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Simulations

• max resolution: 150-500 pc (dynamical range 104)

• dark matter halo (NFW) + cD galaxy

• observed T(r) + hydrostatic equilibrium ⇒ n(r)
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KEY MODULES  [FLASH]

• radiative cooling:

• SNe and stellar winds (metals)

• self-regulated mechanical AGN outflows

L = !neni!(T, Z)

see Gaspari+2011a,b, 2012a,b for details
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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)

why mechanical?
ON LARGE SCALES (> kpc)

GRADUAL 
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Fig. 8. Top: [OIII]λ5007 emission line morphol-
ogy of MRC0316-257 at z = 3.13 with con-
tours showing the 1.4 GHz morphology. Bottom
left: velocity map. Color bar shows the rela-
tive velocities in km s−1, contours indicate the
1.4 GHz morphology. Bottom right: maps of
the line widths, color bars show the FWHM
in km s−1, contours indicate the 1.4 GHz mor-
phologies. North is up, east to the left in all
images.

Fig. 9. Top: [OIII]λ5007 emission line mor-
phology of MRC0406-244 at z = 2.42 with
contours showing the 1.4 GHz morphology.
Top right: [OIII]λ5007 emission line morphol-
ogy with contours showing the line-free rest-
frame optical continuum. Bottom left: velocity
map. Color bar shows the relative velocities in
km s−1, contours indicate the 1.4 GHz morphol-
ogy. Bottom right: maps of the line widths, color
bars show the FWHM in km s−1, contours in-
dicate the 1.4 GHz morphologies. North is up,
east to the left in all images.
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Fig. 10. Top: [OIII]λ5007 emission line mor-
phology of TXS0828+193 at z = 2.57 with
contours showing the 1.4 GHz morphology. Top
right: [OIII]λ5007 emission line morphology
with contours showing the line-free rest-frame
optical continuum. Bottom left: velocity map
of TXS0828+193. Color bar shows the rela-
tive velocities in km s−1, contours indicate the
1.4 GHz morphology. Bottom right: maps of
the line widths, color bars show the FWHM
in km s−1, contours indicate the 1.4 GHz mor-
phologies. North is up, east to the left in all im-
ages.

bubble. However, if we only use clouds with relatively smooth
internal velocity gradients, in particular the blue (northern)
bubbles of MRC0316-247 or of MRC0406-244, we find inter-
nal velocity gradients of ∼120−300 km s−1, corresponding to dy-
namical time scales of a few ×107 yrs, which is consistent with
the dynamical time scales estimated from the velocity gradients
along the radio jet axis.

5.5. Kinetic energies

In Sects. 5.2 and 5.3 of Nesvadba et al. (2006b), we applied
two methods to estimate the injection of kinetic energy into the
outflows:

(1) A strict, but presumably not very precise lower limit, based
on the observed ionized gas mass, the bulk motion, v, and
the turbulent motion, σ, i.e., E = 1/2m(v2 + σ2).
Velocities and line widths are taken from the kinematic maps
shown in Figs. 8 to 10 and thus represent the local values
for each spatial resolution element. We discarded the very
broad lines near the center of the galaxy, which we believe
are largely due to overlaps between the red and the blue bub-
ble. Within each bubble, line widths are larger than the ve-
locity changes, so that they give a fair representation of the
intrinsic line widths within the spatial resolution of our data.
Since we neglected the likely presence of other gas phases,
as well as uncertainties related to projection, this can only be
a conservative lower limit. We do not assume pressure equi-
librium, but that velocities are dominated by ram pressure.

(2) An energy estimate based on the assumption that the ion-
ized gas is being entrained and accelerated through adiabatic

inflation of a bubble of hot overpressurized material, which
follows, e.g., Dyson & Williams (1980), and which yields
Ė = 1.5 × 1046 r2

10v
3
1000n0.5 erg s−1. r10 indicates the size of

the emission line nebulae in units of 10 kpc, v1000 the veloc-
ity in units of 1000 km s−1, and n0.5 the ambient gas density
of the warm interstellar medium prior to being swept up by
the bubble in multiples of 0.5 cm−3. This approach is highly
idealized given the complexity of the turbulence and bulk
motion observed and expected from hydrodynamical simu-
lations of radio jets (e.g., Krause 2005; Saxton et al. 2005;
Gaibler et al. 2007; Sutherland & Bicknell 2007), but may
serve as a rough analytical surrogate to more detailed esti-
mates. We used the velocity maps shown in Figs. 8 to 10 to
estimate the total velocity offsets between bubbles, and set
the expansion velocity in each bubble to half the total value.
Values for individual galaxies are given in Table 6.

Although our estimates of velocities and line widths are precise
to 10−20%, each approach is based on a set of very simple as-
sumptions. While this is appropriate given the observational dif-
ficulties of high-redshift studies, it does introduce astrophysical
uncertainties that will make each estimate precise to factors of a
few only.

Applying method (1) to our present data set, we find en-
ergy injection rates of 3 × 1043 erg s−1 and 1.3 × 1044 erg s−1

for TXS0828+193 and MRC0406-244, respectively, for mass
estimates without extinction correction. This represents a very
conservative lower limit on the energy injection rate. If us-
ing extinction-corrected mass estimates instead, we find energy
injection rates of ∼2 × 1045 erg s−1 are required for both
galaxies with ionized mass estimates, MRC0406-244 and
TXS0828+193. (Individual values are given in Table 6.)

Figure 2.7: Velocity map of MRC0406-244 (left) and TSX0828+193 (right), retrieved from

[O III] lines (from Nesvadba et al. 2008).

2.4 Self-regulation

In order to prevent significant gas cooling, the feedback process must be activated
with a frequency not greatly different from 1/tcool, where tcool is the central cooling
time, often of the order of few × 108 yr for clusters (e.g., Sanderson et al.
2006; Mittal et al. 2009) and even lower for elliptical galaxies or groups (e.g.
tcool ∼ 1.5 × 107 yr for NGC 4636, see Baldi et al. 2009).

Moreover, the feedback heating must preserve the cool core appearance of
the majority of the clusters (Peres et al. 1998; Mittal et al. 2009). In fact, it
has been shown that concentrated heating while very efficient in stopping the
cooling process, often generates negative temperature gradients, contrary to the
observations (Brighenti & Mathews 2002, 2003; Mathews et al. 2006). Another
indication that AGN cannot deposit most of its energy in the very central region
is the common survival of galactic scale cool cores in cluster ellipticals (Sun et al.
2005, 2007); a spatially concentrated heating would easily erase these fragile low
temperature regions (Brighenti & Mathews 2002, 2003).

Motivated by these considerations, we investigate here the long term effect of
kinetic feedback on the ICM (see MN07 and Fabian 2010).

The key question we want to address in this work is the following: are outflows
from the central AGN able to prevent the ICM from cooling and at the same time
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Domain injection: jet size 
(entrainment)
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SELF-REGULATION

• Cold Feedback:

• Hot Feedback (Bondi):

• Inflow (nucleus):

Ṁacc = Ṁcold(core)

Ṁacc = 4!(GMBH)
2"0/c

3
s,0

Ṁacc = Ṁinf

NOT adiabatic!
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Cool Core Survival

Allen+2001
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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-σ 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
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no gas with T < Tvir/3

Clusters Groups
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Figure 5. Evolution of model A5 (! = 5 ! 10"2). The descriptions of the plots are the same as for Fig. 2.

Conversely, with a reduced jet velocity vjet = 2 ! 103 km s"1 (model
C1, also not shown here) the gas cooling cannot be halted and this
cluster resembles a pure cooling flow.

In summary, it is possible to find partially successful models
using feedback B or (especially) C, but it is difficult to justify the
large amount of outflow energy required or the extreme character of
a continuous jet, when we clearly see the signature of intermittent
jets and AGN feedback in the different generations of X-ray cavities
in many clusters (Fabian et al. 2000; McNamara & Nulsen 2007;
Wise et al. 2007).

3.3 Role of the jet size

Finally, we address how the results depend on the size of the jet
active region. We increased its length to #17 kpc (the width being
the same as before, 2.7 kpc) and calculated several models varying
the efficiency. We do not show figures for these runs, but only briefly
discuss their essential properties. Overall, we find that the results
are very similar to those described in the previous section. When

the efficiency is ! = 10"3 (A2L model), we find that the cooling
rate grows steadily with time, reaching Ṁcool # 80 M$ yr"1, t =
7 Gyr. The temperature and density profiles resemble those for run
A2, although they are slightly smoother for r ! 20 kpc, as expected,
given that the outflow shocks are generated at the tip of the source
region, located at z # 17 kpc. The run with ! = 5 ! 10"3 (A3L) has
excellent attributes, with very low Ṁcool ! 10 M$ yr"1 at any time,
and smooth profiles in very good agreement with those observed for
A 1795. Finally, we find that high efficiency ! = 10"2 still generates
an excellent model (A4L), with very little cooling and very good
density and temperature profiles, where a small temperature bump
at r # 30 kpc, as a result of the jet shock, is sometimes visible in
the mass-weighted, azimuthally averaged profile.

At the other extreme, we run a model (A3S) in which the jets are
generated by imposing a mass, momentum and kinetic energy flux
in a small region "x = "y = 2.7 kpc at the centre of the boundary
plane z = 0. Again, the outflows are triggered when the gas cools,
with a given efficiency. The velocity of the inflow is set by the
requirement that the kinetic energy injected in a given time-step is

C% 2010 Alma Mater Studiorum – Università di Bologna, Dip. di Astronomia. Journal compilation C% 2010 RAS, MNRAS 411, 349–372
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Figure 2. Evolution of model A1 (! = 5 ! 10"4). The description of the plots in the left column is the same as for Fig. 1. The right column shows, from top
to bottom, the temporal evolution of the total kinetic energy injected by the outflows, the instantaneous power of the outflows, the instantaneous velocity of the
outflows and the mass cooled in a single time-step, respectively. These quantities are calculated for the half-space z # 0.

activated frequently, because their relatively low mechanical power
cannot prevent the cooling for a long time.

The upper panel of the right column shows a plot of the cumula-
tive (mechanical) energy injected by the jets. At t = 7 Gyr, Ejet $
1.5 ! 1062 erg has been injected in the ICM (in the z # 0 space).
Jets become more frequent at late times because of the slow secular
decrease of the central cooling time, a result of the slight predomi-
nance of radiative losses over heating. At the end of the simulation,
$1.6 ! 1011 M% have cooled and dropped out of the hot phase.
Clearly, if all the cooled gas were accreted on the central black
hole, as we have assumed in our simple feedback scheme, the final
black hole mass would be far in excess of that of real black holes.
Of course, we could formally avoid the problem of the excessive
black hole mass by assuming that only a fraction of the cooled gas
actually accretes on it with a higher heating efficiency. For instance,
this model would be identical if we assume that only 1 per cent of
the cooled gas is accreted by the central black hole and the effi-

ciency is increased to 5 ! 10"2. This degeneracy means that our
model is too simple to allow a proper investigation of the black hole
growth.

The remaining panels display the power, velocity and mass
cooled (within 10 kpc) during every jet event. Typically, the gas
in an outflow is ejected with vjet & 104 km s"1 and power Pjet =
0.5Mactv

2
jet/"t & 1046–1047 erg s"1. "Mcold, shown in the bottom-

right panel of Fig. 2, is the mass cooled within 10 kpc during a given
time-step, and has typical values 108 to a few 108 M%. We note that
the Eddington luminosity, LEdd $ 1.5 ! 1038 (MBH/M %) $ 1.5 !
1047 erg s"1 for a 109 M% black hole, is close to the mechanical
power of a typical outflow.

In summary, model A1 (! = 5 ! 10"4) resembles a pure cooling
flow model, with a cooling rate still too large, and must therefore be
rejected. The next logical step is to increase the efficiency ! in order
to reduce the mass of the cooled gas and check if more powerful
outflows perturb the variable profiles in an acceptable way.

C' 2010 Alma Mater Studiorum – Università di Bologna, Dip. di Astronomia. Journal compilation C' 2010 RAS, MNRAS 411, 349–372

• Overcooling: > 50% CF

• Profiles similar to CF

Low efficiency (< 5x10-4)

• Cooling: ~ 0% CF

• Central overheating

High efficiency (> 5x10-2)

pure CF

AGN feedback

pure CF

AGN feedback

Gaspari+2011a, MNRAS

DENS

TEMP

COOLING RATE



Cluster
(best model)

• Quenched cooling: < 5% CF

• Cool core preserved (n and T)

• Sonic ripples (larger radii)

• Intermittent behaviour: cycle of ~ 
50-100 Myr

• Strong outbursts: > 1046 erg s-1   

Velocities: several 104 km s-1        

Mass outflow: 10-100 Mʘ yr-1

Intermediate efficiency 
(5x10-3 - 10-2)

AGN outflows: finding the riff of heating 355

3.1.2 Model A2, ! = 10!3

Model A2, with ! = 10!3, is not shown here and we limit ourselves
to a brief description of the results. It has good temperature profiles,
a peaked density profile and a cooling rate of "30 M# yr!1 at t =
7 Gyr, which is only marginally acceptable. The cooling rate for
t ! 2 Gyr, however, is <10 M# yr!1. Evidently, a low efficiency
feedback is able to suffocate the cooling flow for several Gyr. Only
at late times (t " 6 Gyr) does the cooling rate become too high.
This result emphasizes the importance of calculating a model for
many Gyr to check the long-term thermal evolution. With respect
to model A1, the jet events are more separated in time, especially at
early times, consistent with the low cooling rate at that epoch. The
total amount of the energy transferred to the ICM is similar to that
for model A1, an indication of the self-regulation of the feedback
process.

3.1.3 Model A3, ! = 5 $ 10!3

The increase of the efficiency to ! = 5 $ 10!3 generates a quite
successful model (A3), which we discuss at greater length (see also
Section 4 for an analysis of the flow dynamics). The cooling rate
(Fig. 3) is very low at any time (Ṁcool " 5 M# yr!1), a value fully
compatible with the current observations (Ṁcool ! 30 M# yr!1;
Peterson et al. 2003; Bregman et al. 2006).

The azimuthally averaged density and temperature profiles for
t % 1–2 Gyr are always in good agreement with those observed in A
1795. Both the ICM density and temperature vary with time, follow-
ing the outflow cycles as expected, but the cluster always keeps the
status of ‘cool core cluster’, even though gas is essentially not cool-
ing. The shock waves generated by the outflows (see Section 4) are
not strong enough to significantly heat the gas and perturb the global,
azimuthally averaged temperature positive gradient, although small

Figure 3. Evolution of model A3 (! = 5 $ 10!3). The descriptions of the plots are the same as for Fig. 2.

C& 2010 Alma Mater Studiorum – Università di Bologna, Dip. di Astronomia. Journal compilation C& 2010 RAS, MNRAS 411, 349–372
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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 (n and T)

• Gentle frequent injection:            
AGN cycle < 5-10 Myr

• Outbursts: < 5x1044 erg s-1   

Velocities:  1-3x104 km s-1               

Mass outflow: ~ few Mʘ yr-1

Best efficiency:
 

 5x10-4 - 10-3 || 10-4 - 5x10-4

pure CF

AGN feedback

Less bound objects => lower feedback regime compared to clusters
Deviation in the self-similar relations (L-T, K-T, ...)?

Gaspari+2011b, MNRAS
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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 difficult 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 affect the central regions,
but also have an impact on cluster-wide scales possibly affecting 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 unknown
5
, although its presence is suggested by the

5
For 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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far more complex
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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 ≈ 10
9 M⊙ (e.g. Ferrarese & Merritt 2000; Gebhardt et al. 2000

2
),

an amount of energy EBH ≈ 0.1 MBHc2 ≈ 2 × 10
62

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 σ2
, where Mgal and σ are the galaxy mass and velocity

dispersion, respectively):

EBH

Egal

≈ 2 × 10
−4

� c
σ

�2
∼> 100 , (2.1)

using the common relation MBH ≈ 2×10
−3Mgal (Häring & Rix 2004), and assuming

σ ∼< 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

2
The current record is held by NGC 4889, with MBH ∼ 2 × 10

10 M⊙; McConnell et al. 2011.
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NGC 5044 (David+2009)

HCG 62 (Gitti+2010)
RBS 797 

(Gitti+2011)

11

100 kpc 20 kpc

10 kpc

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]),

MS0735.6 cluster (McNamara+2005)
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Figure 8. A3 model: logarithm maps of electron number density (cm!3) in the x–z mid-plane (kpc unit), with velocity field superimposed. The colour scale is
given by the bar at the top, while arrows length normalization varies. Times are indicated at every top-right corner.

et al. 2006). The outer region around the z-axis is instead still
slowly flowing out. This moment marks a new phase in the cluster
lifecycle. The fall back of relatively dense gas preludes the next
cooling/feedback event, which occurs at t " 450 Myr. The feedback
cycle starts again in a qualitatively similar way.

Fig. 8(e) shows the density map at 465 Myr. A new cavity is
formed, at first of approximately spherical shape centred at z "
25 kpc, radius "20 kpc and high density contrast (50–80). The
almost spherical symmetry of the cavity is caused by the inflow
along the jet axis, whose ram pressure slows down the expansion
along that direction. The shock, already weak (Mach number "1.5)
is also nearly spherical, with radius "35 kpc. Note that, at this time,
the outflow has an energy of "8 # 1060 erg, while the cavity has
roughly "5 # 1059 erg (with the usual 2.5 PV). Thus, most of the
mechanical energy is not used to form the cavity.

Again, the temperature profile shows the signature of the young
AGN outburst with a strong peak for r ! 50 kpc, approximately the
location of the shock along the z-axis. A very weak ripple, a vestige
of the first jet event, is visible at r " 400 kpc.

At t = 500 Myr (Fig. 8f), the cavity shape is strongly affected
by the back flow and the density contrast lowers. The weak shock
(M " 1), slightly elongated in shape, is now located at a distance of
"100 kpc, much further away than the cavity. Within r " 100 kpc,
the cluster atmosphere is slowly moving outward (with a velocity
in the range 200–500 km s!1). As the motion is very subsonic, the
density profile changes very slowly. The outflow is decelerating and
in $100 Myr reverses its direction, approaching the dynamics of a
classical cooling flow. Thus, the ICM in the cluster core undergoes
cycles of slow contraction and expansion, following the rhythm of
the AGN activity.

The cylindrical outflow with average velocity vz " 300 km s!1

along the z-axis, a remnant of the previous AGN outburst, is still
present and extends beyond z = 200 kpc. At the same time, the in-
flowing gas in the lower part of the filament is effectively preventing
the cavity from expanding or rising buoyantly above z " 50 kpc.

Finally, in the bottom row of Fig. 8 we show a few snapshots
of the density distribution at late times. As the cycle of feedback
proceeds, the flow develops a more turbulent character. Fig. 8(g)
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Figure 6. Maps of four best models (kpc unit). Columns, from left to right: cuts through x-z mid-plane of electronic density (cm!3, in
logarithm) with velocity field superimposed; emission-weighted temperature maps (K, in logarithm); X-ray surface brightness maps (erg
s!1 cm!2); emission-weighted iron abundance maps (Z" unit). Rows, from top to bottom, are associated to di!erent models: Bc5em2
(5 Gyr), C1me3 (0.5 Gyr), Bi5em2 (7 Gyr), Bi1em1 (6.5 Gyr). The colour scale is given by each bar at the top.

ature (about 40%) coincident with the high X-ray emission
(at x = ±6 kpc).

In panel p is illustrated the (emission-weighted) iron
abundance map in the x ! z plane. The iron-rich core, few
kpc in size, is clearly visible. At z " 28 kpc there is a region
of Fe-rich gas, lifted by the outburst. The dense cavity rims
also have a slightly larger abundance than the ambient gas,
also revealing that the origin of a part of the rim material
is connected to the nucleus of the group.

The SBX inside the cavity (panel l) exhibits a depres-

sion of " 50 per cent with respect to the rims. Notice how
this feature (Fig. 7, black line) would be easily detectable in
the X-ray, compared to the vanishing faint channel, due to
its deep depression and large width. Moreover, the nucleus
(5-8 kpc) dominates the emission, while the upper part of
the bubble vanishes rapidly in the background (> 30 kpc).
The future of this bubble is to buoy outwards and being
destroyed, after few tens Myr, by the backflow and instabil-
ities.

The third row presents the snapshots of model Bi5em2
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Figure 3. Maps of X-ray surface brightness (left column) and projected spectroscopic-like temperature (right column) for model iso-3em4
at five different times (from top to bottom row): 3.75, 4.25, 5.75, 6.25 and 11.75 Gyr. See Section 3.4.1.
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Figure 5. Continued. For time 2.5 Gyr we present both the x-axis (top) and z-axis (bottom) projection of the SBX and Tsp map.
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Figure 6. Maps of total dropped cold gas (T � 2× 104 K; left) and emission-weighted iron abundance (right), both projected along the
x-axis, for model cgg-8em4 at different times; see Section 4.1.1.
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Figure 9. A3 model: maps of the logarithm of gas temperature (K). See Fig. 8 for other details.

Figure 10. A3 model: mass-weighted, azimuthally averaged temperature
profiles for the six times shown in the upper two rows of Fig. 9.

shows the density map at t = 3 Gyr. The cavity, generated at t !
2.91 Gyr, is distorted by the ascending back flow and by falling gas
in the filament along the z-axis. As a result, it acquires the shape
of an asymmetrical torus. As in the previous aftermaths of the jet
episodes, the ICM is flowing inward in most of the cluster volume,
and deviates outward along the z-direction when it reaches r !
20 kpc.

Fig. 8(h) illustrates the cluster during a quiescent period (t =
3.5 Gyr), just before a jet is triggered. The density distribution is
very smooth and the cluster appearance is that of a standard cooling
flow (see also the profiles in Fig. 3). A large, slightly overdense
region around the z-axis is falling toward the centre with a velocity
varying between 50 and 500 km s"1.

Finally, in Fig. 8(i) we show the density distribution at t = 6.5 Gyr,
again in an epoch long after an AGN outburst. Again, the density
is smooth in the core region, while it shows some variation for r !
50 kpc. In contrast, the velocity field is chaotic and very subsonic; it
promotes the mixing of the metals produced by the SNIa exploding
in the central galaxy (see Section 5.3). A few streams of moderately
overdense gas are falling from large radii r ! 100 kpc with velocity
!300 km s"1.
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Figure 14. Emission-weighted iron abundance maps (Z! unit) in the x–z mid-plane for model A3, at three different late times.

Figure 15. Mass profiles for model A3 (top panel) and BONDI2 (bottom
panel), calculated using the hydrostatic equilibrium equation at times sepa-
rated by 0.5 Gyr (model A3) and by 1 Gyr (model BONDI2), and the exact
mass profile (red-dashed line).

In run A3, the powerful outflows, although not able to sig-
nificantly perturb the thermal state of the cluster (which always
preserves the cool core appearance), are effective in disturbing
the quasi-hydrostatic equilibrium present in the pure cooling flow
model. This results in a typical error in the mass determination of
a factor 2–3. Most likely, the estimated mass is lower than the real
mass, and the discrepancy is larger in the region r ! 100 kpc, where
the feedback affects the ICM the most.

In model BONDI2, instead, the outflows are 3–4 orders of mag-
nitude less powerful and, despite the fact that they are continuously
generated, they seem innocuous for the dynamical state of the ICM,
and the hydrostatic equilibrium approximation is safe. The com-
puted mass profile agrees very well with the real mass profile, with a

slight discrepancy only visible for r ! 20 kpc, a region inadequately
resolved in our simulations. Of course, the weak, continuous jets
present in this run are incapable of generating cavities (see Sec-
tion 3.5), and hence it is likely that real clusters undergo at least a
few stronger AGN outbursts, after which the dynamics of the ICM
would be similar to that described for model A3.

In summary, we expect that for clusters where X-ray cavities
and/or shocks are present, the total mass estimated through the
assumption of hydrostatic equilibrium might be in error by a factor
of "1.5, and occasionally the error could be as large as a factor of
2–3. Conversely, with gentler continuous outflows generated by the
relative accretion rate predicted by Bondi theory, the estimated and
real masses are in excellent agreement, with errors always below
8 per cent (see also Guo & Mathews 2010).

6 D ISCUSSION

In this paper, we have presented several moderate resolution sim-
ulations of the interaction between AGN outflows and the ICM in
massive galaxy clusters. The purpose of these calculations was to
investigate if a purely mechanical AGN feedback of this type is able
to solve the so-called cooling flow problem: the dearth of cooling
gas in cool core clusters with short central cooling times.

The necessity of covering a large range of spatial (kpc up to
5 Mpc) and temporal scales (fraction of Myr up to 7 Gyr) limited
our resolution of the very inner accretion region. Hence, we had to
link the feedback to some large-scale mean quantity, such as !Mcold

or ṀBondi, with the obvious result of some discrepancies with ob-
servables (such as bubbles). In any case, gas accretion on to the
supermassive black hole and subsequent jet-outflow ignition is still
obscure, in particular the amount of ICM entrained and shocked.
Furthermore, we do not have a long-term (Gyr) evolution of theoret-
ical models for accretion, because of computational limitations. In
the end, our simplified scheme seems a good and efficient method
to test AGN feedback on galaxy cluster scales.

6.1 Comparison with other works

In the field of simulated AGN feedback, most of the work carried out
in the past (Brueggen & Kaiser 2002; Brighenti & Mathews 2003;
Dalla Vecchia et al. 2004; Ruszkowski et al. 2004; Brueggen et al.
2005; Sijacki et al. 2007; Mathews & Brighenti 2008a,b; Brueggen
& Scannapieco 2009; Mathews 2009) has focused on the creation of
‘artificial’ bubbles off-centre. This scenario is motivated by the fact
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Figure 6. Maps of four best models (kpc unit). Columns, from left to right: cuts through x-z mid-plane of electronic density (cm!3, in
logarithm) with velocity field superimposed; emission-weighted temperature maps (K, in logarithm); X-ray surface brightness maps (erg
s!1 cm!2); emission-weighted iron abundance maps (Z" unit). Rows, from top to bottom, are associated to di!erent models: Bc5em2
(5 Gyr), C1me3 (0.5 Gyr), Bi5em2 (7 Gyr), Bi1em1 (6.5 Gyr). The colour scale is given by each bar at the top.

ature (about 40%) coincident with the high X-ray emission
(at x = ±6 kpc).

In panel p is illustrated the (emission-weighted) iron
abundance map in the x ! z plane. The iron-rich core, few
kpc in size, is clearly visible. At z " 28 kpc there is a region
of Fe-rich gas, lifted by the outburst. The dense cavity rims
also have a slightly larger abundance than the ambient gas,
also revealing that the origin of a part of the rim material
is connected to the nucleus of the group.

The SBX inside the cavity (panel l) exhibits a depres-

sion of " 50 per cent with respect to the rims. Notice how
this feature (Fig. 7, black line) would be easily detectable in
the X-ray, compared to the vanishing faint channel, due to
its deep depression and large width. Moreover, the nucleus
(5-8 kpc) dominates the emission, while the upper part of
the bubble vanishes rapidly in the background (> 30 kpc).
The future of this bubble is to buoy outwards and being
destroyed, after few tens Myr, by the backflow and instabil-
ities.

The third row presents the snapshots of model Bi5em2

c! 2011 RAS, MNRAS 000, 1–21

velocity dispersion ~ 200 - 400 km s-1

DePlaa+2011 (NGC 5044 & 5813)vturb ! 200" 700 km/s

362 M. Gaspari et al.

Figure 8. A3 model: logarithm maps of electron number density (cm!3) in the x–z mid-plane (kpc unit), with velocity field superimposed. The colour scale is
given by the bar at the top, while arrows length normalization varies. Times are indicated at every top-right corner.

et al. 2006). The outer region around the z-axis is instead still
slowly flowing out. This moment marks a new phase in the cluster
lifecycle. The fall back of relatively dense gas preludes the next
cooling/feedback event, which occurs at t " 450 Myr. The feedback
cycle starts again in a qualitatively similar way.

Fig. 8(e) shows the density map at 465 Myr. A new cavity is
formed, at first of approximately spherical shape centred at z "
25 kpc, radius "20 kpc and high density contrast (50–80). The
almost spherical symmetry of the cavity is caused by the inflow
along the jet axis, whose ram pressure slows down the expansion
along that direction. The shock, already weak (Mach number "1.5)
is also nearly spherical, with radius "35 kpc. Note that, at this time,
the outflow has an energy of "8 # 1060 erg, while the cavity has
roughly "5 # 1059 erg (with the usual 2.5 PV). Thus, most of the
mechanical energy is not used to form the cavity.

Again, the temperature profile shows the signature of the young
AGN outburst with a strong peak for r ! 50 kpc, approximately the
location of the shock along the z-axis. A very weak ripple, a vestige
of the first jet event, is visible at r " 400 kpc.

At t = 500 Myr (Fig. 8f), the cavity shape is strongly affected
by the back flow and the density contrast lowers. The weak shock
(M " 1), slightly elongated in shape, is now located at a distance of
"100 kpc, much further away than the cavity. Within r " 100 kpc,
the cluster atmosphere is slowly moving outward (with a velocity
in the range 200–500 km s!1). As the motion is very subsonic, the
density profile changes very slowly. The outflow is decelerating and
in $100 Myr reverses its direction, approaching the dynamics of a
classical cooling flow. Thus, the ICM in the cluster core undergoes
cycles of slow contraction and expansion, following the rhythm of
the AGN activity.

The cylindrical outflow with average velocity vz " 300 km s!1

along the z-axis, a remnant of the previous AGN outburst, is still
present and extends beyond z = 200 kpc. At the same time, the in-
flowing gas in the lower part of the filament is effectively preventing
the cavity from expanding or rising buoyantly above z " 50 kpc.

Finally, in the bottom row of Fig. 8 we show a few snapshots
of the density distribution at late times. As the cycle of feedback
proceeds, the flow develops a more turbulent character. Fig. 8(g)
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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 different times (from top to bottom row): 0.5, 1.0, 2.0, 4.0, and 6.5 Gyr. See Section 4.1.1.
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Fig. 4.— Continued.

suggesting that modifications to the star formation law (i.e. altering the IMF), or alternative
physical mechanisms entirely, may be needed to explain the observed NUV/Hα ratios.

In Figure 6, we also show the NUV/Hα ratios for several different processes, including
continuous star formation (described by Kennicutt 1998). Using models from Starburst99
(Leitherer et al. 1999) we age a burst of star formation from 1–20 Myr in order to see the
evolution of the NUV and Hα flux. These models assume a metallicity of 0.4Z⊙ and a
Kroupa IMF (Kroupa 2001) with α = 3.3. The NUV/Hα ratio is quite sensitive to the IMF
assumed, but the overall trends remain the same. As the massive stars die off, the UV/Hα
ratio increases rapidly. This scenario is promising, since several clusters have NUV/Hα
ratios above the value predicted by Kennicutt et al. (1998) and there are very few physical
mechanisms that can produce such ratios. In this scenario, star formation took place in a
burst as gas crosses Rcool and the NUV/Hα ratio is a direct indicator of the time elapsed
since this burst. If this is indeed the reason for the high UV/Hα ratios, we would expect
higher resolution UV data to show age gradients along the length of any filaments. This
trend was not seen in Abell 1795 (McDonald & Veilleux 2009), although there was a slight
offset between the UV and Hα emission which made quantifying a gradient difficult. An
alternative explanation for the high NUV/Hα ratios is the dependence of this quantity as
a function of Hα surface density (Meurer et al. 2009). For star formation in regions with
low Hα surface brightness (i.e. UGCA44) the UV/Hα ratio is a factor of ∼5× higher than

Residual Cold/Warm Gas: Hα
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Fig. 4.— Continued.
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Fig. 4.—Multi-wavelength data for the 21 clusters in our sample with NUV (GALEX, XMM-
OM) and Hα (MMTF) data. From left to right the panels are: 1) MMTF red continuum
image, 2) Unsharp masked CXO X-ray image, 3) MMTF continuum-subtracted Hα image,
4) GALEX/XMM-OM NUV image. The horizontal scale bar in all panels represents 20 kpc.
The X-ray and red continuum images are on the same scale, and the Hα and NUV data are
on the same zoomed-in scale. The square region in the X-ray panels represents the field of
view for the zoomed-in Hα and NUV panels.

McDonald+2010,2011
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Fig. 3.— Diagnostics for the AGN feedback simulation with initial minimum tcool/tff = 7 and � = 6 × 10−3 (r7-6em3). First column:
cooling and accretion diagnostics; see the description of Figure 1 for details. Second column (from top panel): total injected mechanical
energy, outflow power and cumulative distribution function (‘duty cycle’) of the jet powers (100% corresponds to 5 Gyr); only for one of the
jets. Third column: radial profiles; see the description of Figure 1 for details. Fourth column: radial profile of tcool/tff and the temporal
evolution of its minimum (gas with T > 0.3 keV). Note that the cooling rate is reduced to ∼ 4% of the pure CF value and that a steady
average equilibrium is maintained for several Gyr.
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Fig. 4.— Maps for the same simulation as in Fig. 3 (r7-6em3). See the description of Figure 2 for details. The maps correspond to the
time of 1.51 Gyr since the beginning of the simulation. The salient feature is the amplification of thermal instabilities, due to the AGN
perturbations, with cold blobs condensing out of the hot phase (tcool/tff � 10) up to 10 kpc away from the center.

are Pjet ∼ 3 − 4 × 1044 erg s−1 and Ṁjet ∼ 0.5 − 1 M⊙
yr−1. The cumulative distribution function (CDF3 ; last
panel) of the jet power suggests that the feedback is char-
acterized by a ‘duty cycle’. For example, assuming that
the AGN is considered ‘active’ only when the mechan-
ical power exceeds 1044 erg s−1, the duty cycle would

3 CDF(> X) represents the probability that the independent
variable x is greater than value X; 100% value corresponds to 5
Gyr (ttot).

be about 70% (i.e., AGN active 70% of the time). This
quantity may be poorly defined because of its sensitivity
to the chosen threshold. In particular, deeper observa-
tions may reveal more signs of AGN activity, leading to
higher duty cycles. Current observational estimates (e.g.,
Dunn et al. 2006) place AGN duty cycle at a level � 70%.
The radial profiles (Figure 3, third column) of the emis-

sion weighted temperature, electron number density, and
entropy reveal the presence of the feedback heating in
two ways. First, the density inside 70 kpc is similar to
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Fig. 5.— Same as Figure 3 but for AGN feedback efficiency � = 10−2 (r7-1em2). Raising the efficiency produces stronger and more
massive outflows, which have more difficulty in stopping the cooling flow, because they tend to release their energy at larger radii. Values
are still consistent with observations.
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Fig. 6.— Same as Figure 4 but for AGN feedback efficiency � = 10−2 (r7-1em2). The time of the maps is 0.61 Gyr. Notice that
concentrated cooling, in the form of a rotating cold torus, is favored over extended cold gas (tcool/tff is usually > 10).

change. Since the data is very limited, we keep the model

very simple and change jet orientation whenever the ac-

creted mass reaches a threshold of 10
7
M⊙. For typical

mass accretion rate of order ∼ 1 M⊙ yr
−1

, this corre-

sponds to a reorientation timescale of ∼ 10 Myr (e.g.,

Dunn et al. 2006).

In the first simulation with jet wobbling, we assumed

that the probability of jet pointing in a given direction is

given by a random uniform distribution over 4π steradi-

ans (the bipolar jets are always collinear). Initially, the

jet orientation changes at a slower rate, ∼ 100 Myr, be-

cause the accretion rate is relatively low. Thus, in this

early stage, the evolution is very similar to that for the

non-wobbling case with efficiency of � = 6× 10
−3

. How-

ever, the energy is better spatially distributed, and thus

the cooling rate is more quenched, reaching values � 10

M⊙ yr
−1

. As the accretion rate accelerates, and the jet

orientation starts to change on timescales of 10 Myr or

less, the deposition of energy becomes nearly isotropic.

A more uniform distribution of energy makes it more dif-

ficult to feed the black hole via the cold torus, which is

now strongly disturbed. Rather than being used to drill

a channel through the ICM, the AGN jet is no longer able

to efficiently deliver the energy to the ICM beyond r > 15

kpc. This enables the gas to cool rapidly at these radii,

which leads to the cooling catastrophe in about 1 Gyr.
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Fig. 3.— Diagnostics for the AGN feedback simulation with initial minimum tcool/tff = 7 and � = 6 × 10−3 (r7-6em3). First column:
cooling and accretion diagnostics; see the description of Figure 1 for details. Second column (from top panel): total injected mechanical
energy, outflow power and cumulative distribution function (‘duty cycle’) of the jet powers (100% corresponds to 5 Gyr); only for one of the
jets. Third column: radial profiles; see the description of Figure 1 for details. Fourth column: radial profile of tcool/tff and the temporal
evolution of its minimum (gas with T > 0.3 keV). Note that the cooling rate is reduced to ∼ 4% of the pure CF value and that a steady
average equilibrium is maintained for several Gyr.
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Fig. 4.— Maps for the same simulation as in Fig. 3 (r7-6em3). See the description of Figure 2 for details. The maps correspond to the
time of 1.51 Gyr since the beginning of the simulation. The salient feature is the amplification of thermal instabilities, due to the AGN
perturbations, with cold blobs condensing out of the hot phase (tcool/tff � 10) up to 10 kpc away from the center.

are Pjet ∼ 3 − 4 × 1044 erg s−1 and Ṁjet ∼ 0.5 − 1 M⊙
yr−1. The cumulative distribution function (CDF3 ; last
panel) of the jet power suggests that the feedback is char-
acterized by a ‘duty cycle’. For example, assuming that
the AGN is considered ‘active’ only when the mechan-
ical power exceeds 1044 erg s−1, the duty cycle would

3 CDF(> X) represents the probability that the independent
variable x is greater than value X; 100% value corresponds to 5
Gyr (ttot).

be about 70% (i.e., AGN active 70% of the time). This
quantity may be poorly defined because of its sensitivity
to the chosen threshold. In particular, deeper observa-
tions may reveal more signs of AGN activity, leading to
higher duty cycles. Current observational estimates (e.g.,
Dunn et al. 2006) place AGN duty cycle at a level � 70%.
The radial profiles (Figure 3, third column) of the emis-

sion weighted temperature, electron number density, and
entropy reveal the presence of the feedback heating in
two ways. First, the density inside 70 kpc is similar to
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Fig. 5.— Same as Figure 3 but for AGN feedback efficiency � = 10−2 (r7-1em2). Raising the efficiency produces stronger and more
massive outflows, which have more difficulty in stopping the cooling flow, because they tend to release their energy at larger radii. Values
are still consistent with observations.
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Fig. 6.— Same as Figure 4 but for AGN feedback efficiency � = 10−2 (r7-1em2). The time of the maps is 0.61 Gyr. Notice that
concentrated cooling, in the form of a rotating cold torus, is favored over extended cold gas (tcool/tff is usually > 10).

change. Since the data is very limited, we keep the model

very simple and change jet orientation whenever the ac-

creted mass reaches a threshold of 10
7
M⊙. For typical

mass accretion rate of order ∼ 1 M⊙ yr
−1

, this corre-

sponds to a reorientation timescale of ∼ 10 Myr (e.g.,

Dunn et al. 2006).

In the first simulation with jet wobbling, we assumed

that the probability of jet pointing in a given direction is

given by a random uniform distribution over 4π steradi-

ans (the bipolar jets are always collinear). Initially, the

jet orientation changes at a slower rate, ∼ 100 Myr, be-

cause the accretion rate is relatively low. Thus, in this

early stage, the evolution is very similar to that for the

non-wobbling case with efficiency of � = 6× 10
−3

. How-

ever, the energy is better spatially distributed, and thus

the cooling rate is more quenched, reaching values � 10

M⊙ yr
−1

. As the accretion rate accelerates, and the jet

orientation starts to change on timescales of 10 Myr or

less, the deposition of energy becomes nearly isotropic.

A more uniform distribution of energy makes it more dif-

ficult to feed the black hole via the cold torus, which is

now strongly disturbed. Rather than being used to drill

a channel through the ICM, the AGN jet is no longer able

to efficiently deliver the energy to the ICM beyond r > 15

kpc. This enables the gas to cool rapidly at these radii,

which leads to the cooling catastrophe in about 1 Gyr.
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Mechanical AGN Outflow Feedback

Key Results 

• 1) Solving the cooling flow problem for several Gyr:                                                                      
no overcooling    (5-10% of pure CF)                                                              
no overheating    (preserve cool core)

• 2) Valid on every scale (but working in different regimes): 

• 3) Reproducing typical observed AGN features:                                              
buoyant bubbles, cocoon shocks, sonic ripples, metals dredge-up, turbulence

• 4) Heating ≈ Cooling --> condensed cold gas via TI   (                    )                                  
Multiphase gas: by-product & fuel of feedback (cold accretion) 

! ! 5" 10!4
# 10!3 galaxy groups

! ! 10!4
" 5# 10!4 isolated ellipticals

! ! 5" 10!3
# 10!2 galaxy clusters

tcool/t!
!
< 10

(Self-similarity break?)

see Gaspari+2012b, MNRAS 


