60–80 arcsec
80–120 arcsec
120–200 arcsec
200–300 arcsec
300–450 arcsec
450–600 arcsec

1.58 ± 0.1
1.62+0.6
−0.7
1.60+0.5
−0.6
1.54 ± 0.5
1.36+0.2
−0.1
+0.12
1.09−0.01

0.1
0.3
0.3
0.3
0.3
0.3

64 (65)
157 (167)
466 (395)
722 (608)
1046 (835)
1191 (974)

us to measure the source geometry and radio surface brightness accurately in the inner regions, while adequately sampling the source
structure out to the 100-kpc-scale regions of interest. For Hydra A,
we used the 330-MHz map of Lane et al. (2004) for the outer lobes
with a resolution of 15 arcsec, and to image the inner structure with
sufficient resolution for our geometric measurements we made a
map using A and B configuration archival VLA data at 1.4 GHz
(e.g. Taylor et al. 1990) with resolution of 1.4 arcsec. For 3C 31,
roughly 20 regions per jet were used to measure the radio flux density and
3 jet geometry. For Hydra 4A, around 20 regions were
2 used
to study the northern jet. In the case of 3C 31, where significant
2
3 scales of interest, we measured
4 the disjet bending occurs on the
tances along the projected jet paths as the best way of estimating
the distance travelled by material at a particular position along the
jet; however, for simplicity we assumed initially that the source is
in the plane of the sky and does not change position angle relative
to the plane. The external pressure acting at a particular position is
therefore assumed to be the pressure at the distance corresponding
to the projected radial distance from the AGN nucleus and group
centre. The effects of projection and jet bending on our results are
discussed in Section 3.4.
To investigate the energetics of the radiating particles and magnetic field, we initially assumed a single electron energy distribution
consisting of a power law with spectral index of 0.55, minimum
electron energy of γ = 10 and maximum energy of γ = 104 . This
correctly describes the radio spectra of the two sources in the inner

2.1.2 Hydra A
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as a preliminary test of whether our findings are likely to apply
widely to FR I radio galaxies. For Hydra A, we did not reanalyse
the archival Chandra and XMM–Newton observations, but made use
of previously published gas density and temperature profiles. For
the gas density profile, we used the double beta model of Wise et al.
(2007), normalized to the density profile published by David et al.
(2001). We interpolated over the (projected) temperature profile of
David et al. (2001) to obtain a cluster pressure profile over the radial
ranges of interest, which is also shown in Fig. 1.

Fun facts:
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2.2 Internal pressure from radiating particles
and magnetic field
The radio emission from the sources does not place a constraint on
the total internal pressure of the lobes, as the radiating plasma could
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Figure 1. External and internal (equipartition) pressure profiles for the two sources 3C 31 (l) and Hydra A (r). The external pressures derived from X-ray
measurements are shown as shaded regions, which indicate the 1σ errors, and the internal, equipartition pressures with the assumption of no protons are
given by the solid black (3C31 north, Hydra A north) and dashed red (3C 31 south) lines. The statistical uncertainties on the internal pressures are negligible
compared to model assumptions and so are not plotted.
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Figure 6. Profiles of the radio continuum emission (top panels) as function as distance from t
(magenta) and 610 MHz (cyan). Corresponding profiles of the radio spectral (bottom panels)
and between 145 and 610 MHz (blue). The southern jet is shown in the left panels and the
profiles as obtained from the cosmic-ray transport models (see text for details).
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4.2.2 Fitting procedure

We use a three-zone model, where the magnetic field is constant
in the jet and decreases exponentially in the inner and outer radio
tail, which we describe by measuring exponential scale heights. In
each zone the advection speed is assumed to be constant and can
be diﬀerent. Important are the inner boundary conditions, namely
the injection spectral index and the magnetic field strength. The injection spectral index is assumed to be αinj = −0.55, in line with
the measurements by Laing et al. (2008). Our measurement of the
radio spectral index in the inner jet areas is within the error bars
consistent with this measurement. The magnetic field strength is
taken as B0 = 10 µG. This value is an average value obtained from
the modelling by Croston & Hardcastle (2014), who modelled the
inner jet between 0 and 140 kpc distance from the nucleus. 6 They
did not use the assumption of energy equipartition in order to calculate the magnetic field strength, but assumed a pressure equilibrium
with the hot, X-ray emitting gas.
Similarly, the advection speed asA&A 556, A2 (2013)

magnetic field scale height and
advection speed (5000–10000km/s)

✓B ~3µG in the tails
Strong spectral
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dominant radiation
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LOFAR core (‘superterp’)

Southern tail

6

Croston & Hardcastle (2014) did not publish profiles of the magnetic
field strength or energy density, but the values were obtained as part of their
modelling.
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HBA (115–178 MHz) antenna tile

International LOFAR
telescope
van Haarlem et al. (2013)
Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

van Haarlem et al. (2013)

For the majority of the array located in the Netherlands, the
geographic distribution of stations shows a strong central concentration with 24 stations located within a radius of 2 km referred to as the “core”. Within the core, the land was purchased
to allow maximum freedom in choosing station locations. This
freedom allowed the core station distribution to be optimized to
achieve the good instantaneous uv coverage required by many of
the KSPs including the epoch of reionization (EoR) experiment
and radio transients searches (see Sect. 13). At the heart of the
core, six stations reside on a 320 m diameter island referred to as
the “Superterp”; “terp” is a local name for an elevated site used
for buildings as protection against rising water. These Superterp
stations, shown in Fig. 1, provide the shortest baselines in the array and can also be combined to e↵ectively form a single, large
station as discussed in Sect. 12.10.
Beyond the core, the 16 remaining LOFAR stations in the
Netherlands are arranged in an approximation to a logarithmic
spiral distribution. Deviations from this optimal pattern were
necessary due to the availability of land for the stations as well
as the locations of existing fiber infrastructure. These outer stations extend out to a radius of 90 km and are generally classified
as “remote” stations. As discussed below, these remote stations
also exhibit a di↵erent configuration to their antenna distributions than core stations. The full distribution of core and remote
stations within the Netherlands is shown in Fig. 2.
For the 8 international LOFAR stations, the locations were
provided by the host countries and institutions that own them.
Consequently, selection of their locations was driven primarily
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by the sites of existing facilities and infrastructure. As such, the
longest baseline distribution has not been designed to achieve
optimal uv coverage, although obvious duplication of baselines
has been avoided. Figure 3 shows the location of the current set
of international LOFAR stations. Examples of the resulting uv
coverage for the array can be found in Sect. 12.

4. Stations
LOFAR antenna stations perform the same basic functions as the
dishes of a conventional interferometric radio telescope. Like
traditional radio dishes, these stations provide collecting area
and raw sensitivity as well as pointing and tracking capabilities. However, unlike previous generation, high-frequency radio
telescopes, the antennas within a LOFAR station do not physically move. Instead, pointing and tracking are achieved by combining signals from the individual antenna elements to form a
phased array using a combination of analog and digital beamforming techniques (see Thompson et al. 2007). Consequently,
all LOFAR stations contain not only antennas and digital electronics, but significant local computing resources as well.
This fundamental di↵erence makes the LOFAR system both
flexible and agile. Station-level beam-forming allows for rapid
repointing of the telescope as well as the potential for multiple, simultaneous observations from a given station. The resulting digitized, beam-formed data from the stations can then be
streamed to the CEP facility (see Sect. 6) and correlated to produce visibilities for imaging applications, or further combined

