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Some technical details

Observations and intial calibration
–10 hr, 8hr on-source, interleaved 10 min scans
–324 subbands, 18x18 sets
–No demixing
–RSMPP pipeline (A. Stewart, Oxford)
–Solves gains on primary (3C48)
–Gain transfer
–Phase cal on set with VLSS skymodel

Self-cal and imaging
–Create mask with PYBDSM
–Image FOV with awimager (18 subbands)
–Determine SKYMODEL with PYBDSM
–60pixel sliding window
–Self-calibration in phase with BBS
–Imaging with CASA MS-CLEAN
–Robust=0 or 0.5
–Pixel size 5 arcsec
–MS-scales of 0,3,6,10,20,40

HBA
Observations and intial calibration
–10 hr, 8hr on-source, simultaneous on 3C48
–245 subbands, 12 subbands combined
–Demixing of Cyg A and Cas A
–ASTRON pipeline for amplitude gains
–RSMPP pipeline for phase-calib on VLSS

Self-cal and imaging
–Use HBA mask
–Image FOV with awimager (12 subbands)
–Determine SKYMODEL with PYBDSM
–60pixel sliding window
–Self-calibration in phase with BBS
–Imaging with CASA MS-CLEAN
–Robust=0
–Pixel size 5 arcsec
–MS-scales of 0,3,6,10,20,40

LBA
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LBA – 55 MHz HBA – 144 MHz

Some details:
•CLEANed with nterms=2
• rms noise = 5mJy/beam
• Resolution = 38x23 arcs

Some details:
•CLEANed with nterms=1
• rms noise = 0.5–0.7 mJy/beam
• Resolution = 16x12 arcs

~2 degrees~2 degrees
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Figure 2. Left: Combined LOFAR LBA data at 35–85 MHz (mean 52 MHz), at an angular resolution of 38.1 arcsec. The rms noise is 7 mJy beam−1, at an

off-source position, and the peak flux (3C 34) is 31 Jy. Middle: Combined LOFAR HBA data at 115–178 MHz (mean 145 MHz), at an angular resolution of

38.1 arcsec. The rms noise is 1.25 mJy beam−1, whereas close to the bright, inner part of 3C 31 it is ≈5 mJy beam−1. Right: Combined VLA P-band data at

288–432 MHz (mean 360 MHz), at an angular resolution of 23 arcsec. The rms noise level is 0.24 mJy beam−1 and the peak flux density is 0.7 Jy (3C 34). In

all panels, contours are at 2.5, 12.5 and 62.5 × the rms noise level.

3.2 Morphology of the radio tails

Adjacent to the jets, which extend only 3–4 arcmin from the core,

are the radio tails which we can trace particularly well with our low-

frequency observations. We find that the radio continuum emission

extends spatially further than any of the previous studies have re-

vealed. Andernach et al. (1992) found an angular extent of 40 ar-

cmin in declination their 408 MHz map and speculated that the tails

do not extend any further. We can now reveal that 3C 31 extends

at least 51 arcmin in declination, between declinations of 31◦57′

and 32◦48′ (J2000.0), as traced by our most sensitive LOFAR HBA

145 MHz map, presented in Fig. 2. This means that the tails of the

radio galaxy extend at least to 500 kpc distance from the core, not

accounting for any bending of the tails. Furthermore, the jets and

tails may have significant inclination to the lines-of-sight, Laing

& Bridle (2002) estimated it to be 52 degree, so that the tails of

the radio galaxy do extend even further. It remains difficult to ac-

ertain whether we detected the full extent of 3C 31. The emission

level drops with increasing distance from the core, so that it is well

possible that the galaxy extends even further. 3C 31 belongs to a

sub-class of FR I sources with tails of diffuse emission extending

away from the nucleus – as opposed to lobes with well-defined

outer edges (see de Gasperin et al. 2012, for a LOFAR study of

Virgo A, sporting well-defined lobes).

The northern tail changes direction two times: first by 45 de-

grees 2 arcmin after the jet, extending for 15 arcmin to the north-

north-west, then bending by 90 degrees to the northeast, before it

terminates at RA 01h06m40s Dec. +32◦48′. The southern tail shows

more changes of direction with a change of 90 degrees 8 arcmin af-

ter the jet and two further changes approximately 45 degrees 12 and

16 arcmin after the jet, before it terminates at RA 01h06m30s Dec.

31◦58′.

The LOFAR LBA 52 MHz map displays to a larger degree

residual sidelobes compared with the HBA data, owing to the even

larger effect of the Earth’s ionosphere below 100 MHz. Neverthe-

less, we find that the large-scale structures are displayed in a similar
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standard AIPS procedures. At low frequencies, the primary beam

of the GMRT at 610 and 235 MHz are 44 and 118.5 arcminutes,

respectively. In order to accurately recover the flux and structure

of 3C 31, we imaged all bright sources well beyond the primary

beam, using faceting to account for the sky curvature. The extent

of 3C 31 is such that at 610 MHz, two facets were necessary to

cover the entire source: one for each radio lobe. The seam between

the two facets was place such that it crosses between the bases of

the two jets where no radio emission is observed. The facets were

iteratively cleaned to reveal increasingly faint emission. At last, the

central facets were FLATNed and AIPS task OHGEO was used to

grid them to the same coordinate system. The final restoring beams

were 5.4× 4.5 and 12.6× 9.7 arcsec, corresponding to NNN×NNN

and NNN×NNN kpc at the distance of 3C 31, and the final rms in

the 610 and 235 MHz images are NNN and NNN mJy, respectively.

2.5 Further processing and ancillary data

For further processing, we have taken the maps into AIPS3, where

we made use of PARSELTONGUE to batch process them. We used

CONVL to convolve them with a Gaussian to the same angular res-

olution and HGEOM to register them to the same coordinate sys-

tem. Unresolved background sources were masked with BLANK,

with the same mask applied to all maps to be compared. We used

a 610 MHz map from the Westerbork Radio Synthesis Telescope

(WSRT) obtained from the ‘3CRR’ sample of Laing et al. (1983).

This map has an angular resolution of 55 arcsec, the lowest of our

3C 31 maps, so that we have convolved the other maps to this res-

olution for the spectral analysis.

3 AIPS, the Astronomical Image Processing Software, is free software

available from the NRAO.

Table 1. LOFAR LBA, HBA and VLA P-band observations.

—LOFAR LBA—

Observations ID L96535

Array configuration LBA OUTER

Integration time 1 s

Observation date 2013 Feb. 03

Total on-source time 8 h

Correlations XX, XY , YX, YY

Frequency setup 30–87 MHz full coverage

Bandwidth 58 MHz

Bandwidth per sub-band 195.3125 kHz

Channels per sub-band 128

—LOFAR HBA—

Observations ID L86562–L86647

Array configuration HBA OUTER

Integration time 1 s

Observation date 2013 Feb. 17

Total on-source time 8 h

Correlations XX, XY , YX, YY

Frequency setup 115–178 MHz full coverage

Bandwidth 95 MHz

Bandwidth per sub-band 195.3125 kHz

Channels per sub-band 128

—VLA P-band—

Observations ID 13B-129

Array configuration A-array / B-array

Integration time 1 s

Observation date 2014 Apr. 07 / 2013 Dec. 14

Total on-source time 4 h (each)

Correlations XX, XY , YX, YY

Frequency setup 224–480 MHz full coverage

Bandwidth 256 MHz

Bandwidth per sub-band 16000 kHz

Channels per sub-band 128

3 LOW-FREQUENCY EMISSION IN 3C 31

3.1 Morphology of the jets

3C 31 has been well studied in the radio continuum emission. Our

results particularly extend those of Laing et al. (2008), who studied

the galaxy at frequencies 1.4–8.4 GHz with the VLA at high an-

gular resolutions of 0.25–5 arcsec. Because the spectral ageing is

important in the tails of the radio galaxy, our study extend in par-

ticular the knowledge about the radio tails, which extends from the

jets that dominate the inner region. First, we recapitulate the struc-

ture of the inner region within the central 14 arcmin, of which we

show our maps in Fig. 3. The northern jet bends three times within

2 arcmin (40 kpc) from the core by at least 90 degree and expands

afterwards to and starts blending into the tail 4 arcmin away from

the core. The southern jet, lower in brightness within 1 arcmin from

the core, bends once by 45 degrees and once by 90 degrees and

terminates in a well-defined plume 3 arcmin away from the core.

We do find the peculiar minimum of the emission in the southern

jet just before the 90 degree bend, which was already reported by

Laing et al. (2008). The radio continuum emission shows a sharp

broundary in the northern jet and particularly in the southern jet,

where gradient maps (‘Sobel filtered’) of Laing et al. (2008) re-

veal many shells across the jet propagation direction, which make

them appealing sites for diffusice shock acceleration (DSA). In the

c⃝ 0000 RAS, MNRAS 000, 000–000
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rms = 5 mJy/beam
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Figure 3. Left: Zoom in on the combined LOFAR HBA data at 115–178 MHz, with an average frequency of 145 MHz, at an angular resolution of 16.5 ×

11.8 arcsec (PA = 73◦). The map shows the central 14 arcmin (), centred on the nucleus. The transfer function (2–500 mJy beam−1) is stretched to show weak,

diffuse emission. Sidelobe emission, stemming from an imperfect correction of phase and amplitude variations caused by the Earth’s ionosphere, is obvious.

The rms noise in this field of view is approximately 1–2 mJy beam−1. Middle: Combined VLA P band data at 260–420 MHz (mean 360 MHz) at an angular

resolution of 7.′′5 × 4.′′6 (PA = 71◦). The grey-scale transfer function (0.01–60 mJy beam−1) is stretched to show weak, diffuse emission. The rms noise level

is 0.15 mJy beam−1 and the peak flux density is 0.7 Jy (3C 34), reached outside of the field of view. Right: Combined GMRT data at 615 MHz at an angular

resolution of 5.41× 4.47 arcsec (PA = 56◦). The grey-scale transfer function (0.3–30 mJy beam−1) is stretched to show weak, diffuse emission. The rms noise

level is 0.3 mJy beam−1.

fashion as by the HBA 145 MHz map, where the radio tails extend

almost as far as in the 145 MHz map. This already hints that the

spectral index is not particularly steep between 52 and 145 MHz,

because a spectral index of −2 would compensate the increased

noise level (10 times higher than in HBA).

4 SPECTRAL AGEING

4.1 Radio spectral index

As was already reported by Laing et al. (2008), there is no indi-

cation of spectral curvature in the inner, bright part of 3C 31, i.e.

of the radio continuum emission of the jet. We can now extend

this result to lower frequencies, with a spectrum of the jet emission

shown in Fig. 5. The spectrum can be well fitted by a single power-

law between 52 MHz and 10.7 GHz with a spectral index of −0.7.

In the radio tails, however, we find significant effects of spectral

ageing at work. Firstly, we find a significant excess of integrated

radio continuum emission at low frequencies. At 145 MHz, the in-

tegrated emission is 26 Jy, to be compared with 21 Jy of the jets

only. The excess emission stems from the radio tails, which largely

evade detection at frequencies !1.4 GHz. This is also evident in the

distribution of the radio spectral index between 145 and 360 MHz

as shown in Fig. 6. The spectral index is between −0.4 and −0.8 in

the bright inner parts, where the jet emission dominates, and steep-

ens significantly in the radio tails with values of " −1.0. Similarly,

we find that the northern radio spur has a steep radio spectral index

with values of of " −1.0.

For further analysis, we evaluate the radio continuum emis-

sion integrated in stripes perpendicular to the propagation direction

of the plasma in the jets and radio tails. Figure 7 shows profiles of

the radio continuum emission at 52, 145, 360 and 610 MHz. The ra-

dio continuum brightness decreases with increasing distance from

the nucleus, but there are also several local maxima and minima,

the corresponding positions of which we have marked in Fig. 8.

We find two areas with an approximately exponential decrease, in

the northern radio tail between 150 and 250 kpc, in the southern

one between 80 and 160 kpc. The radio spectral index steepens

progressively with increasing distance from the nucleus, with the

spectral index between 52 and 145 MHz largely the flattest, the

c⃝ 0000 RAS, MNRAS 000, 000–000

Inner bright jet region

rms = 1–2 mJy/beam
res = 16”

rms = 0.15 mJy/beam
res = 8”
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res = 6”

Wednesday, 4 February 15



Radio spectral index
Observations of 3C 31 669

Figure 12. (a) Sobel-filtered, mean L-band image (Section 2.2), normalized by total intensity, at a resolution of 5.5 arcsec. (b and c) Spectral index, α from
weighted least-squares, power-law fits to the total intensity. (b) Five-frequency fit between 1365 and 4985 MHz at a resolution of 5.5 arcsec FWHM. Only
points with I > 5σ at all frequencies are shown. The colour range is 0.5 ! α ! 1.66. (c) Six-frequency fit to the maximum-entropy images at a resolution of
1.5 arcsec FWHM for the inset area in panel (b). Only points with I > 10σ at all frequencies were used in the fit. The colour range is 0.5 ! α ! 0.8. The boxes
mark the regions used for the fits in Fig. 13 and Table 3. All of the images have been rotated anticlockwise by 19.◦7.

blending of flat-spectrum emission from the jets with steep-spectrum
emission from the surrounding spurs and tails.

(x) Andernach et al. (1992) found that within 9 arcmin of the core
the spectrum observed with low resolution flattens above 5 GHz, as
previously suspected by Burch (1977). They interpreted this effect as
a superposition of components with different spectra, a conclusion
which is confirmed directly by our data.

5.3.2 Spectral variations in FR I jets

These observations contribute to the developing picture of spectral
variations in the bases of FR I jets, as follows.

(i) Where the jets first brighten, there is a remarkably small dis-
persion around a spectral index of α = 0.62 in the three sources
we have studied in detail: 3C 31, NGC 315 (Laing et al. 2006a)
and 3C 296 (Laing et al. 2006b), as well as 3C 66B (Hardcastle,
Birkinshaw & Worrall 2001). The average is dominated by emis-
sion immediately after the brightening point (Fig. 6).

(ii) The spectral index of the fainter emission close to the nucleus
in 3C 449 (Rudnick & Katz-Stone 1997), PKS1333−33 (Killeen,
Bicknell & Ekers 1986) and 3C 66B (Hardcastle et al. 2001) appears
to be comparable or slightly steeper although the uncertainties are
larger. We do not have adequate resolution to measure the spectral
index in these parts of the jets in 3C 31.

(iii) Farther from the nucleus, the radio spectra flatten slightly to
α = 0.50–0.55. This flattening occurs where our kinematic models
require deceleration (Laing & Bridle 2002a; Canvin et al. 2005;
Laing et al. 2006b).

(iv) A related result is that an asymptotic low-frequency spectral
index of 0.55 is common in FR I jets over larger areas than we
consider here (Young et al. 2005).

(v) Flatter spectrum edges can be seen where the jets are isolated
from significant surrounding diffuse emission. Our kinematic mod-
els (Laing & Bridle 2002a; Canvin et al. 2005; Laing et al. 2006b)
show that all of the jets have substantial transverse velocity gradients
in these regions.

(vi) Our kinematic models and spectral measurements together
suggest a relation between spectral index and flow speed β = v/c,
ranging from α = 0.62 for β ≈ 0.8 to α ≈ 0.5 for β ! 0.2. Spectra
would then be expected to flatten with distance from the nucleus (as
the jets decelerate) and from centre to edge (as a result of transverse
velocity gradients).

(vii) Synchrotron X-ray emission from the main jets in 3C 66B,
3C 31, 3C 296 and NGC 315 is strongest relative to the radio close to
the nucleus, at or before the brightening point (Hardcastle et al. 2001,
2002, 2005; Worrall et al. 2007). X-ray emission is still detected
from the flatter spectrum regions farther out, but at a lower level
relative to the radio.

(viii) There is approximate morphological correspondence be-
tween the radio and X-ray brightness distributions, but they differ
in detail. In the best resolved case, NGC 315 (Worrall et al. 2007),
the X-ray emission is clearly extended across the jet. Particle accel-
eration appears to be distributed throughout the jet volume, rather
than being exclusively associated with discrete knots or with the
boundary.

(ix) The ratio of X-ray to radio emission decreases and the radio
spectrum starts to flatten where our kinematic models show that

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 386, 657–672
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Figure 6. Distribution of the radio spectral index between 145 and 360 MHz

at a resolution of 23 arcsec. Intensities were clipped at 3σ, prior to combina-

tion. Regions for the extraction of radio continuum spectra shown in Fig. 8

are marked.

between 1900 and 2400 km s−1 and magnetic field scaleheights be-

tween 550 and 600 kpc can fit the radio continuum profiles well.

Notably, the shape of the spectral index profiles is modelled accu-

rately and has the typical shape of convective transport, where the

radiation losses are important, as indicated by the spectral index.

In the southern tail of 3C 31 the effects of spectral ageing are

also visible, although the spectral index profiles are more compli-

cated, with higher variations than in the northern counterpart. This

is likely due to the higher degree of wiggling and bending, leading

to some in-situ CR re-acceleration in the southern tail. We model

the inner tail between 90 and 160 kpc, finding again small scale-

height of ≈50 kpc, independent of the observing frequency. In con-
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Figure 8. Radio continuum spectra within selected regions between 52 and

610 MHz. Solid lines are least-squares fits to the data between 52 and

178 MHz, assuming a constant spectral index, resulting in a power-law

spectrum with no spectral curvature. The radio tails display spectral cur-

vature, wheres the jets can be fitted by a power-law.

sequence, the radio spectral index in this area is largely constant.

We can hence model the decrease in the radio continuum intensity

by a decrease of the magnetic field with a scaleheight of 120 kpc.

The outer tail extends from 360 to 720 kpc. In between the 160 and

360 kpc, the emission goes through a clear minimum at 200 kpc,

but then increases again to a maximum at 320 kpc. The emission

levels are comparable to those found at 220 kpc. Hence, if we ex-

trapolate the magnetic field strength from the inner tail, we find a

field strength of 3.4 µG at the inner boundary of the outer tail. In

the southern outer tail, we find that the convection speed is slightly

higher with values between 2300 and 2800 km s−1 and the magnetic

c⃝ 0000 RAS, MNRAS 000, 000–000
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Spectral index 145–360 MHz
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Figure 13. Power-law fits to the total-intensity images over the rectangular
regions shown in Fig. 12(c). (a) North jet, (b) south jet.

the jets decelerate rapidly from speeds of β ≈ 0.8–0.9 (Hardcastle
et al. 2002; Laing & Bridle 2002a; Canvin et al. 2005; Worrall et al.
2007).

(x) The strongest X-ray emission is not associated with the flattest
radio spectra, but rather with some particle acceleration process
whose characteristic energy index is s = 2α + 1 = 2.24. This is
intriguingly close to the asymptotic value of s = 2.23 for first-order
Fermi acceleration at relativistic shocks in the limit of large shock
(or, equivalently, upstream) Lorentz factor #, a result which holds
even for relativistically hot jets (Kirk et al. 2000 and references
therein; Kirk 2005). The asymptotic value of s is only approached
for # = (1 − β2)−1/2 ! 10 (Kirk et al. 2000; Lemoine & Pelletier
2003), however, so we would have to suppose that some fraction
of the flow before the brightening point has a bulk Lorentz factor
with # ! 10 and decelerates to # ≈ 2, as required by our kinematic
models. The shock would then have to be oblique, since the normal
component of the incoming plasma speed would be reduced to β ≈

1/3 at the shock. Such a flow would be difficult to detect because of
the narrow beaming angle, even if it contains relativistic particles.
Emission before the brightening point would then come primarily
from a slow surface layer, as suggested for 3C 31 by Laing & Bridle
(2002a).

Table 3. Spectral indices from six-frequency
power-law fits for the regions shown in
Fig. 12(c). The flux densities used in the fits
were derived by integration over the images
at 1.5-arcsec resolution. The rms errors on
the spectral indices are all between 0.017 and
0.020, and are dominated by calibration un-
certainties. The rms errors on spectral-index
differences between regions are ≈0.01.

Region α

N arc 2 0.54
N arc 1 0.56
N edge 0.52
N4 0.56
N3 0.55
N2 0.58
N1 0.62
S1 0.62
S2 0.58
S3 0.57
S4 0.57
S5 0.63
S edge 0.54

(xi) As the jet slows down and the shocks become both less rel-
ativistic and weaker, the energy index would decrease, eventually
reaching s = 2 (α = 0.5) when the shocks become non-relativistic
(Bell 1978). Although this provides a natural reason for the spec-
trum of a jet to flatten as it decelerates, the required flow speeds are
higher than we infer. In particular, the spectral index of α = 0.61 is
seen over a distance of ≈8 kpc (corrected for projection) along the
jet axis in NGC 315, in a region where we infer the on-axis flow to
have # ≈ 2.1 (Canvin et al. 2005; Laing et al. 2006a). We would then
have to suppose that some part of the flow remains ultrarelativistic
(and effectively invisible) on large scales.

(xii) A second possibility is that the process that produces the flat-
ter spectrum is associated with shear (Laing et al. 2006a). In 3C 31,
flatter spectrum edges occur predominantly on the western edges
of the jets, i.e. on the outer edges of bends, perhaps consistent with
this idea. Second-order Fermi acceleration driven by turbulence in
the shear layer (Stawarz & Ostrowski 2002) appears to be a viable
process in FR I jets, but the shear acceleration mechanism described
by Rieger & Duffy (2004) is unlikely to be efficient enough to accel-
erate the X-ray-emitting electrons in the relatively modest velocity
gradients we infer.

(xiii) The idea that two different acceleration processes are re-
quired has also been suggested on the basis of evidence from the
X-ray morphology and spectrum of the brighter jet in Cen A
(Kataoka et al. 2006; Hardcastle et al. 2007). Here, the compact
knots observed close to the nucleus are thought to be associated
with shocks, while a truly diffuse acceleration mechanism domi-
nates at larger distances.

Far from the nucleus, the picture is complicated by the presence
of diffuse emission surrounding the jets. As well as a smooth steep-
ening of the jet spectrum (expected from synchrotron and adiabatic
losses affecting a homogeneous electron population), multiple spec-
tral components are observed. Jets appear to retain their identities
even after entering regions of diffuse emission and are clearly iden-
tifiable by their flatter spectra. They are usually separated from the
surrounding emission by sharp brightness gradients. This separa-
tion is observed in FR I sources with bridges of emission extending

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 386, 657–672
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Figure 6. Distribution of the radio spectral index between 145 and 360 MHz

at a resolution of 23 arcsec. Intensities were clipped at 3σ, prior to combina-

tion. Regions for the extraction of radio continuum spectra shown in Fig. 8

are marked.
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tween 550 and 600 kpc can fit the radio continuum profiles well.

Notably, the shape of the spectral index profiles is modelled accu-

rately and has the typical shape of convective transport, where the

radiation losses are important, as indicated by the spectral index.

In the southern tail of 3C 31 the effects of spectral ageing are

also visible, although the spectral index profiles are more compli-

cated, with higher variations than in the northern counterpart. This

is likely due to the higher degree of wiggling and bending, leading

to some in-situ CR re-acceleration in the southern tail. We model

the inner tail between 90 and 160 kpc, finding again small scale-

height of ≈50 kpc, independent of the observing frequency. In con-
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Figure 8. Radio continuum spectra within selected regions between 52 and

610 MHz. Solid lines are least-squares fits to the data between 52 and

178 MHz, assuming a constant spectral index, resulting in a power-law

spectrum with no spectral curvature. The radio tails display spectral cur-

vature, wheres the jets can be fitted by a power-law.

sequence, the radio spectral index in this area is largely constant.

We can hence model the decrease in the radio continuum intensity

by a decrease of the magnetic field with a scaleheight of 120 kpc.

The outer tail extends from 360 to 720 kpc. In between the 160 and

360 kpc, the emission goes through a clear minimum at 200 kpc,

but then increases again to a maximum at 320 kpc. The emission

levels are comparable to those found at 220 kpc. Hence, if we ex-

trapolate the magnetic field strength from the inner tail, we find a

field strength of 3.4 µG at the inner boundary of the outer tail. In

the southern outer tail, we find that the convection speed is slightly

higher with values between 2300 and 2800 km s−1 and the magnetic
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are marked.

between 1900 and 2400 km s−1 and magnetic field scaleheights be-

tween 550 and 600 kpc can fit the radio continuum profiles well.

Notably, the shape of the spectral index profiles is modelled accu-

rately and has the typical shape of convective transport, where the

radiation losses are important, as indicated by the spectral index.

In the southern tail of 3C 31 the effects of spectral ageing are

also visible, although the spectral index profiles are more compli-

cated, with higher variations than in the northern counterpart. This

is likely due to the higher degree of wiggling and bending, leading

to some in-situ CR re-acceleration in the southern tail. We model

the inner tail between 90 and 160 kpc, finding again small scale-

height of ≈50 kpc, independent of the observing frequency. In con-
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Figure 8. Radio continuum spectra within selected regions between 52 and

610 MHz. Solid lines are least-squares fits to the data between 52 and

178 MHz, assuming a constant spectral index, resulting in a power-law

spectrum with no spectral curvature. The radio tails display spectral cur-

vature, wheres the jets can be fitted by a power-law.

sequence, the radio spectral index in this area is largely constant.

We can hence model the decrease in the radio continuum intensity

by a decrease of the magnetic field with a scaleheight of 120 kpc.

The outer tail extends from 360 to 720 kpc. In between the 160 and

360 kpc, the emission goes through a clear minimum at 200 kpc,

but then increases again to a maximum at 320 kpc. The emission

levels are comparable to those found at 220 kpc. Hence, if we ex-

trapolate the magnetic field strength from the inner tail, we find a

field strength of 3.4 µG at the inner boundary of the outer tail. In

the southern outer tail, we find that the convection speed is slightly

higher with values between 2300 and 2800 km s−1 and the magnetic
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NGC315

3C31

Figure 1. Left: Full HBA field of view at 145 Mhz with 17 sub-bands (143.1625–146.4828 GHz) imaged with AWIMAGER. The map is corrected for primary

beam attenuation, which becomes apparent at the map edge. Two sub-fields were imaged with CASA’s MS-MFS CLEAN algorithm, centred on 3C 31 and

NGC 315. Right: Combined LOFAR HBA data at 115–178 MHz centred on 3C 31, with an average frequency of 145 MHz, at an angular resolution of

16.′′5 × 11.′′8 (PA = 73◦). The map covers approximately 6 degree2, equivalent to a square with 3.1 Mpc sidelength. The grey-scale transfer function is

stretched to highlight weak, diffuse emission. The rms noise is 400–500 µJy beam−1, at off-source positions, whereas close to the bright, inner part of 3C 31

it is 1–2 mJy beam−1. The peak flux density is 5.5 Jy, reached in 3C 34, which sports the most prominent residual sidelobes, due to the Earth’s ionosphere

affecting phases and amplitudes.
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Figure 5. Spectrum of the integrated emission of the bright inner lobe and

jet emission.

northern tail, we also do find the ‘bifurcation’ of Laing et al. (2008),

which is clearly to be seen in the 330 MHz map and less so in the

145 MHz LOFAR HBA map, the latter having a comparably low

resolution.

It has been sometimes suggested, that the cluster member

galaxies can influence the propagation of the jet and the radio

tails. To test this hypothesis we overlay in Fig. 4 the 145 MHz

map, shown as grey-scale, with contours of Chandra X-ray emis-

sion, showing the hot intra-cluster medium (ICM). The X-ray data

show the locations of the cluster galaxies as un-resolved point-like

sources, which are embedded into the diffuse emission from the

ICM. Indeed, we find that the most prominent cluster galaxy at RA

01h07m20s Dec. +32◦28′30′′ is located at the upstream (western)

and of the bifurcation of the northern tail. It is hence very sug-

gestive that the magnetised plasma is streaming around the galaxy,

resulting in a minimum of radio continuum emission in its wake.

Three other cluster galaxies are clearly detected in the X-ray emis-

sion and they happen to be located outside ot the radio jets at dis-

tances of >5 arcmin from the core, so that we can not study the

interaction with them.

Our VLA P-band 330 MHz shows also the nothern and south-

ern spurs detected by Laing et al. (2008), which are extensions that

do extend towards the core rather than the tails, which extend away

from the core. Both spurs are also visible in the 145 MHz LOFAR

map, but it is difficult to disentangle the intrinsic emission from

3C 31 from the imperfect sidelobe removal with the CLEANing al-

gorithm, which is largely caused due to the effects of the Earth’s

ionosphere on the wave propagation (Sect. 2.1). We hence can not

be certain, whether a ‘bridge’, connecting the northern and south-

ern spurs really exists, as hinted by the 145 MHz data. Similarily,

the GMRT 615 MHz data shows the southern spur and, to a lesser

degree, the northern one, but spurious emission is not as well sup-

pressed as in the VLA 330 MHz map, making a distinction between

real and spurious emission difficult.

c⃝ 0000 RAS, MNRAS 000, 000–000

Spectral index 
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Radio spectra – power laws Integrated flux density

Normalized to same area
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1–D Modelling of CR–Transport

Convection:
@N(E, z)

@z
=

1
V


@

@E
(b(E)N(E, z))

�

b(E) = 
synchrotron + 

IC losses

convection 
speed

CRe 
number 
density

Inner boundary condition: 10µG (Croston & Hardcastle 2014)
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Convective cosmic ray transport8 V. Heesen et al.
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Figure 7. 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 (dark green). 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

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

field strength of 3.2 µG, so that in the tails in particular IC radia-

tion losses are comparable to synchrotron losses. Equation (1) can

be integrated numerically from the inner boundary (see appendix

in Heesen et al. 2015, for details). The radio continuum intensity

is then I ∝ N(E, z)B(3−α)/2, where we assume a power-law distri-

bution of the CRe number density. As inner boundary condition

we assume a CRe power-law distribution of the number density as

N = N0E−γ, where we can measure the CRe spectral index from the

radio spectral index via α = (γ − 1)/2. A solution of Equation (1)

results into exponential profiles of the radio continuum emission, in

agreement with our findings of the profiles. Cosmic-ray diffusion,

which is an alternative transport process, results into Gaussian ra-

dio continuum profiles (Heesen et al. 2015). We can hence exclude

diffusion as the dominant transport mode.

In 3C 31, we model the northern tail in two distinct regions.

The first is the inner tail between 120 and 220 kpc and the other is

the outer tail between 220 and 600 kpc until the detection limit. We

fit the radio continuum profiles with exponential functions to mea-

sure scaleheights. Then we model both the scaleheights and radio

spectral indices with the convection equation. We find that in the

inner tail the exponential scaleheights are small and increase then

in the outer tail, making a distinction sensible. The reason for the

smaller scaleheights in the inner tail are probably adiabatic losses,

because the tail expands significantly in this area. Notably, adia-

batic losses do not change the radio spectral index, so that we do

not have to take them into account for the modelling. Indeed we

find that in this area the spectral ageing is only little and the de-

crease in the magnetic field is dominating, i.e. the scaleheight of

≈60 kpc is half of the magnetic field scaleheight, as expected for

a spectral index of α ≈ −1. However, this modelling is impor-

tant, because it allows us to use the well-constrained magnetic field

strengths of Croston & Hardcastle (2014) as inner boundary condi-

tion for the inner tail, who have modelled the jets out to a distance

of 100 kpc. We have taken their magnetic field strength of 10 µG

as inner boundary condition for the inner tail. Thus, we can extrap-

olate the magnetic field strength at the inner boundary of the outer

tail to be 10 µG, using hB = 120 kpc and a length of the innter tail

of 100 kpc.

In the outer northern tail, the radio continuum scaleheights are

higher, between 80 kpc at 610 MHz and 220 kpc at 52 MHz. The

increase of the scaleheight with CRe lifetime is a characteristic of

cosmic-ray transport. This is also reflected in th spectral index pro-

files. They show a continuos steepening with increasing slope with

distance as shown in Figure 7. We found that convection speeds

c⃝ 0000 RAS, MNRAS 000, 000–000
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Northern radio tail
hB = 350–450 kpc
V = 1800–2400 km s-1

Transition region
hB = 120 kpc
V ~ 2000 km s-1

Southern radio tail
hB = 1400–1500 kpc
V = 2300–2800 km s-1

Transition region
hB ~ 120 kpc
V ~ 2000 km s-1

145 MHz
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Conclusions

• Largest ever detected angular extent

• Total source extent: ~1.2 Mpc

• Spectral ageing in the radio tails

• Convections speeds ~2000 km s-1

• Magnetic field: 3–10 µG in the tails

• Dynamical age: ~250 Myr
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Outlook: image NGC 315

4 V. Heesen et al.

NGC315

3C31

Figure 1. Left: Full HBA field of view at 145 Mhz with 17 sub-bands (143.1625–146.4828 GHz) imaged with AWIMAGER. The map is corrected for primary

beam attenuation, which becomes apparent at the map edge. Two sub-fields were imaged with CASA’s MS-MFS CLEAN algorithm, centred on 3C 31 and

NGC 315. Right: Combined LOFAR HBA data at 115–178 MHz centred on 3C 31, with an average frequency of 145 MHz, at an angular resolution of

16.′′5 × 11.′′8 (PA = 73◦). The map covers approximately 6 degree2, equivalent to a square with 3.1 Mpc sidelength. The grey-scale transfer function is

stretched to highlight weak, diffuse emission. The rms noise is 400–500 µJy beam−1, at off-source positions, whereas close to the bright, inner part of 3C 31

it is 1–2 mJy beam−1. The peak flux density is 5.5 Jy, reached in 3C 34, which sports the most prominent residual sidelobes, due to the Earth’s ionosphere

affecting phases and amplitudes.
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Figure 5. Spectrum of the integrated emission of the bright inner lobe and

jet emission.

northern tail, we also do find the ‘bifurcation’ of Laing et al. (2008),

which is clearly to be seen in the 330 MHz map and less so in the

145 MHz LOFAR HBA map, the latter having a comparably low

resolution.

It has been sometimes suggested, that the cluster member

galaxies can influence the propagation of the jet and the radio

tails. To test this hypothesis we overlay in Fig. 4 the 145 MHz

map, shown as grey-scale, with contours of Chandra X-ray emis-

sion, showing the hot intra-cluster medium (ICM). The X-ray data

show the locations of the cluster galaxies as un-resolved point-like

sources, which are embedded into the diffuse emission from the

ICM. Indeed, we find that the most prominent cluster galaxy at RA

01h07m20s Dec. +32◦28′30′′ is located at the upstream (western)

and of the bifurcation of the northern tail. It is hence very sug-

gestive that the magnetised plasma is streaming around the galaxy,

resulting in a minimum of radio continuum emission in its wake.

Three other cluster galaxies are clearly detected in the X-ray emis-

sion and they happen to be located outside ot the radio jets at dis-

tances of >5 arcmin from the core, so that we can not study the

interaction with them.

Our VLA P-band 330 MHz shows also the nothern and south-

ern spurs detected by Laing et al. (2008), which are extensions that

do extend towards the core rather than the tails, which extend away

from the core. Both spurs are also visible in the 145 MHz LOFAR

map, but it is difficult to disentangle the intrinsic emission from

3C 31 from the imperfect sidelobe removal with the CLEANing al-

gorithm, which is largely caused due to the effects of the Earth’s

ionosphere on the wave propagation (Sect. 2.1). We hence can not

be certain, whether a ‘bridge’, connecting the northern and south-

ern spurs really exists, as hinted by the 145 MHz data. Similarily,

the GMRT 615 MHz data shows the southern spur and, to a lesser

degree, the northern one, but spurious emission is not as well sup-

pressed as in the VLA 330 MHz map, making a distinction between

real and spurious emission difficult.
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Strategy:
– Image with CASA
–Combine 18 subbands
–Correct for PB
–Combine images
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New spectral models

Northern lobe Southern lobe
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JP–model fits
Spectral age Reduced chi2

Radio continuum data:
• LOFAR Low–band Antennae (LBA), 30–85 MHz
• LOFAR High–band Antennae (HBA), 115–178 MHz
• VLA P–band, 230–380 MHz, A– and B–configuration
• Spatial resolution = 19 kpc (FWHM=55”, D = 73 Mpc)

(BRATS, Harwood et al. 2013)

Model input:
• Injection spectral index = 0.5
•Magnetic field strength = 10 

µG(Crostron & Hardcastle 2014)

120 kpc
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