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Fig. 8. Three panels showing the cooling-flow model applied to the X-ray spectrum of the putative massive cooling-flow, Abell 1835. The top panel
shows the standard isobaric cooling flow model (see the previous figure). The middle panel shows the model (blue) and the data obtained from the
Reflection Grating Spectrometer on XMM-Newton (red). The model is clearly inconsistent with the X-ray spectrum, particularly in the prediction of
Fe XVII emission line blends at 15 and 17 Å. The bottom panel shows the cooling flow model compared with the data, except all emission coming
from temperatures below 2.7 keV is suppressed. The explanation for the success of this model is not known. Adapted from Peterson et al. [200]. The
spectrum is taken from a 5 by 20 arcmin region of the core.

The initial application of the standard cooling flow model to a high resolution X-ray spectrum is shown in Fig. 8
[200]. The top panel shows the spectral prediction between 5 and 35 Å. Emission lines are expected from Fe L ions in
roughly equal strength between 10 and 18. Particularly prominent are emission lines from Fe XVII and 15 and 17 Å.
These emission lines are produced primarily from plasma between 300 and 700 eV and represent the last major emitting
ion before a cooling plasma would cool to sub-X-ray temperatures.

High resolution spectroscopic evidence for lack of cool gas has been documented in a number of clusters [200,237,149,
218,238]. Characteristically, gas appears to be missing at near a third of the maximum temperature. This phenomena
has also been documented in elliptical galaxies. Xu et al. [267] found that Fe XVII and Fe XVIII were present in the
nearby elliptical galaxy, NGC 4636. O VII, however, was not detected and has not been detected in any galaxy, group,
or cluster core.
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CCA has been corroborated by several independent observational and theoretical/simulation studies: e.g., Voit & Donahue 2015, Voit 
2015a,b,c; Li & Bryan 2014, 2015; Wong+2014; Russell+2015; Valentini & Brighenti 2015; Yang+2015; Meece+2016; Tremblay+2016; etc.   
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FIG. 4: Deep � 500 ks Chandra X-ray image (blue) and Very Large Array 330 MHz radio image (red) superposed
with the Hubble Space Telescope visual image of the galaxy cluster MS 0735+7421. The giant X-ray cavities, filled
with radio emission, are surrounded by a cocoon shock clearly visible in the Chandra image as an elliptical edge. The
box is roughly 800 kpc by 800 kpc.

F. Weak Shocks and Giant Cavities

In addition to the cavity enthalpy, shocks driven by the AGN outburst may contain a large fraction of
the energy released, thus working to heat the ICM. Such shocks have been long predicted by numerical
simulations [32, 95, 114] but are di⇥cult to detect since they are relatively weak (with Mach numbers
⇥ 1 � 2) and are seen in projection against the cooler, brighter gas in cluster cores. We also note that to
establish these surface brightness discontinuities as shocks one must measure an increase in temperature in
the so-called “post-shock region”, as the ICM is heated by the passage of the shock . Usually the existing
images are too shallow to rule out, e.g., the possibility that these features are cold front edges, due to gas
sloshing [e.g., 137]. Besides a very few examples of strong shocks (e.g., Centaurus A, with Mach number ⇥8,
[56, 130]), only recently elliptical surface brightness edges, consistent with arising from weak shock fronts
driven by the cavities as they initially expanded, have become to emerge in deep Chandra exposures of bright
clusters and groups. Beautiful examples of cocoon shocks are visible in the Hydra A cluster [147, 164] and
in the NGC 5813 group [183], see left panels of Figure 1.
The recent discovery of giant cavities and associated large-scale shocks in three clusters (MS 0735+7421

[147], Hercules A [163], Hydra A [164]) has shown that AGN outbursts not only can a�ect the central regions,
but also have an impact on cluster-wide scales possibly a�ecting the global properties of the ICM and the
cluster scaling relations. In particular, the giant cavities discovered in the galaxy cluster MS 0735+7421

Figure 2.5: Deep Chandra X-ray image (blue) and VLA 330 MHz radio image (red),

superposed to the HST optical image of the galaxy cluster MS0735.6+7421 (from

McNamara et al. 2005); the box is large 800 kpc.

argument applies to the bubble rims, explaining why they do not usually appear
hotter than the surrounding medium). In conclusion, it is statistically difficult to
observe very young and thus strong shocks (or bubbles). The previous simple
calculation, even without including the PV work, demonstrates that AGN shocks are
an essential – even primary – ingredient of the feedback heating required to quench
cooling flows, as also pointed out by our theoretical computed models (Chapters
XX - XX).

Along with shock cocoons, in a few deeply observed systems (like Perseus;
Fabian et al. 2006) several disturbances are detected in the surface brightness,
interpreted as concentric sound waves (or very weak shocks). These sonic ripples
(Figure 2.6) have pressure amplitudes ⇤ 5 � 10%, with a period 107 yr. The
dissipation of the sound waves could generate in principle additional heating
in order to sustain the cooling flow (Ruszkowski et al. 2004b). However, the
dissipation process is poorly understood, because the amount of viscosity (and
associated conduction) is still unknown5, although its presence is suggested by the

5For example, the viscosity coefficient for an unmagnetised plasma is on the order of the Spitzer value:

µ ⌅ 1.8 ⇥ 103 (kT/5 keV)5/2 g cm�1 s�1 (Braginskii 1958).
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Fig. 1.— Exposure corrected, background subtracted 0.3–2 keV Chandra image of NGC 5813. The image has been smoothed with a 1.5��

radius Gaussian and point sources have been filled-in by randomly drawing from a Poisson distribution fit to a local background annular
region. The image shows two pairs of cavities, plus an outer cavity to the northeast, two sharp edges to the northwest and southeast, and
bright rims around the pair of inner cavities.
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FIG. 3.— ACIS-S3 unsharp masked image of NGC 5044 in the 0.3-2.0 keV
band.

Beyond the central cavities and filaments, there are two edges
toward the south-east and one toward the north-west (see Fig.
2). The spectral analysis presented below (see §6) shows that
all of these edges are cold fronts and not shocks (i.e., the gas
interior to the fronts is cooler than the surrounding gas). The
innermost cold front located 30 kpc toward the south-east was
noted by Gastaldello et al. (2008) based on the earlier Chandra
observation. Another cold front is also visible toward the south-
east in Fig 2 with more of a spiral pattern and extends approxi-
mately 50 kpc toward the south. A corresponding spiral shaped
cold front is also seen in Fig. 2 toward the north-west. This
spiral feature is more obvious in the surface brightness analy-
sis presented below. Cold fronts are commonly found near the
central dominant galaxy in clusters and may be due to merger
induced sloshing of the central galaxy (Markevitch & Vikhlinin
2007; Ascasibar & Markevitch 2006). However, the two-arm
spiral pattern in NGC 5044 is more similar to the AGN inflated
”hour glass” shape feature observed in NGC 4636 (Jones et al.
2002; O’Sullivan, Vrtilek & Kempner 2005; Baldi et al. 2009).
The origin of the cold fronts in NGC 5044 will be discussed
in more detail below. The full complexity of the X-ray mor-
phology of NGC 5044 is best revealed in the unsharp masked
image shown in Fig. 3. This image shows the full extent of the
X-ray cavities and the enhancements in the surface brightness
around the cavities. There are also several larger and weaker
depressions in the unsharp masked image beyond the cavities
identified in Fig. 3. It is obvious from Fig. 3 that the cavi-
ties occupy a significant fraction of the total volume within the
central 10 kpc.

3.2. Radio Morphology
NGC 5044 was recently observed by the Giant Metrewave

Radio Telescope (GMRT) at frequencies of 235, 325 and
610 MHz as part of a sample of groups (Giacintucci et al.
2009a). Previous higher frequency observations of NGC 5044
only detected a compact radio source with a flat spectral index
consistent with a core-dominated source (Sparks et al. 1984).
The GMRT observation at 610 MHz shows the presence of
extended emission toward the south-east with a total flux of
8.5 mJy (see Fig. 4).
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FIG. 4.— GMRT 610 MHz contours overlayed on the raw 0.3-2.0 keV ACIS
image. The beam size is 18⇥⇥ by 13⇥⇥ and the lowest radio contour is shown at
3! = 0.2mJy/b.

The two off-set peaks in the 610Mhz radio image visible in Fig.
4 suggest that the 610 MHz radio emission arises from within
a torus shaped region with the axis of the torus in the plane
of the sky. This figure also shows that the cool gas in the SE
filament appears to be threading the center of the torus. This
behavior is very similar to that seen in numerical simulations
of buoyantly rising AGN inflated bubbles which develop into
torus-like structures with cool gas from the center of the cluster
being dredged up in their wakes (Churazov et al. 2001; Gardini
2007; Revaz et al. 2008). This phenomenon is observed in the
eastern arm of M87 (Forman et al. 2007) and in the dredging up
of H " filaments behind AGN inflated bubbles in the Perseus
cluster (Hatch et al. 2006).
The radio emission at 235 MHz is much more extended than

the emission at 610 MHz and there is little overlap between the
two frequencies (see Fig. 5). The lack of any detected emission
at 610 MHz in the same region as the 235 MHz emission in-
dicates that the radio spectrum must be very steep with a spec-
tral index of " >

� 1.6. The absence of any 610 MHz emission
in the 235 MHz radio lobes implies that the radio spectrum
of the lobes must be fairly flat (" <

� 1.6). There are two sepa-
rate extended components in the 235 MHz observation. One of
the components originates at the center of NGC 5044, passes
through the southern cavity and then bends toward the west just
behind the SE cold front (see Fig. 6). The bending is probably
due to the streaming of gas behind the SE cold front. Beyond
the SE cold front, the radio emission sharply bends toward the
south, possibly due to the effects of buoyancy. While the cav-
ities in NGC 5044 have a nearly isotropic distribution, Fig. 6
shows that all of the extended radio emission lies to the south
and south-east. Fig 6. also shows that no radio emission is
detected in most of the X-ray cavities.
The GMRT observation at 235 MHz shows that there is a

second detached radio lobe toward the south-east (see Figs. 5
and 6). The north-western edge of the this radio lobe coincides
with the SE cold front, suggesting that the relativistic material
in the lobe was produced by an earlier radio outburst

Figure 2.2: Chandra ACIS-S3 unsharp masked image of the galaxy group NGC 5044 in the

0.3-2.0 keV band (from David et al. 2009).

hole mass of MBH ⇧ 109 M⇤ (e.g. Ferrarese & Merritt 2000; Gebhardt et al. 20002),
an amount of energy EBH ⇧ 0.1 MBHc2 ⇧ 2 ⇥ 1062 erg could in principle be injected
in the surrounding gas. This is a sizeable fraction of the whole energy radiated away
by the intracluster medium in a massive cluster lifetime and is significantly larger
than the binding energy of the interstellar medium in a typical elliptical galaxy
or group (Egal ⇧ Mgal �2, where Mgal and � are the galaxy mass and velocity
dispersion, respectively):

EBH

Egal
⇧ 2 ⇥ 10�4

� c
�

⇥2
⌅> 100 , (2.1)

using the common relation MBH ⇧ 2⇥10�3Mgal (Häring & Rix 2004), and assuming
� ⌅< 400 km s�1.

The most visible manifestation of AGN heating are certainly underdense bubbles
(e.g. Boehringer et al. 1993; Blanton et al. 2001; Finoguenov & Jones 2001; Jones
et al. 2002; Rafferty et al. 2006; McNamara & Nulsen 2007; Finoguenov et al.
2008; Rafferty et al. 2008), which rise buoyantly in the hot atmosphere, dissipating
their mechanical energy via weak shocks and turbulent wakes. The fairly common
presence of X-ray cavities with bright cold rims, often coincident with lobes of

2The current record is held by NGC 4889, with MBH ⌅ 2 ⇥ 1010 M⇤; McConnell et al. 2011.
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FIG. 1: Top Left: The green contours outlining the 330 MHz radio emission from Lane et al. [131] are overlaid onto
the 0.5–7.5 keV Chandra image of the galaxy cluster Hydra A (z=0.0538). The extended radio lobes fill a large-scale
system of X-ray cavities and are surrounded by a “cocoon” shock. See also §VF and §VH. Adapted from Nulsen
et al. [164]. Top Right: Very Large Array (VLA) radio contours overlaid onto the 0.5–7.0 Chandra image of the
galaxy cluster RBS 797 (z=0.35). The subarsec resolution radio image shows the details of the innermost 4.8 GHz
radio jets (blue contours), which clearly point in a north-south direction. Remarkably, these inner jets are almost
perpendicular to the axis of the 1.4 GHz emission observed at 1!! resolution (green contours), which is elongated in
the northeast-southwest direction filling the X-ray cavities. Adapted from Gitti et al. [105]. Bottom Left: 0.3–2 keV
Chandra image of the galaxy group NGC 5813 (z=0.0066) with 1.4 GHz VLA (blue) and 235 MHz Giant Metrewave
Radio Telescope (green) radio contours overlaid. The image shows two pairs of cavities, plus an outer cavity to the
northeast, two sharp edges to the northwest and southeast, and bright rims around the pair of inner cavities. Adapted
from Randall et al. [183]. Bottom Right: 235 MHz GMRT contours overlaid on the smoothed 0.5–2.0 keV Chandra
image of the compact group HCG 62 (z=0.0137). The radio source shows a disturbed morphology with inner lobes
clearly filling the well defined X-ray cavities, but with outer lobes having no associated X-ray cavities (see also §VD).
Adapted from Gitti et al. [109].

the other hand, simulations indicate that pV varies with time during the cavity evolution and may be an
inaccurate measure of the total energy released [140, 141]. Cavity power estimates within a factor of two
of the simulated values seem possible provided the inclination angle of the jets is known accurately [149].
Bearing this caveat in mind, when divided by the cavity age, tcav, the observational measurements give an
estimate of the so called “cavity power”, Pcav. Since shocks are very di!cult to detect and are currently
known only in a few systems (e.g., Hydra A [164], MS 0735+7421 [147], HCG 62 [109], NGC 5813 [183]),

AGN Feedback
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Figure 4. Evolution of the elliptical galaxy with circumgalactic gas and mechanical feedback e!ciency ! = 8!10!4. Left
column, from top to bottom panel: cooling rate as a function of time (red line; cf. CF model – black line); electron
number density and spectroscopic-like temperature at increasing times. The points in the last two panels represent
observational data of NGC 5044 (David et al. 1994; Buote et al. 2003). Right column: injected mechanical energy,
(single) outflow power and velocity as a function of time.

problem (e.g. linked to numerical di!usion and reso-
lution). We will attack this problem elsewhere, with
dedicated simulations. Nevertheless, the result is
qualitatively robust: o!-centre cooling exists, as in-
dicated by observations, and it can be triggered by
the AGN feedback process. This property, together
with all the previously consistent X-ray features,
strengthens the key role of mechanical AGN out-
flows in regulating the thermal and dynamical evo-
lution of elliptical galaxies.

5 DISCUSSION

1) Summarize results, compare outflows with clusters and
groups. 2 Feedback ok during the growth of the structure.
a) We do not know microphysics of accretion !! > indi-
rect results; however, feedback quench CF, reproduce pro-
files and several features. Successful for the CF problem, but
also corroborated from other di!erent unrelated angles.
b) far notare che siamo convergenti nel gruppo, CF e feed-
back (cambia un po’ e"cienza, ma non drasticamente); mi-

crofisica del duty cycle non molto rilevante per il CF problem
in senso lato.

2) Compare outflows with other proposed mechanisms
(such as radiative feedback [Ciotti& Ostriker], thermal feed-
back [Hernquist group; Cattaneo & Teyssier]. Emphasize
that cavity heating can originate from massive outflows too!
a) Need more resolution for strict comparison, however pre-
liminary tests show that... Compton Heating + Rad pres-
sure... isotropic not good; need very high densities+power
to induce feedback on kpc scales.

3) Galassie isolate, sono praticamente una manciata e
anche quelle hanno il CGG. Senza CGG il feedback appare
meno continuo (less fuel supply). CGG model is very good
e decisamente piu’ realistico.

4) Comparison simulazioni con osservazioni is not easy!
SBx/projection riduce tutte le microfeature del feedback
e rimangono solo gli e!etti piu’ powerful e vicini al core.
Persino il canale e’ spesso invisibile. Need for very deep ob-
servations in the few central kpc of ETG.

5) feedback cycle: jet, cavity, shock, ripples, turbu-
lence, path fragmentation, entrainment, (enrichment). a)
commento sul ”duty cycle”, frequenza

6) cold gas !! > more resolution, see more fila-

c" 2011 RAS, MNRAS 000, 1–18

• Quenched cooling: < 5-10% CF

• Cool core preserved 

• Mechanical efficiencies:                
~ 5x10-4  -  5x10-3                           
isolated galaxies --> clusters
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quenching the soft x-ray spectrum
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X-ray observations

2. non-isobaric cooling (γT  > 0): turbulence becomes transonic in the cooler phase => larger diffusion and variance

2 controlled 
experiments:

1. AGN outflows deposit relatively more heat in the inner cooler phase => inside-out heating mechanism
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ICM power spectrum 
probing turbulence & conduction

Khatri & Gaspari 2016 Chandra
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Mach ' 0.8

Kolmogorov cascade

FUTURE: Ms exposure is crucial to retrieve SBx fluctuations and thus constraining ICM physics

�⇢/⇢ ⇠ Mach1D [Gaspari & Churazov 2013; Gaspari et al. 2014]

Gaspari & Churazov 2013

from 3D hydro simulations:
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              FEEDING 
• chaotic cold accretion [CCA]

• nonlinear TI: multiphase condensation

• accretion rate boosted up to 100x

• multiphase rain, e.g., H! filaments

• tight symbiosis SMBH - whole galaxy

summary

              FEEDBACK 
• massive, subrelativistic AGN outflows

• suppress total cooling rate by 20x

• quench soft X-ray spectrum: alpha ~ 2

• preserve CC structure for several Gyr

• perturbations: ICM power spectrum

SELF-REGULATED LOOP

Pout = ✏ ṀBHc
2


