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The role of AGN feedback in galaxy
clusters for the last 10 billion years



Conclusion:

Black hole jets have a profound impact on galaxies
(based on observations)
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Perseus cluster of galaxies; 
Credit: SDSS, CXC/IoA/ACFabian.
Perseus cluster of galaxies (z = 0.018)
Credit: VLA, Taylor/Blundell; SDSS, CXC/IoA/ACFabian.
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Perseus cluster of galaxies; 
Credit: SDSS, CXC/IoA/ACFabian, NRAO/VLA/GBTaylor and MLGendron-M./JHlavacek-L.
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à Jet-mode AGN feedback is a fundamental process in massive galaxies.

à Jets are powerful:
Ecavity=1060 ergs; Pcavity= 1044-45 erg/s; tbuoyancy= 107-8yrs; Size ≈ 25 [10-200] kpc

à Quenching: without jets, the hot halos around massive galaxies would cool
and form powerful starbursts (suppress by orders of magnitude).

Birzan et al. 2004, Rafferty et al. 2006, Dunn & Fabian 2006, 2008, Dunn et al. 2010, Birzan et al. 2008, Cavagnolo et al. 2010,
Dong et al. 2010, Hlavacek-L. et al. 2012, Hlavacek-L. et al. 2013, Hlavacek-L. et al. 2015, Panagoulia et al. etc.

What do black hole jets do to galaxies?



à Jets drive metals out of galaxies (ex. hundreds of kpc). 

à ALMA: Jets drive molecular gas outflows of 200-400 km/s (109-1010 M⊙) on 
galaxy scales (similar to quasar driven winds). 

MS0735+Cool,+metalJenriched+ouglow+

500+ks+Chandra+image+

VLA,++HST+
McN+09, 12!

RFe~300+kpc+

Pjet~+3x10
46+erg+sJ1+

Fe outflow 

Ejet+~+10
62+erg+

XJray+metal+map+

gas+here+
used+to+be+there+

200+kpc+

Powerful+thrust:+

Lifted/displaced mass ~ 1011 M   ~1000+Myr
J1+

See also Simionescu + 08, Kirkpatrick 09,11 

metals+made+here+

end up out here 

Z=0.3Z+

Z~Z+

Kirkpatrick et al. 2009, 2011; McNamara et al. 2009, 2012; Hlavacek-Larrondo et al. 2011., as well as the work by McNamara, 
Russell, Tremblay and collaborators. 

What do black hole jets do to galaxies?



à AGN feedback has been operating in clusters of galaxies for > 8 Gyrs, i.e. 
over half of the age of the Universe. 

Hlavacek-Larrondo et al. 2012, Hlavacek-Larrondo et al. 2015 and references therein.

When is jet-mode AGN feedback important? 
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MACS: 0.3 < z < 0.6 (Hlavacek-L.+2012)

SPT: 0.3 < z < 1.2 (Hlavacek-L.+2015)

Local sample z < 0.6



When is jet-mode AGN feedback important? 

C. Rhea (PhD student)

à Massive cluster of galaxies at z = 1.7 (universe 4 billion years old). 
à Cooling of hot X-ray halo is forming a starburst – feedback has failed! 

Starburst of 900 M ⊙/yr (!)

à WHITE: Spitzer MIPS 
contours

à RED: cold molecular gas 
(VLA CO 1-0)

à BLUE: COOL X-RAY GAS

Hlavacek-Larrondo, Rhea, et al. 2020 (ApJ Letter, see Chandra press release)



Black hole jets impact strongly the thermal gas/baryons 
in and around massive galaxies …. for the last 10 billion 

years. 

What else? 



Perseus cluster of galaxies; 
Credit: SDSS, CXC/IoA/ACFabian, NRAO/VLA/GBTaylor and MLGendron-M./JHlavacek-L.
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NEW JVLA Observations
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Gendron-Marsolais, JHL et al. 2018; Gendron-Marsolais, JHL, et al. 2020 M.-L. Gendron-M. (ESO fellow)

MINI-HALO (radio particles/Cosmic rays)



Black hole jets heat/energize the thermal gas/baryons in 
and around massive galaxies …

Do black hole jets also heat/energize the non-thermal 
gas/cosmic rays?



Black hole feedback and non-thermal gas

Richard-Laferrière, JHL et al. 2020

AGN feedback and mini-halos in clusters 15

Figure 6. Left: Mini-halo radio power at 1.4 GHz (P1.4 GHz) as a function of the X-ray cavity power, for the 29 mini-halos. The candidate
(blue dots) and uncertain (red dots) mini-halos are shown. The outlier, the anomalously powerful cavities for the mini-halo power, is
in the cluster A2204 and is shown in grey. The best-fit lines using the BCES-orthogonal (solid black) and the BCES-bisector (dashed
black) methods are displayed, as well as the 95% confidence regions of the best-fit relation for the BCES-orthogonal method (orange
region). Those ones exclude the cluster A2204, while the solid and dashed grey lines in addition to the grey region represent the same
thing but including A2204. The best-fit lines are done using every mini-halo, including the upper and lower limits and the candidate and
uncertain mini-halos. The magenta star represents PKS 0745-191, while the magenta diamond represents MACSJ1447.4+0827. Right:
Same but in the plane of the BCG steep radio power at 1 GHz (latter from Hogan et al. 2015a) and the X-ray cavity power, for the 29
mini-halos and the lower limit (arrow). The light grey data points are from the figure 13 in Hogan et al. (2015a) to compare clusters
hosting mini-halos to the general population of clusters.

presence of an additional, faint and di↵use component ex-
tending out to 160 kpc in radius, based on the 3�rms radio
contours. Removing the contribution of the central AGN
and jets, the di↵use component has a 1.4 GHz radio power
of P1.4 GHz = (2.6 ± 0.9) ⇥ 10

24 W Hz�1.

The structure appears to be elongated in the east-west
direction, similar to the X-ray morphology of the cluster. No
other deep radio observations are available on the source.
(I will change that as soon as we have the other

data). Therefore, we can only provide a rough estimate of
the spectral index of the mini-halo based on the 1 � 2 VLA
observations. Using the Taylor coe�cients images produced
by the clean task in CASA, which describe the frequency-
structure of the source, we find that the di↵use component
has a spectral index of ↵ = �1.2±1. This is typical of spectral
indexes for mini-halos, and is usually interpreted as aging of
the relativistic particles (e.g. Ferrari et al. 2008).

The radio emission from MACS J1447.4+0827 shows
similarities with the morphology of the peculiar radio emis-
sion in RBS797. Gitti et al. (2006) present multifrequencies
and multi-configurations observations of RBS797 where we
can clearly see radio emission on three di↵erent scales, just
as MACS J1447.4+0827 in Fig. 2. In both of these clus-
ters, we can see radio jets in kpc scale (middle-left panel of
Fig. 2 for MACS J1447.4+0827), which are perpendicular
to the extended structure classified as mini-halo on lower
resolution images (middle-right panel of Fig. 2 for MACS
J1447.4+0827). This was a very unusual discovery and Gitti

et al. (2006) suggest a scenario where the extended emission
represents buoyant bubbles of radio emitting plasma cre-
ated by past jets that expanded. This expansion displaced
the thermal gas that filled the X-ray cavities and created
the radio lobes we see. However, the two jets seen in the
high resolution images are linked to the present activity of
the AGN, which has restarted at a di↵erent angle. The fact
that we see this phenomenon now in two di↵erent clusters
points toward an even bigger link between the central AGN
and the di↵use emission classified as mini-halo.

Based on the study by Giacintucci et al. (2017), given
that MACS J1447.4+0827 is a massive and strong cool core
cluster, it is also not surprising to find a mini-halo in this
cluster. In addition, the mini-halo in MACS J1447.4+0827
falls directly onto the weak trend found between the mini-
halo radio power (P1.4 GHz) and cluster mass (M500), as well
as the well-known correlation between P1.4 GHz and cluster
X-ray luminosity (LX). It also follows the mild correlation
found between P1.4 GHz and X-ray cavity power shown in
the left panel of Fig. 6. The average radius of the mini-halo
is also similar to that seen in other clusters with mini-halos.
Overall, MACS J1447.4+0827 therefore appears to host a
classical mini-halo given the properties of the cluster.

5.2 Mini-halos and cluster scale properties

Even if the number of known mini-halos has more than
doubled in the last decade, there is still only ⇡ 30 clusters

MNRAS 000, 1–23 (2018)

0.016% probability of no correlation



àBlack hole jets impact strongly the thermal gas/baryons in 
and around massive galaxies for the last 10 Gyrs. 

àBlack hole jets deposit energetic particles/cosmic rays and 
magnetic fields in and around galaxies.

àBlack hole jets may also keep these particles relativistic for 
long time scales (>>108 yrs), thus impacting fundamental 
processes such as heating/star formation over longer time 
scales than initially thought.

Take Home Points:
AGN Feedback in Galaxy Clusters

JHL et al. 2012, 2015;
Gendron-Marsolais, JHL et al. 2018; Richard-Laferrière, JHL et al. 2020; JHL, Rhea et al. 2020



Credit: JHL/MLGM/MPL.
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