of initial electron Lorentz factor γ max 108

Viewing angle θ 90◦
Exponent of external density distribution β 0, 1.5
Core radius of external density distribution a 2 kpc
Energy density of the CMB at z = 0 uCMB 4 × 10−14 J m−3

Ratio of energy densities of non-radiating particles and relativistic electrons k 0, 100

Length of lobe D
Aspect ratio of lobe A

Observed Observing frequency ν

Radio luminosity density Lν

Cosmological redshift z
Exponent of initial power-law energy distribution of relativistic electrons m

Jet power Q
Free External density at core radius ρ

Source age t
Duration of jet flow tj

projection effects, we assume that the lobes are lying in the plane
of the sky.

The density distribution of the ambient gas is described by equa-
tion (1). The model therefore only depends on the combination ρaβ ,
but not on a and ρ individually. Here we choose to fix a and adopt
ρ as a free parameter. Any change suggested by the model for ρ

may be interpreted as a change of a instead as long as the combi-
nation ρaβ retains the value suggested by the model. The exponent
of the power law, β, is set to 1.5, appropriate for a wide range
of gaseous environments from elliptical galaxies to galaxy clusters
(e.g. Fukazawa, Makishima & Ohashi 2004). We also investigate
the possibility that the outer radio lobes extend beyond the local
environment of the host galaxy or cluster into a more uniform IGM.
In this case we set β = 0.

The length of the lobes and the ratio of their length and their width,
the lobe aspect ratio A, can be determined from radio observations
with sufficient resolution to resolve the lobe perpendicular to the jet
axis. However, at high observing frequencies, allowing sufficient
spatial resolution, the lobes are often not detected all the way from
the hotspots to the core. While we can still determine the length of
the lobes, it is difficult to measure their width. Most measurements
of A must therefore be viewed as upper limits.

Measuring the total radio luminosity density at a given observing
frequency requires low spatial resolution to avoid resolving out
flux on the largest scales. At the same time we require sufficient
resolution to distinguish emission from the inner and outer lobes.
For both sources we find measured fluxes at a range of frequencies
that avoid both problems.

The power-law exponent for the initial energy distribution of the
relativistic electrons may, in principle, be determined from the ob-
served spectral slope of the lobes at low frequencies where radiative
energy losses of the electrons have not yet significantly changed the
energy distribution. This is straightforward in the case of young
sources like the inner lobes and below we will use the value for m
derived from their observed spectral slope. A similar determination
of m is difficult to achieve for older sources like the outer lobes of
the DDRGs (e.g. Konar et al. 2006). We show below that the ob-
served spectra of the outer lobes are consistent with a comparatively
flat energy distribution with m = 2.

We use the observational data to constrain the values of four
free parameters: the jet power, Q; the normalization of the density
distribution of the ambient medium, ρ; the source age, t; and the
duration of the jet flow, tj. Assuming that we have n measurements
of the radio flux at the same number of frequencies spread out
over a large range plus the length of the lobe, then the degrees
of freedom of the model are given by n − 3. For the inner lobes
we assume that the jets are still supplying these structures with
energy and so the number of free parameters is reduced to three,
because t = tj. Also, we show below that the spectra of the inner
lobes are consistent with power laws. Hence the individual flux
measurements are not independent and they can only be counted as
a single measurement. For the inner lobes we therefore have only
two observational constraints, but three free parameters, resulting in
relations between pairs of free parameters instead of specific values
for each of them.

6 MO D E L S F O R TH E I N N E R LO B E S

The spectra of the inner lobes, up to an observed frequency of at
least 8.46 GHz, are consistent with a power-law description. This
implies that the electrons emitting in the observed frequency range
have not suffered significant radiative energy losses since they were
accelerated to relativistic velocities. The inner lobes must therefore
be young. This requirement is consistent with our assumption that
the inner lobes represent a second activity phase of the jet flow
from the central AGN after the energy supply to the outer lobes
shuts down. The inner lobes then cannot be older than a few 107 yr,
because for an older age the emission from the outer lobes should
have faded below the fluxes at the higher observed frequencies.
Given the observed close alignment of the inner lobes with the outer
lobes, we assume that the inner lobes are fully contained within the
volumes of the outer lobes. We propose two different interpretations
for the existence and observed properties of the inner lobes.

6.1 Standard FRII model

The first interpretation is that the same model used to explain the
outer lobes also applies to the inner lobes. The jet flows inflating
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the inner lobes must then end in strong shocks giving rise to parti-
cle acceleration. The observations do not show much evidence for
luminous radio hotspots which could be identified as the jet shocks.
However, given our limited spatial resolution, we cannot rule out the
presence of compact structures with an enhanced radio luminosity
at the end of the inner lobes.

The model is identical to that developed in Section 5 for the outer
lobes. However, we can make some simplifications. We assume
that the inner lobes are currently still supplied with energy by active
jets. Hence tj = t and we reduce the number of free parameters by
one. Also, the power-law shape of the observed spectrum implies
insignificant radiative energy losses of the relativistic electrons. The
inner lobes will be well described by the much simplified model
in the adiabatic regime as described in Kaiser & Best (2007). For
an observed lobe length of D and radio luminosity density Lν it is
straightforward to derive relations between the source age of the
inner lobes, ti, and the jet power, Q,

ti =
[

(1 + ε)4 D3(m+1)L4
ν

f 4
L f m+1

p c
(5−β)(m+1)/3
1

]1/(m+5)

Q−1, (2)

where ε, f L, f p and c1 are constants defined in Kaiser & Best (2007).
We can also find a relation between the scale density of the ambient
gas, ρ i, and the jet power,

ρi =
( c1

D

)5−β

a−βQt3
i . (3)

The observed power-law spectra have steep slopes and in the
absence of significant radiative energy losses these steep slopes
translate into large values for the exponent of the initial energy
distribution of the relativistic electrons, m. Large m may indicate
inefficient particle acceleration and they make the model results
more dependent on the low energy cut-off of the electron energy
distribution as most of the energy of the electrons is stored in the
low-energy end of the distribution. However, our conclusions below
do not depend on our assumptions for γ min. In general, this standard
FRII interpretation of the inner lobes requires substantially higher
mass densities within the outer lobes than can be explained with the
material transported along the jet flows that inflated these structures.

6.2 Bow-shock model

For the alternative model we assume that the density and pressure
inside the outer lobes is insufficient to significantly slow down the
advance of the inner, young jets. In this case, the inner jets do
not develop very strong shocks at their ends or inflate substantial
lobes. We do not expect the ends of the jets to be sites of efficient
particle acceleration and so the inner jets do not directly produce
much radio emission. However, they push aside and compress the
contents of the outer lobes. The advance of the inner jets is fast and
therefore leads to the formation of a bow shock within the outer
lobes. This bow shock can re-energize the relativistic electrons and
it also strengthens the magnetic field by compressing it. We identify
the radio synchrotron emission observed from the inner lobes with
that produced by the shocked and compressed outer lobe material.
The model was discussed briefly in Brocksopp et al. (2007), where
we also point out that bow-shock structures, but no lobes directly
inflated by jets, are found in numerical simulations of restarting jets
(Clarke & Burns 1991). Here we expand the description of the model
to see whether our observations of B 1450+333 and B 1834+620
are consistent with its predictions. A very similar model was recently
developed independently by Safouris et al. (2008) to describe the
inner lobes of the DDRG PKS B1545−321.

In the rest frame of the bow shock propagating through the outer
lobe ahead of the inner jet, the momentum supplied by the jet must
be balanced by the momentum of the receding lobe material. We
must also include the pressures of the jet material, pj, and of the
lobe material, pl, in this balance and so (e.g. Bicknell 1994)(
γ 2

jbβ
2
jbwj + pj

)
Aj = (

γ 2
b β2

b wl + pl

)
Ab, (4)

where β j is the speed of the bow shock in the rest frame of the
outer lobe material and β jb is the speed of the jet material in the rest
frame of the bow shock. γ b and γ jb are the corresponding Lorentz
factors. From the relativistic transformation of velocities we get
γ 2

jbβ
2
jb = γ 2

b β2
j (βj − βb)2. The jet has a cross-section of Aj and the

bow shock has a surface area of Ab.
The relativistic enthalpy w is defined as w = e + p where e is

the internal energy density, including the rest-mass energy density,
and p is the pressure. For simplicity we assume that all gases can be
described by an equation of state of the form p = (
 − 1)(e −ρc2),
where 
 is the ratio of specific heats and ρ the rest-mass density.
It is convenient to introduce the ratio R = ρc2/(w − ρc2). For
large R the energy density of the gas is dominated by its rest-mass
energy density, while for small values of R the gas is relativistic. In
Brocksopp et al. (2007) we only considered the latter case. We can
now write[
γ 2

b β2
j (βj − βb)2 
j


j − 1
(R j + 1) + 1

]
pjAj

=
[
γ 2

b β2
b


l


l − 1
(R l + 1) + 1

]
plAb. (5)

The energy flux along the jet is

Q = (
γ 2

j wj − ρjc
2
)
βjcAj. (6)

Substituting for wj and ρ j in terms of pj and R j and solving for the
jet cross-section gives

Aj = 
j − 1


j

Q

βjcpj

[
γ 2

j + R j

(
γ 2

j − 1
)] . (7)

Note that upon substituting this expression for Aj into equation (5),
the jet pressure terms cancel.

We now turn to the properties of the material in the outer lobe and
find an expression for R l. The jet inflated this lobe during a time
tj. If its volume is V l and it only contains material that was supplied
by the jet, i.e. mixing across the lobe surface can be neglected, then

ρl = Ṁtj

Vl
, (8)

where Ṁ is the rest-mass transport rate of the jet. Ṁ is given by

Ṁ = ρjβjcAj. (9)

Substituting for ρ j in terms of R j and pj as well as substituting for
Aj, we find

Ṁ = Q

c2

R j

γ 2
j + R j

(
γ 2

j − 1
) . (10)

Since

R l = 
l − 1


l

ρlc
2

pl
, (11)

we can now find the value of R l, if we know pl and the other
quantities appearingin equations (5) and (7). We obtain pl, Q, tj and
V l from the model for the outer lobe, while we can use the observed
geometry of the inner lobes to constrain the surface area of the
bow shock, Ab. Assuming either a matter-dominated, R j � 1,
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relativistic, R j 	 1 or balanced, R j ∼ 1, jet, we can then find the
speed of the bow shock, βb, as a function of the Lorentz factor of
the jet, γ j, from the implicit equation (5).

The material in the outer lobe passes through the bow shock
driven by the inner jet. In this process, the mass, momentum and
energy of the lobe material must be conserved. This leads to the con-
tinuity equations across a relativistic shock (e.g. Landau & Lifshitz
1987),

βbγbρl = βsγsρs,

β2
b γ 2

b wl + pl = β2
s γ 2

s ws + ps,

βbγ
2
b wl = βsγ

2
s ws,

(12)

where a subscript ‘s’ denotes quantities describing the shocked
material behind the bow shock. All velocities are measured in the
rest frame of the bow shock. If we assume that the ratio of specific
heats of the material in the outer lobe, 
l, does not change during
the shock passage, then we can rearrange the set of equations above
to give

βbγb

[
1 − γb

γs
+ 
l


l − 1
βs (βb − βs) γbγs

]
= βbγb − βsγs

1 + R l
(13)

Table 3. Observed properties of the four lobes in the DDRG B 1450+333
used in the modelling. Additional flux densities have been taken from the
compilation by Konar et al. (2006).

B1450+333 North South
Outer Inner Outer Inner

Lobe length, D (kpc) 635a 79.8b 781a 83.7b

Aspect ratio, A 1.8c 3.9d 3c 5d

Flux densities (mJy)
0.240 GHz 1055 123 602 48
0.334 GHz 902 96 563 47
0.605 GHz 606 69 370 29
1.287 GHz 272 37 164 17
1.365 GHz – 38 – 14
1.40 GHz 258 – 145 –
4.86 GHz 71 16 32 4.9
8.46 GHz – 9.5 – 2.6

aVLA in B-array at 1.40 GHz.
bVLA in A-array at 4.86 GHz.
cGMRT at 0.605 GHz (Konar et al. 2006).
dVLA in A-array at 1.40 GHz.

and

ps =
[


l


l − 1
βbγ

2
b (βb − βs) (1 + R l) + 1

]
pl. (14)

From the implicit equation (13) we obtain the velocity of the
shocked gas with respect to the bow shock, βs. Substituting this
into equation (14) we arrive at the pressure of the shocked gas ps

which may be compared to the pressure estimated from the radio
synchrotron emission of the inner lobes by using the minimum-
energy condition.

7 A P P L I C AT I O N O F TH E M O D E L S

We now apply the models detailed above to the observational data
on B 1450+333 and B 1834+620.

7.1 B 1450+333

The radio observations used to constrain the models for the inner
and outer lobes of B 1450+333 are summarized in Table 3. We
follow Konar et al. (2006) and assume a typical error for the flux
measurements of 7 per cent at all frequencies, except at 0.240 GHz
where the error is assumed to be 15 per cent.

7.1.1 Outer lobes

For the outer lobes we have flux measurements at six frequencies
for each lobe. According to the discussion in Section 5 this implies
that the degrees of freedom in the model fitting is 3. We investigate
three individual models. The first assumes a power-law density
distribution the jets expand into with β = 1.5 and no energy in
any non-radiating particles in the lobes, i.e. k = 0. We then allow
for non-radiating particles in the lobe by setting k = 100. Finally,
we assume that the outer radio lobes extend beyond the confines
of the atmosphere of the host galaxy into a uniform intergalactic
medium with β = 0. For this model we implicitly assume that the
lobes have extended beyond the atmosphere of their host galaxy for
a significant fraction of their age. Table 4 shows the fitting results
for these three models and Fig. 6 shows the model spectrum for the
case β = 1.5 and k = 100 compared to the observations.

In all three cases we get very good agreement of the model
spectra with the observational data, despite the fact that the observed
spectral slope at high frequencies is considerably steeper than the
α = 0.5 expected from a model with m = 2 in the absence of radiative
energy losses of the electrons. The fact that χ 2 < 1 for all three cases

Table 4. Model parameters for the outer lobes of B 1450+333 for the model spectra with the best fit. The model parameters for the inner
lobes for the standard FRII model, ti and ρi, evolving inside the respective outer lobes are also given.

k = 0, β = 1.5 k = 0, β = 0 k = 100, β = 1.5
North South North South North South

Q/1037 W 7.0 8.5 5.6 6.5 410 500
t/Myr 53 43 55 48 52 43
tj/Myr 48 34 50 39 46 33
ρ/10−24 kg m−3 3.0 0.58 1.3 × 10−3 2.2 × 10−4 170 34
χ2 0.68 0.86 0.35 0.73 0.70 0.75

pl/10−15 J m−3 3.1 1.5 3.5 1.7 180 88
Bl/nT 0.071 0.049 0.075 0.052 0.071 0.049
ρl (ξ = 1) /10−24 kg m−3 6.4 × 10−7 8.2 × 10−7 5.4 × 10−7 7.2 × 10−7 3.7 × 10−5 4.8 × 10−5

ρi/10−24 kg m−3 0.023 2.0 × 10−4 0.036 2.0 × 10−4 7.4 × 10−4 3.6 × 10−6

ti/Myr 2.4 0.41 2.9 0.54 0.19 0.031
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Figure 6. Comparison of model spectra with observations for B 1450+333
in the source rest frame. Circles show the data for the northern lobes, squares
are for the southern lobes. The upper data points and lines are associated
with the outer lobes while the lower data points and lines show the inner
lobes. The solid lines show the model predictions for the outer lobes, the
dashed lines show the power-law fits to the spectra of the inner lobes.

suggests that our assumed errors of the flux measurements, 15 per
cent at 0.240 GHz and 7 per cent at the other frequencies, are too
conservative. Also, based on the χ 2 values alone, none of the models
is formally preferred over the others.

While we cannot formally reject any of the models, a closer
inspection of the model results shows that both models with k = 0
require a very low gas density in the source environment. We can
convert the gas density measured from X-ray observations of galaxy
groups by Jetha et al. (2007) to our choice of β = 1.5 and a = 2 kpc.
The lowest density in this sample is that of NGC 3607 with ρ ∼ 8 ×
10−23 kg m−3 followed by NGC 720 with ρ ∼ 1.40 × 10−22 kg m−3.
The densities required by our model with β = 1.5 are at least a
factor of 25 lower. Also, for β = 0, when we assume that the outer
lobes extend beyond the gaseous atmosphere of the host galaxy, the
inferred density is at least a factor of 14 below the critical density
of the universe at this redshift. We consider it therefore unlikely
that the models with k = 0 accurately describe the outer lobes of
B 1450+333.

We experimented with changing the values of the various set
model parameters to arrive at a more realistic density for the source
environment. The only model parameter forcing a significant change
of ρ is k, the ratio of the energy stored in non-radiating particles
inside the outer lobes. Setting k = 100, we found an acceptable fit
with a density for the host environment consistent with the findings
of Jetha et al. (2007) for galaxy groups. The age of the outer lobes
does not change much for this model because the observed spectral
shape requires significant ageing of the radiating electrons. How-
ever, the larger energy requirements force a large increase in the jet
power, Q. While still larger values for k are conceivable, given that
for k = 100 the density inferred by the model is still at the lower
end of the range of the sample of Jetha et al. (2007), the required
increase in Q would put the jet power of B 1450+333 beyond the
maximum inferred for radio galaxies of type FRII (e.g. Rawlings
& Saunders 1991). Allowing m to be a free parameter can help to
reduce the high required values of Q (compare with e.g. Machal-
ski et al. 2007), although at risk of making the model too flexible.
However, increasing m too much results in the outer lobes becom-
ing so young that there is insufficient time for the inner lobes to
develop.

Figure 7. Confidence contours for the free model parameters jet power, Q,
and environment density, ρ, for the model of the outer lobes of B 1450+333
with β = 1.5 and k = 100. Upper contours for the north outer lobe, lower
contours for the south outer lobe. The contours from the outside inwards are
for confidence levels 99, 95, 90, 75 and 50 per cent. Black dots show the
location of the best-fitting parameters summarized in Table 4.

The strength of the magnetic field inferred by the model is in-
dependent of the value of k while the pressure in the lobes in-
creases substantially for larger k. This is just a reflection of the
assumption, implicit in our model, of conditions close to equipar-
tition inside the lobes. A given radio luminosity originating in a
given lobe volume fully determines the strength of the magnetic
field (e.g. Longair 1994). The magnetic field and the synchrotron-
emitting electrons both contribute to the lobe pressure, pl, but for k =
100, pl is dominated by the energy density of the non-radiating
particles.

The uncertainties in the flux measurements at the frequencies
used to fit the model spectra give rise to uncertainties in the free
model parameters. The density in the host galaxy environment is
associated with the largest uncertainty. Fig. 7 shows the confidence
contours in the jet power–density model plane. The contours for
the outer lobes overlap considerably with respect to the range in
jet power preferred by the model, but the model indicates a higher
density to the north of the host galaxy. Note that in this and the fol-
lowing figures the confidence contours would cover smaller ranges
for the smaller errors on the flux measurements suggested above.
The quality of the data makes it particularly difficult to constrain
the source parameters; however, for further discussion of the dis-
crepancies between model parameters for each pair of lobes, see
Machalski, Jamrozy & Saikia (2009).

Fig. 8 shows the confidence contours in the jet power–source age
plane. Both Q and t should be the same for both lobes and it is
reassuring that the overlap of the confidence contours in this plane
is large. The model constrains the source age and the jet power
roughly to within a factor of 3.

Finally, the confidence contours in the jet power–magnetic field
strength plane are shown in Fig. 9. As mentioned above, the model
strongly constrains the strength of the magnetic field in the lobes.
This demonstrates that the strength of the magnetic field and hence
the pressures in the lobes are the best-constrained parameters of
the model. The values of Bl and pl do not change much even
for the assumption of β = 0 or for changes of the other set model
parameters.
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Figure 8. Same as Fig. 7, but for jet power, Q, and source age, t. The con-
tours more extended towards lower jet powers show the model parameters
for the north outer lobe. The other set of contours shows the south outer
lobe.

Figure 9. Same as Fig. 7, but for jet power, Q, and magnetic field strength
in the lobe, Bl. The upper contours show the parameters for the north outer
lobe, the lower contours for the south outer lobe.

7.1.2 Inner lobes

The observed radio spectra of the inner lobes of B 1450+333 are
well described by the power laws:

Fν = 6
( ν

MHz

)−0.71
Jy (15)

for the northern inner lobe, and

Fν = 5.8
( ν

MHz

)−0.84
Jy (16)

for the southern inner lobe. Fig. 6 shows these fits translated to the
source rest frame. We can now apply the modified standard FRII
model described in Section 6.1 to the observations by setting m =
2.42 for the northern inner lobe and m = 2.68 for the southern inner
lobe. This assumes that the radiative energy losses of the relativistic
electrons in the inner lobes are not significant enough to affect the
spectra.

As discussed in Section 6.1, the set of model parameters Q, ρ i and
ti cannot be uniquely fitted to the observations in this case. Hence
we take the value of Q from each of the models fitted to the data of
the respective outer lobe and calculate ρ i and ti for this value of Q
from equations (2) and (3). Here, we make the implicit assumption

that the power of the jets that inflate the inner lobes is equal to the
power of the jets that produced the outer lobes, although it is indeed
possible that this assumption is not valid (see e.g. Schoenmakers
et al. 2000a; Machalski et al. 2010). We also assume that the density
distribution inside the outer lobes, which provide the environment
the inner lobes are expanding into, is uniform, i.e. β = 0. The results
are summarized in Table 4.

Clearly, the standard FRII model requires young ages for the
inner lobes, ti. All values of ti are consistent with the requirement
that the inner lobes must have been inflated since the jet flows to
the outer lobes stopped, i.e. in every case ti ≤ t − tj. The young
ages also require the advance speed of the leading edge of the inner
lobes to be fast. For the models of the outer lobes with k = 0, these
advance speeds averaged over the age of the inner lobes lie between
0.1 c and 0.7 c. However, for the preferred models with k = 100 the
average advance speeds become superluminal. Such an unphysical
situation can only be avoided if the power of the jets inflating the
inner lobes drops compared to the jet power associated with the
outer lobes.

Another problem for the standard FRII model arises from the
densities required by the model for the inner lobes. Assuming a jet
power Q, the model makes a prediction for the density of the gas
surrounding the inner lobes, ρ i. Since the inner lobes expand inside
the outer lobes, this density ρ i must be equal to the density inside
the outer lobes. Combining equations (8) and (10) we can derive an
estimate for the density inside the outer lobes, ρ l. The density ρ l

arises solely from the material that was transported along the jets
that inflated the outer lobes. It does not take into account a possible
‘contamination’ of the outer lobes by mixing in material across the
outer lobe boundaries. For simplicity, Table 4 lists the values for
ρl (ξ = 1) after setting the factor

ξ = R j

γ 2
j + R j

(
γ 2

j − 1
) (17)

equal to unity. For a self-consistent model without mixing across
the outer lobe boundary, we require ρ i = ρ l. It is straightforward to
show that this results in

R j = γ 2
j

1 − γ 2
j + ρl (ξ = 1) /ρi

. (18)

By definition R j ≥ 0 and so we find a limit on the bulk Lorentz
factor of the jet

γj ≤
√

ρl (ξ = 1)

ρi
+ 1. (19)

The models with k = 0 predict ρl (ξ = 1) 	 ρi. While for models
with k = 100 the two density estimates are more comparable, we
argued above that in these cases we expect a reduced power for the
jets inflating the inner lobes which implies a higher value for ρ i

more comparable with that for the models with k = 0. Therefore
all models predict rather slow jets with γ j ∼ 1, dominated by the
transport of kinetic energy. Such slow jet velocities are unlikely
and so to make the standard FRII model work we need to invoke
significant mixing of high-density gas from the source environment
into the outer lobes. This is of course consistent with the findings
of Kaiser et al. (2000), who applied the same model to DDRGs.

We now turn to the bow-shock model for the inner lobes. To
calculate the pressure inside the inner lobes, ps, as predicted by the
dynamical model described in Section 6.2, we use the model for
the outer lobes with β = 1.5 and k = 100. This sets the jet power,
Q; the volume of the outer lobes, V l; the duration of the jet flow
inflating the outer lobes, tj; and the pressure inside the outer lobes,
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Figure 10. The pressure in the inner lobes of B 1450+333 predicted by the
bow-shock model as a function of the Lorentz factor of the jet. Light lines
show the results for the north inner lobe, heavy lines for the south inner lobe.
The dashed lines show results for relativistic jets dominated by the internal
energy of the jet material, i.e. Rj = 0, while dash–dotted lines show rest
mass-dominated jets withRj → ∞. Solid lines show the results for balanced
jets, Rj = 1. The horizontal dotted lines show the pressure inside the inner
lobes derived from observed radio flux assuming a cylindrical geometry of
the emission region and minimum-energy conditions and setting k = 10.

pl. From the observed geometry of the inner lobes, we determine
the area of the leading surface of the bow shock, Ab. We assume a
simple cylindrical geometry so that Ab = π [D/ (2A)]2. For given
values ofRj we can now calculate predictions for the pressure inside
the inner lobes, ps, as a function of the Lorentz factor of the jet, γ j.

Fig. 10 shows the results for three values of Rj. Relativistic jets
dominated by the internal energy of the jet material, i.e. Rj = 0,
predict the highest pressure inside the inner lobes for a given jet
Lorentz factor, while the cold, matter dominated jets with Rj → ∞
result in the lowest pressures. The endpoints of the curves at small
γ j are determined by the requirement that the shocked material be-
hind the bow shock cannot move faster in the lobe rest frame than
the jet material itself. At large γ j the curves terminate where equa-
tion (14) implies that there is no bow shock formed ahead of the jets,
i.e. ps = pl.

For a fixed jet power Q and value of Rj, the jet cross-section Aj is
a decreasing function of γ j (see equation 7). In other words, a faster
jet achieves the same energy transport rate through a smaller cross-
section. Hence, equation (5) predicts a slower advance velocity
for the bow shock, βb, for increasing γ j. This in turn reduces the
compression ratio of the bow shock and the decreasing predicted
pressure inside the inner lobes seen in Fig. 10. Also, a slower bow
shock implies a slower velocity for the shocked material behind the
bow shock ahead of the jet. At the endpoints of the lines for large
γ j, the shocked material is almost at rest inside the lobe rest frame.
Accordingly, the bulk velocity of the jet relative to the shocked lobe
material increases from left to right in Fig. 10. It is unlikely that the
jet material can decelerate without forming a strong shock when this
relative velocity is large. The absence of observed hotspots in the
inner lobes and the problems of the standard FRII model discussed
above therefore argue for solutions towards lower values of γ j.

Assuming minimum-energy conditions inside the inner lobes, we
can derive an independent estimate for the strength of the magnetic
field (e.g. Longair 1994). We assume a cylindrical geometry of the
inner lobes to calculate their volume. We have argued above that the
radio spectrum is well fitted by the power laws given in equations
(15) and (16). The estimate of the minimum-energy magnetic field,

Bmin, should therefore not be significantly affected by energy losses
of the radiating electrons and we use the spectral slope of the fitted
power laws. We derive two values for Bmin for each of the inner
lobes. The ‘conservative’ value assumes that there is no radio emis-
sion outside the redshift-corrected frequency band across which we
have observations of the inner lobes (see Table 3). The ‘traditional’
value assumes that the radio spectrum extends between the essen-
tially arbitrary limits 10 MHz to 100 GHz. The traditional value will
always exceed the conservative one. In practice the conservative and
traditional values for Bmin are not very different. For the inner north
lobe we find Bmin equal to 0.22 or 0.32 nT, respectively. For the
inner south lobe we get 0.18 and 0.28 nT.

Fig. 10 also shows the pressures inside the inner lobes derived
from the traditional values of Bmin under the assumption that the
non-radiating particles in the inner lobes store 10 times more en-
ergy than the relativistic electrons, i.e. k = 10. This is lower than
in the outer lobes with k = 100 which the bow shocks are expand-
ing into. However, the pressure derived assuming minimum-energy
conditions in the inner lobes exceeds any pressure achievable by
the bow shock. Reducing the value of k across the bow shock im-
plies that the shock channels energy preferentially to the relativistic
electrons and the magnetic field. Some re-acceleration of electrons
at the bow shock seems plausible, particularly since the observed
spectral slopes of the inner lobes are different from those of the
outer lobes, and so a small reduction of k may occur. Note that k
must decrease more for higher γ j. Unless k is reduced significantly,
this again argues for moderate values of γ j.

The bow-shock model can explain the observations of the inner
lobes without the need to invoke significant mixing of the outer
lobes with the surrounding heavier gas. To avoid the formation of a
strong termination shock at the end of the jets, the model predicts
moderate bulk jet velocities with γ j ∼ 2 → 3. The bow shocks driven
by these jets then propagate through the outer lobes with velocities
comparable to the bulk jet velocities. Despite their considerable
size, the inner lobes are young in this model with ages of only a few
105 yr consistent with the absence of any spectral ageing signature
from the observed spectra. These young ages are also in agreement
with the time available for the formation of the inner lobes, t − tj,
as predicted by the model of the outer lobes.

7.2 B 1834+620

Table 5 summarizes the observational data used to constrain the
models for the inner and outer lobes of B 1834+620. As for
B 1450+333, we assume a typical error of 7 per cent on all flux
measurements.

7.2.1 Outer lobes

For the outer lobes we have flux measurements at four observing
frequencies. It follows from Section 5 that there is only 1 degree of
freedom in the model fit. Again we attempt fits with three models
differing in their assumptions about the slope of the external density
profile, β, and the ratio of the energies stored in non-radiating
particles and relativistic electrons, k. We tried models with β = 1.5
and k = 0, β = 0 and k = 0 and β = 1.5 and k = 10. The fitting
results are summarized in Table 6 and the model spectrum for β =
1.5 and k = 0 is compared to the observations in Fig. 11.

Both models with β = 1.5 achieve good agreement with the
observational data. The model with β = 0 provides a significantly
weaker fit. The χ 2 values for the models with β = 1.5 are again
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Table 5. Observed properties of the four lobes in the DDRG B 1834+620
used in the modelling. All flux densities are taken from the compilation by
Schoenmakers et al. (2000b). We do not use the flux density measurements at
1.395 and 1.435 GHz quoted in that paper as these observations are suspected
to resolve out some of the flux.

B1834+620 North South
Outer Inner Outer Inner

Lobe length, D (kpc) 713a 202b 736a 194b

Aspect ratio, A 12a 14b 13a 16b

Flux densities (mJy)
0.612 GHz 573 309 357 422
0.845 GHz 435 228 259 298
1.40 GHz 275 144 177 198
4.85 GHz – 30.9 – 51
8.46 GHz 53 19.4 32.3 29.1

aVLA in B-array at 8.5 GHz.
bVLA in A-array at 4.8 GHz.

below unity and may indicate that the error of 7 per cent assumed
for the flux measurements may be too large.

All fits use a power-law exponent m = 2 for the energy distribution
of the electrons when they are injected into the lobes. The observed
spectral slope is steeper than α = 0.5 and so significant ageing
affects the spectrum. However, the observed spectrum shows very
little curvature and the flux measurements for the outer lobes can be
adequately fitted with simple power laws. In fact, the spectra can be
fitted accurately by the standard FRII model for parameters avoiding
much spectral ageing, if we assume that m > 2. For example, we
obtain an excellent fit, χ 2 = 0.38, for the spectrum of the north
outer lobe by setting m = 2.5. The problem with this solution is
the very young age predicted by the model of t = 6 Myr. The outer
lobes would have to expand with an average velocity of almost 0.4 c
and this requires an extremely high jet power in excess of 1040 W.
It is therefore unlikely that such a solution accurately describes the
outer lobes of B 1834+620.

The model with β = 1.5 and k = 0 requires a density distribution
in the source environment consistent with the range of properties
in the Jetha et al. (2007) galaxy group sample. In contrast to the
situation for B 1450+333, there is no need to increase k in order
to allow for denser, more realistic source environments. The source
density required for the model with k = 10 is about two times
higher than the upper end of the range of the sample of Jetha et al.
(2007). Much higher values for k, comparable to the k = 100 for
B 1450+333, would again result in unacceptably high jet powers

Figure 11. Comparison of model spectra with observations for B 1834+620
in the source rest frame. Circles show the data for the northern lobes, squares
are for the southern lobes. The upper data points and lines are associated
with the outer lobes while the lower data points and lines show the inner
lobes. The solid lines show the model predictions for the outer lobes, the
dashed lines show the power-law fits to the spectra of the inner lobes. The
luminosities of the inner lobes have been divided by a factor of 3 for clarity.

and densities for the source environment. These results strongly
suggest that k is not very large in the outer lobes of B 1834+620.

Figs 12–14 show the confidence contours on the model param-
eters for the assumed error on the flux measurements. Again, the
smaller errors argued for above would decrease the range of the
confidence contours further. These plots are analogous to Figs 7–9
for B 1450+333. The model parameters are constrained to a similar
degree for B 1834+620. However, in Fig. 13 the contours for the
two outer lobes do not overlap. We would expect that the plotted
parameters, the jet power and the source age, should be the same
for both lobes on either side of the source. While this discrepancy is
certainly visible in the figure, it is not very large. It is impossible to
trace the outer lobes of B 1834+620 all the way back to the core in
our radio maps. Hence our possible overestimate of the aspect ratio
of one of the lobes discussed in Section 5 may cause this problem.

An important constraint arising from the model of the outer lobes
is the very short time available for the inner lobes to expand. They
can only be inflated after the jet flow to the outer lobes ceases at tj.
Hence the age of the inner lobes must be less than t − tj ∼ 2 Myr.
Given the large size of the inner lobes of B 1834+620, this implies
a very fast expansion. We will see in the next section that this tight

Table 6. Model parameters for the outer lobes of B 1834+620 for the model spectra with the best fit. The model parameters for the inner
lobes for the standard FRII model, ti and ρi, evolving inside the respective outer lobes are also given. For this source the values of ti and ρi

are calculated for a truncated radio spectrum. See text for a detailed discussion.

k = 0, β = 1.5 k = 0, β = 0 k = 10, β = 1.5
North South North South North South

Q/1037 W 89 78 72 63 620 540
t/Myr 28 25 28 25 26 24
tj/Myr 26 23 26 23 24 21
ρ/10−24 kg m−3 210 130 0.075 0.045 1200 770
χ2 0.62 0.95 2.3 3.0 0.49 0.90
pl/10−15 J m−3 18 13 21 15 120 84
Bl/nT 0.17 0.14 0.18 0.16 0.17 0.14
ρl (ξ = 1) /10−24 kg m−3 1.4 × 10−4 1.2 × 10−4 1.1 × 10−4 9.3 × 10−5 9.0 × 10−4 7.3 × 10−4

ρi/10−24 kg m−3 0.066 0.15 0.10 0.22 0.012 0.026
ti/Myr 2.8 3.3 3.5 4.1 0.84 0.97
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Figure 12. Confidence contours for the free model parameters jet power, Q,
and environment density, ρ, for the model of the outer lobes of B 1834+620
with β = 1.5 and k = 0. Upper contours for the north outer lobe, lower
contours for the south outer lobe. The contours from the outside inwards
are for confidence levels 99, 95, 90 and 75 per cent. Black dots show the
location of the best-fitting parameters summarized in Table 6.

Figure 13. Same as Fig. 12, but for jet power, Q, and source age, t. The
upper contours show the model parameters for the north outer lobe. The
lower set of contours shows the south outer lobe.

constraint makes the case for the bow-shock model for the inner
lobes even stronger than in the case of B 1450+333.

7.2.2 Inner lobes

The observed spectra of the inner lobes of B 1834+620 are steeper
than any of the other spectra discussed in this paper. The spectrum
of the north inner lobe is well fitted by

Fν = 350
( ν

MHz

)−1.09
Jy, (20)

while the spectrum of the south inner lobe is close to

Fν = 300
( ν

MHz

)−1.02
Jy. (21)

Because of its flatter spectral slope, the southern lobe is brighter
in the observed range. This can be seen in Fig. 11 where the fits
are compared to the data in the source rest frame. Note that the
luminosities of the inner lobes are scaled by a factor of 3 in this
figure for clarity.

Figure 14. Same as Fig. 12, but for jet power, Q, and magnetic field strength
in the lobe, Bl. The upper contours show the parameters for the north outer
lobe, the lower contours for the south outer lobe.

We apply the standard FRII model to the inner lobes of
B 1834+620 in the same way as in the case of B 1450+333 with
one important difference. From the power laws fitted to the spectra
we find that we need to set m = 3.18 for the north inner lobe and
m = 3.04 for the south inner lobe. Hence the bulk of the energy in
electrons in the model is stored in those electrons with the lowest
Lorentz factors around γ min. So far we have used γ min = 1 and so
those electrons storing the bulk of the energy do not contribute to the
radio emission. As a consequence the standard FRII model predicts
ages in excess of 108 yr for the inner lobes, because the jets need
to deliver a vast amount of energy to the inner lobes. The problem
is solved by increasing the low energy cut-off of the electron en-
ergy distribution such that γ min = 1000. The introduction of such a
high cut-off leads to the truncation of the model radio spectrum. In
fact, we cannot set a value for γ min much larger than the 1000 used
here or this cut-off will start affecting the model spectrum in the
observed range. We did not introduce an equivalent high cut-off in
the models for B 1450+333 as for the flatter spectra of this source
such a change makes little difference to the modelling results. Also,
a further decrease in the age of the inner lobes of B 1450+333
exacerbates the problems noted above.

The results of the modelling are given in Table 6. For this object
the ages predicted for the inner lobes are too old for k = 0 to
be consistent with the properties of the outer lobes, despite the
introduction of a large value for γ min. In all cases ti > t − tj and
so for k = 0, we cannot build a self-consistent model combining
standard FRII models for both the outer and the inner lobes. For
k = 10 the ages predicted for the inner lobes are smaller than t − tj.
However, in this case the average expansion speed of the inner lobes
approaches significant fractions of the speed of light. It is therefore
unlikely that the jets inflating the inner lobes will terminate in strong
shocks as required by the standard FRII model.

As in the case of B 1450+333 the densities required inside the
outer lobes to explain the inner lobes are at least an order of magni-
tude higher than the model for the outer lobes predicts. Unless there
is significant contamination of the outer lobe with dense gas from
the source environment, equation (19) then implies that the bulk
speed of the jet must be very low. We conclude that the standard
FRII model for the inner lobes of B 1834+620 can only work if
extensive mixing of gas across the lobe surface has occurred. This
is consistent with our findings for B 1450+333 and Kaiser et al.
(2000).
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Figure 15. Same as Fig. 10, but for B 1834+620. Note that the identical
horizontal dotted lines here are calculated for k = 0.

Next, we apply the bow-shock model to the inner lobes of
B 1834+620 in the same way as in the case of B 1450+333, but for
the model of the outer lobes with β = 1.5 and k = 0. The pressure in-
side the inner lobes as predicted by the bow-shock model are shown
in Fig. 15. There are several differences to the equivalent plot for
B 1450+333 shown in Fig. 10. The curves for individual lobes, but
for different values of Rj are much closer to each other. The curves
for the north inner lobe are also closer to the south inner lobe. This
means that for a given jet speed the predicted pressures inside the
lobes cover a small range independent of the form in which the jets
transport the energy. For most values of γ j the balanced jets with
Rj = 1 lead to the highest pressure.

We also calculate the strength of the magnetic field corresponding
to minimum-energy conditions in the inner lobes. We find a conser-
vative value of 0.53 nT and a traditional value of 1.2 nT for Bmin in
the north inner lobe. The corresponding values for the south inner
lobe are 0.58 and 1.2 nT. The pressure in the inner lobes associated
with the traditional values of Bmin are shown as the dotted horizon-
tal line in Fig. 15. Here we have assumed that k = 0 and so the
horizontal lines represent a firm lower limit for ps. This is therefore
a much stronger constraint than in the case of B 1450+333. In this
model we can rule out relativistic jets with Rj = 0, because they do
not allow high enough pressures inside the inner lobes. Also, the jet
bulk Lorentz factor cannot be much greater than 2. The implied age
of the inner lobes of roughly 0.8 Myr is consistent with the available
time t − tj ∼ 2 Myr. Finally, the inner lobes are not consistent with
large values of k. As with the outer lobes of B 1834+620, we find
that the inner lobes cannot contain an energetically very significant
population of non-radiating particles.

8 SU M M A RY A N D O U T L O O K

We find that the observed properties of the outer lobes of both,
B 1450+333 and B 1834+620, can be modelled satisfactorily with
the standard FRII model. The absence of hotspots from the radio
maps is consistent with our interpretation that the jets in these
sources have ceased to supply the outer lobes with energy. The
steep radio spectra of the outer lobes are consistent with model
solutions where the acceleration of relativistic electrons stopped a
few Myr ago for B 1834+333 to several Myr ago for B 1450+333.

Unless the outer lobes of B 1450+333 are embedded in an en-
vironment with an exceptionally low gas density, we find that they
must contain a population of non-radiating particles that store a
significant amount of the energy originally transported by the jets.

For a ratio of energy stored in non-radiating particles to relativistic
electrons, k, equal to 100, we find a model fit with a realistic gas
density in the environment. In contrast for B 1834+620 such a large
value of k would lead to an unrealistically high jet power and short
source age. While setting k = 10 for this source results in an ac-
ceptable model fit, the observed properties are also consistent with
k = 0, a negligible contribution to the total energy in the lobe by
non-radiating particles.

In both sources the time available for the inner lobes to be inflated,
defined as the difference between the total source age, t, and the
duration of the first jet activity creating the outer lobes, tj, is com-
paratively short. This, together with their considerable size, implies
that the inner lobes must propagate rapidly through the outer lobes,
independent of the specific model we apply to the inner lobes.

In both sources the standard FRII model struggles to accommo-
date the observed properties of the inner lobes. The model is based
on the formation of a strong shock at the end of the jets caused by
ram-pressure balance with the surrounding medium. The gas density
inside the outer lobes is simply not high enough to effectively stop
the jets unless their bulk velocity is very slow. The outer lobes may
be ‘contaminated’ by denser gas from their surroundings, but the
processes leading to such a contamination are slow (Kaiser et al.
2000). An alternative solution to make the standard FRII model
consistent with the observations is to invoke a significant drop of
the power of the jets inflating the inner lobes compared to the jets
responsible for the outer lobes of the same source. While we can-
not rule this out for B 1450+333, it cannot explain the inner lobes
of B 1834+620 as their predicted age would increase and become
even less consistent with the constraint provided by the outer lobes
of this source.

The bow-shock model for the inner lobes interprets them as aris-
ing from the emission of relativistic electrons compressed and re-
accelerated by the bow shock in front of the jets inside the outer
lobes. In this model the jets in the inner lobes do not decelerate sig-
nificantly, they do not form radio hotspots – the presence of hotspots
in a DDRG would rule out the bow-shock model, providing an ob-
servational test – and the lobes are expected to expand fast. The
model is consistent with the inner lobes in both sources. Although
we cannot determine the bulk jet velocity from the models, our re-
sults suggest that the jet bulk Lorentz factors should be around 2.
The constraints are much stronger for B 1834+620 because of its
larger inner lobes. In this source we can also rule out jets whose
energy transport is dominated by the internal energy of a highly
relativistic jet material.

In the case of B 1450+333 the bow-shock model suggests a
significant contribution of non-radiating particles to the total energy
stored in the inner lobes. However, the value of k is likely somewhat
lower than for the outer lobes in this object. For B 1834+620 the
inner lobes as well as the outer lobes cannot contain non-radiating
particles making a significant contribution to the total energy.

A combination of the standard FRII model for the outer lobes with
the bow-shock model for the inner lobes provides a self-consistent
interpretation for both sources studied in this work. With this com-
bined model we do not need to invoke a drop in the jet powers
or a significant contamination of the outer lobes with dense gas as
proposed in Kaiser et al. (2000). While we cannot rule out these
processes, we can explain the observations without them.

The bow-shock model for the inner lobes predicts a very rapid
propagation of the bow shock through the outer lobes. In both
sources the working surface of the jets driving the bow shocks
ahead of them should reach the tip of the outer lobes only about
2–3 Myr after they started their expansion at the source centres. At
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this point the source will develop new hotspots at the ends of the
outer lobes and have the appearance of a ‘normal’, although large,
FRII-type radio galaxy. This may imply that many, if not all, large
radio galaxies go through short-lived DDRG phases. We may even
speculate about a general process acting in radio galaxies whereby
the jet production is infrequently interrupted in the central AGN
for short periods of time, say of order 1 Myr. The jet channels in
the existing radio lobes collapse quickly (∼104 yr, comparable with
the sound-crossing time for the jet radius) and after the jets restart,
they drive bow shocks through the old lobes. During this phase the
source would be classified as a DDRG. After the bow shocks reach
the tips of the old lobes, the source becomes a standard FRII-type
radio galaxy once more. Due to the fast propagation of the bow
shocks, the DDRG phase is short-lived compared to the total source
age. Also, it lasts longer in larger sources simply because it takes the
bow shocks longer to propagate to the ends of already large lobes.
This may explain why DDRGs are rare and are typically associated
with sources with very large outer lobes. In this scenario, the triple
source B 0925+420 (Brocksopp et al. 2007) is an example of an
object where the jet production is interrupted again before the bow
shocks in front of the new jets have reached the ends of the very
large outer lobes. If such jet interruption occurs commonly in radio
galaxies, then it should be possible to identify DDRG-like structures
also in smaller objects, such as the recently discovered 4C 02.27
(Jamrozy et al. 2009).
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