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ABSTRACT
Context. The contribution of active galactic nuclei to the magnetisation of the Universe can be constrained by knowing their duty

cycles, jet and magnetic field morphologies, and the physical processes dominating their interaction with the surrounding environment.
Aims. The magnetic field morphology and strength of radio lobes of AGN has an influence on the mechanisms for the propagation of
cosmic rays into intergalactic space. Using the source B2 0258+35 we want to investigate the interaction of its radio lobes with the
surrounding environment and examine the underlying physical effects.
Methods. Published H i and radio continuum data at λ21 cm were combined with newly reduced archival Westerbork Radio Synthesis
Telescope polarisation data at the same wavelength to investigate the polarised emission in the radio lobes of B2 0258+35. We assumed
energy equipartition between the cosmic rays and the magnetic field to calculate their pressure and investigate the physical processes
leading to the detected emission.
Results. We detected a unique S -shaped diffuse polarised structure. The lobes have a pressure of p = 1.95 ± 0.4 × 10−14 dyn cm−2 .
The calculated total magnetic field strengths are low (Beq = 1.21 ± 0.12 µG). We observe depolarisation in the northern lobe, which
might originate from the H i-disc in the foreground. In addition we see an anti-correlation between the pressure and the fractional
polarisation along the S -shaped structure. Therefore we consider magnetic draping and magnetic field compression as possible effects
that might have created the observed S -shape.
Conclusions. Our results suggest that magnetic draping can be effectively used to explain the observed polarised structures. This is
likely due to the combination of a relatively low magnetic field strength, enabling super-Alfvénic motion of the rising lobes (with
MA = 2.47−3.50), and the coherency of the surrounding magnetic field. Moreover, the draped layer tends to suppress any mixing of
the material between the radio lobes and the surrounding environment, but can enhance the mixing and re-acceleration efficiencies
inside the lobes, providing an explanation for the average flat spectral index observed in the lobes.
Key words. galaxies: magnetic fields – polarization – galaxies: jets – galaxies: active – galaxies: individual: NGC 1167 –

galaxies: individual: B2 0258+35

1. Introduction
Radio polarisation studies are powerful probes of the physical
processes that shape the evolution of radio-loud active galactic nuclei (AGN) and of the magnetic field structure in these
sources. Moreover, they provide us with a unique tool to investigate the properties of the magnetoionic medium that both constitutes and surrounds the source, as well as of the medium that
lies between the point of emission and the Earth.
Typical fractions of polarisation in radio galaxies are in the
range of 0.1−30% with a median value of 6.2% (O’Sullivan et al.
2015). The highest degrees of polarisation are observed in
giant radio galaxies (>1 Mpc) with fractions higher than 50%
(Black et al. 1992), while most of them reside in the 30% regime
(Laing et al. 2008).
Interferometric studies of radio galaxies over the last decades
have revealed that the degree of polarisation is not homoge?
The reduced polarisation images are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or
via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/622/
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neous across the radio source, but is rather composed of multiple
subcomponents (Saikia & Salter 1988). The degree of polarisation usually increases towards the edges of the lobes as a consequence of magnetic field compression (e.g. Elmouttie et al.
1995; Hardcastle et al. 1997; Hardcastle & Krause 2014). Furthermore, polarised structures do not always coincide with total
power emission components. In general the polarised brightness
distribution shows less symmetry and a more complex distribution than the total intensity emission.
In double lobed sources a strong asymmetry in the polarisation fraction of the two lobes is often observed. In particular, in double lobed radio sources it is generally found
that the jet-side is less depolarised than the counter-jet side.
The most well accepted explanation for this trend is the presence of beaming effects (e.g. Laing 1988; Garrington et al.
1988, 1991). Indeed, the emission coming from the counter
jet travels a longer path within the magnetoionic material that
surrounds the source, causing a higher level of depolarisation (Laing 1988; Garrington et al. 1991; Garrington & Conway
1991). While most of the polarisation studies were performed on FRII (Fanaroff & Riley 1974) radio sources, it has

Article published by EDP Sciences

A209, page 1 of 9

A&A 622, A209 (2019)

been shown that a polarisation asymmetry also exists for
low-luminosity radio galaxies (Capetti et al. 1993; Parma et al.
1993; Morganti et al. 1997) in the B2 sample (Colla et al.
1975a,b; Fanti et al. 1978, 1987).
Spatially resolved observations of radio sources of the FRItype have shown enhancements of polarised emission on kiloparsec scales along the edges of the radio lobes. However, only
a small number of such studies is currently available so that
the occurrence of these features has still not been assessed. The
sources are usually situated in cluster or group environments (e.g.
Laing et al. 2011; Guidetti et al. 2011, 2012). All of these studies
also revealed diffuse polarised emission encompassing the whole
lobe. The common explanation for those structures is the interaction between the jets and the surrounding intergalactic medium
(IGM). The plasma from the jet impacts onto a denser surrounding medium and causes magnetic field compression leading to an
amplification and ordering of the magnetic field.
In this paper we report the intriguing discovery of two
extended polarised structures in the outer lobes of the radio
galaxy B2 0258+35. The structures show a one-sided S -shape
that extends along the whole edge of each side of the total power
emission of the diffuse radio lobe. Such a morphology has never
been observed in any other source before. We present a detailed
polarisation study of these structures based on archival observations at 1.4 GHz performed with the Westerbork Synthesis Radio
Telescope (WSRT) in 2006.
The radio source B2 0258+35 consists of a compact
steep-spectrum (CSS) radio galaxy (Sanghera et al. 1995;
Giroletti et al. 2005), of 3 kpc size, surrounded by two double lobes with very low surface brightness, which make the
total source size ∼250 kpc (Shulevski et al. 2012; Brienza et al.
2016). According to the recent results of Brienza et al. (2018),
the outer lobes are either still fuelled by the nuclear engine or
are a remnant of past jet activity, which switched off not more
than probably a few tens of Megayears ago. The radio source
is hosted by the SA0 type, H i-rich (Struve et al. 2010) galaxy
NGC 1167 (de Vaucouleurs et al. 1991), located at a distance
of 70 Mpc (Wegner et al. 1993), and is optically classified as a
Seyfert 2 type (Ho et al. 1997). The H i disc of the galaxy extends
to 160 kpc in diameter with a low surface density (≤2 M pc−2 ).
The H i rotation curve is regular up to a radius of 65 kpc but
shows several signs of recent and ongoing interaction in the
very outer parts (Struve et al. 2010). The galaxy seems to be
located in a poor environment with only five other members
(Garcia 1993). No diffuse X-ray emission has been detected so
far (Akylas & Georgantopoulos 2009). Therefore an upper limit
to the electron density of the surrounding intergalactic medium
is ne < 3 × 10−4 cm−3 (Kriss et al. 1983).
This paper is structured as follows: Sect. 2 gives an overview
of the data used and the reduction of the continuum polarisation
data, Sect. 3 presents our results, and Sect. 4 analyses possible
scenarios to explain the observed polarised structures. The results
are discussed in Sect. 5 and summarised in Sect. 6. Finally Sect. 7
presents an outlook on the future of this kind of study.
For this work we used a flat cosmology with the following parameters: H0 = 70 km s−1 Mpc−1 , ΩΛ = 0.7, ΩM = 0.3.
The spectral index α is defined using the convention S ∝ ν−α .
We assume a redshift of the target of z = 0.0165 (Wegner et al.
1993), where 100 corresponds to 336 pc.

2. Observations
The polarisation study presented in this paper is based on unpublished data of the radio galaxy B2 0258+35 from the WSRT
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archive. The data consist of two full 12 h tracks pointing at
RA: 03.h 02.m 17.s 8, Dec: +35◦ 140 3600 . The observations were
undertaken between 4 and 6 November 2006. Each dataset was
recorded over the full bandwidth of 160 MHz consisting of eight
20 MHz sub-bands with 64 channels each and with centre frequencies equal to 1451, 1433, 1411, 1393, 1371, 1351, 1331, and
1311 MHz. All four linear correlations (XX, XY, YX, YY) were
recorded, so that the data contained full polarisation information. Sources 3C48 and 3C147 were used as calibrators and were
observed before and after the target field in each run, respectively.
2.1. Data reduction

We performed the data reduction using a combination of
the Astronomical Image Processing System (AIPS), the Common Astronomy Software Application package (CASA) V4.7.0
(McMullin et al. 2007), and the Multichannel Image Reconstruction, Image Analysis and Display (MIRIAD; Sault et al.
1995) software packages. First, we used AIPS to apply the system temperatures. The data were then converted into the CASA
MS-format for radio frequency interference (RFI) inspection.
RFI GUI, the graphical front end to RFIconsole (Offringa et al.
2010), was used to identify failing antennae and solar interference and then to perform an automatic flagging strategy tailored to the WSRT setup. This encompassed the application of a
preliminary bandpass calibration to mitigate the steep bandpass
slope of the WSRT-receivers, allowing for an easier identification of bad data.
The actual bandpass calibration was then repeated on the
flagged data using the source 3C147 followed by gain and polarisation leakage calibration. The solutions were then transferred
to the polarised calibrator source 3C48 for the derivation of the
polarisation angle corrections. Source 3C48 has varying polarisation characteristics over the available frequency band and over
time, so we lack a good polarisation model of the source. Therefore, we computed the flux densities of the Stokes parameters
I, Q, U, V using the following expressions and the parameters by
Perley & Butler (2013) for the frequency range 1.6–30 GHz:
!−α
ν
I = I0 ·
(1)
ν0
" 
#
c 2
Q = p · I · cos 2 · PA0 + RM ·
(2)
ν
" 
#
c 2
(3)
U = p · I · sin 2 · PA0 + RM ·
ν
V = 0,
(4)
where ν0 = 1.4603 GHz is the reference frequency, I0 =
15.999 Jy is the flux density at the reference frequency, α =
−0.8254 is the spectral index, p = 0.005 is the degree of polarisation, PA0 = 2.1293 is the intrinsic polarisation angle in rad,
RM = −68 rad m−2 is the rotation measure (RM), c is the speed
of light, and ν is the frequency of the channel.
Using the relations for the linear feeds of the WSRT,
XX = I + Q

XY = U + V

YX = U − V

YY = I − Q,

(5)

we then calculated the flux densities of all four cross-correlations
over the observed frequency band.
The above values left us with an error of 20–30◦ on the polarisation angle (R. Perley, priv. comm.) for the final polarisation
analysis of the electric field angle values. Therefore, we were
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2.2. Polarisation analysis

For the final polarisation analysis, we used the RM-synthesis
technique (Brentjens & de Bruyn 2005) to mitigate the problem of bandwidth depolarisation. We averaged the data to eight
2.5 MHz-channels per sub-band and produced 64 cleaned and
primary beam-corrected images of Stokes Q and U (one for
each channel of each sub-band). This averaging speeded up the
imaging, as well as the RM-synthesis processing by an order
of magnitude, while preserving the ability to detect structures
up to 10 160 rad m−2 , as compression in frequency only affects
the maximum observable Faraday depth. To exclude any possible emission coming from the polarised Galactic foreground, we
only imaged baselines ≥450 λ.
Images at three different angular resolutions were used as
an input for the RM-synthesis to investigate the small-scale
structure as well as the large-scale coherency of the magnetic
field and faint emission in the lobes. The resolutions used were
the highest possible resolution of the image at the lowest frequency (20.00 9×9.00 7) and two with circular beams of 3000 and
4500 . The observational setup results in a resolution in Faraday space of 322.45 rad m−2 and a maximum observable scale
of 74.46 rad m−2 . We sampled the final Faraday cubes between
−512 rad m−2 and +512 rad m−2 with a sampling interval of
4 rad m−2 .
Since the polarised intensity values are the absolute value
of complex numbers, a polarisation bias is introduced. This bias
follows non-Gaussian statistics, which is in addition dependent
on the distance from the pointing centre due to the primary
beam correction. We therefore decided to follow an approximated approach to subtract the polarisation bias. A parabola was
fitted to the distance of a pixel from the pointing centre versus the average value along the polarised intensity axis in the
Faraday polarised intensity cube. Only emission free areas were
considered. We extended this parabola along the Faraday axis
creating a polarisation bias cube, which was then subtracted
from the polarised intensity cube. The noise level σ in the
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not able to reconstruct the absolute polarisation angles. We note
that this uncertainty represents a systematic offset of the polarisation angle and may partially affect the degree of polarisation
and the rotation measure. This calibration error does not cause
any direction- or position-dependent errors between the sources
in the field.
All calibration steps (gain, polarisation leakage, polarisation
angle) were derived on a per channel basis. A more detailed
description can be found in Adebahr et al. (2013). This calibration approach aims at minimising the effect of the 17 MHz ripple caused by a standing wave in the WSRT dishes that leads
to instrumental polarisation fractions of up to 1.5% (Brentjens
2008) in the centre of the beam.
After having applied the solutions to the target field, the data
were imported into MIRIAD for imaging and self-calibration.
The whole self-calibration and imaging process was performed
on each individual sub-band. To avoid including spurious
sources in the self-calibration process, we used a mask extracted
from the total power image published by Shulevski et al. (2012).
The solution interval as well as the minimal (u,v)-range to
include for self-calibration were decreased until the integration
time of one minute was reached and all baselines were included.
While phase-only solutions were derived in the first iterations,
the final steps included both normalised amplitude and phase
calibration, as well as solutions for a variance of the XY-phase
between solution intervals.
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Fig. 1. Total power radio continuum contours at 1.4 GHz from the
WSRT image published in Shulevski et al. (2012) overlaid on the
polarised intensity image produced at the same wavelength. Contours
start at a 3σ level of 300 µJy beam−1 and increase in powers of 1.5. The
resolution of the total power image is 38.00 8 × 33.00 1 and the one from the
polarised intensity image is 20.00 9 × 9.00 7, which is shown in the bottom
left corner of the figure.

Faraday cubes at all three different resolutions was then estimated by measuring their standard deviation.
We derived the polarised emission map (Fig. 1) and the rotation measure map (Fig. 2) at all resolutions by fitting a parabola
along the Faraday axis to any values exceeding 4.5σ. The peak
value of the parabola then gives the polarised flux density while
the position of the peak in the Faraday spectrum gives the RM
value. We also computed a map representing the degree of polarisation (Fig. 3) by dividing on a pixel-by-pixel basis the polarised
intensity map at 4500 resolution with the total intensity map by
Shulevski et al. (2012) convolved to the same resolution. We
derived the electric field vectors using the Stokes Q- and U-flux
densities at the position of the peak in the Faraday spectrum. We
did not derive any intrinsic polarisation angles due to their large
uncertainties. These errors are mostly due to our broad rotation
measure spread function (322.45 rad m−2 ) and the uncertainty of
the absolute polarisation angle. Nevertheless, the electric field
vectors (see Fig. 3) can be used to illustrate the coherency of the
magnetic field.

3. Results
To analyse our results we created three different overlays
(Figs. 1–3). Figure 1 shows the total intensity contours at
1.4 GHz from Shulevski et al. (2012) with a resolution of
38.00 8 × 33.00 1 on top of our polarised intensity map with a resolution of 20.00 9 × 9.00 7. Figures 2 and 3 show the H i-emission
contours from Struve et al. (2010) on top of the derived RM and
degree of polarisation maps, respectively. In these figures we
marked the most relevant structures (Regions 1–9), which will
be described and discussed below.
We have detected polarised emission cospatial with the central compact source (Region 1), as well as along the eastern and
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Fig. 2. H i contours from Struve et al. (2010) overlaid on the rotation
measure map derived from the RM-cube with 4500 resolution. The contour levels start at 0.008 Jy beam−1 km s−1 and increase in powers of
two.

western edges of the northern (Region 2) and southern (Region
3) lobes, respectively. The central source (Region 1) shows a
polarised flux density of S p,1 = 1.74 ± 0.11 mJy, which corresponds to a degree of polarisation of 0.1%. We note that this
polarisation fraction is lower than the polarisation leakage fraction computed for our observation. However, the value of the
RM in this region (equal to ∼ − 200 rad m−2 ) largely differs from
the peak of the instrumental polarisation (equal to 0 rad m−2 ),
suggesting that the polarisation signal is real.
The extended polarised structures (Regions 2 and 3) show a
unique elongated morphology reminiscent of an S -shape, which
has never been observed before. They are co-located with the
strongest total power emission and show an integrated polarised
flux density equal to S p,2 = 2.44 mJy and S p,3 = 1.49 mJy. Both
(Regions 2 and 3) extend all along the radio lobes for up
to ∼100 kpc but remain spatially unresolved radially, even in
the Faraday cubes with the highest angular resolution of 1400
(4.75 kpc).
The degree of polarisation of both structures increases moving
from the central source outwards. In Region 2 the degree of polarisation varies from 20 ± 2% to 45±3% and in Region 3 it varies
from 20 ± 2% to 60±4%. Both regions (2 and 3) show negative
RM values (Fig. 2) with a mean value of ∼−45 rad m−2 . Only in
Regions 4 and 5 do we observe positive RM values equal to RM4 =
∼50 rad m−2 and RM5 = ∼90 rad m−2 and much lower values
for the degree of polarisation equal to ∼13±2%. As the source
B2 0258+35 is most likely located in a poor environment where
we expect electron densities of the order of ne ≈ 3 × 10−4 cm−3
(Kriss et al. 1983), we are led to believe that the rotation measure
is produced by a medium co-located with the source itself most
likely generated during earlier periods of activity.
It is remarkable how ordered the electric field vectors in
Fig. 3 are. The whole diffuse structure shows vectors following its elongation with average values of PA ≈ 40◦ and a standard deviation of only ∆PA ≈ 10◦ . Even the slight bending of
the structures towards the end of the lobe is noticeable. The
A209, page 4 of 9
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Fig. 3. H i contours from Struve et al. (2010) overlaid on the image representing the degree of polarisation at 4500 resolution. The contour levels
start at 0.008 Jy beam−1 km s−1 and increase in powers of two. The red
lines represent the electric field vectors where a vector length of 300 corresponds to 10 µJy beam−1 of polarised intensity. These field vectors do
not represent the absolute values of electric field vectors (see Sect. 2.1
for further details), but illustrate the coherency of the magnetic field
along the S -shaped structures.

coherency of the vectors confirms that we do not encounter
any position-dependent effects from the polarisation calibration.
Unfortunately, as mentioned above, we cannot derive the derotated magnetic field vectors reliably and therefore are limited to an analysis of the relative values and coherency of the
emission.
We note that the southern polarised emission region extends
all the way from the nucleus until the end of the radio lobe,
while the northern one shows a gap between the nucleus and
the extended radio lobe. Comparing the polarised morphology
with the H i data from Struve et al. (2010; see Figs. 2 and 3), we
might be able to attribute this lag of emission to H i from the disc
of the galaxy in the foreground. We will further discuss this topic
in Sect. 5.

4. Origin of the polarised emission in the outer
lobes
In this section we investigate two different physical mechanisms
that may be the origin of the polarisation properties observed in
B2 0258+35: magnetic field compression and magnetic draping.
Both mechanisms require an interaction between the extended
lobes’ plasma and a second medium. We mainly consider here
the second medium to be the surrounding intergalactic medium
(IGM), but we also mention the possibility of an interaction with
plasma associated to a restarted jet from previous cycles of activity within the extended lobes in Sect. 5.
4.1. Magnetic field compression

Compression in the shocks of super-sonically expanding lobes
into the IGM and a consequent magnetic field compression may
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Fig. 4. Total magnetic field strength calculated from energy equipartition (Worrall & Birkinshaw 2006) with the assumption of a cylindrical
geometry for the radio lobes as explained in Sect. 4.1.

Fig. 5. Pressure within the radio lobes calculated from the energy density of the magnetic field. Contours show the degree of polarisation at
10 (yellow), 20, 30, 40, 50, and 60 (red) percent levels.

occur if the radio lobes propagate into a region of higher density.
This has been observed in radio galaxies located in galaxy clusters or groups. These kinds of compression regions are usually
visible in the X-ray regime (e.g. Snios et al. 2018; Croston et al.
2009; McNamara & Nulsen 2007; Bîrzan et al. 2004). X-ray
observations of B2 0258+35 by Akylas & Georgantopoulos
(2009) only show emission of the central source, but these data
are shallow and deeper observations are needed to measure the
density of the IGM. In the following we investigate the viability
of a compression scenario.
To investigate whether the elongated polarised structures
observed in B2 0258+35 (Regions 2 and 3) are the result of lobe
plasma compression, we derive spatially separated pressure values over the whole extends of the lobes using the magnetic field
pressure as the basis.
We followed the recipe described in Schoenmakers et al.
(2000) to compute the pressure inside the lobes. We first calculated the equipartition magnetic field strength Beq using the
equations from Worrall & Birkinshaw (2006). We assumed a
power-law particle distribution with Lorentz factors between
γmin = 10 and γmax = 106 . A proton-to-electron ratio of
K0 = 1 and a constant spectral index of α = 0.6 was used,
which corresponds to the average value of the two lobes from
Brienza et al. (2018). We assumed a cylindrical geometry with
a diameter of 130 kpc, which is approximately equal to the lobe
width computed using the 3σ-contours in the total intensity map.
The calculation of the magnetic field strength was executed for
each pixel by calculating the encompassed volume of one pixel
along the line of sight as an input. We blanked any pixels in
the map that we could identify as background point sources,
as well as the region corresponding to the emission from the
strong central nucleus. The resulting map is shown in Fig. 4.
Using this approach we found magnetic field values across
the lobes in the range 0.98−1.59 µG with an average value of
1.21 ± 0.12 µG.
This value confirms the value calculated by Brienza et al.
(2018) of 1 µG, who used the integrated flux density of the entire

lobes to calculate the magnetic field strength. We will discuss
the consequences for different K0 -ratios and their impacts on our
calculations in Sect. 5.
From the magnetic field strength we can directly calculate
the energy density ueq of the lobes using the standard textbook
formula
ueq =

B2eq
8π

.

(6)

In a relativistic plasma, the pressure p is directly related to
the energy density as
p=

1
ueq ·
3

(7)

From the map of the magnetic field strength we can therefore derive the pressure distribution inside the lobes as shown
in Fig. 5. The pressure values vary in the range p = 1.28 ×
10−14 −3.34 × 10−14 dyn cm−2 . These values are similar to those
derived by Schoenmakers et al. (2000) for a typical radio galaxy
in a group environment.
We note that the magnetic field is strongest along the
polarised emission structures (Regions 2 and 3). The highest values are observed in the diffuse emission close to the central compact source with Beq = 1.5 µG and p = 3 × 10−14 dyn cm−2 . In
the rest of the lobes the values are as low as Beq = 1.1 µG and
p = 1.7 × 10−14 dyn cm−2 .
Taking a closer look at Regions 2 and 3, where the polarised
structures were detected, we see an anti-correlation with the
degree of polarisation distribution along these structures. The
overall magnetic field strength and pressures are high (Beq =
1.4 µG and p = 2.8 × 10−14 dyn cm−2 ), but higher degrees of
polarisation go along with lower magnetic field strength and
pressures. At the location of the highest degrees of polarisation (Regions 6 and 7) with values of FP ≥ 35%, the magnetic
field strength and pressure only reach values comparable to those
measured in the unpolarised regions of the lobes of Beq = 1.1 µG
A209, page 5 of 9
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and p = 2 × 10−14 dyn cm−2 respectively (Regions 6 and 7). We
use the relation
pIGM = 1.0 × 10−14 (1 + z)5 dyn cm−2

(8)

from Subrahmanyan & Saripalli (1993), who assume an isotropically expanding Universe, to acquire a first order estimate for a
lower limit of the pressure in the surrounding medium of the
source outside of the radio lobes. This results in a value of
pIGM = 1.08 × 10−14 dyn cm−2 . Since B2 0258+35 is located in a
poor environment and the lobes are probably sitting well outside
the galactic coronal halo, this low value in comparison to galaxies in cluster environments, where the pressure reaches a fewtens of 10−12 dyn cm−2 (Morganti et al. 1988), seems realistic.
However, since we do not have any observational information
on the surrounding environment from for example X-ray observations, our calculated value is only a lower limit and should be
counted as an order of magnitude estimate.
The lower value for the radio lobes in comparison to the IGM
pressure is not surprising since radio galaxies are not expected
to be strongly overpressured with respect to the environment and
are not expected to drive strong shocks if only the equipartition magnetic pressure is taken into account (Forman et al. 2005;
Nulsen et al. 2005a,b; Wilson et al. 2006). An anti-correlation of
the degree of polarisation with pressure, as we see in our data,
is not expected from a compression scenario. Higher polarisation degrees need pressure gradients along the compression front
to amplify the regular magnetic field. Therefore we investigate
magnetic draping as an alternative effect to create the observed
structures in the following subsection.
We mention here that these numbers strongly depend on
the choice of K0 , which has been investigated by different
authors. Values of K0 > 0 were already discussed by Bell
(1978) and are needed for models of large-scale acceleration processes. Recent publications have also discussed the entrainment
of particles from the surrounding medium by radio jets or lobes
(Croston et al. 2018, 2008; Hardcastle & Krause 2014). Such a
scenario would raise the K0 value, due to more protons than
electrons being entrained, and lead to a higher magnetic field
strength. For example, K0 = 100 would raise the calculated values of the magnetic field strength by a factor of ∼3.5 and the
pressure by a factor ∼4. Other uncertainties in the calculations
come from the simple assumption of a cylindrical geometry and
a uniform spectral index.
4.2. Magnetic draping

The physical effect of magnetic draping is significantly different
from magnetic field compression. While compression orders and
amplifies the magnetic field along the whole path travelled by the
shock front, draped field lines are folded around the compression
front and move back to their original configuration after the front
has passed (Dursi & Pfrommer 2008). In a steady state scenario,
the rate at which the lines pile up at the front of the draping
layer is the same as the rate at which they are advected over
the surface and eventually leave it (Ehlert et al. 2018). The prerequisites for magnetic draping are a sufficiently large magnetic
coherence scale λB and super-Alfvénic motion of the propagating medium. This super-Alfvénic motion results in a complete
isolation of the two interacting magnetic fields from each other
and therefore prohibits any magnetic mixing of the two media.
This is a significant difference to the magnetic field compression scenario where compressed layers can be mixed and lead to
instabilities along the interaction regions.
A209, page 6 of 9

Lyutikov (2006) pointed out that radio lobes moving through
the intracluster medium at super-Alfvénic speeds can lead magnetic draping to occur and form a thin magnetised boundary
layer. Recent simulations by Ehlert et al. (2018) could even
reproduce and resolve magnetic draping layers in simulations of
magnetised jets in galaxy clusters.
In the case of B2 0258+35 we first consider this boundary
layer to develop between the radio lobe and the IGM and will
discuss a possible interaction of a propagating jet in a fossil
radio lobe in Sect. 5. A large-scale coherent magnetic field can
be assumed for the surrounding medium as well as for the jet.
Indeed, Guidetti et al. (2008, 2010) showed that the magnetic
field in the IGM and intracluster medium (ICM) is regular on
scales of tens of kiloparsecs. This is also observed in radio lobes,
where there are high degrees of polarisation and coherent magnetic field morphologies (e.g. Klein et al. 1994; Saripalli et al.
1996; Guidetti et al. 2011).
In order to test whether magnetic field draping is a viable
explanation for the polarised structures observed in B2 0258+35,
we evaluate the value of λB in this source. For this we use two
approaches. As a first method, we calculate the Alfvén speed vA
using the standard textbook equation
1

vA = 2.18 ne − 2 B km s−1

(9)
−3

with ne being the electron density in particles per cm and B the
magnetic field strength in µG. Using an average magnetic field
strength of Beq = 1.4 µG and a typical thermal electron density
of ne = 10−4 cm−3 (O’Sullivan et al. 2013), we obtain a value of
vA = 305 km s−1 . Assuming an approximate age of the bubble
of ∼110 Myr (Brienza et al. 2018) and a height H = 120 kpc,
we get an average expansion speed of vexp ≈ 1067 km s−1 . By
combining the two speeds computed above, vA and vexp , we get
a super-Alfvénic scenario with a Mach number of MA ≤ 3.5.
We note that if we assume a higher electron density closer to
the central source, vA would reduce and therefore MA would be
higher. Using the equation from Dursi & Pfrommer (2008),
λB ' R/MA ,

(10)

where R is the curvature radius at the stagnation point of the
draping layer and MA the Alfvénic Mach number, with R =
50 kpc, we obtain a magnetic coherence scale equal to λB =
14 kpc.
As a second method, we calculate a lower limit to MA using
the relation between the lobe radius R, the thickness of the
boundary layer ∆r, and MA as proposed by Lyutikov (2006):
1
∆r
∝
·
(11)
R
MA 3
By assuming R = 2.50 (50 kpc) and ∆r = 1000 (3.4 kpc), as
measured from the highest resolution polarised intensity map,
we can estimate an Alfvénic Mach number of MA = 2.47
or an expansion speed of vexp = 753 km s−1 (assuming vA =
305 km s−1 ). We derive therefore in this way a magnetic coherence scale of λB = 20 kpc.
Both methods presented above produce results that meet the
requirement λB ' R/MA necessary for magnetic draping to
develop. This suggests that draping can develop between the
expanding lobes and the surrounding IGM of B2 0258+35.

5. Discussion
In the previous section we have presented the unique polarisation morphology of the source B2 0258+35 and investigated
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two possible physical mechanisms to explain its origin: magnetic field compression and magnetic draping. Our results seem
to favour the magnetic draping mechanism. In this section we
discuss our results on both mechanisms in the context of previous literature studies.
Magnetic draping is mostly known from solar system
physics (e.g. Fang et al. 2018; Opher et al. 2017; Lai et al. 2015;
Isenberg et al. 2015), but has become relevant over the last
couple of years to explain magnetic field morphologies of
merging galaxy clusters, such as the famous bullet cluster
(Russell et al. 2012), and motions of galaxies in cluster environments (Ruszkowski et al. 2014). Pfrommer & Jonathan Dursi
(2010) were even able to use the signatures of the draped layers to investigate the orientation and scale length of the magnetic field inside the intracluster medium of the Virgo cluster.
Yang et al. (2012) successfully reproduced the morphology of
the Fermi-bubbles and concluded that the suppression of magnetohydrodynamic (MHD) instabilities can be explained by a
draped magnetic field layer. Later, Yang et al. (2013) found
increased degrees of polarisation inside the draping layers.
Polarisation analysis of four nearby AGN by Guidetti et al.
(2011) showed RM bands orthogonal to the source axis within
their lobes, which could only be explained by magnetic draping. Dursi & Pfrommer (2008) simulated magnetic fields over
rising radio bubbles and predicted a similar appearance of a
draped layer as we observed for B2 0258+35 under certain viewing angles. Recently Ehlert et al. (2018) were able to recover
and resolve draping layers in simulations of magnetic jets interacting with the surrounding environment. Despite the variety
of extragalactic sources described above in which magnetic
draping has been suggested to play a role, none appears to be
similar to the radio galaxy B2 0258+35 studied in this paper.
It is interesting to note that the non-detection of diffuse
polarised emission in the northern radio coincides with the border of the H i-disc. This could be caused by depolarisation
effects. We know that at 1.4 GHz discs of galaxies are not transparent to polarised emission and therefore the origin of the
recovered polarised signals is most often related to the front sides
of their discs or halos (Heald et al. 2009). The reason for this is
a depolarisation of the polarised emission of the backside of the
galaxy due to the small-scale turbulent field in the star-forming
regions between the observer and the emitting region. The same
effect could depolarise the emission of the northern jet if it is
situated behind the disc of NGC 1167 while the southern one is
situated in front of it.
An alternative option would be a scenario where polarised
emission in the rest of the radio lobes is too faint to be detectable
with our observations. Such a morphology would support a magnetic draping scenario. Polarised emission is only visible where
draping compresses the ordered magnetic field lines and the
intensity of polarised emission rises.
In addition to the missing polarisation in the northern lobe
and the overall disc of the galaxy, we can see two small regions
of lower degrees of polarisation in the filamentary structures
(Regions 8 and 9). We can identify two optical counterparts in
Sloan Digital Sky Survey (SDSS) images (Albareti et al. 2017).
These sources could be background radio galaxies. Depolarisation can occur if these sources emit polarised emission where the
electric field vector of this emission reaches the polarised structures in the radio lobes of B2 0258+35 with a different angle. In
order to disentangle the two components and recover the full
polarised signal, the resolution in Faraday space needs to be
higher than the separation of the two components. This is not
necessarily given with our resolution of 322.45 rad m−2 .

For Region 5 we can see H i emission on top of a region with
lower degrees of polarisation of ∼15% in comparison to adjacent regions with 25−30% degrees of polarisation. The structure
shows a slightly offset mean velocity of the H i-gas compared to
the rest of this side of the disc (Struve et al. 2010). This could
hint at a tidal dwarf galaxy or an H i-stream on the line of sight.
Under the assumption that these regions usually host a more turbulent magnetic field than the rest of the halo of a galaxy, emission can become partly depolarised.
Unique in B2 0258+35 is the S -shaped structure of the
polarised emission in the radio lobes. This S -shape could be
the result of jet precession or a permanent change of the axis
of the jet. Since the polarised emission is not present along the
whole edge of the lobe, the precession period would need to be
shorter than the jet’s active phase so that the jet plasma was
preferably ejected in one direction. This could also mean that
the observed magnetic field is intrinsic to the jet itself rather than
being the result of an interaction of the jet with the IGM. A longitudinal alignment of the field in the inner part could transform
into a radial and toroidal field, which is then perpendicular in
projection. Such a transformation has been seen in decelerating
jets on scales of tens of kiloparsecs and is not unexpected since
in adiabatic magnetic field models, the longitudinal component
decreases faster when the jet expands.
Another option would be a change of the direction of the jet
due to interaction with gas in the central regions. Evidence that
such an interaction could be ongoing comes from the morphology of the kiloparsec-scale jet and as well as from the H i (in
absorption) and molecular gas in the centre (Murthy et al., in
prep.).
Although there are no detections in other radio galaxies of
polarised structures similar to those observed in B2 0258+35,
we discuss here two sources with some comparable characteristics: NGC 3998 (Frank et al. 2016) and Mrk 6 (Kharb et al.
2006). Both objects show an edge brightening of the large-scale
radio lobes along their edges, with the lobes of NGC 3998 even
being S -shaped. While Frank et al. (2016) did not have any full
polarisation information, Mrk 6 shows high degrees of polarisation at the edges of the lobes of up to ∼50% and less than 1%
near the centre. High resolution images of Mrk 6 (Kharb et al.
2006) show radio emission associated with the nucleus on three
scales, the mentioned large-scale bubbles (∼4.5 kpc × 7.5 kpc), a
pair of inner bubbles (∼1.5 kpc × 1.5 kpc), and a 1 kpc radio jet
extending into a different direction. For both objects the authors
claimed that the difference in the alignment of the jet axis was
caused by a precession of the central AGN.
Due to these similarities and the fact that high-resolution
observations by Giroletti et al. (2005) show a small-scale 0.9 kpc
sized jet associated with the nucleus pointing in a different direction from the large-scale emission of B2 0258+35, we also discuss the possibility of a restarted jet scenario. Such an episodic
event would lead to a new jet propagating into a fossil one. In
this scenario the fossil lobes already generated an ordered magnetic field into which the new ejecta propagate. This could be one
reason why the outer lobes have not developed ultra-steep spectral indices with α ' 1.2 up to 6.6 GHz (Brienza et al. 2018), as
expected for very old remnants. Indeed the restarting jets may be
fuelling the extended lobes with some fresh particles preventing
the spectral steepening.
We note, moreover, that a consequence of a draping layer
is the confinement of the particles to the lobes. A draping layer
inhibits any particle transport through it, out of the bubble via
cosmic-ray diffusion (Ruszkowski et al. 2008). Therefore particles would only be able to exit the lobes towards the opposite
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side of the leading edge of the lobes. This would increase the
intensity of the mixing of differently aged plasma components
inside the lobes and therefore suppress spatial gradients in the
spectral index. In addition it would slow down a steepening
of the spectral index due to a higher efficiency of diffusive reacceleration mechanisms inside the lobes (Caprioli et al. 2018).
In addition, a draping layer stabilises a rising bubble against
Kelvin-Helmholtz or Rayleigh-Taylor type instabilities (Dursi
2007). This can explain why in our case the polarised structure
can still maintain its coherency and why such diffuse lobes have
not rapidly expanded into the external environment.
The reason for magnetic draping being an effective physical
process to create the observed emission in our target galaxy is
most likely the combination of a relatively low magnetic field
strength enabling super-Alfvénic motion of a rising bubble and
the coherency of the surrounding magnetic field being situated in
the IGM or generated by an earlier activity cycle of the source.

6. Summary
In order to investigate the polarisation properties of the radio
galaxy B2 0258+35 we reduced and analysed archival WSRT
data at 1.4 GHz. The source B2 0258+35 is hosted by the
SA0 type galaxy NGC 1167. While earlier observations already
showed faint radio lobe emission with a total projected size of
∼250 kpc with a strong compact source in the centre, we could
detect a very thin elongated polarised structure along the eastern
side of the northern lobe and on the western side of the southern
one. This S -shaped structure shows unusual high polarisation
degrees of up to 60% and up to 45% in the northern and southern lobes, respectively.
By computing the magnetic field and pressure distribution
within the radio lobes, we have investigated the origin of these
structures. In particular, we have considered two physical mechanisms, plasma compression and magnetic draping. We used
the assumption of energy equipartition to estimate a magnetic
field strength of 0.98−1.59 µG and pressures of p = 1.28 ×
10−14 −3.34 × 10−14 dyn cm−2 in the radio lobes. From these
values and the morphology of the polarised layer, we infer a
super-Alfvénic motion of the radio lobes with Mach numbers of
MA = 2.47−3.50. In addition, we find that the pressure decreases
towards regions with higher polarisation degrees. These results
favour a magnetic draping scenario instead of a magnetic field
compression one.
Since a draped layer suppresses any mixing of the material in the radio lobe with the surrounding environment, but can
enhance the mixing and re-acceleration efficiencies inside the
lobes, we can explain the flat spectral index. In addition magnetic
draping layers are more robust to instabilities at the propagation
front.

7. Outlook
Identifying the kind and amount of sources where either magnetic field compression or magnetic draping plays a role has a
direct influence on the interpretation of polarisation observations
as well as the input for simulations of cosmic-ray propagation
and magnetic fields in the intergalactic space. This is even more
important for the early Universe. While it is difficult to enrich
intergalactic space with regular magnetic fields using starburst
type sources, it might be possible with AGN. As we have seen
with our results, the morphology of the spectral indices of radio
lobes is influenced by the dominant magnetic field morphology
and its subsequent processes.
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Objects showing such filamentary polarised structures are
not necessarily rare, but difficult to detect due to selection effects
towards stronger and more compact sources of past radio surveys. Future radio surveys carried out with the new SKA precursor and pathfinder facilities should be able to detect such kinds
of diffuse faint sources easily. These instruments not only allow
for more detailed studies of sources, like the one we presented
in this work, but also observations of sources at higher redshifts.
This will allow for the examination of the evolution of magnetic
fields over the lifetime of the Universe.
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