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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.

Quenching Cooling Flows

XMM-RGS
Peterson+2001,2003,2006

Ṁreal ∼ 1− 10% ṀCF
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Cool Core Survival

Allen+2001

1.4. Quenched Cooling Flows 9

Fig. 7. The average temperature in radial bins for a sample of relaxed clusters
of galaxies as measured with Chandra. The temperature and radius are scaled to
r2500. A typical cluster shows a clear decline in the average temperature at the
center, which is in agreement with many spectroscopic studies over the previous
two decades. Figure is adapted from (Allen et al. 2001c).

cally, 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.
(2002) found that Fe XVII and Fe XVIII was present in the nearby ellipti-
cal galaxy, NGC 4636. O VII, however, was not detected and has not been
detected in any galaxy, group, or cluster core.

A more detailed analysis of the nature of the cooling flow problem is found in
Peterson et al. (2003). A sample of 14 clusters were analyzed in a uniform way
to demonstrate that the cooling flow problem manifests itself at a fraction of
the maximum temperature in the center. In this sample it is shown that hot
clusters (5-10 keV) generally only show evidence of Fe XXIV-XXII emission
and no other Fe L charge states. Intermediate temperature clusters (2-5 keV)
show evidence for Fe XXIV-Fe XIX emission, but no Fe XVII and Fe XVIII.
The coolest clusters and groups (less than 2 keV) show evidence of the entire Fe
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Fig. 8.— Temperature profiles in the logarithmic and linear scales of r500. Temperatures are scaled by T2500. Despite the large scatter at
small radii, the temperature profiles outside of 0.2 r500 are generally similar. The thick solid line in the linear plot is the universal temperature
profile (also projected) derived from the simulations in Loken et al. (2002). We simply used T2500 to replace T0 in Loken et al. (2002). Good
agreement can be seen even though the normalization is not adjusted. The thick dashed line is a simple linear fit to the data (see §5).

Fig. 9.— Mean temperature profile of groups (black circles) and the 1-� scatter in dotted lines. The solid line is the best-fit from equ. 6.
The dashed line is the mean temperature profile of 1-3 keV systems from Borgani et al. (2004) simulations. The data points in red triangles
are the mean temperature profile from LM08 on 48 kT > 3.3 keV clusters at z = 0.1 - 0.3. Note the mean temperature TM defined in LM08
is computed by fitting the profile with a constant after excluding the central 0.1 r180 region. It should be smaller than T2500 as T2500 is
emission-weighted within r2500. Nevertheless, it is clear that the group temperature profiles are more peaky than those of clusters around the
center.

Figure 1.6: Azimuthally averaged temperature (in keV), normalised to r2500, for a sample

of galaxy clusters (left; from Allen et al. 2001) and groups (right; from Sun et al. 2009),

observed with Chandra.

1.4.3 Cooling Rates

The third systematic evidence of severely quenched cooling flows is the
aforementioned spectroscopic analysis, first carried out by Peterson and
collaborators (2001, 2003, 2006). If the gas cools from Tvir down to zero K, then
the isobaric multiphase cooling flow spectrum (see Fig. 1.4 and Eq. 1.5) would
show prominent iron L shell transitions between 10 and 17 Å, in particular Fe XVII
(15�17 Å) which traces the cold gas with temperatures between 3.5�8⇥106 K (just
at the boundary of the soft X-ray band). Other important cooling flow lines worth
mentioning are: Fe XXV tracing gas with T ⇤ 2 � 9 ⇥ 107 K, O VIII (T ⇤ 2 ⇥ 107

K), and O VI (T ⇤ 5 ⇥ 105 � 106 K, in the UV band).

The great resolution of the Reflection Grating Spectrometer (RGS) of XMM-
Newton telescope has provided striking data in the last decade, clearly confuting
the classic cooling flow model (Sec. 1.3). As shown in Figure 1.7, there is a strong
deficit of observed emission lines (blue curve) linked to cold gas, especially with
temperatures below 1/3 Tvir. The absence of cold gas at T < 1 keV was even
reported by lower resolution instruments (David et al. 2001; Molendi & Pizzolato
2001).

Based on all these observations (Peterson et al. 2001, 2003; Oegerle & Hill 2001;
Bregman et al. 2001, 2005, 2006; Xu et al. 2002; Tamura et al. 2003; excellent

M. Gaspari PhD Thesis

Sun+2009

Clusters Groups



• 3D gas dynamics: PPM (III order), max dx ~ 150 pc (range 104), ttot ~ 7-10 Gyr

• gravity: dark matter NFW halo + BCG galaxy + SMBH

• radiative cooling:

• SNe and stellar winds (heating + metal pollution)

• AGN feedback: mechanical outflows/jets (fiducial) or thermal blast (inconsistent)

• Self-regulation: black hole cold accretion (fiducial) or hot Bondi (inconsistent) 

3D amr large-scale 
simulations

KEY PHYSICS   -  FLASH

L = −neniΛ(T, Z)

see Gaspari+2011a,b, 2012a,b

Elliptical → M∗ ≈ 3× 1011 M"

Group → Mvir ≈ 4× 1013 M!

Cluster → Mvir ≈ 1× 1015 M!

1

2
ṁjetv

2
jet = Pjet = ε Ṁaccc

2  ! Ṁ
acc

⇠ Ṁ
cool



outflow 
feedback 

simulations
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Figure 4. Evolution of the elliptical galaxy with circumgalactic gas and mechanical feedback efficiency ε = 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 diffusion and reso-
lution). We will attack this problem elsewhere, with
dedicated simulations. Nevertheless, the result is
qualitatively robust: off-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 different unrelated angles.
b) far notare che siamo convergenti nel gruppo, CF e feed-
back (cambia un po’ efficienza, 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 effetti 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 

• Power: ~ 1043 - 1046 erg s-1        

Velocities:  ~ 104 km s-1                 

Mass outflow: ~ few Mʘ yr-1

• Mechanical efficiencies:                
~ 5x10-4  -  5x10-3                           
(isolated galaxies - clusters)

pure CF

AGN feedback

DENS

TEMP

INJECTED ENERGY

JET POWER

JET VEL.

group NGC 5044

Gaspari+2009, 2011a,b, 2012a,b
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Bubbles

N5813 FROM CHANDRA 15
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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.

NGC 5813  - Randall+2011

Gaspari+2011b



Shocks

22 Chapter 2. Feedback Heating
17

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).

M. Gaspari PhD Thesis

MS0735.6 cluster (McNamara+2005)

Gaspari+2012b



Metal Uplift

Hydra A  - Kirkpatrick+2009, 2011

Gaspari+2012a

Zw 1742+3306
Ettori+2013, submitted
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Figure 5. Maps of X-ray surface brightness (left) and projected spectroscopic-like temperature (right) for the best model with circum-
galactic gas (cgg-8em4), at five di�erent times (from top to bottom row): 0.5, 1.0, 2.0, 4.0, and 6.5 Gyr. See Section 4.1.1.

c� 2012 RAS, MNRAS 000, 1–21

�v ⇠ 200� 400 km s�1

driving Turbulence

Very similar range in observations, e.g.: 
de Plaa et al. 2012, Sanders & Fabian 2012

TXSBX

Gaspari+2012b
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cold gas: 
by-product 

&
fuel

ṀBH ⇠ Ṁcool



Residual Cold/Warm Gas

McDonald+2010,2011,2012
A 17954

A 0496

Sersic 159-03

Gaspari+2012a

Thermal Instability

SEE TALKS by Edge, McNamara, Werner



• ~10 million range: 50 kpc  --->  20 RS

• 3D gas dynamics: unsplit PPM (III order)

• gravity: dark matter halo (group) + BCG galaxy (NGC 5044) + SMBH (3x109 Mʘ)

• radiative cooling:

• turbulence: subsonic (100s km s-1 ) - transonic ---> spectral OU forcing

• heating (global thermal equilibrium): 

• Wide range of situations: AGN feedback, SNe, mergers, galaxy motions, ...

3D AMR small-scale 
simulations

L = −neniΛ(T, Z)

Gaspari, Ruszkowski & Oh 2013

(cf. McCourt+2012, Sharma+2012)

• future improvements: magnetic fields, cosmology, conduction

H ⇠ hLi



4. 

Chaotic Cold Accretion
(turbulence + cooling + heating)



pure hot mode (Bondi)

ṀBondi = 4⇡(GMBH)
2⇢1/c3s,1ṀBondi = 4⇡(GMBH)
2⇢1/c3s,1

DENS

TEMP - massw

ACC. RATE

TEMP - massw



turbulent hot mode
TEMP - massw

DENS

TEMP - massw

ACC. RATE



pure cold mode
TEMP - massw

TEMP - massw

ACC. RATE

DENS
(cold+hot)



chaotic cold accretion
TEMP - massw

DENS
(cold+hot)

tcool/tff

normalized ACC. RATE nonlinear TI => clouds

Thermal Instability



chaotic cold accretion

• Accretion driven by inelastic collisions: cloud-cloud and cloud-torus

• Angular momentum cancellation

• Extremely clumpy & turbulent torus (key for the AGN unification theory)

• Cold clouds may form the BLR/NLR or HVC & induce large variations in LAGN

• Deflection of jets/outflows & BH spin changes

DENS



5. 

Chaotic Cold Accretion
drives feedback:

ṀBH ⇠ 100 ṀBondi



cold       vs         hot
accretion

• tcool/tff ≲ 10 => condensation & TI  

                   chaotic cold accretion

• tturb/tcool ≲ 1 => turbulent heating

                             stifled hot accretion

ṀBH � ṀBondi ṀBH ⌧ ṀBondi

roughly flat TX profile cuspy TX profile



(chaotic)
cold feedback

ṀBH ⇠ Ṁcool

• Fast communication time between the gas and the black hole

• Tight symbiosis between the BH and the whole galaxy => Magorrian relation

• Substantial accretion rates + recurrent cycle => efficient feedback

• Simple yet powerful subgrid model for cosmological simulations, instead of 
boosting the Bondi rate by the ad-hoc factor:

MBH /Mgas  !MBH /M⇤

↵
boost

⇠ 50� 100



tcool/tff ≲ 10

TI: cold clouds 

chaotic collisions:

mechanical feedback

tcool/tff > 10 ; tcool/tturb > 1

L > H

L < H

chaotic
COLD mode

(flat TX profile)

stifled
HOT mode
(cuspy TX profile)

SELF-REGULATED AGN FEEDBACK

turbulence > 100 km/s 

ṀBH << ṀBondi

ṀBH ⇠ 100 ṀBondi ⇠ Ṁcool

gently quench the cooling flow

bubbles, shocks, metal uplift,    
additional turbulence

tight symbiosis BH - whole galaxy: 
(Magorrian relation)

clumpy torus & filaments (10 kpc)


