
Perseus	cluster	of	galaxies;	MLGM/JHL/MPL	

Recent Observations of  
AGN Feedback in Clusters of Galaxies 

Julie Hlavacek-Larrondo, Université de Montréal 
 

M.-L. Gendron-Marsolais, M. McDonald, R. van Weeren, T. Clarke, H. Intema, A. Fabian, G. 
Taylor, K. Blundell, J. Sanders 

 



Hydra A, Kirkpatrick et al. 2009 

Perseus 
Fabian et al. 2008 

MS0735, McNamara et al. 2005 

Credit: Hercules A, NASA, ESA, S. Baum and C. O'Dea (RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and 
the Hubble Heritage Team (STScI/AURA) 



Hydra A, Kirkpatrick et al. 2009 

Perseus 
Fabian et al. 2008 

MS0735, McNamara et al. 2005 

 
New JVLA (radio) Observations 

of 
Clusters of Galaxies 

 
 
 

(AGN Feedback in high-z SPT clusters) 
 



“X-ray cavity” 

X-rays 
(Chandra) 

Radio      
1.4 GHz 
(VLA) 

Perseus	Cluster	(z=0.018).	Credit:	Fabian	et	al.	2006.		

20 kpc 



80 kpc 

Ghost 
cavities 

“Loop” 

“Bay” Spiral 

X-ray 
cavities 

Chandra	X-ray	image	(modified)	of	the	Perseus	cluster	of	galaxies;	Fabian	et	al.	2011	



20 kpc 
80 kpc 

5-sigma  
Radio 330 MHz 
(VLA, Taylor/

Blundell) 

Chandra	X-ray	image	(modified)	of	the	Perseus	cluster	of	galaxies;	Fabian	et	al.	2011	



19

Figure 8. Upper panels: M500 − K0 and TX, ce − K0 plots for the Chandra clusters in our statistical sample. Clusters with
minihalos are shown as magenta (confirmed detections) and cyan (candidates), radio-halo clusters (incuding candidates) are
shown in black and empty circles are clusters without central diffuse radio emission. Clusters without high-sensitivity radio
observations (RXCJ0510.7-0801, RXCJ0520.7-1328, MACSJ2135.2-0102, A 2355 and A 1733) are not included in the plots (they
all have K0 > 80 kev cm2; Table 6.) Lower panels: Same for the combined statistical sample (circles) and supplementary sample
(squares). Error bars are omitted for clarity. Symbol colors are the same. Yellow shows clusters hosting a central diffuse radio
source whose classification as a minihalo is uncertain (ZwCl 1742.1+3306, MACS J1931.8–2634, A2626; §2.2). The combined
sample extends to lower masses, where minihalos appear to be less frequent.

•  Often bounded by cold fronts 
(e.g. Mazzotta & Giacintucci 
2008): could sloshing-induced 
turbulence reaccelerate the 
electrons? 

•  Found in (all?) massive cool 
core clusters (e.g. Giacintucci 
et al. 2017): could AGN-driven 
turbulence reaccelerate the 
electrons?  

•  Freshly produced electrons 
from p-p collisions (e.g. 
Brunetti & Jones 2014). 
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Jansky Very Large Array (JVLA) 

Shared-risk proposal (2013, PI Hlavacek-L.): 
 

•  P-band (270-430 MHz) 
 
•  5 hours in B-config + A-config. 
 
•  > 5 times better resolution compared  

 to Sijbring (unpublished results)  
 

Challenges: 
 

•  Large datasets (Tbs) = computing time. 
 
•  P-band (270-430 MHz) = RFI. 
 
•  Shared-risk proposal = prototype problems,  

 e.g. an entire arm was affected.  
  
•  Central AGN is 11 Jy bright = dynamic range limited.  

Marie-Lou	Gendron-Marsolais	



B-Configuration Results:
ArXiv 1701.03791

rms = 0.35 mJy/beam;  
beam = 22.1′′ × 11.3′′ (8 kpc x 4 kpc);   

Dynamic range > 30 000. 

(NRAO press release: https://public.nrao.edu/news/galaxy-cluster-mini-halo/) 
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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.

1 IN T RO D U C T I O N

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. Bı̂rzan 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

relativistic jets powered by accretion on to the supermassive black
hole (SMBH) that inflate bubbles, displacing the ICM and cre-
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 (Böhringer
et al. 1993), another pair of outer cavities was identified further out at
25 kpc < r < 45 kpc and devoid of high-frequency radio emission
(Branduardi-Raymont et al. 1981; Fabian et al. 1981; Churazov
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Spectral index map: VLA 1-8 GHz observations; Owen et al. 2014 

JVLA observations of A2256, a merging non cool core cluster of galaxies 
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Radio tail 
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Steep spectrum 
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JVLA 230-470 MHz Observations of Perseus 

 
à Overall, this suggests that the reacceleration mechanism of the 

particles is connected to the sloshing motions (= turbulence due to 
mergers), but also to the BCG and its jets (= turbulence, sound waves?).  

 
* Mysterious filamentary spurs of emission are found to the east and north, 
(like those in radio relics?), but no shocks are these radii are known.  

Gendron-Marsolais	et	al.	2017,	arXiv:	1701.03791	
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“Bays” in clusters of galaxies  

6 S. A. Walker et al

Figure 5. Comparing the image of the bay in Perseus (left) with a simulation of an empty spherical cavity in the same location and with the same size (centre),
and the eddy from the sloshing simulation of ZuHone & Kowalik (2016) (right). The surface brightness profiles across these three cases are compared in the
bottom panel of Fig.2, where the cavity simulation is shown to overestimate the drop in surface brightness across the bay edge.

Figure 6. The evolution of eddy structure in the simulations of Zuhone et al. 2016 for � = pth/pB=200, where the time shown is that which has elapsed
since the start of the merger. The simulated projected X-ray emissivity images have been filtered using GGM filtering to emphasise surface brightness edges.
We see that eddies with similar structure to the sharp bay seen in Perseus can form (at 3.8 Gyr) and be destroyed (by 4.2 Gyr) on relatively short time scales
of ⇠0.4Gyr.

image for an exposure time matching the real observation, to which
an appropriate background was added.

The resulting simulation is shown in the central panel of Fig.
5. In the bottom panel of Fig. 2 we compare the projected surface
brightness profiles across the real bay (black), and the cavity simu-
lation (green dashed line). We see that the surface brightness drop
expected for a spherically symmetric cavity is far more severe than
we see in Perseus. We repeated this exercise using an ellipsoidal
cavity instead, again matching the radius of curvature of the
bay, and with the line of sight depth of the ellipsoid set equal to
the width observed in the plane of the sky (60 kpc). Increasing
the ellipticity of the removed cavity actually further increases

the magnitude of the surface brightness drop, increasing the
tension with observations. To match the observed drop in sur-
face brightness, we find that the line of sight depth of the cavity
would have to be around half its observed width on the sky,
so that it is shaped like a rugby ball with the long side being
viewed face on. This type of unusual geometry is in tension with
the idea of rising spherical cap bubbles seen closer in the core
of Perseus (Fabian et al. 2003).

We repeat this simulation, but this time for Abell 1795. When
the surface brightness profile across the simulated cavity rim is
compared to the observed profile in the bottom left panel of Fig.

c� 0000 RAS, MNRAS 000, 000–000

à “Bays” have been interpreted as old X-ray cavities.
à However, they have strange curvature and lack radio emission. Also seen in 

A1795 and Centaurus cluster. 
à  Instead, these “bays” could be giant Kelvin-Helmholtz instabilities.  

Walker, Hlavacek-Larrondo et al. 2017, arXiv: 1705.00011  

ZuHone simulations 

β = pressure thermal / pressure non-thermal = 200

Average magnetic field ~ 1-5 μG
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1)  Clusters are fantastic laboratories for studying AGN feedback:

2)  Strong radio sources:

à New JVLA observations of the Perseus cluster reveal that mini-halos are 
not uniform, diffuse structures, but are instead composed of a rich variety of 
complex structures, including arcs, filaments and edges. See Gendron-
Marsolais et al. 2017, arXiv: 1701.03791. 

à Mini-halos appear to be reaccelerated both by sloshing motions of the 
hot intracluster medium (= turbulence) and by mechanisms related to the 
BCG and its jets (= turbulence?). 

3)  Plasma physics (giant Kelvin-Helmholtz instability in Perseus?)

Julie Hlavacek-Larrondo, juliehl@astro.umontreal.ca  
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Hlavacek-Larrondo et al. 2012a, 2015. 

MACS: 0.3 < z < 0.6 (Hlavacek-L.+2012) 

SPT: 0.3 < z < 1.2 (Hlavacek-L.+2015) 
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à No significant evolution of mechanical AGN feedback for > 8 Gyrs.

 
AGN feedback in SPT Clusters of Galaxies 
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