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Table 1. Results of spectral fitting for the environ-
ment of 3C 31. Spectral fits were obtained for annu-
lar regions between the radii listed, using an apec
model, in the energy range 0.3–7 keV, assuming
NH = 5.4 × 1020 cm−2. The abundance was fixed to
the best-fitting value from a global spectral fit, as free
abundance fits led to unphysical values (likely due
to the additional free parameters of the background
model).

Region kT Z χ2 (d.o.f.)

60–80 arcsec 1.58 ± 0.1 0.1 64 (65)
80–120 arcsec 1.62+0.6

−0.7 0.3 157 (167)
120–200 arcsec 1.60+0.5

−0.6 0.3 466 (395)
200–300 arcsec 1.54 ± 0.5 0.3 722 (608)
300–450 arcsec 1.36+0.2

−0.1 0.3 1046 (835)
450–600 arcsec 1.09+0.12

−0.01 0.3 1191 (974)

2.1.2 Hydra A

Although the majority of this paper focuses on 3C 31, using our new
X-ray data, we also carried out a pressure comparison for Hydra A
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.

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

be far from equipartition; however, it does place constraints on the
internal pressure of the radiating particles and magnetic field. We
used high-resolution radio data to obtain profiles of synchrotron
emissivity along the jets.

For 3C 31 we used the combined 1.4-GHz map of Laing &
Bridle (2004), which has a resolution of 5 arcsec, and a 330-MHz
map made in the standard way from Very Large Array (VLA)
archival data in the B and C configurations (Program AL597), with
a resolution of 21.3 arcsec × 18.2 arcsec, to obtain the most reliable
low-frequency measurements for outer regions. These data enable
us to measure the source geometry and radio surface brightness ac-
curately 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 den-
sity and jet geometry. For Hydra A, around 20 regions were used
to study the northern jet. In the case of 3C 31, where significant
jet bending occurs on the scales of interest, we measured the dis-
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 mag-
netic 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

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 the nucleus at 52 MHz (orange), 145 MHz (dark blue), 360 MHz

(magenta) and 610 MHz (cyan). Corresponding profiles of the radio spectral (bottom panels) between 52 and 145 MHz (red), 145 and 360 MHz (dark green)

and between 145 and 610 MHz (blue). The southern jet is shown in the left panels and the northern in the right ones. Solid lines show the spectral index

profiles as obtained from the cosmic-ray transport models (see text for details).

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 in-

jection 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 calcu-

late the magnetic field strength, but assumed a pressure equilibrium

with the hot, X-ray emitting gas. Similarly, the advection speed as-

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.

sumed in the jet area is with V = 20000 km s−1 an approximate

value, averaged from the velocity profiles of Croston & Hardcastle

(2014).

We then fit the radio intensity profiles by varying both the

magnetic field scale height and the advection speed, resulting in

the reduced χ2
red:

χ2
red =

1

N − n

∑

(

Ii − Mi

σi

)

. (3)

Here, Ii is the ith intensity measurement, Mi the corresponding

model value,σi the error of the measured intensity, N the number of

data points and n the number of fitted parameters. For the 52-MHz

data, n = 3, because we fit also for the intensity normalization, oth-

erwise we use n = 2. The total reduced χ2
red is then calculated for

fitting our four frequencies and is shown in Fig. 7. In each of the

two zones the parameters are fitted with the results presented in Ta-

ble 3. The corresponding model fits are shown in Fig. 6. We note

that the intensity profiles in Fig. 6 (upper panels) have only one free

parameter, namely the absolute amplitude at 52 MHz. Also, the re-

duced χred is larger than one, with χred ≈ 4–5, indicating that our

model does not take into account all changes of intensity due to the

changing geometry (aspect angle and flow area), but only tries to
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Figure 3
Schematic drawings of the central engines of radiative-mode and jet-mode AGNs (not to scale).
(a) Radiative-mode AGNs possess a geometrically thin, optically thick accretion disk, reaching into the
radius of the innermost stable orbit around the central supermassive black hole. Luminous UV radiation
from this accretion disk illuminates the broad-line and narrow-line emission regions. An obscuring structure
of dusty molecular gas prohibits direct view of the accretion disk and broad-line regions from certain lines of
sight (Type 2 AGN), whereas they are visible from others (Type 1 AGN). In a small proportion of sources
(predominantly toward the high end of the range of black hole masses), powerful radio jets can also be
produced. (b) In jet-mode AGNs the thin accretion disk is replaced in the inner regions by a geometrically
thick advection-dominated accretion flow. At larger radii (beyond a few tens of Schwarzschild radii, the
precise value depending upon properties of the accretion flow, such as the Eddington-scaled accretion rate),
there may be a transition to an outer (truncated) thin disk. The majority of the energetic output of these
sources is released in bulk kinetic form through radio jets. Radiative emission is less powerful, but can ionize
weak, low-ionization narrow-line regions, especially where the truncation radius of the thin disk is relatively
low.

axis of the obscuring structure, it photoionizes gas on circumnuclear scales (a few hundred to a few
thousand parsecs). This more quiescent and lower-density population of clouds produces UV-,
optical-, and IR-forbidden and -permitted emission lines, Doppler-broadened by several hundred
kilometers per second, and is hence called the narrow-line region (NLR).

Observing an AGN from a sight line nearer the polar axis of the obscuring structure yields a
clear direct view of the SMBH, the disk/corona, and broad-line region (BLR). These are called
Type 1 (or unobscured) AGNs. When observing an AGN from a sight line nearer the equatorial
plane of the obscuring structure, this central region is hidden and these are called Type 2 (or
obscured) AGNs. This is the basis for the standard unified model for radiative-mode AGNs (e.g.,
Antonucci 1993), which asserts that the Type 1 and 2 populations differ only in the viewing angle
from which the AGN is observed. The presence of AGNs can still be inferred in the Type 2
objects from the thermal IR emission from the obscuring structure, from hard X-rays transmitted
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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.

For the majority of the array located in the Netherlands, the
geographic distribution of stations shows a strong central con-
centration with 24 stations located within a radius of 2 km re-
ferred 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 ar-
ray 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 sta-
tions 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 distribu-
tions 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

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 capabili-
ties. However, unlike previous generation, high-frequency radio
telescopes, the antennas within a LOFAR station do not physi-
cally move. Instead, pointing and tracking are achieved by com-
bining signals from the individual antenna elements to form a
phased array using a combination of analog and digital beam-
forming techniques (see Thompson et al. 2007). Consequently,
all LOFAR stations contain not only antennas and digital elec-
tronics, 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 multi-
ple, simultaneous observations from a given station. The result-
ing digitized, beam-formed data from the stations can then be
streamed to the CEP facility (see Sect. 6) and correlated to pro-
duce visibilities for imaging applications, or further combined
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Fig. 7. Left: closeup image of a single LOFAR HBA tile. The protective covering has been partially removed to expose the actual dipole assem-
bly. The circular dipole rotation mechanism is visible. Right: median averaged spectrum for all HBA tiles in station CS003. Various prominent
RFI sources are clearly visible distributed across the band including the strong peak near 170 MHz corresponding to an emergency pager signal.

Table 2. Overview of LOFAR system parameters.

System characteristic Options Values Comments
Frequency range Low-band Antenna 10–90 MHz

30–90 MHz With analog filter
High-band Antenna 110–190 MHz 200 MHz sampling (2nd Nyquist zone)

170–230 MHz 160 MHz sampling (3rd Nyquist zone)
210–250 MHz 200 MHz sampling (3rd Nyquist zone)

Number of polarizations 2
Bandwidth Default 48 MHz 16-bit mode

Maximum 96 MHz 8-bit mode
Number of simultaneous beams Minimum 1

Maximum 244 16 bit mode, one per sub-band
Maximum 488 8 bit mode, one per sub-band

Sample bit depth 12
Sample rate Mode 1 160 MHz

Mode 2 200 MHz
Beamformer spectral resolution Mode 1 156 kHz

Mode 2 195 kHz
Channel width Mode 1 610 Hz
(raw correlator resolution) Mode 2 763 Hz

beam-former sums the signals from all selected RCUs after first
multiplying them by a set of complex weights that reflect the
phase rotation produced by the geometrical and other delays to-
ward a certain direction. The weights are calculated in the local
control unit (see Sect. 4.7) and sent to the RSP boards during the
observation. The update rate of the beam-former is set to 1 s by
default resulting in about 0.3% gain variation for a station beam
of 3⌃ in diameter. The beam-forming is done independently per
sub-band and the resulting beam for each sub-band is referred to
as a “beamlet”. Multiple beamlets with the same pointing posi-
tion can be combined to produce beams with larger bandwidth.

The number of simultaneous beams that may be constructed
can in principle be as high as the number of beamlets since all
operate independently of each other. Operationally, the num-
ber of independent beams per station is currently limited to 8,
although this limit will ultimately increase. Successful exper-
iments utilizing the maximum 244 beams available in 16 bit

mode have already been conducted. Similarly, for 8 bit observa-
tions, a maximum of 488 beams are can be formed. The 48 MHz
(16 bit mode) or 96 MHz (8 bit mode) total bandwidth can be dis-
tributed flexibly over the number of station beams by exchang-
ing beams for bandwidth. In the case of the LBA, simultaneous
beams can be formed in any combination of directions on the
sky. While strictly true for the HBA as well, HBA station beams
can only usefully be formed within pointing directions covered
by the single HBA tile beam, corresponding to a FWHM of �20⌃
at 140 MHz.

4.6. Transient buffer boards

In addition to the default beam-forming operations, the LOFAR
digital processing also provides the unique option of a ran-
dom access memory (RAM) bu↵er at station level. These RAM
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✓Significantly extended the known size 

✓No curvature in the inner jet
✓Effects of ageing in the tails
✓Use advection model to solve for 
magnetic field scale height and 
advection speed (5000–10000km/s) 

✓B ~3µG in the tails 

LOFAR HBA 145 MHz 
CHANDRA X-ray 
SDSS r’+g’+u’-band

Southern tail

Northern tail

bifurcation

bridge

Radio spectral index 
(52–609 MHz)

1 degree = 1.2 Mpc

Fun facts:
 Below image is only 1/8 th of the LOFAR 

HBA field of view (~8 degrees)
 The gap between LBA and HBA is to avoid 

RFI from the FM frequencies (88–108 MHz)

3C 31 factfile:
D = 73.3 Mpc / z = 0.0169

Member of the ‘Arp chain’ of galaxies
Low-power FR I radio galaxy

 The observations (LBA and HBA, 10 hr 
each) took about 1 Terabyte to store after 
compression in time and frequency


