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ABSTRACT

We report the first large, systematic study of the dynamics and energetics of a representative
sample of Fanaroff-Riley type II (FR II) radio galaxies with well-characterized group/cluster
environments. We used X-ray inverse-Compton and radio synchrotron measurements to de-
termine the internal radio-lobe conditions, and these were compared with external pressures
acting on the lobes, determined from measurements of the thermal X-ray emission of the
group/cluster. Consistent with previous work, we found that FR II radio lobes are typically
electron dominated by a small factor relative to equipartition, and are overpressured relative
to the external medium in their outer parts. These results suggest that there is typically no
energetically significant proton population in the lobes of FR II radio galaxies (unlike for
FR Is), and so for this population, inverse-Compton modelling provides an accurate way of
measuring total energy content and estimating jet power. We estimated the distribution of
Mach numbers for the population of expanding radio lobes, finding that at least half of the
radio galaxies are currently driving strong shocks into their group/cluster environments. Fi-
nally, we determined a jet power—radio luminosity relation for FR II radio galaxies based on
our estimates of lobe internal energy and Mach number. The slope and normalization of this
relation are consistent with theoretical expectations, given the departure from equipartition

and environmental distribution for our sample.
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1 INTRODUCTION

The jets of radio-loud AGN consist of plasma drawn at relativistic
speeds from the central regions of the AGN. The plasma is trans-
ported into the surrounding galaxy group or cluster where it forms
into lobes, which displace the intracluster medium (ICM). Cavities
carved in the ICM by the lobes have been observed in clusters out
to redshifts greater than 0.5 (Hlavacek-Larrondo et al. 2012), while
detailed studies of local sources have shown complex substructures
in the ICM (e.g. Karovska et al. 2002; Fabian et al. 2003) and
shock fronts driven by the lobe expansion (e.g. Croston et al. 2009;
Shelton 2011). These features provide direct evidence that the ra-
dio jets are disturbing the ICM on a large scale and transferring
energy from the AGN to the ICM. Estimates of the energy required
to create the cavities around the lobes, and hence of the energy to
be dissipated into the ICM, vary with the method used (e.g. Gitti,
Brighenti & McNamara 2012), but enthalpies tend to lie between
10° and 10°' erg depending on the richness of the cluster (e.g.
Birzan et al. 2004). This has been estimated to be sufficient to offset
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the ICM cooling and star formation that is predicted by evolution-
ary models but not seen in observations (e.g. Dunn & Fabian 2006;
Rafferty et al. 2006).

The dynamics of the lobes of radio-loud AGN are depen-
dent on their pressure relative to that of the surrounding ICM
(Scheuer 1974). In Scheuer’s models A and B, the lobes are highly
overpressured and so expand at supersonic rates; in model C, they
are near pressure balance and so expand more gently and are capable
of being moulded by the ICM. The latter model is more in keeping
with observed lobe shapes, but the tip must remain overpressured
for the lobe to continue to grow and so there may still be supersonic
movement out through the ICM.

If the expansion is supersonic, the lobes will input energy through
shocks as well as through gas displacement (e.g. Birzan et al. 2004;
Hlavacek-Larrondo et al. 2012). Lobe shocks have been seen in
some observational studies, and estimates of their Mach numbers
range from 1.2 to 8.4 (e.g. Wilson, Smith & Young 2006; Birzan
et al. 2008; Croston et al. 2009, 2011; Shelton, Hardcastle & Cros-
ton 2011; Kraft et al. 2012; Worrall et al. 2012; Nulsen et al. 2013).
However, in many cases, the uncertainties in the methods used to
estimate Mach numbers mean that these are likely to be lower limits
and so the true values could be higher. The rate of lobe expansion is
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therefore important in determining heat input into the ICM. Sanders
& Fabian (2007) have made a detailed study of ripples propagat-
ing through the Perseus cluster, and suggest that 20-40 per cent
of the cavity power goes into sound waves that carry the energy
outwards from the cavities and heat the ICM. For the more pow-
erful Fanaroff-Riley type II (FR II) lobes, estimates of the energy
input to the environment that are based on cavity volume are likely
to underestimate the total energy input much more severely and so
the usual pV estimates of cavity power should be taken as lower
limits (e.g. Gitti et al. 2012; Hardcastle & Krause 2013; Perucho
et al. 2014).

The relativistic leptons in the radio jets emit synchrotron radia-
tion across a range of radio frequencies. The total energy emitted
depends on both the particle and magnetic field energies, and we
cannot separate these factors and determine the internal lobe condi-
tions from just the radio flux observations (e.g. Longair 2011, sec-
tion 16.5). We can however calculate the lobe conditions required
to produce the observed flux by assuming that the two factors make
similar contributions to the total energy — the assumption of equipar-
tition. This is similar to the minimum energy conditions required to
produce the observed flux and so we can obtain a lower limit on the
internal lobe pressure (Burbidge 1956).

A second source of emission is inverse Compton (IC), where the
relativistic particles boost photons in the lobes to X-ray frequencies
and above, and this can be seen in X-ray observations of the lobes
of many FR II sources. The dominant photon field is from cosmic
microwave background (CMB) photons in the body of the lobes,
with a small contribution from synchrotron self-Compton (SSC;
e.g. Hardcastle et al. 2002). SSC is stronger at lobe hotspots, in the
knots of FR I jets and very occasionally in small, compact lobes
where photon densities and electron energies are higher (Hardcastle
et al. 2004; Kataoka & Stawarz 2005; Hardcastle & Croston 2010).
Some IC emission from nuclear photons has also been observed in
a few lobes and when strong this could make an important contri-
bution to the IC emission. 3C 207, for example, has much stronger
X-ray emission near the nucleus than in the rest of the lobe (Brunetti
et al. 2002). However, in other potential examples of nuclear emis-
sion, the effect is not so clearly visible and any contribution to the
overall X-ray flux in the lobe is thought to be small (e.g. Belsole
et al. 2004; Croston et al. 2004, 2005).

If IC emission is observed across the lobe, this allows us to
estimate the electron density and so gain a better estimate of internal
lobe conditions than the assumption of equipartition. A number
of observational studies and simulations have considered how the
internal conditions of lobes differ from equipartition, their inferred
particle content, how their internal pressure compares with that of
the ICM and how energy is transferred from the lobe to the ICM.

IC X-ray emission has not been detected from FR I lobes and so
their lobe pressures are generally calculated assuming equipartition.
These pressure estimates tend to be less than that of the surround-
ing ICM (e.g. Hardcastle, Worrall & Birkinshaw 1998c; Worrall &
Birkinshaw 2000; Dunn, Fabian & Taylor 2005), which indicates
the presence of a population of non-radiating particles to boost the
pressure. Croston et al. (2008) looked at the morphologies of a sam-
ple of FR I galaxies and found that those where the jets were in direct
contact with the ICM showed a larger pressure deficit, suggesting
that the additional particles are likely to come from entrainment of
material from the ICM. Some detailed studies of local sources (e.g.
Hardcastle & Croston 2010; Croston & Hardcastle 2014) use X-ray
observations to obtain upper limits on the lobe IC flux that places
limits on the population of relativistic leptons. This population is
insufficient to provide the required lobe pressures, suggesting that
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there must also be a significant population of baryons. Measure-
ments of external and internal conditions along the jet show that
these are most likely to come from entrainment.

FR II sources tend to be more distant so there are fewer detailed
studies, but they also appear underpressured with respect to the
environment when the pressure is estimated assuming equipartition
(e.g. Hardcastle & Worrall 2000). Unlike FR I lobes, however, many
FR ITlobes show X-ray emission indicative of IC and when this used
to better model the electron energy density in the lobes (assuming
that the lobes are electron dominated), the lobes tend to appear
close to pressure balance with their environment (e.g. Hardcastle
et al. 2002; Croston et al. 2004, 2005; Kataoka & Stawarz 2005;
Belsole et al. 2007). This suggests that the assumption that the lobes
are predominantly populated by relativistic electrons is likely to be
reasonable; there may still be some lower energy baryons present
but they can only account for a small amount of the energy budget
(e.g. Hardcastle & Croston 2010).

There are however two major assumptions made in the syn-
chrotron and IC calculations that we cannot resolve from ob-
servations — that the dominant relativistic particles are elec-
trons/positrons, and the proportion of the lobe that is filled by the
particles. As discussed by Hardcastle & Worrall (2000), Hardcastle
et al. (2002) and Croston et al. (2005), if these assumptions are
incorrect, then, assuming that the synchrotron-emitting leptons are
interspersed with non-radiating particles, the internal pressures of
the lobes are likely to be underestimated. This would result in lobes
that are more highly overpressured with respect to their environ-
ment.

As described above, lobe-tip shocks have been observed in some
studies, but the temperature variations across the shock can only be
isolated for strong, nearby sources. Mach numbers can however be
estimated from the ratio between internal and external lobe pres-
sure (e.g. Worrall & Birkinshaw 2006). This method does however
neglect the ram pressure, so Mach numbers obtained in this way
should be regarded as lower limits, but, importantly, they allow
limits to be set on the energy input from the lobes.

In this paper, we report the initial results of an IC study of FR II
radio lobes in which we look at the radio-lobe dynamics, look for
evidence of energy being input into the ICM and see whether the
ICM in its turn has an effect on the development of the lobes. In In-
eson et al. (2013, 2015), we modelled the large-scale environments
of two samples of radio-loud AGN at redshifts ~0.5 and ~0.1, and
here we use these models to calculate the ICM pressures around
the radio lobes of the FR II galaxies in those samples. We then use
radio and X-ray observations to measure the synchrotron and IC
fluxes in the lobes. These allow estimates of internal lobe pressures
and lobe-tip Mach numbers to be made for a large, representative
sample of FR II lobes for the first time.

Throughout this paper, we use a cosmology in which
Hy =70 km s~! Mpc™', Q, = 0.3 and Q, = 0.7. Unless oth-
erwise stated, errors are quoted at the 1o level.

2 SAMPLE

The sample consists of the lobes of the FR II galaxies in the sam-
ples of radio-loud AGN at redshifts ~0.5 and ~0.1 used in Ineson
et al. (2013, 2015). Table 1 lists the FR II galaxies used in this
study, and their basic properties. The tables are arranged with the
z ~ 0.1 subsample preceding the z ~ 0.5 subsample, and within
these subsamples the sources in the individual radio surveys are
listed in order of RA.

MNRAS 467, 1586-1607 (2017)



1588  J. Ineson et al.

Table 1. The sample of FR II sources. Column 1: source name; columns 2-3: right ascension and declination, J2000 coordinates; column 4:
redshift; column 5: angular scale; column 6: 151 MHz radio luminosity; column 7: radio-loud AGN spectral class; column 8: AGN morphology;

column 9: column density.

Source RA (J2000) Dec. Redshift Scale logioLisi Type Nu
(hms) ©""" (kpc arcsec™!) (WHz st 1) (x10% cm—2)

3C33 01 08 52.86 +1320 14.2 0.060 1.15 25.93 HERG 3.90
3C 35 01 12 02.26 +49 28 35.5 0.067 1.28 25.34 LERG 13.00
3C98 03 58 54.43 +1026 02.8 0.031 0.62 25.28 HERG 15.10
3C 192 08 05 35.01 +24 09 49.7 0.060 1.15 25.53 HERG 4.21

3C219 09 21 08.63 +453857.3 0.174 2.95 26.52 HERG 1.51

4C 73.08 09 49 45.78 +731423.1 0.059 1.14 25.34 HERG 2.29
3C 285 1321 17.86 +42 35 14.8 0.079 1.50 25.51 HERG 1.27
3C 303 14 43 02.76 +520137.2 0.141 2.48 25.75 HERG 1.58
3C 321 153143.46 +24 04 19.0 0.096 1.78 25.76 HERG 4.11

3C 326 1552 09.10 +20 05 48.3 0.089 1.67 25.87 LERG 3.81

3C433 2123 44.56 +25 04 28.0 0.102 1.88 26.15 HERG 11.90
3C 452 22 4548.75 +394115.9 0.081 1.53 26.21 HERG 11.30
PKS 0034—-01 00 37 49.18 —0109 08.2 0.073 1.40 25.54 LERG 3.07
PKS 0038+09 00 40 50.53 +1003 26.8 0.188 3.14 26.44 HERG 5.51

PKS 0043—42 0046 17.75 —4207 51.4 0.116 2.10 26.23 LERG 2.21

PKS 0213—13 0215375 —12 59 30.5 0.147 2.57 26.23 HERG 1.92
PKS 0349-27 03 51 35.81 —274433.8 0.066 1.26 25.55 HERG 0.99
PKS 0404403 04 07 16.49 40342258 0.089 1.66 25.89 HERG 11.90
PKS 0806—10 08 08 53.600 —1027 39.71 0.109 1.99 25.92 HERG 7.74
PKS 0945+07 09 47 45.15 +07 25204 0.086 1.62 2591 HERG 3.00
PKS 1559+02 16 02 27.38 +01 57 55.7 0.104 1.91 26.12 HERG 6.44
PKS 2221-02 22 2349.57 —0208 12.4 0.056 1.09 25.48 HERG 4.87
PKS 2356-61 2359 04.50 —60 54 59.1 0.096 1.78 26.27 HERG 2.38
3C 16 00 37 45.39 +13 20 09.6 0.405 5.41 26.82 HERG 4.48
3C 46 01 3528.47 +37 54 05.7 0.437 5.66 26.84 HERG 5.66
3C 200 08 27 25.38 +291845.5 0.458 5.82 26.92 LERG 3.74
3C 228 09 50 10.79 +14 20 00.9 0.552 6.42 27.37 HERG 3.18
3C 244.1 10 33 33.97 +58 14 35.8 0.430 5.61 27.10 HERG 0.58
3C274.1 12 35 26.64 +212034.7 0.422 5.55 27.02 HERG 2.00
3C 330 16 09 35.01 +65 56 37.7 0.549 6.41 27.43 HERG 2.81

3C427.1 2104 07.07 +76 33 10.8 0.572 6.54 27.53 LERG 10.90
3C 457 2312 07.57 +184541.4 0.428 5.59 27.00 HERG 22.3
6C 085043747 08 50 24.77 +37 47 09.1 0.407 5.43 26.15 HERG 2.95
6C 085743945 08 57 43.56 +39 45 29.0 0.528 6.28 26.34 HERG 2.64
6C 113243439 1132 45.74 +34 39 36.2 0.512 6.18 26.33 HERG 2.14
6C 120043416 12 00 53.34 +34 16473 0.530 6.29 26.17 LERG 1.62
7C 0219+-3423 02 19 37.83 +342311.2 0.595 6.66 25.98 HERG? 6.30

The two subsamples are as follows.

(1) The Environments of Radio-loud AGN (ERA) sample
(0.4 < z < 0.6) is a subset of the sample used by McLure et al.
(2004), which was taken from the 3CRR (Laing, Riley & Lon-
gair 1983), 6CE (Eales et al. 1997; Rawlings, Eales & Lacy 2001),
7CRS (Lacy et al. 1999; Willott et al. 2003) and TexOx-1000 (Hill
& Rawlings 2003) radio surveys. It contains 21 FR II sources rang-
ing from 3.5 x 10% to 4.8 x 10> W Hz~! sr™! in radio luminosity.
Of these, 15 are high-excitation radio galaxies (HERGs) and 6 are
low-excitation radio galaxies (LERGsS).

(ii) The z0.1 sample (0.01 < z < 0.2) was taken from the 3CRR
survey (Laing et al. 1983) and the subsample of the 2 Jy survey
(Wall & Peacock 1985; Tadhunter et al. 1993) defined by Dicken
etal. (2008). It contains 32 FR II sources (23 HERGs and 9 LERGs),
with radio luminosities between 1.2 x 10% and 3.3 x 10?° W Hz™!
srl

A number of lobes were excluded from the analysis for practical
reasons: because the lobe images were incomplete — partially off
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the chip or lying across chip boundaries; because they were small
in angular extent and masked by nuclear emission or by a rich ICM;
because the ICM was strong and highly disturbed, so the results were
highly dependent on choice of background; or because the map was
of poor quality or low resolution and the lobe shapes could not
be defined with sufficient accuracy. In one case, the lobes were so
large that they extended well beyond both the maximum detected
ICM radius and the R,y overdensity radius, making estimates of
the ICM pressure problematic. Table 2 lists the lobes that were
excluded, and the possibility of biases in our conclusions as a result
of these exclusions is discussed in Section 5.7.6 below. This left
a total sample of 37 FR II galaxies, 14 from the ERA sample (11
HERGs, 3 LERGs) and 23 from the z0.1 sample (19 HERGs, 4
LERGsS).

One of the sources was excluded because it lies in a dis-
turbed environment, PKS 2211—17 (3C 444), has a surface bright-
ness drop around the lobes. A detailed study of the source
(Croston et al. 2011) shows cavities and a temperature drop
corresponding to a Mach number of ~1.7. We have included
this source in the section where we consider Mach numbers



Table 2. FR II lobes in the original samples that were excluded from this study.
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Source Lobe Reason for exclusion

3C 28 Both Small lobes in a rich, disturbed environment

3C98 South Lobe is across a 4-chip join

DA 240 Both Both lobes partially off the chip

4C 73.08 East Lobe is partially off the chip

3C 236 Both Large lobes (2.7 and 1.9 Mpc) that extend substantially beyond both the maximum detected radius (0.3 Mpc) and the
R»00 overdensity radius (0.7 Mpc)

3C 388 Both Lobes are in a strong, disturbed environment

3C 390.3 Both Lobes are in a strong, disturbed environment

3C 433 North North lobe has FR I morphology (van Breugel et al. 1983; Hodges-Kluck et al. 2010)

PKS 034927 North Lobe is across chip boundary

PKS 0442—-28 Both Poor quality radio map

PKS 0945407 East Lobe lies across read-out streak and chip boundary

PKS 1559402 West Lobe is partially off the chip

PKS 1733-56 Both Poor quality radio map

PKS 19494-02 Both Complex, X-shaped lobes with no apparent IC emission

PKS 2211—-17 Both Lobes are in a strong, disturbed environment, but used Mach number from Croston et al. (2011) in Mach number analysis

PKS 2221-17 North Lobe is partially off the chip

3C 19 Both Small lobes (4 arcsec) in a strong environment

3C 295 Both Small lobes (3.5 arcsec) in a strong environment

6C 085043747 North Lobe is over the nucleus

7C 0213 Both Low-resolution map that was not good enough to define the lobe shape

7C 0223 Both Low-resolution map that was not good enough to define the lobe shape

7C 1731 Both Lobes are less than 1 arcsec in extent

TOOT 130343334 Both No lobe structure visible

(Sections 5.3) but not in any analysis based on lobe internal
conditions.

PKS 0625—53 was classified as an FR II galaxy in Ineson et al.
(2015). It was originally classified as having a wide angle tail mor-
phology (Morganti et al. 1999), and consequently is likely to be an
FR I galaxy, but was later listed as an FR II (Dicken et al. 2008).
We have followed Mingo et al. (in preparation) and reverted to the
FR I classification and so PKS 0625—53 has not been included in
the current sample.

Where possible, we analysed the two lobes from each source
separately. However, as discussed in Section 4.1, this was not always
possible, and so for some sources we combined the lobes. The total
number of lobes in the sample was 47. 14 were from the ERA
sample (11 HERGs, 3 LERGs) and 33 were from the z0.1 sample
(26 HERGs, 7 LERGsS).

3 OBSERVATIONS AND DATA PREPARATION

3.1 X-ray and radio data

We used X-ray observations to measure the flux produced by
IC in the radio lobes. The observations came from Chandra and
XMM—-Newton and were processed during previous studies (Ineson
et al. 2013, 2015). Observation details are listed in Table 3.

We used radio maps to define the shapes of the radio lobes, so that
we could measure the radio and X-ray flux from the synchrotron
and IC emission and estimate lobe volume. Again, these maps were
used by Ineson et al. (2013, 2015), and Table 3 contains details of
the radio maps, including references.

4 ANALYSIS

The aim of the analysis was to investigate the lobe dynamics and
particle content by comparing the observed and minimum (equipar-
tition) lobe pressures, and then to use these results to compare con-
ditions within the radio lobes with those of the surrounding ICM.

We needed therefore to find the internal lobe pressures, compare
them with ICM pressures and estimate a lower limit on the advance
speeds of the lobe tips.

To find the internal lobe conditions, we needed to estimate the
lobe volume, radio flux (from the synchrotron emission) and X-ray
flux (from the IC emission).

4.1 Lobe shapes and ICM pressures

‘We used the radio maps listed in Table 3 to find the positions of the
lobe tips, the mid-point of the lobes and estimate the lobe shapes
and volumes. We excluded the nucleus, jets and hotspots (which
will have different electron densities and magnetic field strengths
from the lobes) and background X-ray sources. Where possible,
we made separate flux measurements and volume estimates for the
individual lobes. For the ERA sample, however, the X-ray flux was
generally very low, so we used fluxes for the combined lobes. Also,
for some sources, there was no clear division between the two lobes,
so again we combined the lobes. Details of the lobes are listed in
Table 5.

As can be seen from Table 3, we did not have a consistent set of
radio maps for the sources in the samples. When possible, we used
maps at the lowest available frequency to define the lobe shapes,
volumes and excluded regions. However, if the low-frequency maps
were of low resolution, we used higher frequency maps to define
the shapes, but checked with the low-resolution maps to see if there
were any regions of extended flux missing from the higher frequency
maps.

We then calculated the ICM pressures. In Ineson et al.
(2013, 2015), we fitted the ICM surface brightness profiles with ei-
ther single 8 models (e.g. Cavaliere & Fusco-Femiano 1976; Jones
& Forman 1984) or, when the host galaxy extended beyond the
point spread function (PSF) from the nucleus, double  models that
take a line-of-sight projection of the single 8 models fitted to the
two components (Croston et al. 2008). Here we used those models
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Table 3. Observational data for the sample.

Source X-ray* Observation Exposure” Screened? Radio map Resolution Ref.
instrument D time (ks) time (ks) freq. (GHz) (arcsec)
3C33 C 6910, 7200 39.83 39.61 1.5 4 x4 1
3C35 C 10240 25.63 25.63 1.4 14 x 12 1
3C98 C 10234 31.71 31.71 4.9 3.7 x3.7 1
3C 192 C 9270 10.02 9.62 1.4 39 x 3.9 1
3C219 C 827 19.24 16.79 1.5 14x 14 1
4C 73.08 C 10239 28.52 28.52 0.61 30 x 30 1
3C 285 C 6911 39.62 39.61 1.5 55x%x55 1
3C 303 C 1623 15.10 14.95 1.5 1.2 x 1.2 1
3C 321 C 3138 47.13 46.87 1.5 14x 14 1
3C 326 C 10908, 10242 45.81 45.81 1.4 14 x 39 1
3C433 C 7881 38.19 37.15 8.5 0.75 x 0.75 1
3C 452 C 2195 79.92 79.53 1.4 6x6 1
PKS 0034—-01 C 2178 27.52 26.54 4.9 4.5 x 3.7 2
PKS 0038+09 C 9293 7.94 7.94 4.9 44 x 3.4 2
PKS 0043—-42 C 10319 18.38 18.38 8.6 1.2 x 0.88 3
PKS 0213—13 C 10320 19.89 19.89 4.9 59 x34 2
PKS 0349-27 C 11497 19.89 19.89 1.5 11 x 8.9 4
PKS 0404+03 C 9299 8.07 8.07 8.4 22 x22 5
PKS 0806—10 C 11501 19.79 19.79 4.9 6.8 x 1.6 4
PKS 0915—11 C 4970 98.82 98.42 1.4 2x 1.5 4
PKS 0945407 C 6842 29.78 29.78 1.5 4 x4 6
PKS 1559402 C 6841 39.65 39.62 8.5 22 x22 5
PKS 2221-02 C 7869 45.60 45.60 8.2 24 x24 5
PKS 2356—61 C 11507 19.79 19.79 1.5 7.2 x 6.9 7
3C 16 C 13879 11.9 11.9 1.4 1.2x1.2 1
3C 46 X 0600450501 17.9 5.5 1.5 42 x 4.2 1
3C 200 C 838 14.7 14.7 4.9 0.33 x 0.33 1
3C 228 C 2453/2095 10.6/13.8 24.4 8.4 1.2x1.2 8
3C244.1 C 13882 11.9 11.8 8.4 0.75 x 0.75 8
3C274.1 X 0671640801 27.2 22.5 1.4 54 x54 9
3C 330 C 2127 44.2 44.0 1.5 1.5x 1.5 10
3C427.1 C 2194 39.5 39.5 1.5 1.8 x 1.1 11
3C 457 X 0502500101 52.2 36.8 14 5.1 x5.1 1
6C 085043747 C 11576 39.2 39.2 1.4 14 x13 4
6C 085743945 X 551630601 24.9 10.0 14 54x54 9
6C 113243439 C 11577 39.6 39.6 1.4 54 x54 9
6C 120043416 X 0551630301 49.6 37.6 1.4 54x54 9
7C 021943423 C 11575 39.3 39.3 1.4 14 x13 4

References: (1) http://www.jb.man.ac.uk/atlas, (2) Morganti, Killeen & Tadhunter (1993), (3) Morganti et al. (1999), (4) made from the VLA
archives (Mitchell 2005), (5) Leahy et al. (1997), (6) Hardcastle et al. (2007), (7) made from the ATCA archives, (8) Mullin et al. (2008),
(9) Becker, White & Helfand (1995), (10) Hardcastle et al. (2002), (11) Croston et al. (2005).

4C=Chandra, X=XMM-Newton.
bpn camera times for XMM-Newton sources.

(listed in Table 4) to find the electron density at the lobe tips and
mid-points. Pressure was then obtained following the methods of
Birkinshaw & Worrall (1993) and Croston et al. (2008), by con-
verting the electron density to gas density and applying the ideal
gas law — for this we used the ICM temperatures from Ineson et al.
(2013, 2015, Table 5). The ICM mid-lobe and lobe-tip pressures are
listed in Table 5.

These pressures are dependent on the ICM temperature measure-
ments and the 8 model fits. Since pressure scales with temperature,
errors in the temperature would produce proportionally similar er-
rors in the pressure. The temperatures were obtained where possible
by spectral analysis. For the z0.1 sample, these have 1o errors that
are mostly less than 20 per cent of the calculated temperature, with
the highest being ~50 per cent. The errors for the ERA sample tend
to be larger, with five sources at ~50-70 per cent and one source
(3C 427.1) with an upper limit of ~1.6 times the calculated temper-
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ature. For sources where we could not obtain a temperature from
the spectrum, we estimated the temperature using the temperature—
luminosity scaling relation of Pratt et al. (2009). When the spectral
temperature was known, the estimate was usually compatible with
it, so the estimated temperatures are unlikely to be much in error.

For the majority of the sources, the 8 models are a good fit to
the surface brightness profiles. Thus, if the electron density is being
estimated within the maximum detected radius of the ICM, then
it is likely be accurate. This is the case at mid-lobe for all but
seven lobes, and three of those are less than 10 per cent beyond the
detected radius. 11 lobes have the lobe tip beyond the ICM detected
radius (although four of these are less than 15 per cent beyond the
detected radius). Thus, the majority of the density estimates should
be estimated well from the surface density profile.

For the lobes extending beyond the maximum detected radius,
the density estimates depend on the quality of the fit of the 8 model
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Table 4. Radial profile modelling for the ICM. Column 1: source name; column 2: maximum detected radius; column 3: net counts in the surface brightness
profile; column 4: X2 and degrees of freedom for the ICM model; column 5: 8 for the ICM model; column 6: core radius for the ICM model; column 7: Xz
and degrees of freedom for the inner model (if used); column 8: B for the inner model; column 9: core radius for the inner model.

Source Drag® Counts” ICM (outer) model® 4 Host galaxy (inner) model®

(kpc) x2/dof B re (kpe) x2/dof B re (kpe)
3C33 113 2770 3.2/8 0.76 (0.30-1.20) 16 (112-1) 4.4/6 1.20 (0.85-2.00) 1.0 (2.0-0.5)
3C35 221 218 3.5/5 1.17 (0.30-1.20) 134 (384-2)
3C98 121 1380 1.4/8 0.42 (0.30-1.20) 1.8 (58.1-1.0) 1.4/6 2.92 (0.77-3.00) 0.9 (1.3-0.2)
3C 192 170 191 1.1/3 0.41 (0.30-0.91) 1.0 (10.6-1.0)
3C219 726 2251 19/9 0.40 (0.31-0.59) 28 (90-4)
4C 73.08 167 624 8.9/4 0.42 (0.31-1.20) 1.0 (68.3-1.0)
3C 285 368 1521 4.1/9 0.36 (0.32-0.70) 14 (82-5) 4.3/7 1.12 (1.00-3.00) 0.8 (4.1-0.5)
3C 303 366 2510 3.7/9 0.51 (0.44-0.70) 1.2 (10.3-1.0)
3C 321 87 843 6.8/8 1.19 (0.31-1.20) 30 (55-5) 7.2/6 2.64 (1.07-3.50) 6.1 (8.3-2.8)
3C 326 328 321 0.2/5 1.11 (0.30-1.20) 738 (1670-10) 0.2/3 0.95 (0.70-1.50) 10 (35-4)
3C 433 323 3058 12.2/10 1.09 (0.30-1.20) 310 (593-3) 12.3/8 1.14 (0.50-1.20) 10 (16-1)
3C 452 300 3202 7.4/12 0.74 (0.42-1.20) 64 (125-21) 7.5/10 1.52 (0.96-3.00) 1.3 (2.5-0.6)
PKS 0034—01 <254 0.47 40.90
PKS 0038409 231 1238 43/9 0.78 (0.30-1.20) 71 (975-3) 43/7 2.50 (0.96-2.50) 19 (25-8)
PKS 0043—42 413 576 7.8/5 0.34 (0.30-0.44) 1.0 (20.7-1.0)
PKS 0213—13 126 1244 2.9/5 0.63 (0.30-1.20) 18 (81-4)
PKS 034927 310 839 1.0/8 0.30 (0.30-1.50) 97 (1256-39) 1.1/6 2.13 (0.45-2.50) 11 (23-1)
PKS 0404403 <122 0.47 40.89
PKS 0806—10 <161 0.47 40.99
PKS 0945407 318 4404 10/13 0.40 (0.31-0.95) 7.0 (50.1-2.0) 11/11 0.86 (0.71-1.40) 0.6 (1.5-0.4)
PKS 1559402 564 1255 8.7/11 0.30 (0.30-1.20) 6.9 (1807.8-1.0) 9.0/9 2.99 (1.14-3.00) 3.3 (3.8-1.3)
PKS 2221-02 240 8775 22/16 0.35 (0.30-1.00) 16 (105-7) 28/14 1.15(0.99-1.34) 1.5(1.8-1.2)
PKS 2356—61 526 1791 1.8/14 0.42 (0.30-1.20) 56 (279-12) 1.9/12 1.16 (0.64-2.00) 3909.4-1.1)
3C 16 (<60) Low counts 0.49 5.74
3C 46 510 170 0.57/2 1.49 (0.52-1.50) 375 (477-118)
3C 200 200 259 0.77/3 0.48 (0.43-0.63) 6.4 (16.7-5.9)
3C 228 537 768 3.3/6 0.90 (0.57-2.0) 79.1 (179-39)
3C 244.1 966 171 0.82/3 0.41 (0.36-0.45) 5.78 (17.73-5.72)
3C274.1 610 678 3.8/5 1.16 (0.75-1.50) 177 (241-103)
3C 330 473 360 1.3/7 0.56 (0.49-0.67) 30.8 (47.7-18.9)
3C427.1 675 721 4717 0.40 (0.38-0.54) 20.5 (28.5-12.8)
3C 457 1119 2402 6.5/6 0.45 (0.34-0.66) 102 (268-6)
6C 085043747 534 2351 10/6 0.45 (0.43-0.49) 5.48 (13.57-5.43)
6C 085743747 816 612 2.2/6 0.41 (0.24-0.56) 7.03 (106.3-6.3)
6C 113243439 669 389 9.3/7 0.38 (0.29-0.45) 47.8 (161.8-6.2)
6C 120043416 1007 1983 36/7 0.41 (0.37-0.44) 39.1 (39.6-9.9)
7C 021943423 164 46 0.008/1 0.45 (0.21-0.99) 31.3 (66.5-6.7)

“Lower limits indicate that the detected ICM emission extended beyond the chip.

bCounts for XMM-Newton sources are for the pn camera only. Upper limits were obtained within estimated Rsp.
“Values for 8 and core radius r, are best-fitting parameters. Ranges are the Bayesian credible intervals.

Ttalics indicate median values used for sources with low counts.

extrapolation. If this is poor, then the density could be considerably
in error. For nine of these lobes, the lower 1o error bound is close to
zero. The worst case is 3C 321, which has small lobes with the mid-
lobe position at nearly three times the maximum detected radius,
and is also in a sparse ICM with a steep 8 model that has errors on
both 8 and the core radius that cover most of their expected ranges.
If we replace the 8 model parameters for 3C 321 with the median
values, which give a much less steep 8 model, the density estimate
is increased by a factor of ~7.

To summarize, since the majority of the lobes in our sample
lie within the maximum detected radius of the ICM, the errors
introduced by uncertainties in the ICM temperature and density
should be small. However, ICM pressure estimates for the few
lobes lying well beyond the detected radius could be substantially
in error.

4.2 Radio flux

‘We measured the radio flux density within the defined lobe shape
with the nucleus, jets and hotspots excluded. For the background,
we selected a region of similar length to the lobe in an area of the
map close to the lobe but outside the lobe emission.

Since the commonest map frequency was 1.4 GHz, we used maps
at this frequency when available to obtain the radio flux density.
‘When we only had higher frequency maps, we used published flux
density measurements at 408 MHz from the Molonglo Reference
Catalog of Radio Sources' (Large, Cram & Burgess 1991) or at
178 MHz from the online 3CRR catalogue.” Nuclear and hotspot

Uhttp://vizier.cfa.harvard.edu/viz-bin/VizieR ?-source=VIII/16
2 http://3crr.extragalactic.info/
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Table 5. ICM properties and lobe sizes.

Source ICM ICM* Lobe” Lobe tip Lobe-tip Mid-lobe Mid-lobe Volume*
temperature luminosity ICM pressure ICM pressure (radius)
(keV) (x10% ergs™h) (kpe) (x10714 Pa) (kpe) (x10~ Pa) (kpc)

0.01 0.020 0.127 0.80

3C33 112400 0.49170057 N 150 0.94310:537 86 2.6275%) 60

3C33 S 119 1.43%938 59 5271318 58
0.10 0.127 0.28 1.50

3C35 0.97% 050 0.30275134 N 468 1.39702%8 234 44975 185

3C35 S 488 1.291926 244 4177530 185
0.04 0.0199 0.91 3.89

3C98 0.62% 0 0e 0.066070 0517 N 85 2471908 42 7.267,5 41
0.07 0.057 1.12 2.4

3C 192 0.80757% 0.155% )00 C 126 474403 63 11.575 64
0.13 0.58 1.1 2.2

3C219 1461701 519702 N 291 24.4% 145 5421372 113

3C219 S 280 25.5%13 145 54.5732 107
0.26 0.0292 0.178 0.47

4C 73.08 1374038 0.04917 00475 w 550 0.645%) 613 275 16017 237
0.10 0.135 0.6 1.4

3C 285 0.941039 0.5591014 E 132 10.1759 66 22.171¢ 69

3C 285 w 172 7.4470%8 86 16.67}9 84
0.09 0.115 3.1 7.0

3C 303 0947503 0.757% ) 11a C 72 24.4%3 36 723779 42
0.01 0.011 0.020 0.009

3C321 0.87" 00 0.211%9013 N 272 0.30719 %, 246 0.377%0 %% 17

0.023 0.009

3C 321 S 282 0.284709% 237 0.38710 %, 38
0.40 3.97 1.73 4.51

3C 326 1.94%)32 465133 E 741 557001 370 9.17737) 302

3C 326 w 1333 2.95M0.73 736 5.60T5 78 344
0.76 0.117 2.52 2.1

3C 433 0967535 0.2407 0 050 S 67 8.187%% 34 30.2%7, 31
0.10 0.052 0.98 2.1

3C 452 1.324) 00 0.788% 0076 E 211 6.841033 105 283134 94

3C 452 w 221 6.6979% 110 26.1719 95

PKS 003401 0.61 0.0632 C 42 <8.30 21 <118 24
0.12 0.60 18.4 38

PKS 0038+09 1.82%0 15 2.65T05% C 114 56.27119 57 136738 71
0.96 0.28 1.8 2.7

PKS 0043—42 1.59%03% 1321938 N 158 19.6%1% 86 36.6757 34

PKS 004342 S 162 19.07}% 105 29.7%33 28
0.09 0.080 1.99 6.9

PKS 0213—13 0.85102 0.205+) 001 C 116 544133 58 20.6727 69
0.16 0.176 1.55 1.60

PKS 034927 0.8610 50 0.3320340 S 294 3.647% 159 6.2870 0 79

PKS 0404-+03 0.93 0.268 N 280 <2.90 149 <6.84 76

PKS 0404-+03 S 298 <2.66 178 <5.41 73

PKS 0806—10 0.86 0.206 C 131 <653 65 <147 49

PKS 0945+07 1.64709¢ 1797921 w 186 13.6730 107 27.6'32 64

PKS 1559+02 0.657019 0.790791%0 E 213 4.12759 106 8.25T 18 84
0.60 0.13 0.97 1.01

PKS 2221-02 109105 1434053 S 325 3.9870% 162 9.1750 9% 98
0.14 0.25 1.33 1.9

PKS 235661 1.19%055 138103 N 293 8.75%132 146 225719 78

PKS 2356—61 S 308 8.12%13 154 21.2%)%8 78

3C16 2.10 4.81 C 218 <54.6 109 <145 89
0.14 1.37 3.9 11.5

3C 46 2114056 6.03%3] C 586 13.2739 293 53.5%5% 167
0.16 0.93 32 56

3C 200 174403 2.6470 50 c 89 103535 50 261530 44
2.39 0.67 11.5 22

3C 228 222753 3.2270% C 170 40.67 5% 98 129752 63

3C 244.1 2.057917 4.54713% C 166 94.6713%5 96 18973 44
0.29 0.35 0.31 1.04

3C274.1 0.95%053 3.65%03% C 485 192453, 274 9.13% 02 197
1.26 0.70 6.4 9

3C330 16113 4.6410: % c 215 422727 125 10113 48

3C427.1 3141524 26.2123 C 104 428718 60 784742 44

3C 457 310725 6.14719 C 633 9.491113 366 18.0117 232

6C 0850-+3747 2.86720% 4.52%079 S 163 88.27%3 95 185713 59

6C 0857+3945 169702 2.87H,62 C 633 6.54758 387 13.075¢ 157

6C 113243439 17170 7.30716) C 299 41.0%37 176 69.37%4 90

6C 1200+3416 2.461% 8.28709 C 171 145™3 110 173733 58

7C 021943423 1.36704% 1277971 C 111 50.61334 62 1775 75

“Bolometric X-ray luminosity within Rsog.
bNorth, south, east, west and combined lobes.
“The quoted volume is the radius of a sphere of the same volume as the lobe.
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emission has not been excluded from these measurements, but the
flux measurements at frequencies below ~500 MHz are expected to
be dominated by lobe emission for the LERGs and narrow-line radio
galaxies (NLRGs). We split the low flux density measurements be-
tween the lobes in the same ratio as the flux densities from the higher
frequency measurements as was done by Croston et al. (2005). The
frequencies used for the radio flux density measurements are given
in Table 6.

4.3 X-ray flux

To obtain the X-ray flux densities, we generated spectra for the
lobes using sPECEXTRACT. For the background, we needed to sample
regions of the X-ray background and ICM representative of the
lobe region, and in some cases, the wings of the AGN PSF. Where
possible, we used a rectangle of the same length as the lobe, starting
at the same distance from the nucleus as the lobe and extending
radially out from the nucleus. This method was suitable for well-
defined lobes indented near the nucleus. For small lobes and lobes
where the emission spread about the nucleus, we modelled the
background using an ellipse surrounding the lobe.

We modelled the IC emission in XSPEC, using a power law cor-
rected for Galactic absorption (wABs(POWER)). We also tried to fit
a thermal model (APEC) in case there was a contribution from the
shocked ICM, but this only gave an improved fit for one source — 3C
452. This source has been studied in detail by Shelton et al. (2011)
using an XMM-Newton observation; we obtained compatible re-
sults. We then obtained the flux density at 1 keV by refitting the
model using the cFLUXx component convolved with the power-law
model.

We assumed for all sources that the electron distribution followed
a power law with an electron energy index § = 2.4 (spectral index
a = 0.7) and minimum and maximum energies defined by the
Lorentz factors ¥ min = 10 and y ux = 10°. These assumptions are
discussed in Sections 5.7.2 and 5.7.3.

For some of the sources with low counts, we could get an ac-
ceptable fit from either a power law or a thermal model, but the
temperature from the thermal fit was always low — usually less than
the ICM temperature — so was unlikely to be a contribution from
shocked gas. In these cases, we used the power-law fit. It is pos-
sible that there could be a thermal contribution from the ICM due
to incomplete background subtraction, particularly for the sources
with lobe emission around the nucleus. Neglecting this could result
in the power-law normalization being too high, leading to high flux
and internal pressure estimates. We therefore looked at the quality
of the background subtraction for a selection of sources with good
power-law fits, and found only two sources for which we could fit
a low-temperature background contribution — one of these lowered
the flux by slightly more than the 1o error; the other had a much
smaller effect. This suggests that our background modelling was
in general good and errors in the modelling should not have much
effect on the low-count sources.

For many sources, there were insufficient counts to get a good
fit for the power law. For these, we followed Croston et al. (2005)
in assuming a photon index of 1.5. If the photon index from the
fit was much different from this, we fixed it at 1.5 and fitted the
model to obtain the normalization. If there were insufficient counts
to fit the model, we used an unbinned spectrum with the photon
index again fixed to 1.5. Finally, if the net counts in the lobe were
less than three times the background error, we used three times the
background error as an upper limit on the counts and again used a
photon index of 1.5 to obtain the normalization. Table 6 contains the
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radio and X-ray flux densities for the sources, together with details
of the power-law fits for the X-ray emission.

In all, we obtained a good fit for the photon index for 23 of the
47 lobes, and obtained a normalization with an index of 1.5 for 18
lobes. We did not detect X-ray emission in the remaining six lobes.

4.4 Internal lobe conditions

We used the radio and X-ray flux densities, together with the lobe
volumes, to obtain the equipartition and observed (IC) magnetic
fields and electron energy densities. For this, we followed the
method described by Croston et al. (2005), using the syNcH code
(Hardcastle, Birkinshaw & Worrall 1998a) to find the magnetic
and electron energy densities within the lobes. syncH models the
population of relativistic electrons expected from the input radio
spectrum, calculating the equipartition conditions and the IC X-ray
flux expected from the synchrotron and CMB photon fields. Having
defined the equipartition conditions, the user can then modify the
lobe magnetic field, iterating until the predicted X-ray flux matches
the observed flux within the lobe. The electron density from syNcH
then gives the magnetic field strength and internal lobe pressure. The
model assumes that the particle content of the lobes is dominated
by relativistic electrons: this assumption is discussed in Section 5.1.

Table 7 contains the equipartition and observed magnetic fields
and pressures within the lobes. The quoted errors on the observed
field and pressure are derived from the X-ray flux density error, so
do not include the systematic errors discussed below (Section 5.7).

4.5 Lobe-tip Mach number

We then used a comparison of the internal and external lobe pres-
sures at the tip to estimate the lobe-tip Mach number .# using the
Rankine—Hugoniot conditions, which are derived from the conser-
vation of mass, momentum and energy across the discontinuity (e.g.
Worrall & Birkinshaw 2006). Using the equation for the speed of
sound in an ideal gas, assuming equal pressure throughout the lobe
interior, and assuming that the shocked shell surrounding the lobe
is in pressure balance with the lobe so that the internal lobe pressure
can be used as a proxy for the shocked gas pressure, this gives

) 1 P
M= T ((F—i— I)Po (1 F)) , (@))]
where I is the adiabatic index (5/3 for a monatomic gas), and P; and
P, are the pressures inside and outside the lobe. As noted above,
the jet ram pressure is not included in the calculation so .Z will
be a lower limit — this is discussed in Section 5.7.9. In addition,
the lobe internal pressure calculations assume that there are no
non-radiating particles (e.g. protons) in the lobes. If there were a
significant proton population, this would also increase the internal
pressure and consequently the Mach number.

The Mach numbers are included in Table 7. The errors were
obtained by propagating the internal and external lobe pressure
errors, which in their turn come from the X-ray flux density errors
and the Bayesian estimates of the ICM f model parameters (Ineson
et al. 2015), respectively.

We have excluded sources with upper limits for the external
ICM pressure P,. Note that because nearly two-thirds of the low-
luminosity LERGs in our original samples are FR I sources, we have
Mach numbers for only six LERG sources (nine lobes, including
two with upper limits for P;).
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Table 6. FR II lobe flux densities.

Source Lobe Radio Radio Method” Photon 1 keV X-ray x2/dof

frequency flux density index flux density

(GHz) dy) (nJy)

3C33 N 1.48 1.44 S 1147071 3.98707% 2.4/5
3C33 S 1.48 1.61 S 1.457094 4.10%05 6.1/4
3C35 N 1.42 0.465 S 1777543 27.4%38 16/13
3C35 S 1.42 0.532 C 1.437023 11.673¢ 1.8/6
3C 98 N 0.178 29.2 S 1.97104¢ 12.6733 1177
3C 192 C 141 4.09 S 1267032 15.8%39 4.9/5
3C219 N 1.52 2.85 S 1.647014 17.1713 15/14
3C219 S 1.52 2.9 S 177102 11.4710 7.5/8
4C 73.08 w 0.609 3.95 S 1.447545 341158 19/23
3C 285 E 1.65 0.790 S 1.53+0¢2 2.53103 1.412
3C 285 w 1.65 0.857 S 1797047 3.28M037 0.2/2
3C 303 C 1.45 0.900 F 1.50 0.891704%
3C 321 N 1.51 0.135 M 1.50 0.35979307
3C 321 S 1.51 1.32 M 1.50 1.287037
3C 326 E 1.40 1.87 S 14108 27.2789 27/18
3C 326 w 1.40 1.44 F 1.50 162141
3C433 S 0.178 53.9 S 2101078 3.191068 1.7/3
3C 452 E 1.41 4.25 S 1477058 13.2799 32/53
3C 452 w 1.41 3.97 S 158757 12.8709 61/52
PKS 0034—01 C 0.408 9.74 S 1.94102 5.00M539 6.3/5
PKS 0038-+09 C 0.408 11.5 F 1.50 8.607, %3
PKS 0043—42 N 0.408 8.25 U 1.50 <0.990
PKS 0043—42 S 0.408 7.40 U 1.50 <0.788
PKS 021313 C 0.408 117 M 1.50 4.00%0:63
PKS 034927 S 1.47 1.03 M 1.50 1097}
PKS 0404-+03 N 0.178 11.1 U 1.50 <4.66
PKS 0404-+03 S 0.178 8.27 U 1.50 <4.15
PKS 0806—10 ¢ 0.408 102 U 1.50 <274
PKS 0945407 w 1.43 2.29 S 1.851029 11.5%07 19/15
PKS 1559-+02 E 0.408 10.8 S 1.5670% 6.071142 3.4/6
PKS 222102 S 1.42 3.40 S 131403 1.6%19 23/23
PKS 235661 N 1.47 3.81 S 1587033 17.7733 11/14
PKS 235661 S 1.47 5.40 S 1.447533 19.073% 13/16
3C 16 C 1.54 1.54 M 1.50 226710
3C 46 C 1.48 0.732 M 1.50 4.997162
3C 200 C 1.49 1.30 M 1.50 176705
3C 228 C 1.44 2.54 M 1.50 3.241039
3C 244.1 C 1.44 231 M 1.50 L.52F100
3C274.1 C 144 1.10 S 1.39706 5.387083 8.7/11
3C 330 C 1.49 2.39 M 1.50 1107934
3C427.1 C 1.53 2.89 M 1.50 1.85%03
3C 457 C 1.45 0.650 S 1.591018 6.087071 19/19
6C 0850+3747 S 1.41 0.181 M 1.50 1227933
6C 0857+3945 C 1.41 0.266 M 1.50 2.131031
6C 113243439 C 1.44 0.390 M 1.50 215108
6C 1200+3416 C 1.41 0.154 M 1.50 1037933
7C 0219+3423 ¢ 1.41 0.0847 U 1.50 <0.924

“S = fitted index, C = fitted index from combined lobe spectra, F = fit with fixed index, M = modelled with unbinned data,
U = upper limit.
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Table 7. FR II lobe equipartition and IC fields and pressures. Column 1: source name; column 2: lobe; column 3: equipartition magnetic
field; column 4: observed (IC) magnetic field; column 5: equipartition lobe pressure; column 6: observed (IC) lobe pressure; column 7:
Mach number; column 8: jet power (summed across lobes).

Source Lobe? Begp Bobs Pegp Pops Mach no. Ojet
(x10710T) (x107107T) (x1071 pa) (x107 Pa) (x10% ergs™!)

3C33 N 5.61 2.291031 8.34 19.8+3¢ 41408 330 4 1.43

3C33 S 5.88 2.401053 9.17 21.8%4% 35+08

3C35 N 1.75 0.377750% 0.814 5.5611 0 1.8+£04 2454123

3C35 S 1.82 0.67910412 0.879 242103 1.3+ 0.4

3C 98 N 7.87 2.691033 16.4 51.8798 41413 7.32 4 2.66

3C 192 C 6.97 1.857529 12.9 61.87137 33405 4.69 +2.52

3C219 N 748 1.8475:09 14.8 80.6720 1L7+£0.1 17.6 £2.3

3C219 S 7.91 2.401013 16.6 63.6133 1.5+ 0.1

4C 73.08 w 2.03 0.8107007 1.09 2.671033 19405 3.60 & 1.07

3C 285 E 5.09 2.281034 6.87 14.1+2¢ 1.14+0.1 1.27 +0.35

3C 285 w 4.44 2.06+024 5.24 10.3+]¢ 1.14+0.1

3C 303 C 10.7 4.9212% 30.5 60.57253 1.5+£03 1.32£122

3C 321 N 10.7 2.55080 30.6 177455 21.5+6.7 2.68 4 1.43

3C 321 S 10.4 4.6570% 28.5 58.57100 12.8 £ 6.7

3C 326 E 2.02 0.89470-1%8 1.08 215705 0.7 +0.2 1.37 £ 0.80

3C 326 w 1.69 1047519 0.761 1017519 0.7 +0.2

3C 433 S 227 11.7514 137 230154 48+ 12 14.2+42

3C 452 E 6.13 2.20790° 9.97 29.27) % 1.9+02 6.45 £+ 1.00

3C 452 w 5.97 2.1510% 9.46 27.57138 1.9 +0.2

PKS 003401 C 17.1 3.89102 715 481197

PKS 0038409 C 12.9 3.85703% 439 17373 1.6 +0.3 57.2428.4

PKS 0043—42 N 16.1 >9.99 68.7 <90.4 <2.0 <2.95

PKS 004342 S 183 >10.9 88.7 <123 <23

PKS 021313 C 115 5.607042 349 63.2790 31408 194+ 114

PKS 0349-27 S 431 105507 4.92 27.2%3¢ 2.5+0.6 3.58 £ 0.89

PKS 0404-+03 N 747 >3.09 14.8 <345

PKS 0404-+03 S 6.81 >3.18 12.3 <238

PKS 080610 ¢ 123 >6.01 403 <729

PKS 0945-+07 w 7.33 1.687008 14.3 87.2783 23402 162 +£2.0

PKS 1559-+02 E 7.85 378705 16.4 30.2*%3 25403 8.27 £2.01

PKS 222102 S 4.52 1.98+0%2 542 116418 1.6£0.2 1.60 £ 0.30

PKS 2356—61 N 7.71 1.82%043 15.8 92.21114 29403 28.6 + 6.4

PKS 2356—61 S 8.47 2157013 19.1 98.6"133 31403

3C 16 C 12.6 6.2673% 422 7471348

3C 46 C 6.52 2.61+0:48 113 27.6%83 14403 31.8 4245

3C 200 C 229 7.5912:89 139 4631178 2.0+ 04 91.1 £80.5

3C 228 c 23.1 8.95% 42 141 3647957 27+£04 209 + 98

3C 244.1 c 258 1157106 177 3661228 18405 349 +£44.1

3C 274.1 C 6.21 3.0710% 10.2 18.27}% 28404 5434179

3C 330 C 284 17.5737 214 28419 24402 4224153

3C427.1 C 33.0 16.1739 290 526180 1.1+0.1 84.4 £29.7

3C 457 C 4.76 2.12+0.13 6.02 12.5713 1.140.1 344490

6C 0850+3747 S 9.78 2.487032 254 132433 12402 22.9 4 14.0

6C 0857+3945 C 5.82 2.661048 8.97 18.0137 15405 20.0 4 14.8

6C 1132+3439 C 9.32 3.287043 23.1 69.51139 12401 2424103

6C 1200+3416 C 112 29804 333 159733 LO£0.1 275+ 13.0

7C 0219+3423 C 8.32 >2.43 184 <74.9 <12 <42.0

North, south, east, west and combined lobes.
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4.6 Jet power

Having obtained the Mach number, we calculated the speed of

sound in the ICM using ¢, = /XL,

stant, and the particle mass m is 0.6 times the mass of the hydrogen
atom (Worrall & Birkinshaw 2006). This then gives the advance
speed of the lobe and, from the length of the jet, an estimate of
7, the age of the jet. Assuming that the work done in displacing
the ICM is similar to the internal energy of the lobe (Hardcas-
tle & Krause 2013, 2014), the time-averaged jet power is then
Qjet ~ 2E; /T, where E; is the internal energy density of the lobe. Jet
powers are listed in Table 7 — the value for each source is the sum of
the individual jet powers for that source. The errors were obtained
by propagating the internal lobe pressure and the Mach number
errors.

The lobe-tip Mach number varies during the lifetime of the radio
jets — this is described briefly in Section 5.3 and in more detail
in, for example, Hardcastle & Krause (2013) — so the time-scales
calculated here are estimates. More accurate estimates could be

where k is the Boltzmann con-

16 T : T
B HERG :
[ LERG
- Median

No. sources

0.2 0.5 1
Observed/equipartition magnetic field

obtained by taking into account how the Mach numbers vary during
the lifetime of the source.

5 RESULTS AND DISCUSSION

5.1 Deviation from equipartition

Figs 1 and 2 show the ratio between the observed (IC) and equipar-
tition measurements of the magnetic field strengths and of the total
internal energies for the sample, with and without the upper limits.
The observed magnetic field strength is lower than the equipartition
field strength for all sources, suggesting that the lobes contain elec-
tron energy densities greater than would be implied by the minimum
energy condition. All lobes are however within one order of magni-
tude of equipartition in terms of field strength with a median ratio of
observed to equipartition fields of 0.4. Hardcastle et al. (2002) and
Croston et al. (2005) found similar results; we have now confirmed
these with a larger, more representative sample.

16 T T T

B HERG :

[ LERG :
14+ |-+ Median .
12

10

No. sources
©

0.2 0.5 1
Observed/equipartition magnetic field (no lower limits)

Figure 1. The ratio of observed (calculated from the IC emission) to equipartition magnetic field strengths, separated into excitation classes. HERGs are
shown in solid black, LERGs shaded. The dotted line shows the median ratio. The left histogram includes all sources; the right histogram excludes lower limits.
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Figure 2. The ratio of observed (calculated from the IC emission) to equipartition internal energies for the lobes, separated into excitation classes. HERGs are
shown in black, LERGs shaded. The dotted line shows the median ratio. The left histogram includes all sources; the right histogram excludes upper limits.
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Similarly, the observed internal energy is higher than the equipar-
tition internal energy for all sources and all the observed energies
are within one order of magnitude of the equipartition energies. The
median of the ratio of observed to equipartition internal energies
is 2.4. As with all the calculations in this chapter, these results as-
sume that there are no protons in the lobes and that the lobes are
completely filled with synchrotron-emitting particles. As discussed
by Croston et al. (2005), the relatively close agreement between
the equipartition and observed magnetic fields calculated assum-
ing that the lobes are dominated by relativistic electrons suggests
that the lobes are not energetically dominated by protons. If there
were protons in the lobes, the observed internal energy would be
higher than the values calculated here and the lobes would be more
overpressured relative to the external environment.

5.2 Lobe pressure balance

Fig. 3 shows the observed pressure plotted against the external
pressure at the lobe tip and at mid-lobe. Pressure balance is shown as
a dotted line. If the lobes are growing, they should be overpressured
at the tip, and this is the case for all the sources in our sample except
3C 326 (which has the largest lobes in our sample by several hundred
kpc, so the external pressure is from an extrapolated 8 model).
Since the effects of the jet ram pressure have not been included,
the internal lobe-tip pressure will be higher than the observed lobe
pressure calculated here, and so the observed pressures at the tip
should be regarded as lower limits. The true tip pressure could
plausibly be above pressure balance for all the sources. Our median
lobe-tip pressure ratio of 4.3 lies well within the range found in the
simulations of Hardcastle & Krause (2013); our spread is greater
but we have a wider range of environments than were used in the
simulations.

At mid-lobe, the lobes are distributed about the pressure balance
line with a median Pgys/Pex; Of 1.8 — Croston et al. (2005) and
Belsole et al. (2007) also found FR II lobes to be near pressure bal-
ance at mid-lobe. The lowest ratio of observed to external pressure
is 0.18 for 3C 326, which also has the lowest lobe-tip pressure ratio.
There are only three lobes more than one order of magnitude above
pressure balance. The lower limit PKS 0034—01 (Pyps/Pext = 41)
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has small lobes (42 kpc long) so may be a young source. 3C 321,
which has very high pressure ratios of well over 100, has small lobes
(50 and 90 kpc long) 280 kpc from the nucleus. It is merging with
a neighbouring galaxy and is in a disturbed environment (Evans
et al. 2008). The 8 model has steep, poorly constrained parameters,
giving very low ICM pressures at mid-lobe and so the extrapolation
of the model to obtain the external lobe pressures is likely to be
imprecise. As discussed in Section 4.1, replacing the 8 model pa-
rameters with the median model parameters increases the mid-lobe
external pressure estimate considerably.

Belsole et al. (2007) had only two LERGs in their sample
(3C 427.1 and 3C 200), but found that both of these appeared un-
derpressured at mid-lobe, giving the possibility that LERG lobes
contain non-radiating particles such as protons to provide ad-
ditional pressure. However, although we used the same obser-
vations for these sources as Belsole et al. (2007), we obtained
lower external pressures, and although these two LERGs occupy
richer environments than any of the HERGs in our sample, our
pressure ratios for them do not stand out from the rest of the
sample.

The lowest pressure ratio lobes in our sample are also from a
LERG source (3C 326), although the pressure ratios of the other
LERG sources (except the lower limit PKS 0034—01 mentioned
above) lie within the range of results for the HERGs. The median
pressure ratios are 1.9 and 0.9 for the HERGs and LERGs, re-
spectively, and a median test shows no evidence for a difference
between the HERG and LERG mid-lobe pressure ratios (x> = 0.7,
p = 0.4). Our pressure estimates assume that the radiating particles
in the lobes are leptons; the fact that our LERG results do not stand
out from the HERG results suggests that the two types of radio
galaxies have similar lobe contents, and therefore that the apparent
difference in FR I and FR II particle content discussed in Section 1
is related to large-scale morphology and environmental interaction
rather than differences in central engine.

Our results therefore show no evidence of a systematic difference
between HERG and LERG lobes, but it should be noted that, since
the majority of FR II galaxies in our sample are HERGs, there are
only 10 LERG lobes (including three upper limits) in our sample of
44 lobes.
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Figure 3. Internal lobe pressure versus external (ICM) pressure, at the lobe tip (left) and at mid-lobe (right). Open symbols are LERGs, with diamonds
showing the z0.1 sample sources and crosses the ERA sources. Black symbols are HERGs with circles showing the z0.1 sources and stars the ERA sources.

Arrows denote upper limits.
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Figure 4. On the left, Mach number at the lobe tip. HERGs are shown in solid black and LERGs shaded, HERG upper limits are solid grey, LERG upper
limits are white. The HERG and LERG median Mach numbers are shown by dashed and dash—dotted lines, respectively, and the overall median by the dotted
line. On the right, Mach number at the lobe tip plotted against redshift. Symbols as in Fig. 3. The two Mach numbers greater than 10 are from the lobes of 3C

321, discussed in Section 5.3.

5.3 Lobe-tip mach number

The Mach numbers are plotted in Fig. 4. As mentioned in Sec-
tion 4.5, these Mach numbers neglect the jet ram pressure. How-
ever, we discuss the possible magnitude of the ram pressure in
Section 5.7.9 and conclude that it is likely to be small compared
with the lobe internal pressure. We therefore regard these Mach
numbers as a reasonable estimate of the true value. Our results for
3C 452 are similar to those of Shelton et al. (2011), who obtained a
Mach number of 1.6 for the combined lobes of that source.

The two lobes with Mach numbers greater than 10 are both from
3C 321, which, as mentioned above, has very low, uncertain ICM
pressures. Replacing the ICM pressures with pressures estimated
using the median B model parameters reduces the Mach numbers
of the two lobes to ~5 and ~7 — still high but not unreasonable. We
have not included 3C 321 in any further plots, but all statistics have
been calculated with and without 3C 321.

Without 3C 321, the maximum Mach number is 4.8 and the
median is 1.8, so the results of our large sample lie within those of
the individual and small-sample studies listed in Section 1 — of the
eight examples listed there, only two sources have lobes advancing
at more than Mach 2. Our median also lies within the range of
simulation results of Perucho et al. (2014) for well-developed lobes,
supporting their choices of conditions.

5.3.1 Magnitude of the Mach number

The majority of the examples in Section 1 are FR I galaxies, with two
of mixed morphology and only one pure FR II. It might be expected
that the more powerful FR II galaxies should have higher Mach
numbers, but both backflowing plasma and changes in jet direction
would disperse the jet momentum over a wider region than the
jet radius and would reduce the Mach number from that expected
for a static jet. Evidence that the latter process is commonplace is
found in observations of multiple hotspots and of offsets between
the hotspots at different frequencies (e.g. Laing 1981; Hardcastle,
Croston & Kraft 2007), and Mingo et al. (in preparation), looking at
the extended emission in the 2 Jy sources, found several examples
in the sources used in this study.

MNRAS 467, 1586-1607 (2017)

When comparing the properties of FR I and FR II radio galaxies,
it also needs to be remembered that, as mentioned in Section 1, FR
I galaxies are thought to entrain material from the ICM with the
amount of entrainment being related to the richness of the environ-
ment. This introduces a non-radiating proton population, increasing
the internal pressure of the jet and resulting in an FR I galaxy having
a higher jet power than an FR II galaxy of the same radio luminosity.
Thus, it is to be expected that FR II Mach numbers will in general
be lower than those of FR Is with similar luminosities.

In addition, the expansion speed of a radio lobe will depend on
its stage of evolution (e.g. Heinz, Reynolds & Begelman 1998;
Hardcastle & Krause 2013). The jet extends rapidly in its early
stages before expanding sideways as the shocked material at the tip
starts to spread. The Mach number is therefore expected to be high
for young sources. For example, the highest Mach number in the
examples listed in Section 1 (8.4; Croston et al. 2009) comes from
the inner lobes of Centaurus A, which are only a few kpc long.

Taking these points into account, it is understandable that the
Mach numbers for our mature FR II sample should have a similar
range to those observed in local FR I galaxies.

5.3.2 HERG/LERG subsamples

Our HERG subsample has a wider range of Mach numbers than the
LERG subsample, and the median Mach number for the LERGs
is lower than that of the HERGs. However, a median test does not
reject the null hypothesis that the medians are the same (x> = 0.26,
p = 0.6), and as mentioned above, this gives us no reason to suppose
that the lobes of the two types of radio galaxies should have different
dynamics. The difference in range of Mach numbers probably re-
flects the different distribution of environments (Ineson et al. 2015).

5.3.3 Particle content

As stated before, these Mach numbers assume that the lobes do not
contain protons. The presence of a significant proton population
such as is thought to exist in FR I lobes would increase the lobe
internal pressure substantially. We therefore looked at the effect of
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Figure 5. Radio luminosity plotted against Mach number. Symbols as in
Fig. 3.

a 10-fold increase in internal pressure on our median Mach number
and found that this would raise it to 5.7 — near the top of the range of
Mach numbers found in the observational studies listed in Section 1.
It is unlikely that our sample median would be so high compared
with the Mach numbers calculated from observed shocks, which
would suggest that any proton content is low compared with that of
FR I lobes.

5.3.4 Mach number and radio luminosity

It would be useful if the lobe dynamics, and consequently energetic
input could be inferred directly from the radio and/or environment
properties. As a first step, we searched for any relationship between
radio luminosity and Mach number (Fig. 5). The plot shows no sign
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of a correlation, and this is confirmed by a generalized Kendall’s
T test (Table 8).

5.3.5 Mach number and ICM richness

We then compared Mach number with ICM richness (Fig. 7, left),
using the ICM X-ray luminosities from Table 5. In this case, Mach
number appears to decline with increasing ICM luminosity for the
HERG subsample, while the LERG sources are limited to a band of
ICM luminosities at low Mach number. The generalized Kendall’s
7 tests (Table 8) show a strong negative correlation for both the
full sample and the HERG subsample. The correlation is weakened
slightly when the uncertain 3C 321 Mach numbers are removed,
but is still strong. There is quite substantial scatter — at least some
of this is likely to be due to systematic errors that are discussed in
Section 5.7 below.

It must be noted however that ICM external pressure was used
in the Mach number estimates. As can be seen from the right-hand
plotin Fig. 7, lobe-tip external pressure correlates very strongly with
ICM luminosity. Since both factors have a dependence on redshift,
we used a partial Kendall’s 7 test to confirm that the correlation was
not driven by redshift (Table 8).

It seems likely that lobe-tip external pressure is the factor driv-
ing the correlation between Mach number and ICM luminosity.
However, ICM temperature is related to ICM luminosity and is also
used in the pressure calculations and so is a potential confound-
ing factor. Temperatures were obtained wherever possible from the
ICM spectrum, but when there were insufficient counts, they were
estimated using the luminosity—temperature scaling relation of Pratt
et al. (2009). We therefore removed these estimated temperatures
from the sample in case they biased the results; the correlation be-
tween Mach number and luminosity was considerably weakened
but was still present (Table 8). Then we checked to see if Mach
number was related to the spectrum-derived ICM temperatures. As
can be seen from Fig. 6, there is no sign of a correlation. Thus, it

Table 8. Correlation analysis using Kendall’s t tests generalized to include censored
data, and partial generalized Kendall’s 7 tests taking account of a common correlation
with redshift (Akritas & Siebert 1996). N is the sample size; 7 is the correlation statistic;
o is the standard deviation; p is the probability under the null hypothesis.

Subsample N /o P
Mach no. versus radio luminosity, no redshift correlation

All 43 —0.69 0.49
HERG 34 —1.10 0.27
no 3C 321 32 —0.66 0.51
Mach no. versus ICM luminosity, no redshift correlation

All 43 —3.75 0.0002
HERG 34 —3.32 0.001
no 3C 321 32 —2.84 0.005
ICM luminosity versus lobe-tip external pressure, with a redshift correlation

All 43 3.20 0.001
HERG 34 3.48 0.0005
LERG 9 3.20 0.001
Mach no. versus ICM luminosity (no estimated temperatures), no redshift correlation
All 24 2.20 0.028
Jet power versus radio luminosity, with a redshift correlation

All 33 4.11 <0.0001
Lobe volume versus length, no redshift correlation

All 37 5.30 <0.0001
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Figure 6. Mach number versus ICM temperature for the sources with tem-
peratures calculated from the ICM spectrum. Solid squares are sources from
the z0.1 sample and open squares from the ERA sample.

seems possible that there is a relationship between Mach number
and environment richness, but more work is needed to eliminate
potential confounding factors.

That there should be some dependence of lobe advance speed on
the density of the environment is to be expected and so it seems
reasonable that a lobe in a weak environment should advance more
quickly than one in a rich environment. However, the environment
density reduces with distance from the centre of the cluster. In
the simulations discussed in Hardcastle & Krause (2013), the jet
initially extends rapidly and then slows as it starts forming lobes.
Then as the jet tip reaches the sparser environment beyond the ICM
core radius, it speeds up again. Thus, even if all other factors remain
the same, the Mach number will not be constant throughout the life
of the radio galaxy. More work is therefore needed to look at how the
Mach numbers of jets in environments of different richness change
as the lobes grow and age, and how they are affected by other factors
such as jet power.

If this negative correlation is genuine, it will have contributed
to the lack of high Mach number LERGs - since ICM luminosity
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correlates with radio luminosity for LERGs (Ineson
et al. 2013, 2015) and the low radio luminosity LERGs
mostly have FR I morphology, the LERG lobes remaining in the
sample are for the most part in relatively rich environments and so
would be expected to have low Mach numbers.

5.4 Jet power

Fig. 8 (left) shows jet power plotted against redshift. Since the
sample is taken from flux-limited surveys, the strong redshift de-
pendence is expected. Our jet powers, being for FR II morphology
sources, lie in and above the upper part of the ranges of FR I jet
powers found by Birzan et al. (2008),Cavagnolo et al. (2010) and
O’Sullivan et al. (2011), and have a very similar range to the FR
II sample of Godfrey & Shabala (2013) and the lower regions of
the sample of powerful FR IIs of Daly et al. (2012). Of the seven
sources we have in common with Godfrey & Shabala (2013) and
Daly et al. (2012), we obtained similar Qj; estimates for all but one
source (3C 321 — see Sections 5.2 and 5.3).

In Fig. 8 (right), we show the relationship between jet power and
radio power. A correlation is expected as the two quantities are not
completely independent: the jet power estimates have a complicated
dependence on the measured radio flux and redshift. However, we
are interested in comparing the jet power measurements and the
slope and normalization of the relation with other methods. We find
a strong correlation in the presence of a common relationship with
redshift (z = 4.11, p < 0.0001 — Table 8). Since there were only
two upper limits, we excluded these and calculated the regression
line using the BCES regression method (Akritas & Bershady 1996)
so that we could include the effect of the calculated errors. This
gave Qi = 5 x 10¥LIF*0Y where O is in watts and L5, is the
151 MHz radio luminosity in units of 102 W Hz~' sr~!. Willott
et al. (1999), assuming that the FR II lobes were self-similar and
at minimum energy, obtained the relation Qi = 3 x 10 f3/2L%7
where fis a factor expected to depend on the properties of the source
and its environment and predicted to lie between 1 and 20. Thus,
our Qj—L;5; relationship has a very similar slope to that obtained
by Willott et al., but it requires f ~ 6.5 to match the normalization.
Daly et al. (2012) found a factor of f ~ 4 for their sample of FR II
galaxies, and Turner & Shabala (2015) found that a factor of f =5
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Figure 7. ICM X-ray luminosity plotted against Mach number (left) and lobe-tip pressure (right). Symbols as in Fig. 3.
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was needed to fit their dynamical model results to the theoretical
model.

Since the equation derived by Willott et al. (1999) assumed min-
imum energy conditions for the lobes, which give very similar total
internal energies to the equipartition conditions, we calculated the
jet powers resulting from an assumption of equipartition and ob-
tained a regression line Qje = 2 x 10 L 57", The difference in
the normalizations of our two relations is compatible with our me-
dian ratio of observed to equipartition internal lobe energy of 2.38.
The normalization for our equipartition equation is however still
higher than that of Willott et al. by a factor of 6.7 (f ~ 3.5).

Another potential contribution to f comes from the viewing angle
of the lobes; assuming that this is random gives a mean factor of
~1.4 (Willott et al. 1999) and reduces the unexplained contribution
to fto ~2.5.

At least some of this can be attributed to the environments of
the radio galaxies. Willott et al. (1999) use a sample of relatively
distant quasars (QSOs) that have relatively rich environments; using
a particle density more typical of low-redshift FR II galaxies reduces
their estimate of the age of the system by a factor of ~0.5, thus
increasing the jet power by a factor of 2. Hardcastle & Krause (2013)
report a similar dependence on environment in their simulations.
Although the slope of their time/jet length relationship eventually
matches the slope of the theoretical relationship used by Willott
et al., the normalization is dependent on the properties of the ICM.
Willott et al. use a simple power-law relationship for the change in
ICM density with radius rather than the now more commonly used
isothermal 8 model, so their time/jet length relationship does not
include the effects of the changes in ICM density profile around
the core radius. So for a source with B similar to our median (and
to the value of 8 used by Willott et al.), Hardcastle and Krause
obtained source ages close to the theoretical relationship for their
80 kpc core radius but the age was reduced by almost one-third for
a 40 kpc core radius — the median for our sample — which would
raise the jet power by a factor of 1.5.

However, the normalizations obtained in the simulations include
the effect of the initial rapid growth of the jet, which, as discussed
in Hardcastle & Krause (2013), is not modelled accurately, so this
factor of 1.5 may not be accurate. But these simulations do confirm
that the jet ages of FR II galaxies in weaker environments than

those used by Willott et al. (1999) are likely to be shorter than
their theoretical prediction and so will contribute to our higher
normalization of the Qj.—Lis; relationship. Also, since our core
radii cover a wide range (see Table 4), the differences in the distance
that the jet travels before the ICM density drops will contribute to
the scatter in our relationship.

Our estimates of jet age are based on the current Mach number of
the lobe tip and so do not take into account either the early growth of
the jet or the variations due to the ICM density profile. Nevertheless,
our estimates of jet power from lobe internal energy and lobe-tip
Mach number produce a Qj.—L;s; relationship that is similar to the
theoretical relationship developed by Willott et al. once the effects
of the higher electron energy densities and the different richness of
the ICM environments have been taken into account.

We caution that radio luminosity is only expected, from numerical
modelling, to be roughly constant with time once the source has
grown to a size comparable to the host environment core radius (e.g.
Heinz et al. 1998; Hardcastle & Krause 2013; English, Hardcastle
& Krause 2016). During the early stages of a source’s evolution,
the radio luminosity must necessarily depend on source age as
well as jet power. The nature of our selection means that we are
biased against small, young, faint sources and so we would expect
to recover a simple jet power/radio luminosity relationship in our
sample.

5.5 Lobe volumes

Finally, we compared the length and volume of the radio lobes. If
the lobes are self-similar, V o< L, where V is the lobe volume and L
its length (Kaiser & Alexander 1997); if however the lobes are being
partially modified and constrained by the ICM, then self-similarity
would be broken (Hardcastle & Krause 2013).

The average lobe length and volume for each source are plotted in
Fig. 9. Note that 3C 321, which has two small lobes a great distance
from the nucleus, has been excluded — the ratio of lobe length to
lobe-tip distance for the rest of the sample ranges from 0.18 to 0.25
whereas those for the 3C 321 lobes are 0.05 and 0.08.

There is a clear correlation between the two factors. The errors are
unknown but are present in both factors, so we calculated ordinary
least squares (OLS) regression lines for both volume versus length
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Figure 9. Lobe volume plotted against lobe length — the mean lobe length
and volume were taken for each source. Also shown are the OLS regression
lines taken from both directions (dotted and dashed lines) and the bisector
(solid line).

and length versus volume and took the bisector (Isobe et al. 1990)
— this gives V oc L*3'£992_ The three regression lines are shown
in Fig. 9. They all have a slope of less than 3, which suggests that
the lobes deviate slightly from self-similarity. Departures from self-
similarity have also been reported by Mullin, Riley & Hardcastle
(2008), who found that the axial ratio reduces with increasing lobe
length. This result fits with our previous results showing that the
lobes are only partially overpressured, and once again supports
model C from Scheuer (1974). It also supports the simulation results
of Hardcastle & Krause (2013).

5.6 Implications

As found by other researchers (e.g. Hardcastle et al. 2002;
Isobe et al. 2002, 2005; Croston et al. 2004, 2005; Kataoka &
Stawarz 2005), the internal energies and pressures of the lobes are
near but slightly above equipartition, reflecting the contribution of a
higher electron density than required by the minimum energy condi-
tions. If there were a sizeable population of non-radiating particles
in the lobes, as typically seen in FR I radio galaxies (e.g. Croston
et al. 2008), we would expect a larger departure from equiparti-
tion (e.g. the electron energy densities in FR I lobes are typically
a large factor below equipartition). The lobes were all within one
decade of equipartition, which suggests both that there is not a large
population of energetic protons and that the filling factor must be
close to unity. Importantly, this means that (i) IC analysis provides
a reliable measure of the total internal energy for individual FR 11
radio galaxies, and (ii) for samples of FR II radio galaxies without
X-ray data, the total energy (and magnetic field strength) can be
estimated reliably from radio observations alone, by assuming the
typical departure from equipartition measured here (~2.4 in total
energy density and ~0.4 in magnetic field strength).

Our measurements of the pressure ratio between the lobes and the
environment provide a test for dynamical models of FR II evolution,
as well as enabling a population-wide estimate of jet energetics.
The pressure difference between the lobes and their environment is
important both for the advance speed of the lobe through the ICM
and for determining the shape of the lobe. The fact that the lobe is
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near pressure balance with its environment means that the ICM can
influence the shape of the lobe. The relatively high density in the
inner regions of the cluster will compress the lobe near the nucleus,
separating it into the familiar double system and supporting model C
in Scheuer (1974). Lobes near pressure balance can also be moulded
by variations in the ICM, giving disturbances and asymmetries that
are again familiar in observed systems. Given these observational
results, the departure of our lobe length/volume ratio from that
predicted by self-similar theory (Kaiser & Alexander 1997) is to be
expected. A useful consequence of the lobes being near pressure
balance is that the lobe internal pressure can be estimated from the
external pressure at the lobe mid-point if IC flux is not available
for a more detailed calculation. The relationship between lobe-tip
Mach number and environment richness gives evidence of the lobe
expansion being affected by the ICM, which could suggest that
the amount of energy being inserted into the ICM for a given jet
power is also affected by its richness. However, the simulations of
Hardcastle & Krause (2013) suggest that although the Mach number
is lower in a rich environment, the shock front spreads further round
the lobe tip and so is physically larger. Thus, they find that for jets
of the same power, the amount of energy being input into the ICM is
nearly independent of the richness of the environment. Our results
will provide a useful benchmark for more detailed investigations
of how the energy input is distributed within the ICM for different
populations of radio galaxies.

One reason why this is important is that the space density
of HERGs (predominantly FR IIs) increases with redshift (Best
et al. 2014), with an increasing radio-loud fraction in lower mass
galaxies at earlier times (Williams & Rottgering 2015). The cu-
mulative energy input into groups and clusters from such episodes
is not well constrained, but may play a role in explaining the ob-
served properties of the ICM: it is well established that scaling
relations for galaxy clusters do not follow the self-similar rela-
tion predicted for purely gravitational heating (e.g. Edge & Stew-
art 1991; Markevitch 1998; Pratt et al. 2009). This indicates a need
for processes such as AGN heating to break the similarity by affect-
ing low-mass environments more strongly; however, the locations,
mechanisms and evolution of this energy input are uncertain (e.g.
Short et al. 2010; Fabian 2012; Pike et al. 2014). Radio surveys such
as those being undertaken with the Low Frequency array (LOFAR)
will soon make it possible to study more typical radio galaxies at
the epoch of group and cluster formation, but inferring the impact of
those populations on their environments will require well-calibrated
dynamical models or scaling relations that take into account the ef-
fects of environment. Our combined measurements of FR Il internal
conditions and environment provide important constraints for these
models.

The facts that we found a strong correlation between jet power
and radio luminosity and that our relationship reflects the theoretical
relationship of Willott et al. (1999) are encouraging. We estimated
jet power using a new, independent method based on the internal
lobe conditions and the lobe advance speed; the correlation was
strong even when the common distance dependence was taken into
account (see Godfrey & Shabala 2016). This method is applicable
to FR II galaxies in their later stages, where the particle content
can be assumed to be dominated by relativistic leptons and the
lobe tip is overpressured with respect to its environment, advanc-
ing with supersonic or near-supersonic speeds. It could provide a
better estimate of the jet power/radio luminosity relationship for
this population of radio galaxies than is currently available, which
may be of use in estimating the impact of the high-redshift HERG
population on the environment.



5.7 Systematic uncertainties

We made a number of assumptions and approximations during the
calculations that could impact on our findings. The following section
looks at the likely size of the effects.

5.7.1 Lobe volumes

Since the electron density scales with lobe volume (V~*7, Hard-
castle 2004 — assuming an electron energy index of 2), a poten-
tially large source of error is the definition of the lobe shapes
and the consequent flux measurements and volume calculations.
We used the same shapes and exclusions for both the radio and
X-ray flux measurements, and subtracted any exclusions from the
total volume. However, these shapes are of necessity simple, two-
dimensional approximations of a complex, three-dimensional struc-
ture, which gives scope for large inaccuracies.

We looked at the difference in using a cylindrical lobe instead
of ellipsoidal for 3C 452; this increased the volume by 50 per cent
and reduced the observed pressure by 30 per cent. Using an ellip-
soidal lobe instead of cylindrical for 3C 35 reduced the volume by
40 per cent and increased the observed pressure by 60 per cent. An
increase or decrease of 60 per cent in the observed pressure would,
for example, increase/decrease a Mach number of 5 to 6.3/3.2 or
a Mach number of 1 to 1.2/0.7. Because the size of the change
decreases with Mach number, this is unlikely to make a significant
difference to the results. Note that both these tests gave a visibly
poor fit to the radio lobes so are likely to be overestimating the true
uncertainty.

We also looked at the effect of inaccuracies in exclusion sizes
by doubling and halving the exclusion volume estimates for four
sources. The exclusion volumes ranged from 5 per cent to 15 per cent
of the total lobe volume and gave similar percentage changes in the
observed pressure. A 15 per cent increase/decrease at Mach 5 would
give a Mach number of 5.4/4.6, with the size of the change reducing
with Mach number.

5.7.2 Low-frequency spectral index

In previous IC studies (e.g. Hardcastle & Worrall 2000; Hardcastle
et al. 2002; Croston et al. 2005), the electron energy distribution
at low frequencies has been assumed to be a power law with an
index of § ~ 2, steepening to § ~ 2.5 above a break frequency
and then dropping exponentially at the cut-off frequency, following
the theoretical work of Heavens & Meisenheimer (1987). However,
recent observations have allowed the low-energy electron index to
be measured down to ~30 MHz for some sources (e.g. Harwood
et al. 2013, 2016; Harwood, Hardcastle & Croston 2015), giving a
steeper index more in line with the 178750 MHz spectral indices
for the 3CRR sample.? We therefore used an electron energy index
8 = 2.4 (spectral index o = 0.7) to calculate the equipartition and
observed lobe fields and energy densities for all sources.

If the index is too steep, the energy density (and consequently
the internal lobe pressure and Mach number) will be overestimated.
We looked at the effect of a lower spectral index on the mid-lobe
pressure ratio and Mach number for seven of the 3CRR sources
with ratios of observed to external pressure ranging between 0.5
and 12. We found that reducing § to 2.0 reduced the pressure ratio
by 25 per cent to 30 per cent. A decrease of 30 per cent would

3 http://3crr.extragalactic.info
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change Mach 5 to Mach 4.2 and Mach 1 to 0.9. As with the volume
changes, if we have overestimated the electron index, it is unlikely
to have much effect on the results.

If the index is too shallow, then the energy density will be un-
derestimated. Harwood et al. (2016) found the spectral index for
one of our sources, 3C 452, to be 0.85 (§ = 2.7) and calculated
the energy density for the combined lobes to be ~3 x 107!2 Jm~—3
— about three times higher than the energy densities we obtained
using § = 2.4. We recalculated our energy density for 3C 452 using
& = 2.7 [although not changing the other radio data in our calcula-
tions to match those used by Harwood et al. (2016)], and this gave
an energy density of 2 x 1072 J m~3, much closer to the value
found by Harwood et al.

We therefore estimated the low-frequency spectral index o« for
five of our sources that did not have strong radio emission from
the nucleus, jets and hotspots. For this, we used published low-
frequency flux densities (at 178 MHz* or 408 MHz>) together with
the flux densities obtained from the radio maps used in this study
(ranging between 0.6 and 4.8 GHz). « ranged from 0.77 to 0.94,
well within the range of low-frequency spectral indices published
for the 3CRR sample. Our spectral indices give § from 2.5 to 2.9,
all higher than the value of 2.4 used in our analysis. A steeper index
gives a higher internal lobe pressure and consequently a higher
Mach number — for the source with the highest electron index (3C
472.1), the Mach number increased from 1.1 to 2.3.

The choice of electron energy index could therefore have a fairly
large effect on the calculation of lobe internal energy density and
pressure, and consequently on the Mach number. However, if all the
indices are higher than 2.4, as with our test cases, then all internal
pressures and Mach numbers will be higher than estimated here
and so the overall study results will remain the same. Since our
Mach numbers cover a similar range to those in the studies cited in
Section 1, it seems unlikely that the indices are sufficiently far in
error to make a big difference to our results.

5.7.3 Maximum and minimum energies

We followed Croston et al. (2005) in using Lorentz factors of
Ymin = 10 and ¥ ma = 10° to define the minimum and maximum
electron energies for the IC calculations. As discussed by Croston
et al. (2005), it is the low-energy population of electrons that scat-
ter the CMB photons (which are responsible for the bulk of the
lobe X-ray emission) to the observed X-ray frequencies, so varying
¥ max Makes little difference. They chose the conservative value of
¥ min = 10, an order of magnitude lower than had previously been
observed in hotspots, but found that varying it between 10 and 1000
gave the same results to within the 1o errors.

5.7.4 Radio observation properties

There was no consistent set of low-frequency radio maps for the
sources in the samples. Since the commonest map frequency was
1.4 GHz, when possible we used these to obtain the flux density.
For sources with maps at a higher frequency than 1.4 GHz, we
used published flux density measurements at lower frequencies as
listed in Table 6, since the lower frequencies were less likely to be
contaminated by nuclear and hotspot emission.

4 http://3crr.extragalactic.info
3 http://vizier.cfa.harvard.edu/viz-bin/VizieR ?-source=VIII/16
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There were also differences in the resolutions of the radio maps,
which could have an effect on the definition of the lobe shapes.
In particular, high-resolution maps are likely to have small largest
angular sizes and miss regions of diffuse gas.

Two-thirds of the radio observations fell into two groups — those
with 1.4 GHz observations and resolutions between 1 and 5 arcsec
(21 lobes) and those with 5 or 8.5 GHz observations again with
resolutions between 1 and 5 arcsec (10 lobes). These two groups
had almost identical ranges of source size (40-300 kpc) and similar
medians (150 and 167 kpc, respectively). We then looked at the
ratio of observed to equipartition magnetic fields (Bops/Begp). The
1.4 GHz subsample contained both the maximum and minimum
Bops/Begp from the full sample (median 0.40, range 0.07-0.83).
The high-frequency subsample had a median By /B.qp of 0.47 and
a range of 0.24-0.67. A Kolmogorov—Smirnov test showed that
there was no significant difference between the two distributions
(D=0.39,p=0.16). Thus, for the bulk of our sources, the difference
in frequency does not seem to be a problem.

Of the remaining lobes, five had 1.4 GHz observations at reso-
lutions greater than 10 arcsec. These were large sources with lobe
lengths from 290 to 1330 kpc. Their Byps/Begp ratios were how-
ever similar to those of the two higher resolution samples (median
0.39, range 0.22-0.65). All but one of the remaining sources had
frequencies and resolutions lying between those of the three groups
already described. Their lobe lengths range between 67 and 310 kpc
and their By /B ratios have a median of 0.40, range 0.25-0.57.
Again, there is nothing to distinguish their results from those of the
other sources. The final source has low map frequency (610 MHz)
and resolution (30 arcsec) and is large (550 kpc) but the Bops/Begp
ratio is near the median (0.41).

Overall, it seems unlikely that the range of frequencies and reso-
lutions used in this study had much effect on the results.

5.7.5 Lobe viewing angle

We do not know the viewing angle of the radio lobe. In standard
unified models (Barthel 1989; Hardcastle et al. 1998b), NLRGs
have viewing angles of greater than ~45°; broad-line radio galax-
ies (BLRGs) and QSOs have viewing angles of less than ~45°. A
small viewing angle will decrease the apparent volume of the lobe,
increasing the calculated energy density and the observed lobe pres-
sure. However, reducing the viewing angle also reduces the angular
distance to mid-lobe and the lobe tip, so the ICM density will also
be overestimated.

We looked at the effect of viewing angle on NLRG 3C 98
(N lobe) and BLRG PKS 0945+07 (W lobe). For 3C 98, we assumed
a viewing angle of 45° and recalculated the volume, ICM pressures
and lobe observed and equipartition pressures. This brought the
lobe nearer to equipartition (Pops/Peqp reduced from 3.1 to 2.6).
The pressure balance was increased (by 16 per cent at mid-lobe and
13 per cent at the lobe tip). This size of change had only a slight
effect on the Mach number, raising it from 4.1 to 4.4.

For PKS 0945407, we assumed a viewing angle of 20°. Again,
the effect of increasing the volume estimate brought the lobe nearer
to equipartition (Pops/Peqp reduced from 5.7 to 3.2). In this case,
the pressure balance was almost unchanged, with the Mach number
changing by less than 1 per cent.

The relative changes in lobe and ICM pressures will depend on
the environment richness and shape — both 3C 98 and PKS 0945407
have B model parameters below the median, so the ICM pressure
will drop more slowly than for a steep 8 model source. We therefore
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looked also at 3C 285, an NLRG with a 8 model that is steeper than
the median. The changes were smaller than for the shallow model,
with only a 4 per cent increase in pressure balance at the lobe tip.
We therefore agree with the conclusions of Hardcastle & Worrall
(2000) and Croston et al. (2004) that the viewing angle has a similar
effect on the calculated pressures in the lobe and the ICM. It will
therefore have only a small effect on the calculation of the pressure
ratios and Mach number.

5.7.6 Excluded lobes

As mentioned in Section 2, results could not be calculated for a
number of lobes. There were two main reasons for exclusion.

(a) The lobes were so small in angular extent that they were
masked by nuclear and/or central ICM emission. These lobes were
either very young, in which case they may still be evolving rapidly
and not be representative of the population of stable lobes (e.g.
Hardcastle & Krause 2013), or they are at a shallow angle to the
observer. In the latter case, the sample is large enough that it is
unlikely that the lobes are different from the rest of the sample. A
large lobe, 1 Mpc for example, at a viewing angle of 20° would still
appear more than 300 kpc long. The largest of our excluded lobes
was 75 kpc; even at a pessimistic viewing angle of 20°, the lobes
are still only ~200 kpc long and so we were not excluding scarce
large lobes.

(b) The lobes were only partially on the observing chip, or, in one
case, were over a 4-chip join. These lobes are likely to be amongst
the largest in angular extent, and potentially in physical extent and
so might bias the sample. Of the five sources with off-chip lobes,
only one had both lobes off-chip, so all the others had their second
lobe in the sample. The source with both lobes off-chip was the
largest of this group of excluded sources with lobes of ~1 Mpc, but
it also lay in a very weak ICM with upper limits on the external
pressure, so we could not have calculated the Mach number for this
source.

We also excluded 3C 236 because the lobes were so large (2.7
and 1.9 Mpc) that we did not trust the extrapolation of the ICM g
model to provide the pressures. This is by far the biggest source in
the sample — the next largest lobe is 1.3 Mpc long. In all, only three
of the 39 lobes for which we could calculate Mach numbers were
longer than 0.5 Mpc, and only one lobe was longer than 1 Mpc.
There is therefore the possibility of bias against large lobes; having
said that, we have Mach numbers for lobes from 40 to 1300 kpc
long, which is a wide range of lobe sizes, and the few large lobes in
the sample do not stand out as being different from the rest of the
sample.

5.7.7 Environment measurements

A potential problem with the measurements of the external environ-
ment comes from the extrapolation of the § model beyond D,,q for
the ICM pressure calculations. There were 10 lobes where the lobe-
tip position was further from the cluster centre than D,,y. These
all have environments with poorly constrained § models and so
their external pressures have large errors. 3C 321 has the largest
lobe-tip distances in the sample and was discussed in Section 5.3 —
its lobes have unreasonably large Mach numbers and all statistics
were calculated with and without these two lobes. 3C 326’s lobes
have the lowest Mach numbers (0.7) — again these are large lobes,
so extrapolation from an inaccurate 8 model could be overestimat-
ing the ICM pressure. 3C 33 has relatively small lobes but is in a



weak environment. Its Mach numbers are quite high (4 and 3.5) but
reasonable for such a weak environment and there are two others
higher. The other four lobes all have Mach numbers near the median
and so do not stand out in any way.

We are again a little concerned at possible errors involving large
lobes — the highest and lowest Mach numbers come from the largest
sources in the sample — but do not think that the overall results will
be much affected.

5.7.8 ICM temperature variation

As discussed in Ineson et al. (2013, 2015), the ICM temperatures
used in the analysis were an average temperature taken across a wide
radius. Thus, they are representative of the overall temperature, and
not the temperature at a specific point in the profile. We had very
few sources with enough counts to generate a temperature profile.
Typically, temperatures rise steeply from the cluster centre to a
peak about 20 per cent higher than the average temperature (e.g.
Rasmussen & Ponman 2007). This occurs at a radius of 0.1Rsqq
for groups, rising to 0.15Rsy, for groups and clusters with average
temperatures of ~2 keV and above. The temperatures then fall
gradually, reaching about two-thirds of the average temperature by
Rs00. We may therefore be overestimating the external pressure at
the lobe tips, and consequently underestimating the Mach number.

This sample of radio lobes cover a wide range of sizes. The
median radii of the mid-points and tips are at about 0.2Rsy and
0.4Rs0, respectively. At these radii, the temperature is very similar
to the average. Only one lobe has its mid-point beyond Rsgo — this
is 3C 326, and the 8 model extrapolation for that radius gives a
1o lower bound close to zero. There are seven lobe tips from our
sample of 47 that extend beyond Rs (including 3C 326). Of these,
five have such large errors from the B model extrapolation that
any pressure variation due to temperature is small in comparison;
the other two have lo errors of a similar size to the expected
change in pressure from the temperature variation. We may therefore
be underestimating the Mach number for these sources, but it is
unlikely that the temperature variation with radius will have any
effect on our overall results.

5.7.9 Jet ram pressures

We neglected the jet ram pressure when calculating the Mach num-
ber, and so it is useful to ask whether the Mach numbers are un-
derestimated. The momentum flux up the jet always provides an
additional pressure term, but the standard assumption is that it is
distributed over the whole leading edge of the lobe, both by local
hydrodynamic effects and by the fact that the jet termination prob-
ably moves about in the lobe as discussed in Section 5.3. The ram
pressure exerted by the jet on the end of the lobes is therefore lower
than the ram pressure on a test surface within the jet by a large factor
— the ratio of the lobe cross-sectional area to the jet cross-sectional
area.

We estimated ram pressures for some of the lobes from the jet
power Qje, jet velocity ¢ (the speed of light, assuming a light, rela-
tivistic jet) and surface area A of the lobe tip, using Pran = Qjet/(cA).
This is extremely sensitive to the area estimate, so we only looked
at lobes where the map quality and resolution were good and the
lobe shape was not complex — this left 11 lobes for which we could
estimate the area of the lobe tip (the Mach numbers ranged from
0.7 to 4.8). For cylindrical lobes, we used the flat area of the cylin-
der end, and for elliptical lobes, we estimated the surface area of
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the forward end of the ellipse pushing into the ICM. The highest
ratio of ram pressure to internal lobe pressures was 0.06, suggesting
that including ram pressure in the Mach number calculations would
have little effect.

5.7.10 Overall effect of systematics

Overall, the estimates of lobe volumes and the assumption of a
constant low-frequency spectral index are likely to be the biggest
sources of error in the results. Improved lobe volume estimates
will need better resolution low-frequency radio maps, but it would
be possible to make estimates of spectral indices where data are
available, look at the overall variation and make a better assessment
of the impact of the assumption of a constant index of 0.7. However,
the strength of the main results is such that it is unlikely that any of
the systematic errors described here will modify them significantly.

6 CONCLUSIONS

We have carried out the first comprehensive X-ray study of a large
representative sample of the lobes of FR II radio galaxies, at red-
shifts 0.1 and 0.5. We used measurements of X-ray lobe IC emission
to determine the internal pressures within the radio lobes, and com-
pared them with the equipartition (minimum energy) values, and
we determined the external pressures acting on the radio lobes from
the thermal X-ray emission from the ICM, which was characterized
for this sample in Ineson et al. (2015). These results were used to
investigate the lobe dynamics, estimating the Mach numbers for
lobe expansion, and estimating the jet power for each source based
on the measured internal energy and inferred expansion speed.
Our main conclusions are as follows.

(i) All lobe internal energies are higher than those predicted by
equipartition (in the absence of protons), but all are within one order
of magnitude of the equipartition prediction. This is consistent with
previous studies, and demonstrates a clear difference in how the in-
ternal energy is distributed between particles and field compared to
the FR I population, which requires a substantial proton population.

(i) Almost all lobes were calculated to be overpressured at the
tip compared with the ICM, as expected for expanding lobes.

(iii) Lobe pressures at mid-lobe were near pressure balance with
the ICM (within one order of magnitude of the ICM pressure for all
but three lobes), allowing the ICM to shape the regions of the lobes
near the nucleus as they expand outwards.

(iv) Lobe-tip Mach numbers were below 5 for all but one source,
with a median of 1.8. Given that the Mach numbers are lower limits,
it is likely that at least half the sample are driving strong shocks into
the ICM.

(v) We found a jet power—radio luminosity relation whose slope
is in good agreement with the relation of Willott et al. (1999), with
a higher normalization, broadly as expected, given the departure
from equipartition and distribution of environments we find for our
sample.

Overall, these results provide a useful step towards characterizing
relationships between the properties of FR Il radio galaxies and their
environments and will be helpful for developing theories of galaxy
and cluster evolution and for calibrating simulations.
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