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1 INTRODUCTION

ABSTRACT

We present a low-frequency view of the Perseus cluster with new observations from the Karl
G. Jansky Very Large Array (JVLA) at 230-470 MHz. The data reveal a multitude of new
structures associated with the mini-halo. The mini-halo seems to be influenced both by the
AGN activity and the sloshing motion of the cool core cluster’s gas. In addition, it has a
filamentary structure similar to that seen in radio relics found in merging clusters. We present
a detailed description of the data reduction and imaging process of the dataset. The depth and
resolution of the observations allow us to conduct for the first time a detailed comparison of
the mini-halo structure with the X-ray structure as seen in the Chandra X-ray images. The
resulting image very clearly shows that the mini-halo emission is mostly contained behind the
western cold front, similar to that predicted by simulations of gas sloshing in galaxy clusters,
but fainter emission is also seen beyond, as if particles are leaking out. However, due to the
proximity of the Perseus cluster, as well as the quality of the data at low radio frequencies and
at X-ray wavelengths, we also find evidence of fine structure. This structure includes several
radial radio filaments extending in different directions, a concave radio structure associated
with the southern X-ray bay and sharp radio edges that correlate with X-ray edges. Mini-
haloes are therefore not simply diffuse, uniform radio sources, but rather have a rich variety
of complex structures. These results illustrate the high-quality images that can be obtained
with the new JVLA at low radio frequencies, as well as the necessity to obtain deeper, higher
fidelity radio images of mini-haloes in clusters to further understand their origin.

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

relativistic jets powered by accretion on to the supermassive black
hole (SMBH) that inflate bubbles, displacing the ICM and cre-

Radio mode feedback in clusters of galaxies is the process by
which the energy released by the central active galactic nuclei
(AGN) is injected into the intracluster medium (ICM) through
turbulence, shocks or sound waves, compensating its radiative
losses (e.g. Birzan et al. 2004; Dunn & Fabian 2006; Rafferty
et al. 2006). The energy source of this mechanism consists of

* E-mail: marie-lou @astro.umontreal.ca

ating regions of depleted X-ray emission. These bubbles, filled
with relativistic plasma (i.e. radio lobes), are often discernible at
~GHz frequencies.

The Perseus cluster, the brightest cluster in the X-ray sky, was
one of the first examples in which such radio mode feedback was
observed. However, in addition to finding two inner cavities filled
with radio emission at 5 kpc < r < 20 kpc from the AGN (Bohringer
etal. 1993), another pair of outer cavities was identified further out at
25kpc < r < 45 kpc and devoid of high-frequency radio emission
(Branduardi-Raymont et al. 1981; Fabian et al. 1981; Churazov
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Figure 1. The central 2° x 1.5° of the total field of view of the JVLA 230-470 MHz radio map obtained in the B configuration. NGC 1275 is the bright source
in the middle of the image. Two wide-angle tail radio galaxies, NGC 1265 (NNW of NGC 1275) and 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 0.35 mJy beam ™', a beam size of 22.1 arcsec x 11.3 arcsec and a peak

of 10.63 Jy beam™".

et al. 2000). These were interpreted as ‘ghost’ cavities, inflated in
the past by the jets of the central SMBH and now rising buoyantly
as a gas bubble does in a liquid. As the population of particles
filling cavities loses its energy through synchrotron emission, the
radio lobes become less clear at higher radio frequencies, providing
an explanation of the lack of high-frequency radio emission in the
older ghost cavities (e.g. Blundell, Kassim & Perley 2002; Fabian
et al. 2002).

Heinz, Reynolds & Begelman (1998) first estimated the input
power of the jets originating from the AGN in the central dominant
galaxy NGC 1275, known as the brightest cluster galaxy (BCG;
Forman et al. 1972), to be of the order of 10*ergs™!, a value com-
parable to the radiative losses. This AGN is thought to be powered by
a (87]) x 10® M SMBH (Scharwichter et al. 2013). The advent
of the Chandra X-ray Observatory and its high spatial resolution
enabled, in addition, the detection of quasi-spherical ripples inter-
preted as sound waves in the Perseus cluster (Fabian et al. 2003), as
well as shocks around cavities (Fabian et al. 2006), a semicircular
cold front, two new elliptical cavities interpreted as potential ghost
bubbles, two large regions of weak X-ray luminosity (the northern
trough and the southern bay) and a loop-like structure above a long
Ho filament (Fabian et al. 2011).

The Perseus cluster also harbours a mini-halo (Soboleva et al.
1983; Pedlar et al. 1990; Burns et al. 1992; Sijbring 1993), a faint
diffuse source of radio emission detected so far in about 30 cool
core clusters (see Feretti et al. 2012 for a review; Giacintucci et al.
2017). The X-rays and mini-halo structure of Perseus have been
compared in Fabian et al. (2011). This emission differs from that
filling the X-ray cavities, being 23 times radio fainter and having
a steeper spectral index (o < —1 for S(v) oc v, where S is the flux
density and v is the frequency; Giacintucci et al. 2014a). Since the
radiative time-scale of the electrons is much shorter than the time
required for them to reach the extent of the mini-halo, the origin of
mini-haloes remains unclear. Two possible mechanisms have been
proposed in the literature to explain the mini-halo emission: it might
originate from the re-acceleration of pre-existing electrons by turbu-
lence (Gitti et al. 2002, 2004) or from the generation of new particles
from inelastic collisions between relativistic cosmic ray protons and
thermal protons (e.g. Pfrommer & Enf3lin 2004). Simulations seem
to suggest that turbulence created by sloshing motions of the cold
gas in the core region is sufficient to re-accelerate electrons (e.g.
ZuHone et al. 2013). A key prediction of these simulations is that
mini-haloes should be bounded by cold fronts. Observationally,
the Hitomi Soft X-ray Spectrometer showed that the line-of-sight
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Figure 2. A zoom on the emission surrounding NGC 1275 from the
270430 MHz radio map seen in Fig. 1. 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 the galaxy
NGC 1272.

velocity dispersions are in the order of 164 & 10 km s~! in the

30-60 kpc region around the nucleus of the Perseus cluster. This is
sufficient to sustain the synchrotron emission of relativistic electrons
population (Hitomi collaboration 2016) and sets a limit on the max-
imum energy density in turbulent motions available (Fabian et al.
2017). The efficiency of the acceleration by turbulence depends
however on the assumptions based on the spectrum of turbulent
motions and on the ICM microphysics (Brunetti 2016).

In this article, we present new, deep Karl G. Jansky Very Large
Array (JVLA) observations of the Perseus cluster in the P-band
(230-470 MHz). The resolution and sensitivity of these data provide
adetailed and extended view of the mini-halo structure, on which we
will focus our analysis. The recent update of the facilities with the
Expanded VLA project offers new abilities to study this structure. In
Section 2, we present the observations and the data reduction of the
JVLA dataset. The results are then presented in Section 3. Section
4 discusses the different structures found in the radio observations,
comparing Perseus to other clusters and to simulations. Results are
summarized in Section 5.

We assume a redshift of z = 0.0183 for NGC 1275 cor-
responding to a luminosity distance of 78.4 Mpc, assuming
Hy = 69.6kms™' Mpc™!, Qy = 0.286 and Q,,, = 0.714. This

corresponds to an angular scale of 22.5 kpc arcmin™!.

2 JVLA OBSERVATIONS AND DATA
REDUCTION

2.1 JVLA observations

We obtained a total of 13 h in the P-band (230-470 MHz) of the
Karl G. Jansky Very Large Array (project 13B — 026): 5 h in the
A configuration (2014 May 16), 5 h in the B configuration (2013
November 24) and 3 h in the D configuration (2014 July 6), which
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have a synthesized beamwidth of 5.6, 18.5 and 200 arcsec, respec-
tively, at this frequency. The JVLA is fitted with new broad-band
low-frequency receivers. The P-band bandwidth has been widened
from 300-340 to 230-470 MHz, increasing significantly the sen-
sitivity of the telescope. This article focuses only on the B con-
figuration data as its resolution probes the faint extended emission
of the mini-halo structure in the Perseus cluster. Although the D
configuration observations would normally probe the total extent
of the mini-halo, these data alone are not good enough to produce
a reliable map of the extended emission due to the confusion limit
associated with the poor resolution of the D configuration. In ad-
dition, the D-array observations cannot be easily combined with
the B-array observations at a sufficiently high-dynamic range since
there is little overlap in uv-coverage. The analysis of the A config-
uration observations, focusing on the AGN jets, will be presented
in Gendron-Marsolais et al. (in preparation).

The JVLA P-band (230-470 MHz) B-configuration data were
taken with 27 operational antennas. During the observation period,
the operator log reported low band receiver problems with some
antennas (9, 11 and 25), which were removed from the dataset at
the beginning of the data reduction process. The dataset consists
of a total of 58 scans, consisting of about 10 min on 3C48 (for
flux, phase and bandpass calibration), another 10 min on 3C147
in the middle of the observation period and last 10 min on 3C147
at the end (both for phase and bandpass calibration). The rest of
the observations consist of scans of 5-10 min each on NGC 1275.
The P-band receiver has 16 spectral windows, each comprising 128
channels with a width of 125 kHz.

The data reduction was performed with casa (Common
Astronomy Software Applications, version 4.6). A pipeline was
specifically developed to account for the strong presence of radio
frequency interference (RFI) at low frequencies and the extremely
bright central AGN in Perseus outshining faint structures. The steps
of the data reduction process are detailed in the following text.

The data reduction was performed separately on each spectral
window. The data column of the original dataset was therefore split
at the beginning into 16 different measurement sets. Early in the
use of the new P-band system, the polarizations were incorrectly
labelled circular instead of linear. The task FIXLOWBAND was first ap-
plied to correct this issue. Initial flagging was conducted on the two
calibrators as well as on the target to remove the most apparent RFI
using the mode TFcroP with the task FLAGDATA and the flagger frame-
work AOFLAGGER (Offringa, Gronde & Roerdink 2012). When those
steps of initial flagging had removed most of the RFI, calibration was
conducted. Both 3C48 and 3C147 were used as bandpass calibrators
using the task coNcart that concatenates the visibility datasets. By
using two bandpass calibrators, we can increase the signal-to-noise
ratio on the bandpass solutions. We visually inspected each calibra-
tion table produced with pLoTCAL, identifying and removing outliers.
Once each spectral window dataset was calibrated and cleaned of
RFI, they were recombined using CONCAT.

The imaging process was performed with a self-calibration
method (amplitude and phase), consisting of producing first an
image with the task cLEAN and second to derive gain corrections
for amplitudes and phases with GaINcAL, applying these corrections
with appLycAL and producing a new corrected data column. The
self-calibration therefore used the target data instead of a calibra-
tion source to refine the calibration in an iterative process, producing
incremental gain corrections. Once again the tables produced were
examined and showed smooth solutions. This procedure was applied
three times. Lastly, bandpass and baseline-based (blcal) calibrations
were conducted to produce the final image.
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Parameters of the clean task had to be carefully adjusted due to
the complexity of the structures of Perseus and its high dynamic
range (we reached a dynamic range of 30 000, with an rms of 0.35
mJy beam™! and a peak at 10.63 Jy beam™'). In order to produce
a continuum image, a map of the sky-brightness distribution in-
tegrated over the frequency range, the frequency response of the
interferometer as well as the spectral structure of the radio emission
has to be taken into account, specifically with the new generation
of broad-band receivers of the JVLA (Rao Venkata 2010). There-
fore, a multiscale and multifrequency synthesis-imaging algorithm
(MS-MFS, Rau & Cornwell 2011) has been used, choosing the
mode MFs in the task cLEAN. To model the frequency dependence
of the sky emission, we set the number of Taylor’s coefficients to
two to take into account the complexity of Perseus. The sky curva-
ture across the wide field of view is corrected by the W-projection
algorithm by choosing the wiperieLD grid mode (Cornwell, Go-
lap & Bhatnagar 2008). The number of w-planes used was set
to 480. We tested the Brigg’s robustness parameter ROBUST of the
weighting, testing the values —2 (uniform), O (default) and +2
(natural). The default value, O, gave the best image. The size of
the image (6144 pixels x 6144 pixels ~ 5.12° x 5.12°, while the
full width at half power of the field of view in the middle of the
P-band is around 2.4°) was chosen to be big enough to include all
bright sources surrounding NGC 1275. Considering the synthesized
beamwidth of the B configuration at 230470 MHz (18.5 arcsec),
the chosen cell size was 3 arcsec x 3 arcsec. A multiscale cleaning
algorithm (Cornwell 2008) was used in order to take account of
the different scales of the structures we were imaging: the point
source (0 arcsec), the inner cavities (15 arcsec = 5 pix), the mini-
halo (30 arcsec = 10 pix), the ghost cavities (60 arcsec = 20 pix) and
NGC 1265 (150 arcsec = 50 pix). Most of the CLEAN tasks were run
in interactive mode in order to control the number of iterations as
well as to build a cleaning mask interactively. We also used the tool
pYBDsSM (Python Blob Detection and Source Measurement software,
Mohan & Rafferty 2015) to build the first version of the mask. The
number of iterations for each cLEAN task during the self-calibration
process was about 100 000.

In addition to the automatic flagging, manual flagging was done
before the self-calibration on the target, examining the amplitude
versus the UV wave with pLot™s allowing to identify bad channels,

Northern filament

Inner cavities

Southern bay
/ .

o
Outer cavities

baselines or time ranges. To identify sources of artefacts during the
imaging process, we use the parameter SELECTDATA of the task CLEAN,
imaging all data except one antenna and iterating over antennas. This
method was applied similarly for scans and spectral windows. It
allows the identification of one bad antenna (antenna 23). Inspection
with pLoTMs of the corrected real versus imaginary portions of the
visibilities indicated no more bad data or outliers. The final image
resulting from this data reduction process is presented in Figs 1
and 2.

2.2 X-ray observations

We use the final composite fractional residual image from Fabian
et al. (2011) to compare our radio data to the X-ray emission. This
image is the result of a total of 1.4 Ms Chandra observations, 900
ks of ACIS-S data (Fabian et al. 2000, 2003, 2006) of the central
180 x 180kpc combined with 500 ks of ACIS-I large-scale ob-
servations. The data have been cleaned from flares, reprocessed,
reprojected to match coordinates, merged together and exposure
map corrected (see details in Fabian et al. 2006, 2011). This image
was then adaptively smoothed with a top-hat kernel with the bin size
chosen to contain 225 counts. Ellipses were fitted in this smoothed
image to logarithmic equally spaced levels of surface brightness. A
model was constructed by interpolating between the elliptical con-
tours (in log surface brightness level). The final image, as shown
in Fig. 3 (left), is the fractional difference between the adaptively
smoothed image and this model. Furthermore, to examine the po-
sition and shape of the western cold front found in Perseus (Fabian
et al. 2011) we use a Gaussian gradient magnitude (GGM) filtered
image (see Fig. 3, middle), highlighting the edges in the merged
X-ray image (Sanders et al. 2016). Finally, we use the temperature
map from Fabian et al. (2011) generated with the Chandra observa-
tions binned into regions of 22 500 counts each (see Fig. 3, right).
The errors associated with the temperature map values vary from
~1 to 6 per cent.

2.3 Previous radio observations at 74, 235 and 610 MHz

We use previous radio observations of the Perseus cluster at 74,
235 and 610 MHz to complete our study of the mini-halo. We use

Figure 3. Left: Chandra final composite fractional residual image from Fabian et al. (2011) in the 0.5-7 keV band (total of 1.4 Ms exposure) with 270—430 MHz
contours from 5S¢ = 1.75 mJy beam ™! to 1 Jy overlaid from the JVLA B configuration. Middle: GGM-filtered image of the merged X-ray observations with
Gaussian width o = 4 pixels (Sanders et al. 2016) with the same 270-430 MHz JVLA contours. The position of the western cold front is indicated with
white arrows. Right: — central part of the temperature map of the Perseus cluster from Fabian et al. (2011) with a signal-to-noise ratio of 150 with the same

270-430 MHz JVLA contours. Units are keV.
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Figure 4. Chandra final composite fractional residual image from Fabian et al. (2011) in the 0.5-7 keV band (total of 1.4 Ms exposure) with radio contours at
different frequencies overlaid. Top left: 74 MHz A-configuration VLA contours (synthesized beamwidth of 24 arcsec, o;ms = 80 mJy beam™!). A total of 11
contours are drawn, increasing logarithmically from 0.3 to 36.2 Jy beam™! (Blundell et al. 2002). Top right: 235 MHz GMRT contours (synthesized beamwidth
of 13 arcsec). 10 contours are drawn, increasing logarithmically from 50 ;s = 50 to 9 Jy beam ™. Bottom left: 270-430 MHz contours from the new JVLA B
configuration (beamwidth of 22.1 arcsec x 11.3 arcsec). A total of 13 contours are drawn, also increasing logarithmically from 3¢ = 1.05 mJy beam™! to 1 Jy.
Bottom right: 610 MHz WSRT contours from Sijbring (1993) (synthesized beamwidth of 29 arcsec x 44 arcsec and o s = 0.4 mJy beam™!). The contours
levels are —0.8 (dashed), 0.8, 1.6, 2.4, 5, 7.5, 15, 22.5, 30, 60, 90, 120, 150, 300, 850, 2500, 5000 and 10 000 mJy beam™".

archival VLA data at 74 MHz (A configuration, see Fig. 4, top left;
Blundell et al. 2002). We also present for the first time new Giant
Metrewave Radio Telescope (GMRT) observations of the Perseus
cluster at 235 MHz (PI: Blundell; see Fig. 4, top right). A total of
10 h of observations were obtained. The GMRT data were reduced
with the standard astronomical image processing system (AIPS)
(version 31DEC11; Greisen 2003), following the normal procedure
(RFI removal, calibration and imaging). Several rounds of flagging,
including manual flagging, were applied, resulting in more than
50 per cent of the data being flagged. The data were also cali-
brated in phase and amplitude, and 3C 286 and 3C 48 were used
as flux calibrators. However, due to the dynamic range limits of the
GMRT, we were only able to reach a noise level of 10 mJy beam™!
(beam size of 13 arcsec x 13 arcsec), which is significantly higher
than the JVLA noise level. We therefore do not discuss these

MNRAS 469, 3872-3880 (2017)

data in detail. We also use Westerbork Synthesis Radio Telescope
(WSRT) 610 MHz contours from Sijbring (1993) (see Fig. 4, bottom
right).

2.4 Optical observations

The BCG NGC 1275 is surrounded by a giant filamentary Ho
nebula extending over 100 kpc, made of two components: a high-
velocity system (8200 km s~'), corresponding to a disrupted fore-
ground galaxy, and a low-velocity system (5265 km s~!). In order
to make a detailed comparison of this rich nebula with the radio and
X-ray emission morphology, we use the continuum-subtracted Ho
map from Conselice, Gallagher & Wyse (2001) produced with the
Wisconsin-Indiana-Yale-NOAO telescope observations (see Fig. 5).
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Figure 5. Left: JVLA 270-430 MHz B-configuration image with Ho contours (in green) of the continuum-subtracted He map from Conselice et al. (2001).
The green region indicates the edge of the Ha image. The horseshoe-shaped filament and the northern filament are identified. Right: the fractional residual

X-ray image with the same He contours.

3 RESULTS

Fig. 1 shows the central part of the B configuration final map ob-
tained from the data reduction and imaging process described in
Section 2. The resulting image has an rms of 0.35 mJy beam ™', peak
at 10.63 Jy beam™! and a beam size of 22.1 arcsec x 11.3 arcsec.
Beyond the central emission from NGC 1275, the large field of view
includes NGC 1265, a wide-angle tail radio galaxy, and IC 310, an
active radio galaxy with a blazar-like behaviour and jets observed
at a viewing angle of 10°-20° (Aleksi¢ et al. 2014; Ahnen et al.
2017), both discovered by Ryle & Windram (1968). The analysis
of their complex morphologies will be presented in future work
(Gendron-Marsolais et al., in preparation). The smaller head—tail
source CR 15 is also found between NGC 1275 and IC 310, the tail
pointing in the north-east direction (Miley et al. 1972).

Fig. 2 shows a zoom of the central radio emission surrounding
NGC 1275. Features running roughly north-west/south-east through
the core are the remaining artefacts due to some problematic anten-
nas all located in the same arm of the JVLA. Some of these antennas
were removed, but removing all would have caused the beam to be
extremely elongated. Since the artefacts are mostly located near
the central AGN, we optimized the removal of the antennas such
that the artefacts would be minimal while allowing the beam to
remain roughly circular. The diffuse mini-halo structure extends up
to ~150 kpc from the AGN and shows a complex structure. The
general shape of the mini-halo in the Perseus cluster has an irreg-
ular morphology, curving counterclockwise. It is also elongated in
the direction of the radio bubble system. In addition to this large-
scale structural shape, several fine structural details in the emission
have been identified: two spurs are seen to the east and south-east
of the AGN, an extension to the north, an edge to the south-west, a
plume of emission to the south-south-west and a concave edge to the
south. An analysis of these structures is presented in the following
section.

As in Giacintucci et al. (2014a), we estimate the average radius of
the mini-halo as R = v/ Ruax X Rmin based on the 30 contours. With
Ryax = 7arcmin = 157.5 kpce and Ry, = 3.5 arcmin = 78.75 kpc,
this gives 111 kpc, which places Perseus’s mini-halo as average in
terms of size. The true size of the mini-halo could, however, be

larger due to the fact that larger structures are resolved out in the B-
array observations. We also measured its total flux density using the
cAsA task MsTAT. Integrating the flux density in an annulus centred
on the AGN from 1 arcmin (roughly corresponding to a 0.1 Jy
contour) up to Ry« (excluding the central AGN contribution) gives
13.0 £ 0.7 Jy.

4 DISCUSSION

4.1 Comparison with previous radio observations

Fig. 4 shows the 74, 235, 270-430 and 610 MHz radio contours
overlaid on the fractional residual X-ray image. The mini-halo is
clearly seen at 270-430 and 610 MHz, while only spurs of ra-
dio emission extend outside the inner and outer X-ray cavities at
74 MHz and almost no emission is seen outside the inner cavities
at 235 MHz with the GMRT image at these sensitivity levels. Mini-
haloes generally have steep spectral indices but the noise levels of
the 74 and 235 MHz images (80 and 10 mJy beam™!, respectively)
are too high for the faint mini-halo to be detected. The new JVLA
facilities have produced an order of magnitude deeper image than
the previous 330 MHz VLA data (¢ s = 7 mJy beam ™), with high
fidelity, allowing the detection of the mini-halo emission to much
larger radii and in much finer detail. The northern extension of
emission as well as hints of the presence of the southern and south-
western edges was already visible in 610 MHz WSRT contours from
Sijbring (1993). The synthesized beam size of these observations
(29 arcsec x 44 arcsec) being about five times larger than the beam
size of our 270-430 MHz observations (22.1 arcsec x 11.3 arcsec),
it only probed blurred emission from the eastern spurs, the plume
and the southern edge, not fine filaments or sharp edges compared to
the new JVLA observations. Our higher resolution image therefore
allows us for the first time to study the structure of this mini-halo
in detail.

4.2 Large-scale structure of the mini-halo

In order to understand the origin of the mini-halo emission, it is use-
ful to compare its morphology with images from other wavelengths.

MNRAS 469, 3872-3880 (2017)
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This approach led to the first reports of mini-halo — sloshing cold
front correspondences in Mazzotta & Giacintucci (2008) for the re-
laxed galaxy clusters RX J1720.1+2638 and MS 1455.0+2232. The
systematic search for mini-haloes in clusters by Giacintucci et al.
(2014a) has shown indications of gas sloshing in the X-ray observa-
tions of most of the 21 clusters with mini-haloes. The mini-haloes
were contained inside the sloshing region in many of them. These
correspondences support the re-acceleration hypothesis, which as-
serts that cooled relativistic electrons injected by past AGN activity
are re-accelerated by turbulence that may be produced by slosh-
ing motion (Gitti et al. 2002, 2004; Mazzotta & Giacintucci 2008;
ZuHone et al. 2013). The nearby and bright Perseus cluster offers an
opportunity to study this correlation as its proximity gives the sen-
sitivity and resolution needed to probe the details of the mini-halo
as well as the cold front structures. The B-configuration radio con-
tours starting at So are overlaid on Chandra X-ray image (Fabian
et al. 2011) as shown in Fig. 3 (left). The position of the inner and
outer cavities are indicated in the figure. One of the most striking
features in the deep X-ray images of the Perseus cluster is the spiral
pattern of the X-ray emitting gas. A similar trend is also clearly
seen in the temperature map (Fabian et al. 2006; see Fig. 3, right)
and the western part of it was identified as a cold front (Fabian et al.
2011), a sharp contact discontinuity between gas regions with dif-
ferent temperatures and densities. The characteristic spiral pattern
of cold fronts is created by the sloshing of gas in a gravitational
potential perturbed by a minor merger (see Markevitch & Vikhlinin
2007 for a review). High-resolution simulations of cluster mergers
also show that cold fronts are produced by minor mergers and can
persist over gigayear time-scales (Ascasibar & Markevitch 2006).
In the case of the Perseus cluster, a chain of bright galaxies visible
to the west of BCG NGC 1275 has been identified as the possi-
ble source of disturbance (Churazov et al. 2003). Interestingly, the
curving shape of the mini-halo seems to be well aligned with the
sloshing pattern. It matches both the size and the direction of curva-
ture (counterclockwise). However, the mini-halo is also elongated
in the direction of the cavity system. This spatial correlation is con-
sistent with the scenario that AGN feedback could contribute to the
injection of turbulence in the ICM and re-accelerate the relativistic
particles responsible for the mini-halo emission (Cassano, Gitti &
Brunetti 2008).

Fig. 3 (middle) shows the X-ray GGM filtered image with the
same radio contours. The position of the western cold front is indi-
cated by the arrows. This image very clearly shows how the mini-
halo emission is mostly contained behind the cold front: there is a
sharp edge in the radio image associated with the mini-halo, but the
particles appear as well to leak out as there is an even fainter (two
to three times fainter) part of the mini-halo that extends beyond
the cold front in the south-western direction. Fig. 3 (right) shows
the central 13 arcmin of the temperature map from Fabian et al.
(2011) compared with the mini-halo emission. As in the GGM-
filtered image, the emission is mostly bounded by the western cold
front.

Another interesting large-scale structure present in the mini-halo
of the Perseus cluster is the southern edge identified in Fig. 2.
Compared with the X-ray observations (see Fig. 3, left), the radio
emission seems to avoid the southern bay, an intriguing feature lo-
cated about 100 kpc south of the nucleus, first reported in Fabian
et al. (2006). Recently, Walker et al. 2017 (submitted) have investi-
gated these ‘bay’ structures, found in three nearby relaxed clusters:
Perseus, Centaurus and Abell 1795. Bays behave like cold fronts
but have the opposite curvature towards the interior of the cluster.
According to simulations of gas sloshing, they might be resulting
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from Kelvin—Helmholtz instabilities. We refer the reader to Walker
et al. (2017) for more details.

4.3 Filamentary structure

Very few filamentary structures like the ones present in the P-band
JVLA observations of the Perseus cluster have been observed before
in mini-haloes. In Abell 2626, two elongated, ~5 kpc thick, arc-like
radio features with longitudinal extensions of ~70 kpc are detected
in its mini-halo (Gitti et al. 2004; Gitti 2013). In the case of Perseus,
the two eastern spurs identified in Fig. 2 are >10kpc thick and ex-
tend over ~150kpc in scale. Interestingly, similar filaments are
found in radio relics (e.g. the relic in Abell 2256; Owen et al. 2014),
large elongated diffuse polarized radio sources located at cluster
peripheries. Relics could result from synchrotron emission of elec-
trons re-accelerated by mergers or accretion shocks (Ensslin et al.
1998; Brunetti & Jones 2014; van Weeren et al. 2017). In Perseus
though no shocks corresponding to the position of the filaments are
known. We can also speculate that these filaments trace regions of
enhanced magnetic fields or locally enhanced turbulence. Alterna-
tively, they could reflect the original distribution of fossil plasma,
for example from an old AGN outburst (up to a Gyr ago) that is
re-accelerated by turbulence or weak shocks.

As shown in Fig. 5, the northern extension of the mini-halo also
matches the position of the northern filament seen in the Ho map
from Conselice et al. (2001), a long (~45 kpc) and thin filament
part of the large filamentary nebula surrounding NGC 1275. The
loop-like X-ray structure extending at the end of the northern fila-
ment has been interpreted as fallback gas dragged out to the north
by previously formed bubbles (Fabian et al. 2011). As for the elon-
gated shape of the mini-halo aligned with the cavity system, the
northern extension shows another correlation of the mini-halo with
the relativistic jets. Therefore, the shape of mini-haloes seems to
originate from both sloshing and past AGN activity.

4.4 Qualitative comparison with simulations

The quality of both the radio and X-ray data allows the compari-
son of our observations with high-resolution magnetohydrodynamic
simulations of gas sloshing in galaxy clusters, for example as in
ZuHone et al. (2013). Additionally, the clear spiral pattern seen in
X-ray observations and temperature map suggests that the plane of
the sloshing pattern is perpendicular to our line of sight. This incli-
nation allows us to directly compare the observations in the Perseus
cluster with the z-projections in ZuHone et al. (2013). The authors
show projected gas temperature maps at several epochs with 153,
327 and 1420 MHz radio contours overlaid. The general shape and
extent of Perseus’s mini-halo most closely resembles the central
part of the simulated radio contours. However, the simulated radio
observations also show a patchy tail of emission, absent from the
P-band JVLA observations of the mini-halo.

4.5 Implications for our understanding of mini-haloes

The deep JVLA observations of the Perseus cluster combined with
the cluster’s properties (proximity, brightness and sloshing plane in-
clination) offers a unique opportunity to study mini-halo structures.
These low-frequency observations have revealed many structures,
unlike the present observations of most mini-haloes that appear to
be of fuzzy and uniform emission. This could be due to the reso-
lution and sensitivity of the radio observations of mini-haloes. Few
mini-haloes also present structures, e.g. the arc-like radio features
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in Abell 2626 (Gitti et al. 2004; Gitti 2013) or the spiral-shaped
tail of emission in RX J1720.1+2638 with a length of ~230 kpc
(Giacintucci et al. 2014b). Perseus’s mini-halo has similar size but
amuch higher flux density, three to four orders of magnitude higher
than other mini-haloes (Giacintucci et al. 2014a). Even with this
level of detail, the emission is still mostly constrained behind the
sloshing cold front, delimited by a sharp radio edge, providing a
qualitative test of the re-acceleration hypothesis. However, faint
emission is also seen beyond this edge as if particles appear to leak
out (see Fig. 3, middle). Again, as larger structures are resolved out
in the B-array observations, we could still miss a large-scale diffuse
mini-halo that would extend well beyond the cold front edge indi-
cating that there must be a source of acceleration that goes beyond
the cold front.

5 CONCLUSION

The Perseus cluster is a fantastic laboratory to study all processes
taking place in a typical cluster as it is internally perturbed by
the nuclear outburst of the AGN in the cluster’s brightest galaxy
NGC 1275, as well as externally affected by its interaction with the
surrounding environment. We present a detailed radio map of the
Perseus cluster obtained from 5 h of observations with the JVLA
at 230470 MHz in the B configuration. A casa pipeline has been
specifically developed to reduce this dataset taking into account the
high dynamic range and the multiscale nature of the Perseus cluster,
as well as the strong presence of RFI. In summary, we conclude the
following:

(i) This work has provided an extended low-frequency view of
the mini-halo in the Perseus cluster. Several structures have been
identified: the northern extension, two filamentary spurs to the east
and a clear edge avoiding the X-ray southern bay. The general shape
of the mini-halo is curving counterclockwise and is elongated in the
direction of the cavity system. At 230—-470 MHz, Perseus’s mini-
halo extends up to 135 kpc from the nucleus and has a total flux
density of 12.64 Jy.

(ii)) The comparison of the 230-470 MHz map with deep
Chandra observations has shown that the mini-halo is enclosed
mostly behind the western sloshing cold front, qualitatively sup-
porting the re-acceleration hypothesis. However, fainter emission is
also seen beyond, as if particles are leaking out.

(iii) The large-scale and fine structure show a correlation of the
mini-halo emission with both the sloshing motion and the relativistic
jets of the AGN.

(iv) Mysterious filamentary spurs of emission are found to the
east, similar to radio relics, but no shocks corresponding to the
position of the filaments are known.

(v) The shape of the mini-halo resembles the central simulated
synchrotron radiation in magnetohydrodynamic simulations of gas
sloshing in galaxy clusters, for example from ZuHone et al. (2013).

These results demonstrate the sensitivity of the new JVLA, as
well as the necessity to obtain deeper, higher fidelity radio images
of mini-haloes in clusters to further understand their origin.
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