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ABSTRACT
We present the first high-resolution 230–470 MHz map of the Perseus cluster obtained with the Karl G. Jansky Very Large
Array. The high dynamic range and resolution achieved have allowed the identification of previously unknown structures in this
nearby galaxy cluster. New hints of sub-structures appear in the inner radio lobes of the brightest cluster galaxy NGC 1275. The
spurs of radio emission extending into the outer X-ray cavities, inflated by past nuclear outbursts, are seen for the first time at
these frequencies, consistent with spectral aging. Beyond NGC 1275, we also analyse complex radio sources harboured in the
cluster. Two new distinct, narrowly collimated jets are visible in IC 310, consistent with a highly projected narrow-angle tail
radio galaxy infalling into the cluster. We show how this is in agreement with its blazar-like behaviour, implying that blazars and
bent-jet radio galaxies are not mutually exclusive. We report the presence of filamentary structures across the entire tail of NGC
1265, including two new pairs of long filaments in the faintest bent extension of the tail. Such filaments have been seen in other
cluster radio sources such as relics and radio lobes, indicating that there may be a fundamental connection between all these
radio structures. We resolve the very narrow and straight tail of CR 15 without indication of double jets, so that the interpretation
of such head–tail sources is yet unclear. Finally, we note that only the brightest western parts of the mini-halo remain, near NGC
1272 and its bent double jets.

Key words: Galaxies: clusters: individual: Perseus cluster – galaxies: jets – radio continuum: galaxies – X-rays: galaxies:
clusters.

1 INTRODUCTION

Cluster environments host numerous remarkable phenomena as they
form the largest gravitationally bound structures in our universe.
The X-ray-emitting intracluster medium (ICM) can be perturbed
both internally by the outburst of the active galactic nuclei (AGN)
of the dominant galaxy and externally from interactions with other
clusters, groups, and individual galaxies The Perseus cluster is a
classic example of such an environment. Being the brightest cluster
in the X-ray sky, it is a well-studied object and has been observed
extensively across all the electromagnetic spectrum.

� E-mail: mgendron@eso.org

Deep X-ray observations of the Perseus cluster have revealed
several types of disturbances in the ICM. At least two pairs of X-
ray cavities have been identified: the first pair, located at 5 < r <

20 kpc from the AGN, is filled with radio emission (Böhringer et al.
1993) and the second, located further out at 25 < r < 45 kpc from
the AGN, is devoid of radio emission above �1 GHz (Branduardi-
Raymont et al. 1981; Fabian et al. 1981; Churazov et al. 2000).
Inflated by generations of outbursts from the central AGN, these
constitute the imprint of radio-mode feedback, injecting energy into
the ICM and compensating its radiative losses. Beyond these cavities
are ripple-like quasi-spherical structures interpreted as sound waves,
which may be responsible for part of the transport and dispersion of
this energy throughout the cooling region (Fabian et al. 2003). Shocks
surrounding the inner cavities have also been identified in Fabian et al.
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(2006). A large semicircular cold front is seen ∼100 kpc west of the
nucleus (Fabian et al. 2011), and another one is also detected much
further out, ∼730 kpc east of the nucleus (Simionescu et al. 2012;
Walker et al. 2018). These structures are interpreted as the result
of perturbations of the cluster’s gravitational potential well from a
minor merger. Similar to cold fronts but with the opposite curvature,
a large region of weak X-ray emission located ∼100 kpc south of the
nucleus has been identified as a ‘bay’ (Fabian et al. 2011). It could
be the imprint of a giant Kelvin–Helmholtz instability (Walker et al.
2017).

Besides the radio emission directly originating from the central
AGN and its jets, a faint diffuse radio component is also present
at lower frequencies (�1GHz, Soboleva et al. 1983; Pedlar et al.
1990; Burns et al. 1992; Sijbring 1993), classified as a ‘mini-halo’.
Mini-haloes are faint and diffuse radio structures with steep spectra,
filling the cooling core of some relaxed clusters (e.g. Feretti et al.
2012; Giacintucci et al. 2017). Their origin remains unclear since
the radiative time-scale of the relativistic electrons coming from the
central AGN is much shorter than the time required for them to reach
the extent of the mini-halo. Two possible mechanisms are debated
to explain the mini-halo emission: the hadronic or the turbulent re-
acceleration model. According to these, mini-haloes originate either
from the generation of new particles from inelastic collisions between
relativistic cosmic ray protons and thermal protons (e.g. Pfrommer &
Enßlin 2004), or from the reacceleration of pre-existing electrons by
turbulence (Gitti, Brunetti & Setti 2002; Gitti et al. 2004). About 30
mini-haloes are known so far and most have irregular morphologies
extending on ∼100 kpc scales (e.g. Giacintucci et al. 2014a, 2017,
2019; Richard-Laferrière et al. 2020). Recent deep NSF’s Karl G.
Jansky Very Large Array (VLA) observations of the Perseus cluster
at 230–470 MHz have, however, revealed a wealth of inner structures
in the mini-halo (Gendron-Marsolais et al. 2017). Mostly confined
behind the western cold front, it also shows several radial filaments,
a concave radio structure associated with the southern X-ray bay and
sharp radio edges that correlate with X-ray edges.

The Perseus cluster also hosts several other radio galaxies with
complex morphologies, including NGC 1265, NGC 1272, CR 15,
and potentially IC 310 (e.g. Sijbring & de Bruyn 1998). Due to their
motion through the cluster, these galaxies have bent radio jets caused
by the ram pressure from the ICM (e.g. Begelman, Rees & Blandford
1979; Jones & Owen 1979).

These multiwavelength studies of the Perseus cluster have fun-
damentally changed our understanding of cluster’s environment.
Among these, the results presented in Gendron-Marsolais et al.
(2017) showed the capability of VLA data at 230–470 MHz to
provide a detailed view of the radio structures in Perseus by revealing
a multitude of new structures associated with the mini-halo. We
now extend this study to higher spatial resolutions and investigate
the smaller scales of the various radio structures at the same low
radio frequencies. In this article, we present new, deep VLA high-
resolution observations of the Perseus cluster at 230–470 MHz. These
A-configuration observations reach a resolution more than four times
higher than the B-configuration observations at the same frequencies
presented in Gendron-Marsolais et al. (2017) and constitute the
highest resolution observations of the Perseus cluster below 1 GHz.

In Section 2, we present the observations used in this work and the
data reduction of the VLA data set. Sections 3, 4, 5, and 6 discuss
the different structures found in the radio observations. Results are
summarized in Section 7.

We assume a redshift of z = 0.0183 for NGC 1275, the brightest
cluster galaxy (BCG, Forman et al. 1972), corresponding to a
luminosity distance of 78.4 Mpc, assuming H0 = 69.6 kms−1Mpc−1,

�M = 0.286 and �vac = 0.714. This corresponds to an angular scale
of 22.5 kpc arcmin−1.

2 OBSERVATIONS AND DATA REDUCTION

2.1 P-band (230–470 MHz) VLA observations

The Perseus cluster has been extensively imaged with the pre-
upgrade VLA at all frequencies and configurations. Here, we present
the first P-band (230–470 MHz) observations of Perseus taken
with the upgraded VLA (following the Expanded Very Large Array
Project, Perley et al. 2011) in A-configuration (project 13B − 026,
PI Hlavacek-Larrondo). The data were taken on 2014 May 16 for a
total of 5 h. The A-configuration is the most extended of the VLA,
yielding to the highest resolution, with typical synthesized beam
sizes of ∼5 arcsec and maximum recoverable scales of ∼3 arcmin at
P-band frequencies. We also obtained B-configuration observations
(synthesized beam sizes of ∼15 arcsec and largest recoverable scales
of ∼10 arcmin) that have been the subject of a recent publication
(see Gendron-Marsolais et al. 2017), focusing on the mini-halo
emission.

The A-configuration observations were taken with 27 operational
antennas. Antenna 14 was flagged at the beginning of the data
reduction process as problems with the P-band receiver during the
observation period were reported in the operator log. The P-band
receivers have 16 spectral windows, each comprising 128 channels
with a width of 125 kHz, covering 230–470 MHz. The data set
consists of a total of 58 scans, starting with 10 min on 3C 48 (for
flux, delay, and bandpass calibrations), 10 min on 3C 147 in the
middle of the observation period, and a final 10 min on 3C 147 at
the end (both for delay and bandpass calibrations). The rest of the
observations consist of scans of about 5 min each centred on NGC
1275.

The data reduction was performed with the package Common
Astronomy Software Applications (CASA, version 4.7, McMullin
et al. 2007). We have developed a pipeline to account for the
strong presence of radio frequency interference (RFI) at these
low frequencies and the extremely bright central AGN in Perseus.
The steps of the data reduction process have been detailed in
Gendron-Marsolais et al. (2017). Here, we have applied the same
pipeline to the A-configuration observations. In summary, the data
calibration was performed separately on each spectral window. The
task FIXLOWBAND was applied to correct the labelling of the P-band
system polarizations. The most apparent RFI was removed using the
mode TFCROP from the task FLAGDATA and the flagger framework
AOF LAGGER (Offringa, Gronde & Roerdink 2012). Both 3C 48 and
3C 147 were used as bandpass calibrators to increase the signal-to-
noise ratio on the bandpass solutions. Outlier solutions in calibration
tables were removed manually.

Similar to the B-configuration observations, we adopted a self-
calibration method (amplitude and phase) for the imaging process. A
first image was produced with the task CLEAN (Högbom 1974). Gain
corrections for amplitudes and phases were derived with GAINCAL,
visually inspected, and applied with APPLYCAL. This procedure was
applied three times. Self-calibrating the phases also allowed to
correct for the total electron content variations. BANDPASS and BLCAL

(baseline-based, frequency-independent, constant gain calibration,
i.e. with the solution interval set to infinite) calibrations were then
conducted based on the target field to produce the final image. We
used the multiscale and multifrequency synthesis-imaging algorithm
of the task CLEAN (MS-MFS, Rau & Cornwell 2011) with two
Taylor’s coefficients to model the spectral structure of the radio
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High-resolution radio observations of Perseus 5793

Figure 1. The central 1.◦4 × 1.◦1 of the total field of view of the VLA 230–470 MHz radio map obtained in A-configuration. Colour scale units are Jy beam−1.
NGC 1275 is the bright source in the middle of the image. The wide-angle tail radio galaxy NGC 1265 (NNW of NGC 1275) and the head–tail CR 15 (between
NGC 1275 and IC 310), as well as IC 310 (WSW of NGC 1275) are clearly visible. The resulting image has an rms noise of 0.27 mJy beam−1, a beam size of
3.7 arcsec × 3.6 arcsec, and a peak of 7.34 Jy beam−1.

emission across the broad-band receivers of the VLA P-band. For the
wide-field images produced at these frequencies, if the sky is treated
as a two-dimensional plane, it will introduce increasingly severe
distortions around sources at increasing distance from the centre. We
therefore used the W-projection algorithm WIDEFIELD to correct these
effects (Cornwell, Golap & Bhatnagar 2008). We used 480 w-planes,
as this number was a compromise between the limited computational
resources and accuracy. The size of the image was set to 12288
pixels × 12288 pixels (∼3.◦41 × 3.◦41). The full width at half power
of the field of view in the middle of P band is 2.◦4. We choose a cell
size of 1 arcsec × 1 arcsec based on the standard assumption for
the synthesized beamwidth at 230–470 MHz with A-configuration
(θFWHM � 5.6 arcsec). We used a multiscale CLEAN-ing algorithm
(Cornwell 2008) to probe the different scales of the structures we
were imaging: the point sources (0 arcsec), the inner cavities (15
arcsec), and the diffuse emission from the mini-halo and NGC 1265
(30 arcsec, 60 arcsec, and 150 arcsec). The tool PYBDSF (Python
Blob Detector and Source Finder, Mohan & Rafferty 2015) was used
to build a CLEAN-ing mask. Wide-band primary beam corrections
were calculated with the CASA task WIDEBANDPBCOR. The effective

frequency at which the image was produced is 352 MHz. The final
image resulting from this data reduction process is presented in Fig. 1.
It has an rms of 0.27 mJy beam−1 and beam size of θFWHM = 3.7
arcsec × 3.6 arcsec.

2.2 Other radio observations

To perform a spectral index analysis of both NGC 1265 and IC 310,
we used Giant Metrewave Radio Telescope (GMRT) observations
at 610 MHz of these two sources presented in Sebastian, Lal &
Rao (2017). The calibrated measurement set was re-imaged with a
θFWHM = 15 arcsec resolution and a cell size of 3 arcsec, in order
to get similar resolution to our B-configuration VLA 270–430 MHz
radio map. A minimum UV cutoff of 0.22 kλ was also applied in order
to match the one of the VLA image. We corrected the position offset
of �1 arcsec between both observations. We then applied the CASA
task IMREGRID to regrid the GMRT image on to the VLA one. Finally,
we used the CASA task IMSMOOTH to smooth both GMRT and VLA
images to a common resolution, a circular beam of θFWHM = 23
arcsec. When producing the spectral index map, we excluded pixels
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with flux densities lower than 3σ rms based on the noise level of the
GMRT image (since it was higher than the VLA images).

In order to confirm features seen in the P-band observations, we
also compare our observations with unpublished VLA data targeting
IC 310, observed at C band (4–8 GHz) in the C-configuration on
2016 February 23 as part of project 16A-291. IC310 was observed
with an on-source time of 3 min. The calibration and imaging of
those data were done using CASA, version 5.1.1. Observations
of 3C 48 were included to set the absolute flux density scale to
an accuracy of 3 per cent and calibrate the bandpass and delays.
For phase-referencing, we observed 3C 84. The C-band data were
flagged and calibrated using the VLA CASA calibration pipeline.1

Imaging was performed with the CASA task TCLEAN using the
multiterm multifrequency–synthesis deconvolution algorithm with
nterms = 2 and deconvolution scales of 0, 5, and 15 pixels, 128
w-projection planes, Briggs weighting with robust = 0.5, and a cell
size of 0.6 arcsec. In order to mitigate deconvolution errors due to the
presence of bright off-axis sources located outside the VLA C-band
field of view of ∼7.5

′
, we formed large images with dimensions of

8000 × 8000 pixels. In order to correct residual calibration errors,
we performed a few rounds of shallow imaging and phase-only self-
calibration before producing our final image and applying a primary
beam correction.

The final C-band image has an rms noise of σ rms = 35 μJy beam−1

and synthesized beam dimensions of θFWHM = 3.4 arcsec × 3.0
arcsec. We corrected the position offset of ∼4 arcsec between these
observations and our A-configuration final image. This offset could
be caused by an insufficient number of W-planes for the imaging
of the P-band data, as IC 310 is far from the pointing centre (at �
37 arcmin � 820 kpc from NGC 1275), and possibly from position
shifts during self-calibration of both data sets.

Finally, we have made use of data from the commensal VLA low-
band ionosphere and transient experiment (VLITE, Clarke et al.
2016). NGC 1275 is used regularly at the VLA as a calibrator
at high frequencies, and the commensal VLITE system records
the 320–384 MHz data for each of these calibration scans. Since
2017 September 1, the VLITE imaging pipeline has processed
approximately 160 h of data in more than 500 images of this field
at resolutions better than 15 arcsec. We have combined 15 pipeline
images selected for image quality, rms, and resolution to create a
deep image for comparison with the P-band and C-band images of
IC 310. The VLITE images were convolved to one of two common
resolutions (5.4 arcsec and 14.3 arcsec), images at each resolution
were averaged, and then the two average images were feathered
together. The artefacts present in the individual VLITE images are
significantly reduced by combining multiple data sets together in
this way. The final image includes 30 h of data and has a resolution
of θFWHM = 5.4 arcsec × 5.4 arcsec and an rms noise of 0.3 mJy
beam−1 (see Fig. 5 – middle).

2.3 X-ray observations

In order to compare our radio observations with the X-ray structures
of the ICM, we use the final composite fractional residual image
from Fabian et al. (2011), consisting of a total of 1.4 Ms Chandra
observations (900 ks of ACIS-S observations combined with 500 ks
of ACIS-I observations). The data reduction details (flare removal,
reprocessing, merging, background, and exposure map correcting)
are shown in Fabian et al. (2006, 2011). Elliptical contours were fitted

1https://science.nrao.edu/facilities/vla/data-processing/pipeline

to the adaptively smoothed image (with a top-hat kernel of 225 counts
bins) to logarithmic equally spaced levels of surface brightness. A
model was then constructed, interpolating between these contours.
The fractional difference between the adaptively smoothed image
and this model is shown in Fig. 2.

We also used ACIS-I Chandra observations including the source
IC 310 in their field of view: IDs 5597, 8473, and 9097, taken in
FAINT mode (ObsID 5597) or VFAINT mode (ObsID 8473 & 9097).
The data were first reprocessed in Ciao 4.11 with CALDB 4.8.2 using
the CIAO script CHANDRA REPRO with the CHECK VF PHA=YES

option for the latter two observations (i.e. those taken in VFAINT
mode). Then, WAVDETECT was run on the flux-corrected images
created with FLUXIMAGE to find and exclude point sources, and the
DEFLARE procedure was used to clean the events files of any flaring,
excluding the point sources detected. Finally, these deflared events
files were used with MERGE OBS to create merged, flux-corrected
images in multiple bands. The broad-band image covers the main
energy range of Chandra, 0.5–7 keV.

3 RESULTS

Fig. 1 shows the central part of the A-configuration final map obtained
from the data reduction and image processing described in Section 2.
We reach a dynamic range of 27 000: 1, with an rms of 0.27 mJy
beam−1 and a peak at 7.34 Jy beam−1 that coincides with the AGN
in NGC 1275. The beam size is θFWHM = 3.7 arcsec × 3.6 arcsec
and is shown on the upper-left corner of the Fig. 3 – right. This is
similar to the dynamic range reached for the VLA B-configuration
observations at the same frequencies, that is 30 000: 1 (rms of 0.35
mJy beam−1 and a peak at 10.63 Jy beam−1). It is also almost four
times deeper than the previous A-configuration VLA observations
of Perseus, which reached a dynamic range of 7300: 1 (rms of 1.2
mJy beam−1 and a peak at 8.79 Jy beam−1, Blundell et al. 2002).
Observations from the WRST at 327 MHz reached a dynamic range
of 16 500: 1 (rms of 1.4 mJy beam−1, Sijbring 1993) and have a much
larger beam (θFWHM = 51 arcsec × 77 arcsec).

The radio emission filling the core of the Perseus cluster can be
divided in two components: the radio lobes corresponding to the
cavity system seen in X-ray observations and the diffuse mini-halo
emission. Both will be described in Section 4. Beyond the central
emission from NGC 1275, the large field of view also includes several
complex radio sources, including IC 310, NGC 1265, CR 15, and
NGC 1272. Their morphologies and spectral index distributions will
be described and analysed in Sections 5 and 6.

4 NGC 1275

4.1 High-resolution observations of the radio lobes

Radio emission at 230–470 MHz from our A-configuration obser-
vations completely fills the inner X-ray cavities as shown in Fig. 2.
New hints of sub-structures appear in the inner lobes, so that the
inner cavities are not filled with smooth uniform radio lobes. Instead,
they contain patchy/filamentary emission, similar to the web of thin
filaments seen inside the radio lobes of M87 (Owen, Eilek & Kassim
2000). New loop-like structures are visible in the southern lobe.
Higher resolution observations are, however, required to resolve these
sub-structures. A few residual artefacts are visible next to the core,
to the west. The southern inner lobe is clearly made of two parts: the
bright one, closer to the nucleus, and oriented towards the south-east
and a fainter part, oriented towards the south-west. This two-part
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High-resolution radio observations of Perseus 5795

Figure 2. Three images of the Perseus cluster at different scales. Top left: Large-scale Chandra final composite fractional residual image from Fabian et al.
(2011) in the 0.5–7 keV band (1.4 Ms exposure) with A-configuration VLA 270–430 MHz logarithmic contours from 3σ = 0.81 mJy beam−1 to 1 Jy beam−1

overlaid (10 contour levels are shown, the beam size is shown on the top-right corner). Several X-ray structures are identified: the inner and outer cavities, the
northern filaments, and the southern bay. The wide-angle tail radio galaxy NGC 1272 is also identified. Top right: The same Chandra image but zoomed-in and
with radio contours at three different frequencies overlaid. In all cases, a total of three contours are drawn, increasing linearly from three times the noise level
to 1, 0.1, and 0.01 Jy beam−1 at 74, 235, and 270–430 MHz, respectively. 74-MHz A-configuration VLA contours from Blundell, Kassim & Perley (2002)
(synthesized beamwidth of θFWHM = 24 arcsec, σ rms = 80 mJy beam−1) are shown in yellow. 235-MHz GMRT contours from Gendron-Marsolais et al. (2017)
(synthesized beamwidth of θFWHM = 13 arcsec, σ rms = 10 mJy beam−1) are shown in light blue. Finally, our A-configuration VLA 270–430 MHz contours are
shown in green. Bottom: Zoom-in on the central emission surrounding NGC 1275 from our A-configuration 270–430 MHz radio map. Colour scale units are Jy
beam−1. A double filamentary structure is seen toward the north-west. The beam size is shown on the top-left corner. A few residual artefacts are visible next to
the bright core, to the right. The inner lobes show patchy/filamentary rather than uniform emission, with loop-like structures visible in the southern lobe.

structure has been known since the first VLA observations of NGC
1275 (Pedlar et al. 1990).

Furthermore, fainter spurs of radio emission extend into both of the
outer cavities. These were first discovered at 74 MHz in Blundell et al.
(2002) with the VLA and later detected at 235 MHz with the GMRT
(Gendron-Marsolais et al. 2017). With our new P-band image, it is
now the first time that they are seen at higher frequency (>235 MHz).
Our higher resolution VLA observations also allow us to resolve the
northwestern spur into a double filamentary structure (see Fig. 2,

bottom). These spurs have not been detected at frequencies higher
than ∼500 MHz due to a lack of published observations with
appropriate resolution and sufficient depth. If improved observations
above 500 MHz still do not detect the emission in the outer cavities,
this would be consistent with a spectral turnover at around 350 MHz,
which is the spectral behaviour expected from the traditional spectral
aging interpretation of the emission in radio lobes. Indeed, for
a magnetic field of about 10μG, a spectral turnover at around
350 MHz implies that the synchrotron age of the particle distribution
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5796 M. Gendron-Marsolais et al.

Figure 3. Colour scales units are Jy beam−1. Left: zoom-in on the radio emission surrounding NGC 1275 from our A-configuration 270–430 MHz radio map
shown in Fig. 1. The wide-angle tail radio galaxy NGC 1272 is identified. Most of the extended emission from the mini-halo disappears at this resolution. Right:
The mini-halo emission surrounding NGC 1275 from the B-configuration 270–430 MHz radio map from Gendron–Marsolais et al. (2017). The green square
shows the size of the A-configuration image on the left. The main structures of the mini-halo are identified: the northern extension, the two eastern spurs, the
concave edge to the south, the south-western edge, and a plume of emission to the south-south-west. The small knob at the end of the western tail is NGC 1272.
This image has an rms noise of 0.35 mJy beam−1, a beam size of θFWHM = 22.1 arcsec × 11.3 arcsec, and a peak of 10.63 Jy beam−1.

is ∼70 Myr, in agreement with the buoyancy rise time of the
northern ghost cavity (∼60 Myr, see Fabian et al. 2002). Overlaying
the 74 MHz, 235 MHz, and 270–430 MHz contours on to the
Chandra observations (see Fig. 2, top right), we show how the
emission into the outer lobes is more extended as the frequency
is lower, as expected from spectral aging. However, this might also
be due to the resolution of the observations, which decreases with
frequency, catching more and more of the diffuse mini-halo emission
and making the comparison between the images hard to quantify.
Indeed, the largest angular scales recoverable in the 74-MHz and 235-
MHz observations (∼15 arcmin and ∼45 arcmin, respectively) are
larger than in the P-band A-configuration observations (∼3 arcmin).
Unfortunately, there are currently no observations below P-band
frequencies with sufficiently high-spatial resolution to disentangle
the jet emission from the mini-halo.

4.2 High-resolution observations of the mini-halo

The Perseus cluster is known to host a mini-halo (Soboleva et al.
1983; Pedlar et al. 1990; Burns et al. 1992; Sijbring 1993), its
diffuse emission filling the central ∼200 kpc of the cluster core.
VLA P-band B-configuration observations of Perseus have revealed
a rich variety of complex structures in this mini-halo (see Fig. 3,
Gendron-Marsolais et al. 2017). Almost all of this extended emission
disappears in the higher resolution VLA observations as the largest
angular scale recoverable with the A-configuration is ∼3 arcmin
at P-band frequencies. Only some of the brightest western parts of
the mini-halo remain. From our image, it is not clear if this diffuse
emission is related to the wide-angle tail radio galaxy NGC 1272
(see Section 5.4). Deeper, higher resolution imaging at �1 GHz with
spectral studies of this emission is needed to attest this potential
link. Assuming that mini-haloes originate from the reacceleration
of pre-existing electrons by turbulence (Gitti et al. 2002, 2004), if
part of the mini-halo is indeed linked to the tail of NGC 1272, it
would suggest that the mini-halo emission is not all coming from the

reacceleration of the AGN particles, originating from NGC 1275, but
rather that some of this emission is generated by the fossil population
of particles released by NGC 1272. This would be very similar to
what is observed in the merging cluster Abell 3411–3412, where a
clear connection is seen between a narrow-angle tail radio galaxy
and a radio relic (van Weeren et al. 2017a). Radio galaxies may
therefore also play a role in the diffuse non-thermal emission found
in relaxed clusters such as mini-haloes emission. For now, there is
no clear evidence of this connection in relaxed cool-core clusters,
although similar radio structures are seen in the cool-core cluster
RXJ1720.1+2638 (Giacintucci et al. 2014b; Savini et al. 2019).
Indeed, at low resolution, radio observations of RXJ1720.1+2638
show a large mini-halo with a spiral-shaped structure, while at higher
resolution, a head–tail radio galaxy is also visible, its tail connecting
with the central diffuse emission through a channel of radio emission
with steep spectra. Perseus and RXJ1720.1+2638 could be the first
clear examples of connection between a bent-jet radio galaxy and
mini-halo emission.

5 BENT-JET RADIO GALAXIES IN THE
PERSEUS CLUSTER

5.1 IC 310

The S0 galaxy IC 310, member of the Perseus cluster (z = 0.0189,
Miller & Owen 2001; Tully, Courtois & Sorce 2016) and first
discovered by Ryle & Windram (1968), was originally classified
as a narrow-angle tail radio galaxy (Sijbring & de Bruyn 1998)
based on its morphology, showing only a one-sided tail interpreted
as the fusion of two jets strongly bent by ram pressure stripping
of the ICM. However, it was recently shown that its nucleus has a
blazar-like behaviour (for a review, see e.g. Glawion et al. 2016). It
was first detected above 30 GeV with a 6 σrms statistical significance
with the Fermi-Large Area Telescope (LAT, Neronov, Semikoz &
Vovk 2010). Then, it was also detected above 300 GeV with the
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High-resolution radio observations of Perseus 5797

Figure 4. The radio galaxy IC 310 at 230–470 MHz with two different configurations from our VLA observations. Both images are the same size and the colour
scales units are Jy beam−1. Left – B-configuration observations (rms noise of 0.35 mJy beam−1, beam size of θFWHM = 22.1 arcsec × 11.3 arcsec). Distortions
in the tail are visible as well as a strange elongated source merging with the tail. Right – A-configuration observations (rms noise of 0.27 mJy beam−1, beam size
of 3.7 arcsec × 3.6 arcsec). The green circle shows the position of the source found in the A-configuration image potentially linked to the elongated structure
found in the B-configuration image.

MAGIC telescopes at a statistical significance of 7.6 σrms (Aleksic
et al. 2010). The very high-energy γ -rays flux also shows a day-scale
variability (Aleksic et al. 2014b). In 2012, the MAGIC telescope
detected an exceptionally bright flare of IC 310, reaching an averaged
flux level above 1 TeV of up to one Crab (Aleksic et al. 2014a).
Causality constraints arising from the rapid variability observed
during this flare have restrained the size of the γ -ray emission
region to < 20 per cent of the central black hole gravitational radius
(Aleksic et al. 2014a). More recently, variability studies with Fermi-
LAT have also reported the detection of a soft emission state, with
detection of emission below 1 GeV (Graham, Brown & Chadwick
2019). Very long baseline interferometry (VLBI) observations have
also shown only one counter jet visible at parsec scales oriented in the
same direction as the kpc tail (Kadler et al. 2012; Schulz et al. 2015).
Overall, these arguments disagree with the head–tail classification
of IC 310. Instead, it could be a low-luminosity FRI radio galaxy
(Rector, Stocke & Perlman 1999) with its jets nearly aligned along
our line of sight. The angle between the plane of the two jets and
our line of sight is estimated to be 10 ◦–20 ◦ at a borderline angle to
reveal its BL Lac-type central engine (Kadler et al. 2012; Aleksic
et al. 2014a; Glawion et al. 2016). The upper limit of this estimation
comes from the non-detection of the pc-scale counter-jet in VLBI
observations, taking into account Doppler boosting. The lower limit
on this angle is estimated assuming a maximum de-projected extent
of the collimated jet of IC 310 to be 1 Mpc, considering its known
projected extent of ∼400 kpc based on the emission detected in
WSRT observations down to 3σ rms level (Sijbring & de Bruyn 1998).

Nevertheless, our P-band observations show new radio structures
in IC 310. At low resolution (see B-configuration observations on
Fig. 4 – left), distortions in the tail are seen as well as a strange
faint elongated source that merges with the end of IC 310 tail. The
total projected extent of the tail measured from the 3σ rms level of
these observations is ∼9 arcmin � 200 kpc at the redshift of the
cluster, while a diffuse extension of the tail of up to ∼400 kpc is
seen in WSRT observations of IC 310 at similar frequencies and
lower resolution (Sijbring & de Bruyn 1998). The largest angular
scale recoverable with the WSRT observations is also much larger

than in the VLA P-band B-configuration observations (∼55 arcmin
versus ∼10 arcmin, respectively). Surprisingly, at high resolution
(see Fig. 4 – right and Fig. 5 – left), two narrow collimated distinct jets
are visible, attached to the nucleus. Furthermore, the long structure
merging with the tail found in the B-configuration image seems to
resolve into a slightly resolved source in the A-configuration image.
This source could therefore be a simple radio galaxy outside of
the Perseus cluster, although there does not seem to be an optical
counterpart in the Digitized Sky Survey (DSS, Lasker & McLean
1994) or in the Panoramic Survey Telescope & Rapid Response
System (Pan-STARRS, Kaiser et al. 2010). Overall, Fig. 4 – right
seems to suggest that IC 310 is indeed made of two distinct jets,
consistent with the original interpretation of a narrow-angle tail radio
galaxy infalling into the cluster.

To confirm the presence of these structures, we examine other
radio observations of IC310. However, there are very few other
observations with high enough spatial resolutions and reaching low
level of noise capable of resolving the region between the core and
the rest of the tail. For example, using archival 4.9-GHz VLA C-
configuration observations (θFWHM = 3.99 arcsec × 3.93 arcsec and
rms of 73.9 μJy/beam), Dunn et al. (2010) found that the tail in IC
310 is disconnected from the bright core. The authors suggest an
interruption in the AGN activity, the tail being the remnant of past
activity while the core presenting a more recent outburst. We also
observe a decrease in flux between the core and the tail, but both seem
to remain connected by the two resolved jets. At higher frequencies,
we present here the C-band (4–8 GHz) VLA snapshot observations
of IC310 in Fig. 5 – right. These observations show features that are
remarkably similar to the low-frequency image; however, the jets are
less clearly distinguishable near the nucleus. Indeed, the northern
jet is not as straight as what we see in the P-band image and its
connection to the nucleus is less clear. At C-band, it is possible that
the emission could be dominated by a different component due to
the physics of particle acceleration. Furthermore, the presence of
imaging artefacts in both images can drive our visual interpretation,
as they can enhance or suppress the flux of the emission closest to
the core of IC 310. However, since no other source in the field of
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5798 M. Gendron-Marsolais et al.

Figure 5. Zoom-in on the base of the jets of the radio galaxy IC 310. All images are the same size and colour scale units are Jy beam−1. The profiles extracted
from the white box across the base of the jets are shown in Fig. 6. Left – Our VLA 230–470 MHz A-configuration observations show two distinguishable
collimated narrow jets. Middle – VLITE 320–384 MHz image of IC 310 (rms noise of 0.3 mJy beam−1 and beam size of θFWHM = 5.4 arcsec × 5.4 arcsec).
Despite the lower resolution, the bridge of emission between the head and the tail splits, similarly to what is seen in the P- and C-band images. Right – The
C-band (4–8 GHz) VLA observations (rms noise of 0.035 mJy beam−1 and beam size of θFWHM = 3.4 arcsec × 3.0 arcsec) show very similar features as the
low-frequency image; however, the jets are less clearly distinguishable near the nucleus.

view of our P-band A-configuration image shows a similar effect
to the bifurcation seen in IC 310, we do not think this feature is an
imaging artefact. Some imaging artefacts are visible in this image,
for example the small linear features projecting radially from the
bright core of IC 310, but these are at least a factor of 2 smaller in
size than the bifurcation. In the case of the C-band image, there are
also some radial artefacts surrounding the core of IC 310. The tail
overlaps with two artefact strikes and could therefore be affected. To
further investigate the potential impact of artefacts on the apparent
bifurcation, we also show the combined 320–384 MHz VLITE image
we have produced in Fig. 5 – middle, where the morphology of
the bifurcation region near the core of IC 310 can be compared
directly to P- and C-band images. We note that the apparent jet
bifurcation matches well to that observed in the P-band data. We
therefore conclude that this bifurcation is real.

We have extracted profiles across the base of the potential jets in
IC 310 (see Fig. 6) from our three images of IC 310 shown in Fig. 5
(VLA P-band A-configuration, VLITE, and C-band). These profiles
were fitted with the sum of two Gaussian functions. For our P-band
A-configuration image, the resulting FWHMs of the two Gaussian
functions fitting the jets are larger (4.9 ± 0.4 arcsec and 4.4 ± 0.3
arcsec) than the beam size (θFWHM = 3.7 arcsec × 3.6 arcsec),
meaning that the bifurcation is resolved. The distance between the
centres of the two Gaussian functions is 2.4 kpc. We obtain similar
results with the VLITE and C-band data, where the fitted FWHMs
of the Gaussians are larger (5.4 ± 0.6 arcsec and 9.8 ± 1.3 arcsec
for VLITE, 7.3 ± 0.5 arcsec and 5.9 ± 0.7 arcsec for the C band)
than at P band, as well as equal or larger than their respective beam
sizes (θFWHM = 5.4 arcsec × 5.4 arcsec and θFWHM = 3.4 arcsec ×
3.0 arcsec). Smoothing the P-band A-configuration image to the
resolution of the VLITE image still shows two peaks with FWHMs
similar to the beam size. We note that the larger broadening of the
second peak seen in the VLITE data could be due to the fact that
we feather B-configuration observations into the A-configuration
observations, adding in spatial scales that are not present in the P-
band A-configuration alone so that it could broaden the Gaussians.

Figure 6. Profiles extracted from the three images of IC 310 of Fig. 5 (VLA
P-band A-configuration, VLITE, and C band) in a rectangular region (33
arcsec × 12 arcsec) across the base of the jets. The lines show the results of
the fit with the sum of two Gaussian functions. The fitted FWHMs are shown
on the plot. In addition to the statistical errors plotted, there is a systematic
error due to possible flux scale errors of ∼10 per cent.

The presence of artefacts could also affect the shape of those profiles
and influence fitted FWHMs.

Given this new detection of resolved bent jets, our interpretation of
the nature of IC 310 must change. We propose the one summarized in
the schematic representation of Fig. 7. The γ -ray emission detected
from IC 310 must be coming from a region very close to the central
supermassive black hole of this galaxy (e.g. Glawion et al. 2016) and
should not follow the bending jets. Therefore, the base of one of the
jets, before it starts to bend, must be closely aligned with our line of
sight, so that the γ -rays are beamed toward us. As shown in Fig. 7,
we propose to characterize these bent-double radio sources based on
different lengths: the tail separation, the thin-jet extent, and the radius
of curvature of the bent jets (Rc). The latter have been commonly
used in simulations and observations to describe these sources. From
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High-resolution radio observations of Perseus 5799

Figure 7. Schematic representation of the head–tail source IC 310 from three different point of views, where the detected bifurcation is interpreted as two bent
jets. Here, the jets are closely aligned with our line of sight (with an angle θ ) and the γ -rays are beamed toward us, instead of following the bent jets, consistent
with the γ -ray detection from IC 310. According to this representation, the source can be characterized by different lengths: the tail separation, the thin-jet
extent, and the radius of curvature of the bent jets (Rc). From our line of sight, the thin-jet extent can be directly measured in IC 310.

our line of sight, the thin-jet extent can be directly measured from
our observations and gives 21 arcsec = 8 kpc. However, the radius
of curvature obtained from our P-band observations is very small,
Rc ∼ 5 arcsec � 2 kpc. In contrast, the galaxy IC 310 has a reported
major and minor axis of 52.1 arcsec � 19.5 kpc and 46.89 arcsec
� 17.6 kpc, respectively (2MASS Extended objects, final release
2003). This direct measurement of the bending radius is, however,
likely to be strongly affected by projection effects depending on the
unknown angle between the plane of the two jets and our line of
sight (θ ). Considering this projection effect, the deprojected radius
of curvature is given by Rc = Rprojected/sin (θ ) (Morsony et al. 2013).
If this angle is small, the jets will therefore appear projected closer
together. Moreover, simulations of AGN jets moving through ICM
produce curved jets developing instabilities after 1 bending radius or
so (e.g. O’Neill et al. 2019). Independently from the γ -ray detection,
this means that IC 310 must be seen in projection and that the
viewing angle θ must be small. Assuming that IC 310 is just like
NGC 1265 but seen at a different viewing angle, then comparing
the ratios between the thin-jet extent and the tail separation implies
that IC 310 must be seen with a ∼8◦ angle between the jet axis
and our line of sight. This is consistent with the upper limit on the
viewing angle estimated from VLBI observations of the inner jet.
For θ = 8◦, the deprojected radius of curvature should be around
14 kpc.

According to analytic modeling of bent-double radio sources, the
radius of curvature is linked to the properties of the environment as

Rc

h
= Pjet

Pram
(1)

where h is the scale height where the pressure changes, Pjet and Pram

are the internal and external pressure, respectively (Begelman et al.
1979; Jones & Owen 1979; Burns & Owen 1980; O’Dea 1985). The
scale height h is sometimes interpreted as the jet diameter or the scale
height of the interstellar medium of the host galaxy. In the case of
IC 310, the measured width of the base of the jets is about 5 arcsec

� 2 kpc, whereas the radius of the galaxy is 18 kpc (de Vaucouleurs
et al. 1991). This gives a ratio Rc/h of the order of 1–10, similar to
the values obtained from the analytic estimate (Rc/h = 17) and the
simulations (Rc/h varies from 0.8 to 14) of bent jets in Morsony et al.
(2013). Pram can be expressed as the product of the ICM density and
the velocity of the galaxy through it: Pram = ρICMv2

gal. In Urban et al.
(2014), the electron density is extracted from Suzaku pointings and is
about ne � 0.0003cm−3 at the distance where IC 310 is located (� 37
arcmin � 820 kpc). The ICM density ρICM then gives 6 × 10−28g/cm3,
assuming a mean molecular weight of μ � 0.61 and a total number
density given by ntotal � ne + nH, where nH is the hydrogen density.
Then, the radial velocity of IC 310 relative to the surrounding ICM
can be calculated from the difference of redshift between NGC 1275
and IC 310, assuming that the ICM is relatively static compared to
the motion of NGC 1275. Taking the redshifts measurements from
Tully et al. (2016), z = 0.018850 and z = 0.017555 for IC 310 and
NGC 1275, respectively; this gives vr, gal = 400 km/s, where IC 310
is moving away from us. The velocity of the galaxy in the plane of the
sky is unknown, but it cannot be zero since the tail of IC 310 is visible
and should indicate the direction of infall into the cluster. Therefore,
Pram � 1 × 10−12erg/cm3. From equation (1) and using the ratio
Rc/h ∼ 1 − 10, we therefore estimate the ram pressure into the jet
to be Pjet � 1 − 10 × 10−12erg/cm3, similar to the pressure of the
simulated jets in Morsony et al. (2013). For comparison, the internal
pressure of the jets in NGC 1265 was also estimated in O’Dea &
Owen (1987), giving Pjet ∼ 5 × 10−11erg/cm3.

This interpretation of IC 310 naturally leads to the search for
similar cases. There are many head–tail sources showing similar
morphology to IC310 (Terni de Gregory et al. 2017). Could these
sources also be highly projected so that the projected distance
between the jets is difficult to resolve? If this is the case, these could
constitute potential sources of γ -rays emission. Ongoing surveys
(such as the Very Large Array Sky Survey, VLASS, Lacy et al. 2020,
the LOFAR Two-metre Sky Survey, LoTSS, Shimwell et al. 2017, and
the Evolutionary Map of the Universe, EMU, from the Australian
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5800 M. Gendron-Marsolais et al.

Figure 8. Left – The X-ray minicorona surrounding the head–tail radio galaxy IC 310 from the Chandra observations with 3-σ contours. Colour scale units
are counts s−1 cm−2. Right – The same field of view, showing our A-configuration P-band VLA observations with the X-ray contours overlaid. Colour scale
units are Jy beam−1.

Square Kilometre Array Pathfinder, ASKAP, Norris et al. 2011) will
provide deeper, higher resolution images of numerous head–tail radio
galaxies and potentially help resolving other similar cases to IC 310.

Another possibility is that the tail of IC 310 is made of one jet with
a transverse structure. There are some examples of such structures
in twisted radio jets, such as in the inner part of the Long Tail C in
Abell 2256 (Owen et al. 2014), in the western jet of Cygnus A (e.g.
Perley, Dreher & Cowan 1984) or in M87 (Owen, Hardee & Cornwell
1989). Such structures can be created by Kelvin–Helmholtz and/or
current-driven instabilities (Hardee & Eilek 2011).

Finally, we look at the X-ray emission in the vicinity of IC 310.
The Chandra observations we reprocessed are presented in Fig. 8.
A faint extended X-ray halo with a small elongation towards the
tail’s direction is visible and was reported in Dunn et al. (2010).
These minicoronae are common in large elliptical cluster galaxies
(Arakawa, Fabian & Walker 2019). The elongated morphology of
the X-ray halo as well as the temperature excess of about 10 per cent
in the region between the Perseus cluster centre and IC 310 (Sato
et al. 2005) both favour the scenario where IC 310 is infalling into the
cluster, independently from the radio and gamma-ray observations.
This motion would compress the ICM, enhancing the temperature.
With the X-ray contours overlaid on the radio emission, we note
that the elongation of the minicorona towards the tail seems to be
composed of two spurs following approximately the shape of the two
bent jets. However, there are other small spurs in the minicorona, so
it is not clear if there is a real link with the jets.

5.2 NGC 1265

NGC 1265 is a well-known prominent wide-angle tail radio galaxy
in the Perseus cluster. Our high-resolution VLA P-band image shows
two jets emerging from the nucleus that became bent at 90◦ to the
north at a projected distance of ∼35 arcsec � 13 kpc from their
origin (see Fig. 9 – left). The jets become puffy as the distance from
the core increases and merge eventually into a large filamentary
tail. Unlike the case of IC 310, the overall shape of the tail is not
straight but bent from the north to the north-west. First discovered
by Sijbring & de Bruyn (1998), a much fainter, large extension of
the tail is also visible, bending around and to the east by nearly 360◦.

The whole tail is also visible in our lower resolution B-configuration
VLA observations (see Fig. 9 – right). This strange morphology is
quite puzzling considering the usual interpretation of these tails as
tracers of the motion of the galaxy through the ICM. Pfrommer &
Jones (2011) presented a 3D model based on potential interactions
with the cluster gas. The authors noted the strong differences between
the bright and the dim parts of the tail in terms of spectral indices
(the bright part shows a gradual steepening, while the dim part has
a very steep but constant spectral index) and surface brightnesses.
They therefore suggested that the radio emission is produced by two
separate relativistic electron populations: a more recent population
forming the first part of the tail and an older one, having experienced
a re-energizing event such as the passage of a shock through it. As
in IC 310 and NGC 1272, an asymmetric minicorona of ∼0.6 keV
is also found around NGC 1265, with a sharp edge to the south and
an extension to the north, which is interpreted as the result of ram
pressure (Sun, Jerius & Jones 2005).

The main result from our VLA P-band observations of NGC 1265
is the presence of filamentary structures across the entire tail: both
bright and dim parts. The A-configuration image reveals a complex
network of intricate filaments (see Fig. 9 – left) while B-configuration
observations resolve two pairs of long bending filaments along the
dim part of the tail (see Fig. 9 – right). The filaments in the bright
part were seen before at 1.4 GHz with VLA observations (O’Dea &
Owen 1986) but not in the extended dim part of the tail detected in the
WRST observations from Sijbring & de Bruyn (1998) due to their low
resolution. The width of the smallest filaments, ∼1.5 kpc, is approx-
imately the size of the A-configuration resolution, so they could be
even thinner. It seems that the emission mechanism at play is similar
for both parts of the tail and that it gives rise to filamentary structures.

The filamentary structures detected in NGC 1265 are very similar
to what is found in 3C 129, another prototype tailed radio galaxy
(e.g. Lane et al. 2002). As mentioned earlier, a complex web of
thin filaments is also seen inside the radio lobes of M87 (Owen
et al. 2000). Similar filaments are also resolved in the ‘Large Relic’
in Abell 2256, an Mpc-scale diffuse radio structure north of the
cluster centre (Clarke & Ensslin 2006; Owen et al. 2014). Moreover,
several radial filaments are seen in the mini-halo of Perseus from
our B-configuration 270–430 MHz radio map (Gendron-Marsolais
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High-resolution radio observations of Perseus 5801

Figure 9. The large radio tail of the galaxy NGC 1265 at 230–470 MHz with two different configurations from our VLA observations. Colour scales units are
Jy beam−1. Left – A-configuration observations. Right – B-configuration observations. The green square shows the size of the A-configuration image on the
left.

et al. 2017). In contrast, such filaments seem to be absent from most
haloes, another class of diffuse cluster radio sources found only in
highly perturbed clusters and extending to Mpc scales. This might
indicate a fundamental difference between these sources. However,
this might also be an observational limitation as giant haloes have
much lower surface brightness than mini-haloes. For example, the
halo found in MACS J0717.5+3745 shows evidence of filamentary
substructures with sizes of 100–300 kpc in deep VLA observations
(van Weeren et al. 2017b). As suggested in Gendron–Marsolais et al.
(2017), the filaments could trace regions of enhanced magnetic fields
or turbulence, or reflect the original distribution of fossil plasma left
by an old AGN outburst, that is being re-accelerated by turbulence or
weak shocks. However, without available data at other frequencies
with similar depth and resolution to our observations – enabling the
whole tail of NGC 1265 to be visible – no spectral analysis can yet
be done on the faint part of the tail and it remains difficult to explain
the nature of this structure.

5.3 CR 15

The small head–tail source CR 15 is located between NGC 1275
and IC 310, its tail pointing in a northeast direction, away from the
centre of the Perseus cluster. The host galaxy associated with the
radio source (z = 0.015, Miller & Owen 2001) was first identified
as a Perseus cluster member by Chincarini & Rood (1971), where
its name (CR 15) comes from. Miley et al. (1972) used the direction
of this tail to prove that the other head–tail radio sources detected in
the Perseus cluster were not created by an intergalactic wind coming
from NGC 1275. In our observations, the faint tail extends up to 1.7
arcmin � 38.25 kpc from the core and is very narrow and straight
(see Fig. 10 – left). Fitting a Gaussian profile across the width of the
brightest part of the tail reveals an FWHM of 10 arcsec � 3.8 kpc,
so our observations do resolve the tail width. The tail gets thinner as
the distance from the core increases, until its width is about the size
of the beam. Compared to other head–tail sources, the tail of CR 15
is quite narrow but is also not the narrowest known tail. For example,
the ‘Long Tail C’ in Abell 2256 is even thinner, �100 pc near the

core (Owen et al. 2014). The morphology of CR 15 is similar to IC
310 but this time our observations show no indication of a double
jet structure. CR 15’s tail is of similar extent but about 10 times
fainter in terms of surface brightness and somewhat narrower than
the brightest part of the tail of IC310 (IC 310 merged tail has a width
of ∼25 arcsec � 10 kpc). As there is no γ -ray detection from CR
15, this means either that we are not looking down towards the core
as we do for IC 310, or that there is much less high-energy emission
generated in its AGN. If the former is true, then both interpretations
of CR 15 as either a blazar-like single Doppler boosted jet or an IC
310-like source (as described in Fig. 7) are incorrect and the nature of
CR 15 is unclear. Moreover, interpreting these straight, narrow, one-
sided radio tails (such as CR 15 and Abell 2256 tail C) as head–tails
(merged bent jets close to the plane of the sky) is problematic since
it implies that the jets stay collimated on tens of kpc after being bent,
which is not what is typically observed in wide or narrow-angle tail
sources, nor in simulations (Morsony et al. 2013; O’Neill et al. 2019).

5.4 NGC 1272

The discovery of bent double radio jets in NGC 1272 was first
reported in McBride & McCourt (2014) using archival VLA ob-
servations at 1.4, 1.8, and 3.2 GHz. Located in projection at only ∼5
arcmin � 110 kpc from the nucleus in NGC 1275, it is positioned
at the western edge of the mini-halo emission. Being at a closer
projected distance from the cluster centre than most of the other
bent radio galaxies and moving at least at 1450 kms−1 relative to
the surrounding ICM, it must undergo strong ram pressure stripping
(McBride & McCourt 2014; Arakawa et al. 2019). As with IC 310
and NGC 1265, NGC 1272 is also surrounded by a cool soft X-ray
corona of 0.63-keV temperature and 1.2-kpc radius (Arakawa et al.
2019). The reason why these minicoronae are not being stripped away
by the ICM is not well understood. However, simulations indicate
that a cool, <1-keV component can remain, probably due to its lower
entropy, the high-density contrast with the ICM, and a large standoff
distance from the shock (e.g. Sheardown et al. 2018; Zhang et al.
2019). The presence of magnetic fields could also play a role in the
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5802 M. Gendron-Marsolais et al.

Figure 10. Colour scales units are Jy beam−1. Left: A-configuration 230–470 MHz VLA observations of CR 15. Right: A-configuration VLA 230–470 MHz
observations of NGC 1272. Logarithmic contours start from 3σ = 0.81 mJy beam−1 to 1 Jy beam−1 (10 contour levels are shown). The faint emission seen on
the left is thought to be part of the mini-halo emission.

suppression of the depletion of the minicoronal gas (e.g. Dursi &
Pfrommer 2008; Arakawa et al. 2019).

With our high-resolution VLA observations, we also report the
presence of bent double jets at 230–470 MHz (see Fig. 10 – right).
Both jets show similar brightness. The northern one curves smoothly
toward the west while the southern one takes a bend to the east.
McBride & McCourt (2014) estimated the radius of curvature of the
jets in NGC 1272 to be R ∼ 2 kpc by fitting visually a circle to
the shape of the double jets. As this estimate falls well within the
half-light radius of the galaxy (∼10 kpc), this means either that the
influence of the ICM acts well within the galaxy or that its jets are
closely aligned with the plane of the sky. Moreover, NGC 1272 is
moving towards us at a 1450 kms−1 radial velocity relative to the
ICM (Arakawa et al. 2019). If we interpret the bending of the jet as
pointing towards the direction of its current orbital motion, then it
means that NGC 1272 is getting out from behind the cluster, travelling
through the cluster towards the observer, from the west to the east.
Because of this perspective, the tail might appear foreshortened. As
discussed earlier, the link between NGC 1272’s jets and the nearby
mini-halo is not clear from our observations.

6 SPECTRAL INDEX MAPS OF NGC 1265 AND
IC 310

We now discuss the radio spectral characteristics of NGC 1265 and
IC 310. In the presence of a magnetic field, a population of relativistic
electrons with energy distribution following a power law N(E) ∝ E−p,
where N is the number of electrons with energy E, will emit syn-
chrotron radiation following a power-law emission spectrum Sν ∝ να .
The spectral index α is linked to the index of the energy distribution
p as p = 1 − 2 α. With time, the electrons will lose energy through
this synchrotron emission as well as through inverse Compton losses.
The losses from both mechanisms are proportional to the square of
the energy of the electrons, the highest energy electrons are therefore
affected first (e.g. Sijbring & de Bruyn 1998). This evolution in the
energy distribution will affect the spectrum’s shape.

In order to study these spectral characteristics, we produced spec-
tral index maps combining our B-configuration VLA observations

(with effective frequency of 344 MHz) with the GMRT observations
at an effective frequency of 610 MHz of NGC 1265 and IC 310
presented in Sebastian et al. (2017). These maps are presented in
Fig. 11. Uncertainties on the spectral indices are calculated using
standard propagation of errors. We also extracted profiles across
both head–tail sources (see the regions defined in Fig. 11 and
profiles in Fig. 12), following the curvature of the tail in the case
of NGC 1265 and extracting individual fluxes from the two input
images in each region. In addition to the statistical errors plotted,
there is a potential for up to ∼10 per cent systematic error, due
to flux scale errors, which would result in a uniform shift up or
down of all spectral indices by ∼0.25. Overall, for both sources,
the spectral index becomes steeper as the distance from the head
increases. Variations from this decrease are small compared to the
error bars and we do not think they are significant. Variations are
also seen in the maps, towards the fainter part of both tails but are
associated with residual artefacts present in the GMRT images, which
increase the uncertainties as shown on the spectral index error maps.
In general, these maps and profiles are consistent with the previous
ones obtained in Feretti et al. (1998), Sijbring & de Bruyn (1998), and
Sebastian et al. (2017) at similar frequencies. Since we have images
at only two frequency bands (344 MHz and 610 MHz), it is hard
to constraint the evolutionary models describing the spectral falloff
at high frequencies. Current injection models, such as the Jaffe-
Perola model (JP, Jaffe 1977), the Kardashev–Pacholczyk model
(KP, Kardashev 1962; Pacholczyk 1970), the continuous injection
model (CI, Pacholczyk 1970), or the Komissarov–Gubanov model
(KGJP/KGKP, Komissarov & Gubanov 1994), cannot be applied but
such analysis will be undertaken in a future paper with additional im-
ages at other radio frequencies having similar resolution to our data.

7 CONCLUSION

We presented a high-resolution radio map of the Perseus cluster
obtained from 5 h of observations with the VLA at 230–470 MHz
in the A-configuration. The combination of high dynamic range
(27000:1) and resolution (beam size of θFWHM = 3.7 arcsec × 3.6
arcsec) achieved has allowed the identification of new structures,
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Figure 11. The spectral index maps (left) and their corresponding error maps (right) of the head–tail sources NGC 1265 and IC 310 produced with our
B-configuration 230–470 MHz VLA observations combined with the GMRT 610-MHz observations of these sources presented in Sebastian et al. (2017).
Logarithmic contours of the GMRT images used are overlaid on each maps, starting from 3 σ to 1 Jy beam−1 for NGC 1265 and up to 0.1 Jy beam−1 for IC 310
(five contour levels are shown). The profiles extracted from the regions shown on the spectral index maps are presented in Fig. 12.

both in the central regions surrounding NGC 1275 and in several
complex radio sources harboured in the Perseus cluster. Our main
conclusions are:

(i) New hints of sub-structures are seen in the inner radio lobes,
showing a patchy/filamentary nature, rather than uniform emission.
The faint spurs of emission extending into both of the outer X-
ray cavities are seen for the first time at these frequencies and are
consistent with spectral aging. Our high-resolution observations also
resolve the northwestern spur into a double filamentary structure.

(ii) Only some of the brightest western parts of the extended mini-
halo emission remain visible at this high resolution, near NGC 1272
and its bent double jets. Deeper, higher resolution imaging with
spectral studies of this emission is needed to attest the potential
connection between NGC 1272 and the mini-halo emission and its
possible role in the creation of such structure.

(iii) We report the presence of filamentary structures across the
entire tail of NGC 1265: the already known network of filaments in its

brightest part but also two pairs of long filaments in the faintest bent
extension of the tail. Some of these filaments are unresolved (∼1.5-
kpc wide, corresponding to our resolution). Despite the differences in
terms of surface brightnesses, it seems that the emission mechanism
at play here is similar for both parts of the tail and that it gives
rise to filamentary structures. Such filaments have also been seen in
other cluster radio sources such as relics and radio lobes, indicating
that there may be a fundamental connection between these radio
structures.

(iv) For the first time, our observations reveal the tails of IC
310 to be two distinct, narrowly collimated jets, consistent with the
original interpretation of a narrow-angle tail radio galaxy infalling
into the cluster. Both the small radius of curvature of its bent jets
and the detection of γ -rays from its nucleus are consistent with
a narrow-angle tail galaxy seen at an angle of about 10◦ between
the plane of the bent jets and our line of sight. With their high
spatial resolution and low level of noise, our observations therefore
provide important constraints on the nature of this source and
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Figure 12. The spectral index profile across the head–tail sources NGC
1265 and IC 310 based on the regions showed in Fig. 11 produced with our
B-configuration VLA observations (with effective frequency of 344 MHz)
combined with the GMRT 610-MHz observations of these sources presented
in Sebastian et al. (2017). In addition to the statistical errors plotted, there is
a potential for up to ∼10 per cent systematic error, due to flux scale errors,
which would result in a uniform shift up or down of all spectral indices by
∼0.25.

imply that blazars and bent-jet radio galaxies are not mutually
exclusive.

(v) We resolve the very narrow and straight tail of CR 15,
extending up to 1.7 arcmin � 38.25 kpc from its core, but do not see
any indication of a double jet structure, so that the interpretation of
the nature of such head–tail sources is yet unclear.
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