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Cluster info

• Cluster mass ~1015 solar masses
• Mass in gas ~20%
• Mass in stars ~2%
• There’s < gas in all of the galaxies combined than 

there is in the ICM!

• BCGs / cD galaxies: most massive galaxies in the 
Universe
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3C84: minihalo (VLA 330 MHz data)
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X-ray, optical: Fabian+2011 
Radio: Burns+1992

See Gendron-Marsolais+2017 for new data!
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opticalxray
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Conselice+2001

H-alpha filaments:

• 10–100 kpc long

• < 70 pc thick

• How do they not 
evaporate in 
~100 yr?! 
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H-alpha filaments in the Perseus cluster
The filamentary nebula in NGC1̃275 L3

1.00e-17

1.06e-17

1.18e-17

1.44e-17

2.01e-17

3.22e-17

5.85e-17

1.15e-16

2.38e-16

5.00e-16

1’ = 21.2 kpc

H  flux map

-0.2

0.043

0.29

0.53

0.78

1

1.3

1.5

1.8

2

[N II] 6583/Hα

30

68

87

106

162

181

200

Dispersion map

Figure 2. Flux map of Hα emission in the LV system region (left, units are in erg/s/cm2/pixel), [N II]λ6583/Hα line ratio map (middle)
and dispersion map (right, scale unit is in km/s).

3h19m48.1s + 41d30m42s with a radius of 6′′ was excluded.
To increase the SNR without losing too much spatial res-
olution, we chose to bin the cube by a factor of 2. The
spectrum extracted from each binned remaining pixel was
fitted using a Gaussian function convolved with the instru-
mental line shape - a sinc function (Martin et al. 2016). The
fitting software uses a least-squares Levenberg-Marquardt
minimization algorithm (Levenberg 1944; Marquardt 1963)
to fit the data. We restricted the range of wavelengths to
the band where [N II]λ6548, Hα and [N II]λ6584 lines are
found with the systemic velocity shift of NGC 1275. Sky sub-
traction was done using the mean flux from a circular region
with a radius of 20′′ centered at RA 03h19m58.57s and DEC
+41◦30′08.9′′, about 2′ south-east of NGC 1275 nucleus. The
lines were fitted simultaneously, the velocity and broadening
of the three lines grouped to reduce the number of parame-
ters to fit. Only pixels with fitted Hα flux higher than 30×

10−18erg/s/cm2/pixel were selected. To directly compare our
results with Hitomi Collaboration et al. (2017), bulk veloc-
ities are calculated with respect to their redshift measure-
ment: vbulk ≡ (z−0.017284)∗c0 −21.9km s−1, where c0 is the
speed of light and −21.9km s−1 is the heliocentric correction
based on the average value over the observation period from
Astropy SkyCoord.radial velocity correction().

3 RESULTS AND DISCUSSION

3.1 Ionization mechanism

Figure 2 (left) shows the Hα flux map. While the surface
brightness of Hα is mostly constant in the extended fila-
ments, it is higher in the inner ∼ 30′′ = 11kpc.

Optical line ratios can be good indicators of the dom-
inant excitation mechanism operating on the line-emitting
gas (photoionization by stars, by a power-law continuum
source or shock-wave heating, Baldwin et al. 1981) . The ra-
tio [N II]λ6583/Hα provides, for example, a measure of the
ionization state of a gas. When the source of ionization is
stellar formation, this line ratio is a linear function of metal-
licity saturating at a value of ∼ 0.5 for high metallicity (e.g.
Kewley et al. 2006). The SITELLE [N II]λ6583/Hα line ra-
tio map of NGC 1275 is presented in figure 2 (middle) and
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Figure 3. The mean (in red, with error bars indicating the stan-
dard deviation) and ensemble fit result (in blue) [N II]λ6583/Hα

line ratio, dispersion and velocity profiles taken in annuli contain-
ing 400 pixels centred on the AGN. Dispersions and velocities are
given in km/s and the distance from the AGN is in kpc.

the mean and ensemble ratio profiles taken in annuli con-
taining 400 pixels is shown on figure 3. The line ratio varies
through the map, being ∼ 0.5−1 in the extended filaments,
and above 1 in the central part of the nebula. However,
streaks of star forming clusters associated with some fila-
ments of NGC 1275 have been found (Canning et al. 2014).
Similar line ratio gradients have also been previously ob-
served in the filaments of NGC 1275 (Hatch et al. 2006) and
in several BCG with optical line emission (e.g. Hamer et al.
2016). The central region with higher line ratios could be
related to energetic sources of ionization such as AGN and
shocks, while filaments must be ionized by a source with
lower power. To effectively distinguished the source of ion-
ization though, other line ratios are required, falling outside
of the filter used during these observations. The complete
detailed BPT diagnostic of NGC 1275 nebula will be con-
ducted using awarded SITELLE observations at 365-385 nm
and 480-520 nm (PI: Gendron-Marsolais) and presented in
future work (Gendron-Marsolais et al. in prep.).
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Figure 4. Chandra composite fractional residual image from
Fabian et al. (2011) in the 0.5-7 keV band (1.4 Ms exposure). The
PSF corrected Hitomi regions from Hitomi Collaboration et al.
(2017) are shown in white. Contours from the LV system Hα flux
map (starting at 3×10−17 erg/s/cm2/pixel) are shown in green.

3.2 Velocity dispersion measure across the nebula

According to the top-down multiphase condensation model,
warm filaments and cold molecular clouds condensed out
of the hot ICM through ”chaotic cold accretion” (e.g.
Gaspari et al. 2017b). This link between ICM and filaments
imply that both must have the same ensemble velocity dis-
persion. On the other hand, if these filaments are rather
dragged out from the rise of AGN radio bubbles, they would
be stabilized into the hot gas by magnetic fields, and there-
fore also sharing the same velocity field (Fabian et al. 2008).
The Hitomi Soft X-ray Spectrometer has shown that the
line-of-sight velocity dispersions are on the order of 164±10

km/s in the 30− 60 kpc region around the nucleus of the
Perseus cluster (Hitomi collaboration 2016), while SITELLE
has provided an ensemble line-of-sight velocity dispersion of
137± 20 km/s (Gaspari et al. 2017a). In contrast, the dis-
persion map obtained from the fitting of each binned pixel
shown in figure 2 shows instead smaller velocity dispersion in
the filaments (! 115 km/s), but increasing linewidth closer
to the center (up to ∼ 130 km/s). SITELLE’s level of res-
olution therefore probes smaller structures like individual
filaments, rather than the ensemble multiphase gas. Interest-
ingly, the mean and ensemble dispersion profiles in figure 3
show a general decrease up to ∼ 10 kpc from the nucleus but
a bump is visible between ∼ 15−20 kpc. This corresponds to
the region between the inner and ghost cavities and contains
a known shock in the ICM to the north-east (Fabian et al.
2006) which could be responsible for the higher mean dis-
persion.

Further comparisons can be explored between Hitomi
and Sitelle line-of-sight velocity dispersions in the same re-
gions as the ones used in Hitomi Collaboration et al. (2017)
and shown in Figure 4. SITELLE pixels contained in each
of those regions with Hα and [N II] lines (including the
AGN but excluding the HV system) were fitted as ensembles
(see Table 1). The resulting velocities dispersions are as low
(∼ 120 km/s) and uniform as the Hitomi measurements for
the hot gas, supporting the infalling cooling flow model.

Table 1. Comparison between Hitomi and Sitelle best-fitted bulk
velocities and dispersions in regions shown on Figure 4

Hitomi SITELLE
Region vbulk (km/s) σv (km/s) vbulk (km/s) σv (km/s)

Reg 0 75
+26

−28
189

+19

−18
48±3 145±3

Reg 1 46
+19

−19
103

+19

−20
−8±9 155±9

Reg 2 47
+14

−14
98

+17

−17
182±2 116±3

Reg 3 −39
+15

−16
106

+20

−20
122±2 94±2

Reg 4 −77
+29

−28
218

+21

−21
182±3 88±3
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Figure 5. The velocity map of the LV system (in km/s). Profiles
extracted from the three white regions are shown in figure 6.

3.3 Kinematics of the filaments

The velocity map of the LV system (see Figure 5) reveals a
previously unknown rich velocity structure across the entire
nebula. The presence of a larger scale velocity gradient is
hard to extract from such a detailed map. We note that the
median heliocentric velocity of the map is 5229 km/s, giving
a high fraction of redshifted pixels (∼ 80%) relative to our
chosen rest frame. We will discuss this difference in future
work (Gendron-Marsolais et al. in prep.). Overall, the mean
and ensemble velocity profiles from figure 3 do not show any
clear radial gradient in velocity. On average, the filaments
do not seem to be falling smoothly and uniformly onto the
galaxy nor do they seem to be pulled out of it. No potential
rotation, as suggested in Conselice et al. (2001), is visible.
The lack of ordered motion and the low measured velocities
might indicate that these features are short lived, consistent
with the molecular gas (e.g. Russell et al. 2016).

With the spectral and spatial resolution provided by
SITELLE, the kinematics of the filaments can be studied
individually. The line-of-sight velocity structure across the
northern filament is very complex. Velocities from each pixel
are plot against their distance from the AGN in figure 6 and
show a scattered profile. The mean velocity profile taken
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Figure 2. Flux map of Hα emission in the LV system region (left, units are in erg/s/cm2/pixel), [N II]λ6583/Hα line ratio map (middle)
and dispersion map (right, scale unit is in km/s).

3h19m48.1s + 41d30m42s with a radius of 6′′ was excluded.
To increase the SNR without losing too much spatial res-
olution, we chose to bin the cube by a factor of 2. The
spectrum extracted from each binned remaining pixel was
fitted using a Gaussian function convolved with the instru-
mental line shape - a sinc function (Martin et al. 2016). The
fitting software uses a least-squares Levenberg-Marquardt
minimization algorithm (Levenberg 1944; Marquardt 1963)
to fit the data. We restricted the range of wavelengths to
the band where [N II]λ6548, Hα and [N II]λ6584 lines are
found with the systemic velocity shift of NGC 1275. Sky sub-
traction was done using the mean flux from a circular region
with a radius of 20′′ centered at RA 03h19m58.57s and DEC
+41◦30′08.9′′, about 2′ south-east of NGC 1275 nucleus. The
lines were fitted simultaneously, the velocity and broadening
of the three lines grouped to reduce the number of parame-
ters to fit. Only pixels with fitted Hα flux higher than 30×

10−18erg/s/cm2/pixel were selected. To directly compare our
results with Hitomi Collaboration et al. (2017), bulk veloc-
ities are calculated with respect to their redshift measure-
ment: vbulk ≡ (z−0.017284)∗c0 −21.9km s−1, where c0 is the
speed of light and −21.9km s−1 is the heliocentric correction
based on the average value over the observation period from
Astropy SkyCoord.radial velocity correction().

3 RESULTS AND DISCUSSION

3.1 Ionization mechanism

Figure 2 (left) shows the Hα flux map. While the surface
brightness of Hα is mostly constant in the extended fila-
ments, it is higher in the inner ∼ 30′′ = 11kpc.

Optical line ratios can be good indicators of the dom-
inant excitation mechanism operating on the line-emitting
gas (photoionization by stars, by a power-law continuum
source or shock-wave heating, Baldwin et al. 1981) . The ra-
tio [N II]λ6583/Hα provides, for example, a measure of the
ionization state of a gas. When the source of ionization is
stellar formation, this line ratio is a linear function of metal-
licity saturating at a value of ∼ 0.5 for high metallicity (e.g.
Kewley et al. 2006). The SITELLE [N II]λ6583/Hα line ra-
tio map of NGC 1275 is presented in figure 2 (middle) and
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Figure 3. The mean (in red, with error bars indicating the stan-
dard deviation) and ensemble fit result (in blue) [N II]λ6583/Hα

line ratio, dispersion and velocity profiles taken in annuli contain-
ing 400 pixels centred on the AGN. Dispersions and velocities are
given in km/s and the distance from the AGN is in kpc.

the mean and ensemble ratio profiles taken in annuli con-
taining 400 pixels is shown on figure 3. The line ratio varies
through the map, being ∼ 0.5−1 in the extended filaments,
and above 1 in the central part of the nebula. However,
streaks of star forming clusters associated with some fila-
ments of NGC 1275 have been found (Canning et al. 2014).
Similar line ratio gradients have also been previously ob-
served in the filaments of NGC 1275 (Hatch et al. 2006) and
in several BCG with optical line emission (e.g. Hamer et al.
2016). The central region with higher line ratios could be
related to energetic sources of ionization such as AGN and
shocks, while filaments must be ionized by a source with
lower power. To effectively distinguished the source of ion-
ization though, other line ratios are required, falling outside
of the filter used during these observations. The complete
detailed BPT diagnostic of NGC 1275 nebula will be con-
ducted using awarded SITELLE observations at 365-385 nm
and 480-520 nm (PI: Gendron-Marsolais) and presented in
future work (Gendron-Marsolais et al. in prep.).
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796 P. Salomé et al.: Observations of CO in the eastern filaments of NGC 1275

Fig. 2. Upper: mean CO(2−1) intensity along the filament, with contour
steps of 0.5 Jy km s−1 beam−1. Lower: isovelocity contours, in steps of
10 km s−1. The lines labeled 1 to 4 mark the position-velocity slices in
Fig. 3. The beam (lower left) is 2.2′′ × 2.0′′.

maps could conceivably be the birth sites of star clusters. It re-
mains to be explain why only one young optical star cluster, with
HII region, is seen among all of these presumed GMC associa-
tions, and so why the rate of star formation is unusually low.
The molecular gas may not be in GMCs at all. It would then
not be dense enough to form stars. Higher spatial resolution ob-
servations are planned to look for smaller structures inside the
eastern filament. The presence of magnetic field inside the fil-
ament might also help to prevent the molecular gas to be grav-
itationally unstable and thereby decrease the star formation ef-
ficiency. Magnetic pressure would also help to confine the gas
inside those puzzling extremely long and thin filaments.

4. Comparison with bubble models

These CO observations show a complicated velocity pattern in
the filament that extends from region A through region C (Fig. 1,
upper). From region A to the zero position, the transverse gra-
dient in the line-of-sight velocity is positive, with a value of
+40 km s−1/2.1 kpc. Over region C, the velocity gradient is neg-
ative with a value of −120 km s−1/2.1 kpc. If these sections
are continuous structures, the apparent transverse gradients are
+0.02 km s−1/pc and −0.06 km s−1/pc, comparable to velocity
gradients through molecular clouds or along spiral arms in our
Galaxy. Similar large-scale motions of ∼100 km s−1 over dis-
tances ∼20 kpc have been observed in H2 and Pα lines by Jaffe
et al. (2005) from BCGs in other clusters of galaxies. If the east-
ern filament is on the front side of NGC 1275, then the velocity
shifts, which are blue-shifted relative to the systemic velocity,
indicate outflowing material, as deduced for the Hα filaments by

Fig. 3. P − V plots of CO(2−1) parallel to the CO filament’s major axis
(PA +70◦; upper panels) and minor axis (PA −20◦; lower panels). Panel
numbers 1 to 4 correspond to the lines in Fig. 1. Labels A, B, C indicate
the CO peaks (Figs. 1 and 3). Contours are by 8 mJy/beam.

Hatch et al. (2006). If the eastern filament is on the rear side of
the galaxy, then the blue-shifted CO indicates infalling material
along the filament.

In the latter case, the inflow may be explained by the model
proposed by Revaz et al. (2008), in which the “heavy” giant
molecular clouds (GMCs) fall back in a thin stream on the cen-
tral axis of the buoyantly-rising bubble. According to this model
high temperature filaments of ionized gas resulting from up-
lifted ambient hot gas could have cooled and formed the ob-
served eastern filament. Once the plasma temperature drops be-
low 106 K, the gas is no longer pressure-supported and falls back

P. Salomé et al.: Observations of CO in the eastern filaments of NGC 1275 795

Fig. 1. Top: integrated CO(2−1) intensity (contours) superposed on an Hα image (Conselice et al. 2001) of NGC 1275. The inteferometer data were
averaged over velocity offsets from −180 to −5 km s−1. Contour steps are 1.6 Jy km s−1 beam−1. The white circle shows the interferometer primary
beam, and the grey ellipse at lower left, within the circle, shows the synthesized beam of 2.7′′ × 2.5′′ for the merged single-dish+inteferometer
data. The CO spectra are from single pixels in regions A, B and C. The CO(2−1) spectrum of region D, the center of NGC 1275, is from the single-
dish data only, and indicates an even larger amount of molecular gas in the galaxy’s center, with a much greater line width than in the filaments.
Intensities of the spectra are in mJy in the 2.7′′ beam, except for region D, which is in units of mJy in the single-dish 11′′ beam (black circle around
region D). Velocity offsets are relative to 226.559 GHz. Bottom: integrated CO(2−1) intensity superposed on the hot gas mass distribution derived
from 0.5 keV X-ray observations of NGC 1275, from Fabian et al. (2006). CO contours, primary beam and synthesized beam are as marked in the
upper diagram.

3C84:  molecular gas in the filaments
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Salomé+2008
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Filaments are common in BCGs!  
Above: H-alpha + [NII] emission from the SOAR telescope (Werner+2014) 
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Filaments in other brightest cluster galaxies (BCGs)2296 N. Werner et al.

Figure 1. Hα+[N II] images of the galaxies with extended emission-line nebulae in our sample obtained with the 4.1 m SOAR telescope.

Table 4. Hα+[N II] fluxes from the
SOAR telescope.

Galaxy fHα+[NII]
(10−13 erg s−1 cm−2)

NGC 1399 <0.34
NGC 4636 2.7 ± 0.4
NGC 5044 7.6 ± 0.9
NGC 5813 2.2 ± 0.3

(1996), this EW upper limit translates to an Hα+[N II] flux limit of
3.4 × 10−14 erg s−1 cm−2. The lack of a spectroscopic detection of
optical emission lines in NGC 1399 is inconsistent with previous
reports of detections through narrow-band filters. We suspect that
the previously reported detections of morphologically smooth line
emission, where the emitting region has the same morphology as
the old stellar populations, may be due to colour gradients in the
stellar population of the galaxy. Currently, we do not have SOAR
data for NGC 4472.

In Fig. 2, we plot the Hα+[N II] luminosities (bottom panel),
70/24 µm infrared continuum ratios (middle panel; Temi et al.
2007a) and the K-band luminosity (top panel, based on the
2MASS survey; Jarrett et al. 2003) against the spatially inte-
grated [C II] luminosity measured by Herschel PACS. The ratio
of the [C II] over Hα+[N II] luminosity is remarkably similar ∼0.4–
0.8 for 6/8 galaxies in our sample. For the same 6/8 systems,
the [C II] λ157 µm line emission is spatially extended and ap-
pears to follow the distribution of the Hα+[N II] filaments (see
the left-hand panels of Figs 4 and 5). In the extended network of
filaments of NGC 5044 at r ! 1 kpc, the [C II]/(Hα+[N II]) ra-
tios also remain similar as a function of position. In the two
FIR faint systems (shown by the red data points), the ionized
Hα emission is either concentrated in the nucleus of the galaxy
(NGC 4472; Macchetto et al. 1996) or is not present (NGC 1399).

The [C II] luminosities, which are likely excellent tracers of the
cold molecular gas mass (Crawford et al. 1985), do not correlate

Figure 2. The Hα+[N II] luminosity (bottom panel) from SOAR for NGC
1399, NGC 5044, NGC 5813 and NGC 4636 (see Table 4) and from Mac-
chetto et al. (1996) for NGC 4472, NGC 5846, NGC 6868 and NGC 7049
(see Table 1), 70/24 µm infrared continuum ratio (middle panel; Temi,
Brighenti & Mathews 2007a), and K-band luminosity (top panel, based on
the 2MASS survey; Jarrett et al. 2003) plotted against the spatially integrated
[C II] luminosity measured by Herschel PACS. The grey dotted lines in the
bottom panel indicate constant [C II] over Hα+[N II] luminosity ratios of 0.4
and 0.8. These ratios are remarkably similar for 6/8 galaxies in our sample.
The outliers, NGC 4472 and NGC 1399, have little or no cold gas. They are
indicated in red.

with the K-band luminosities (see Table 1), which trace the stellar
masses of the galaxies. There is also no correlation between the [C II]
luminosities of systems with extended emission-line nebulae and
the 70/24 µm infrared continuum ratios. In the FIR faint systems

MNRAS 439, 2291–2306 (2014)
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Possible filament origin: thermal instability
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McCourt+2011
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• Filaments tend to form when tcool/tff < 10

3336 M. McCourt et al.
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Figure 11. Left: the time-scale ratio tcool/tff as a function of radius for clusters in both the ACCEPT catalogue and the McDonald et al. (2010) survey. Solid
blue lines show clusters with filaments and dashed red lines show clusters that lack detected extended Hα emission. Clusters with filaments have systematically
lower values of tcool/tff . Furthermore, this ratio is smallest between ∼10–50 kpc, where most filaments are found. Right: the same clusters in the tcool–tcool/tff
plane. The colouring is the same as in the left-hand panel. The ratio tcool/tff appears to be a slightly better predictor of multiphase structure than tcool alone.
Table 2 lists the clusters plotted in this figure.

several clusters we left out from Fig. 11 in an earlier version of
this paper. We are also thankful for the hospitality of the Kavli In-
stitute for Theoretical Physics (KITP) at UC Santa Barbara, where
we performed some of this work. KITP is supported in part by
NSF grant number PHY05-51164. Support for PS was provided by
NASA through Chandra Postdoctoral Fellowship grant PF8-90054
awarded by the Chandra X-Ray Center, which is operated by the
Smithsonian Astrophysical Observatory for NASA under contract
NAS8-03060. MMc, IJP and EQ were supported in part by NASA
grant NNX10AC95G, NSF-DOE grant PHY-0812811, and by the
David and Lucile Packard Foundation. We performed many of the
computations for this paper on the Henyey cluster at UC Berke-
ley, supported by NSF AST grant 0905801; additional computing
time was provided by the National Science Foundation through the
Teragrid resources located at the National Center for Atmospheric
Research under grant number TG-AST090038. We made our fig-
ures using the open-source program TIOGA. This research has made
use of NASA’s Astrophysics Data System.
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Filament importance
• Star formation: regions where stars are forming outside of a galaxy

– Do they still fall on the radio-FIR correlation?

• Galaxy formation: Mgas in filaments can be > Mgas in the central galaxy

– Filaments are probably the source of gas for the central galaxy
– Probing the formation of the largest galaxies in the Universe

• Cluster formation: galaxy mass function falls off at high masses (> 1011 
solar masses)
– Thermal instability → filaments → AGN activity → cutoff

• B-fields: Investigating importance of B-fields in extragalactic star formation
– Filaments are thought to be extremely magnetically dominant

 12
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Our goal: measure synchrotron

Collaborators: 

Rick Perley (NRAO, Socorro) 
Mike McCourt (UC Berkeley → CfA → consultant)
James McBride (UC Berkeley → Ceres Imaging)

• Test properties of the only known SF regions outside 
of a galaxy

 13
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Radio: Burns+1992
X-ray, optical: Fabian+2011

20 arcmin
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d = 75 Mpc
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3C 84 / NGC 1275:  VLA C+D-config at L-band
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The wonders of 
multi-term, 
multi-frequency, 
w-projected, 

multi-processor 
CASA with TCLEAN()…

…and selfcal

DR ~210,000
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3C 84 / NGC 1275:  VLA C+D-config at L-band
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The wonders of 
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multi-frequency, 
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multi-processor 
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3C 84 / NGC 1275:  VLA C+D-config at L-band
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multi-frequency, 
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3C 84 / NGC 1275:  VLA C+D-config at L-band
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The wonders of 
multi-term, 
multi-frequency, 
w-projected, 

multi-processor 
CASA with TCLEAN()…

…and selfcal
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3C 84 / NGC 1275:  VLA C+D-config at L-band
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The wonders of 
multi-term, 
multi-frequency, 
w-projected, 

multi-processor 
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…and selfcal
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3C 84 / NGC 1275:  VLA C+D-config at L-band
robust = -1.0 Recovery of different 

scales with different 
weighting in the 
imaging process

3ʹ
60 kpc
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3C 84 / NGC 1275:  VLA C+D-config at L-band
Recovery of different 
scales with different 
weighting in the 
imaging process

robust = 0.5

3ʹ
60 kpc
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3C 84 / NGC 1275:  VLA C+D-config at L-band
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Recovery of different 
scales with different 
weighting in the 
imaging process

robust = 2.03874 M. Gendron-Marsolais et al.

Figure 2. A zoom on the emission surrounding NGC 1275 from the
270–430 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−1 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
a detailed 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
H0 = 69.6 kms−1 Mpc−1, !M = 0.286 and !vac = 0.714. This
corresponds to an angular scale of 22.5 kpc arcmin−1.

2 J V L A O B S E RVAT I O N S A N D DATA
R E D U C T I O N

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

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 CONCAT 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.

MNRAS 469, 3872–3880 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/469/4/3872/3866715
by European Southern Observatory user
on 11 May 2018
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P band: colorscale (Gendron-Marsolais+2017); contours (Burns+1992)
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3C 84 / NGC 1275:  VLA C+D-config at L-band
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6ʹ
120 kpc

3C 84 / NGC 1275:  VLA A+B-config at L-band
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A zillion background sources
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3C 84 (central quasar)
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Head-tail galaxy (with bandwidth smearing)
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NGC 1265
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See also McBride & McCourt 2014

20ʺ
6 kpc

6ʹ
120 kpc

NGC 1272 (head-tail galaxy with flocculent tail)
von Kármán vortex streets 
over the Aleutian Islands

Vortices: https://eoimages.gsfc.nasa.gov/images/imagerecords/4000/4718/landsat_vonkarman_artII_lrg.jpg
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3C 84:  VLA A+B-config at L-band
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20ʺ
6 kpc

• ~2,500,000 dynamic range

• rms ~6 uJy/bm at map edge
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20ʺ
6 kpc

• ~2,500,000 dynamic range

• rms ~6 uJy/bm at map edge

3C 84:  VLA A+B-config at L-band
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6 kpc
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• Outer filaments:      
200–300 uJy/bm
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20ʺ
6 kpc

3C 84:  VLA A+B-config at L-band

20ʺ
6 kpc

we assume spherical symmetry but make no specific assump-
tion about the form of the underlying gravitational potential. We
first calculate the surface brightness (in a given energy band) in
a set of annuli (or wedges) and choose a corresponding set of
spherical shells. The gas parameters are assumed to be uniform
inside each shell. Outside 80 the emissivity was assumed to de-
crease with radius as a power law. The projection can then be

written as a convolution of the emissivities in each shell with the
projection matrix. The solution for emissivities minimizing the
!2 deviation from the observed surface brightness in the set of
annuli can be easily found (see, e.g., Churazov et al. 2003). The
emissivities are then converted to electron densities using the
Chandra spectral response, evaluated for the spectrum with a
given temperature and abundance of heavy elements (see the

Fig. 6.—Left: The 0.5Y2.5 keV band full-resolution (1 pixel ¼ 0:49200) image of the entire data set after background subtraction and ‘‘flat fielding’’ of the center of
M87.Center: The 6 cmVLA radio image fromHines et al. (1989) showing the radio jet and the synchrotron emission from the cocoon. The cocoon of relativistic plasma is
the ‘‘piston’’ that mediates outbursts from the central SMBH and drives shocks into the surrounding X-ray-emitting, thermal gas. Right : IRAC 4.5 "m image divided by a
#-model to remove the strong gradient of emission from the galaxy light. Prominent X-ray features of the central region show the counterjet cavity surrounded by a very
fine rim of gas and cavities to the west and southwest of the jet after the jet passes the sonic point and the radio-emitting plasma bends clockwise. The innermost buoyant
bubble (X-ray cavity, labeled ‘‘Bud’’ in left panel) coincides with the radio synchrotron emission extending south from the cocoon (center). The IRAC image shows the
emission from the nucleus and the jet. The IR jet emission ends just before the feature ‘‘Jet Cavity’’ in the X-ray image. On the counterjet side of the nucleus, two bright IR
patches ( labeled with arrows in the IRAC image) lie within a ‘‘C’’ shaped region. The two bright IR patches coincide with brighter regions of 6 cm emission (also marked
with arrows in the center panel) and associated with structures $ and % in Hines et al. (1989). The IR emission (and the coincident radio emission) lie at nearly 90" from the
direction of the jet (in projection) and arise from unbeamed emission.

Fig. 5.—Left: The relative deviations of the surface brightness from a radially averaged surface brightness model, i.e., ½data $ model%/model over a broad energy band
(0.5Y2.5 keV). The shock, an outer cavity beyond the eastern arm, a sharp edge in the eastern arm, and an outer partial ring are seen. We have excised the prominent point
sources from this image by substituting a local background. Right: The 90 cm VLA image from Owen et al. (1990) at the same scale as the Chandra image shows the
relationship between the X-ray and radio structures. In particular, the eastern and southwestern arms are apparent in both X-ray and radio: the outer X-ray cavity cor-
responds to an enhancement in the radio, and the outer ring (enhancement in X-ray image) lies just beyond the edge of the large-scale radio emission. The radio torus, at the
end of the eastern arm, is connected by the arm to the center of M87. The torus and arm produce a ‘‘mushroom’’ shaped structure (cap and stem).

FORMAN ET AL.1062 Vol. 665
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Comparison with H-alpha filaments
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Conselice+2001
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Comparison with H-alpha filaments

30ʺ
10 kpc

No obvious correlation
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Comparison with H-alpha filaments
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Comparison with H-alpha filaments
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Comparison with H-alpha filaments
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Comparison with H-alpha filaments
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30ʺ
10 kpc

The diffuse 
synchrotron 
emission seems to 
trace the extent 
of the H-alpha 
filaments (also 
seen in P band by 
Gendron-
Marsolais 2018)
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Summary
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Filaments around NGC 1275

• High dynamic range imaging of 3C84 is 
in progress
– A+B image dynamic range: achieved 

2,500,000 : 1
– Hopefully higher with A+B+C

• Filaments have been seen!  But they 
don’t coincide with H-alpha…

• We’ll answer (and ask more!) questions 
about star, galaxy, and cluster formation
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Fin
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