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Abstract

Radiation, winds and jets from the active nucleus of a masgalaxy can interact with its interstellar
medium leading to ejection or heating of the gas. This camiteate star formation in the galaxy and stifle
accretion onto the black hole. Such Active Galactic NuclAGN) feedback can account for the observed
proportionality between central black hole and host gataggs. Direct observational evidence for the radiative
or quasar mode of feedback, which occurs when the AGN is wenjrlous, has been difficult to obtain but
is accumulating from a few exceptional objects. Feedbagiknfthe kinetic or radio mode, which uses the
mechanical energy of radio-emitting jets often seen whenAGN is operating at a lower level, is common
in massive elliptical galaxies. This mode is well observaedly through X-ray observations of the central
galaxies of cool core clusters in the form of bubbles in thesuorounding medium. The energy flow, which is
roughly continuous, heats the hot intracluster gas andcesdradiative cooling and subsequent star formation
by an order of magnitude. Feedback appears to maintain aliled) heating/cooling balance. Powerful,
jetted radio outbursts may represent a further mode of grfegdback which affect the cores of groups and
subclusters. New telescopes and instruments from the tacferay bands will come into operation over the
next few years and lead to a rapid expansion in observataatalon all modes of AGN feedback.
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1 Introduction

It has been realised over the past decade that the black tible eentre of a galaxy bulge is no mere ornament
but may play a major role in determining the final stellar mafshe bulge. The process by which this occurs is
known as AGN (Active Galactic Nucleus) feedback and it tgiase through an interaction between the energy
and radiation generated by accretion onto the massive blalek(the AGN) and the gas in the host galaxy. The
possibility arises where the intense flux of photons andgestproduced by the AGN sweeps the galaxy bulge
clean of interstellar gas, terminates star formation, analigh lack of fuel for accretion, terminates the AGN.

The ratio of the size of the black hole to its massive hosbgaisitiny and similar to a coin in comparison
to the Earth. The feedback process must therefore operat@adwndred to thousand millionfold range of scale
(i.e. 16 — 10°). The details of the feedback are complex and the obsenadtavidence is not always clear.

The overall picture in terms of energetics is fairly strafghward and at least two major modes have been
identified, differentiated by the nature of the energy outfiear the black hole. The first is tihadiative mode,
also known as the quasar or wind mode, which operates, oatgukin a typical bulge when the accreting black
hole was close to the Eddington limit. It is most concernetthwiushing cold gas about. The second mode is the
kinetic mode, also known as the radio jet, or maintenance mode. ¥pisally operates when the galaxy has a
hot halo (or is at the centre of a group or cluster of galaxis) the accreting black hole has powerful jets. At
the present epoch it tends to occur at a lower Eddingtonifraeind in more massive galaxies and involves hot
gas.

A further, ill-understood, mode may be associated with giadio sources, which range in size up to a few
Mpc. The energies in these sources are prodigious and agptba binding energy of the gas in groups and
subclusters.

It is easy to demonstrate that the growth of the central bitedé& by accretion can have a profound effect on
its host galaxy. If the velocity dispersion of the galaxyishen the binding energy of the galaxy bulge, which
is of massMygaj, iS Egal = Mgapz. The mass of the black hole is typically observed tdMag ~ 1.4 x 10*3Mga|
(Kormendy & Gebhardt 2001; Merritt & Ferrarese 2001; Hgr& Rix 2004). Assuming a radiative efficiency
for the accretion process of 10%, then the energy releasékebgrowth of the black hole is given gy =
0.1Mgnc?. ThereforeEgy/Ega~ 1.4 x 10-4(c/0)?. Most galaxies haver < 400kms?t, so Egy/Egal > 80.
The energy produced by the growth of the black hole theredgeeeds the binding energy by a large factor. If
even a small fraction of the energy can be transferred todbetgen an AGN can have a profound effect on the
evolution of its host galaxy.

Fortunately accretion energy does not significantly affeeistars already existing in the host galaxy, or there
would not be any galaxies as we know them. Neverthelessyvdigmal evidence is reviewed here that energy
and momentum from accretion onto the central black hole oaple strongly with the gas from which new stars
forms.

AGN feedback is a relatively young topic and a wide range gliarent and opinion has been expressed.
One opinion holds that AGN feedback locks the mass of thekbiete to that of its host galaxy bulge, and
determines the ultimate stellar mass of the bulge. Anotiparion has it as just one of many processes of
comparable importance in galaxy evolution; with the blackeh- galaxy bulge mass correlation merely being
a result of repeated mergers (e.g. Jahnke & Macci6 20119r€Tis little or no evidence at the present time for
AGN feedback operating in low mass galaxies where stelkifack is important, or that it significantly affects
galaxy disks, or pseudobulges.

The clearest observational evidence for AGN feedback isdanithe most massive galaxies known, Brightest
Cluster Galaxies (BCGs) in cool core clusters of galaxiegh®t energy input through kinetic feedback, many
BCGs would be yet more massive and appear as brilliant, gtartursts.

AGN feedback features in many theoretical, numerical amdi-s@alytic simulations of galaxy growth and
evolution (e.g. Kauffmann & Haehnelt 2000; Granato et al£a Matteo et al 2005; Springel, Di Matteo &
Hernquist 2005; Bower et al 2006; Croton et al 2006; Ciot&ale2010; Hopkins et al 2006, Scannapieco et al
2011). They are not reviewed here. The 9 orders of magnitughaysical scale means that all such simulations
include subgrid assumptions and approximations.

The review begins with a brief outline of the physics behimgl tadiative mode, then discusses the effects of
radiation pressure on dusty gas, followed by AGN winds, owtsland AGN evolution. The radiative mode is
the most likely AGN feedback explanation for the black holess— stellar velocity dispersion relatidvl ¢ o,
see Section 2), since it relies on the accretion being riadigtefficient and close to the Eddington limit. It was



probably most effective back at~ 2 — 3 when quasar activity peaked and galaxies were most gasiiabh
of the feedback action involves absorption of the quasaatiat, which obscures the AGN itself, so direct
observational evidence is patchy at the moment.

If feedback empties a massive galaxy of gas it will then refith at least stellar mass loss if isolated, or
with intracluster plasma if in a cluster or group. Keepingritpty, or at least keeping the gas hot so it does not
cool, appears to be the role of the kinetic mode, which isudised next. This mode gives the most dramatic
observational examples of AGN feedback in terms of bublsléksé cores of clusters.

Energy injection from powerful giant radio galaxies is teshlast. This may have a drastic impact on the
gas in groups and subclusters. Observational evidenceis lpawever, since much of the power in relativistic
electrons (but not protons) is lost in Compton scatteringhef Cosmic Microwave Background, the energy
density of which was much higher in the past.

The review finishes by considering whether the long term bielna of AGN, and the modes of accretion,
parallels the outbursts of Galactic, stellar mass, bindagkbholes which tend to be radiatively efficient and
windy at high luminosity, and radiatively inefficient andtge at low luminosity. Future observational prospects
for AGN feedback, which are very bright, are treated in a tudiog section.

2 The Radiative or Wind Mode

Silk & Rees (1998, see also Haehnelt, Natarajan & Rees 1998)qul out that a quasar at the Eddington limit
can prevent accretion into a galaxy at the maximum possiéeprovided that

M fo®or
BH ~ ATG2mye’

whereor is the Thomson cross section for electron scattering faisdthe fraction of the galaxy mass in gas .
The galaxy is assumed to be isothermal with radjis® that its mass lga = 20°r /G. The maximum collapse
rate,~ 2f03/G, is equivalent to the gas conterftylgal, collapsing on a freefall time,/ g, requiring a power of
~ fa®/G to balance it which is limited by the Eddington luminositygq = 4nGMgnumpc/or. The argument
is based on energy which is necessary but may not be sufficiejecting matter (the rocket equation, for
example, is based on momentum).

Momentum balance gives an expression (Fabian 1999, Fabitman & Crawford 2002, King 2003, 2005,
Murray, Quataert & Thompson 2005)
_ fo'or
= 7GPmy
which is about/o times larger and in striking agreement with the observediifeole mass vs stellar velocity
dispersonilgy — o) relation (e.g. Gultekin et al 2009) for a plausible gas srfaactionf ~ 0.1.

There are several ways to derive the above formula. A simpéei®to assume that the radiation pressure
from the Eddington-limited quas&iqq/c has swept the gas, of maSas= fMga, to the edge of the galaxy.
Balancing the outward radiation force with the inward one tlugravity gives

MgH
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from which the result follows. The cancellation of the reglin the formula means it applies within the galaxy.

The agreement that this simple formula gives with the okesivig, — o relation can be interpreted as (weak)
observational evidence for AGN feedback.




2.1 Radiation pressure on dust

The interaction cannot rely on radiation pressure on alastas in the standard Eddington-limit formula, since
if the quasar is locally at its Eddington limit then it mustfae below the Eddington limit when the mass of the
galaxy is included. Quasars appear to respect the Edditigiansee e.g. Kollmeier (2006) and Steinhardt &
Elvis (2010). (King 2003 does however invoke super-Eddinduminosities.) The interaction has to be much
stronger, either due to a wind generated close to the quasiahwhen flows through the galaxy pushing the
gas out, or to dust embedded in the gas, as expected for #vstaitar medium of a galaxy (Laor & Draine
1993, Scoville & Norman 1995, Murray, Quartaert & Thomps602). Dust grains embedded in the gas will be
partially charged in the energetic environment of a quagiaich binds them to the surrounding partially-ionized
gas.Leqqis reduced by a factor afy/ o7, wheregy is the equivalent dust cross section per proton, appr@yiat
weighted for the dust content of the gas and the spectrurreajuhsar.

We find thatoy/ o is about 1000 for a gas with a Galactic dust-to-gas ratio sggddo a typical quasar
spectrum (Fabian, Vasudevan & Gandhi 2008a), dropping @fé0low Eddington ratio objects. This means
that a quasar at the standard Eddington limit (for ionizes) gmat the effective Eddington limit (for dusty gas),
Lege Of @ surrounding object 1000 times more massive. Both AGN galexy are then at their respective
Eddington limits. Is this just a coincidence or the undergyieason whlga /Mgy ~ 10007

AGN show indications of an effective Eddington limit in thistibution of absorption column densitidd,,
as a function of Eddington ratid, = Lpo|/Leqgq found in several surveys (Raimundo et al 2010). There iska lac
of objects with column densitieBly, in the range 3 10?1 — 3 x 10%2cm~2 andA > 0.1. This is unlikely to be
an observational selection effect since such objects wioeil-ray bright. Any object found in that zone would
be of great interest as it could test radiative feedback @t dine gas should be outflowing.

Interstellar gas in an AGN host evolves such that any whidystinto a region wherki,,> 1 is pushed
outwarde. Gas which is introduced to a galaxy can remairlifigeboth the black hole and star formation,
provided bothL,, andLgqq remain below unity. Repitition of this process could driigy/Mga — 07/0q =
103,

If the repeated action of radiation pressure on dust is resipte for theMgy — o relation then it must cause
the bulge mass to bey/ ot times the black hole mass,

fotoy
Mool ™ TiG2m,
For a constant mass-to-light ratio, this corresponds té-irer—Jackson (1976) relation.
SinceMga = 2021 /G, then

r fUd
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Feedback should shape both the black hole and the galaxg botmay even lead to some aspects @d- r)
of the Fundamental Plane (Faber et al 1987; Djorgovski e©87L (It is curious that the above value for
"TZ ~10"8cms 2 is close to the fiducial acceleratiag in MOND theory (Sanders & McGaugh 2002).

Galaxies occur in dark matter haloes, which define the outeritational potential well. The total mass of
the halo can be an order of magnitude more than that of tHarspelrt of the galaxy. Silk & Nusser (2010) have
shown that AGN feedback may not be energetic enough to djgbeagas from the halo, as well as the galaxy,
if the gas moves at the (local) escape velocity.

In the speculative process described above, where cyckGHNfactivity push the gas out of the galaxy, then
the gas may end up trapped in the halo. It is plausible howteatthe squeezing of the gas during the ejection
process triggers star formation, leading to shells of siarsver larger (bound) radial orbits as the galaxy grows.
This inside-out growth pattern superficially matches obeons of the development of the radii of early-type
galaxies since ~ 2 (Van Dokkum et al 2010) just after quasar activity had pdake

2.1.1 Optical depth effects and anisotropy

The above discussion assumes that the infrared radiattmtuped by the absorption of quasar radiation by dust
is not heavily trapped. If it is then the net radiation preess increased proportional to the optical depth, and
the relationships become more complicated.



The bulk of quasar radiation originates from an accreti@e dnd has a bipolar radiation pattern. This both
allows accretion to proceed along the disc plane, fuellethbygers, cold flows, or just secular evolution of the
galaxy, while at the same time pushing matter out strongip@the disc axis. Gas in the body of the galaxy at
100 pc or more will be mostly swept up along that axis, the gaprad the equator preventing significant large-
scale trapping of the radiation. This means that galaxiewigg under strong radiation feedback as envisaged
above could appear elongated along the radiation axis.

2.2 AGN winds

If the main interaction is due to winds, not to radiation greg, then the wind needs to have a high column
densityN, high velocityv, high covering fractiorf, all at large radius. The kinetic luminosity of a wind is
Lw _fr (‘_’)3 N
Ledd 2rg\c/ N’
wherery is the gravitational radiu6éM /¢ andNy = o7 * = 1.5 x 10?4cm~2. For high wind powerly, ~ Led,
then ifv ~ 0.1c then values of > 1O3rg andN ~ Nr are needed. If the wind is pressure driven then it might be
expected that the gas is accelerated whéasehe local escape velocity so- (c/v)zrg.

To produceMgy 00 0% scaling the thrust of the wind needs to be proportional toitdington limit. This
seems plausible if the wind is dusty or the acceleration estduadiation pressure acting on resonance lines in
the gas. A problem with a high velocity dust-driven wind iattbust is unlikely to survive close to the black hole
where the escape velocity is high. It is not clear that wimdrgith is proportional to the Eddington limit if the
wind is accelerated magnetically by, say, the Blandforgri@d1982) mechanism.

The commonest way in which AGN winds are observed is by linegition of the quasar continuum by
intervening wind material. The X-ray warm absorbers cominaeen in Seyfert galaxies (Reynolds 1997,
Crenshaw, Kraemer & George 2003) flowing~atl000 km s are insufficient, by a large factor (Blustin et al
2005). Faster winds are required, such as those seen in Udh@ttions of BAL quasars (e.g. Ganguly et al
2007; Weymann et al 1991) and in X-ray observations of sombl £&g. Pounds et al 2003; Reeves et al 2009;
Tombesi et al 2010, Fig. 1), with velocities of tens of thawdsof kms?®. Establishing that the kinetic power
of the wind is sufficient has proven difficult: if the eviderafghe wind is from blueshifted absorption lines then
obtaining the covering fraction and radius of the wind regglindirect arguments. Tombesi et al (2012) estimate
that the mass outflow rate exceeds 5% of the mass accreteoandithat the lower limit on the kinetic power of
the outflows in individual objects ranges from*#8— 10*6ergs.

Careful work on some quasars (Dunn et al 2010, Moe et al 2046z 8t al 2010) has established wind
powers at 5-10 per cent of the accretion power, which is sefffico eject gas from a galaxy. This is backed
up by a range of less direct estimates. An understandingeobvierall effect of powerful winds also requires
estimates of their longevity.

Generally, good evidence for AGN winds occurs in unobscé@dl, where the UV spectrum can be directly
seen. There is then little cold gas along our line of sighhimliost galaxy to be swept out, either because this
has already occured or there is little cold gas in the firstgl&Vhere significant cold gas is present in the galaxy,
the intrinsic AGN spectrum may be blocked from view and fesdbis inferred from the velocity field of any
outflow in the galaxy.

2.3 Galaxy outflows

Evidence of AGN feedback is clearly seen in some galactiiamss. Galactic winds and starburst superwinds
(Veilleux, Cecil & Bland-Hawthorn 2005; Heckman et al 20@&Yyickland & Heckman 2009; Weiner at al
2009) can range from tens to over a thousand Solar massee@ewith velocities of a few 100knm$ for

the cool components. Most of the lower velocity winds aresidered to be powered by stellar processes such
as supernovae. ldentifying the effects of AGN feedback itil@mus often relies on observing higher velocity
(e.g. > 500kms*) components and an outflow power exceeding that predicteahip\central starburst. The
details are not easy to discern, nor is there yet a simpledieiding line between star- and AGN-driven outflows.
500kmst is ~ 1 keV per particle and difficult to achieve with stellar preses in large masses of cold molecular
gas. There should of course be a powerful AGN at the centreeofalaxy. High accretion requires a high
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Figure 1: Left: Distribution of wind velocities inferreddm from X-ray absorption features in low redshift AGN
(Tombesi et al 2010). Right: Blueshifted X-ray absorptieattires in the most luminous low redshift quasar,
PDS 456 ar = (Reeves et al 2009). Note the 9 keV absorption feature iretstframe of the quasar, presumed to
be due to FeXXV (rest frame 6.7 keV) blueshifted by 0.3. Lavégutral gas velocity map in the quasar/merger
object Mrk231 (Rupke & Veilleux 2011).



fuelling rate which often leads to high obscuration of theM@he obscuration by the surrounding gas, makes
observations of the UV and soft X-ray bands where absorp¢iatures are most readily detected, more difficult.

An important object where both the AGN and outflow are seeheddw redshiftz = 0.04, quasar/merger
Mrk 231. Rupke & Veilleux (2011; Fig. 1) map a strong outflowitiwith a velocity of~ 1100kms? and an
outflow rate of 420 M yr—1, several times greater than the star formation rate. Thgoaupower is about one
per cent of the bolometric luminosity of the AGN (see alsor&glio et al 2010; Fischer et al 2010).

The optical/UV spectrum of Mrk231 shows that it is a low ication BAL (LoBal) quasar with strong ad-
ditional absorption (Smith et al 1995). A study of FeLoBALagars at B < z < 1.8 by Farrah et al (2012)
concludes that radiatively driven outflows from AGN act tetail obscured star formation (inferred from the IR
luminosity) in the host galaxies of reddened quasars tathess~ 25% of the total IR luminosity.

Sturm et al (2011) have used Herschel-PACS to observe theffared spectrum of the OH 78n feature in
several low redshift Ultra-Luminous Infrared Galaxies (BIGs). They find high velocities above 1000 knis
and mass outflow rates of up to 120QMr— in the AGN dominant ones. The gas depletion times range from
10°— 1B yr. Their result leaves little doubt that massive outflonesgenerated by AGN.

There are many recent reports of outflows from galaxies hg#GN. 1000 km s outflows have been seen
either side of an obscured quasarzat 0.123 (Greene, Zakamska & Smith 2011), in massive post-gtsirbu
galaxies az ~ 0.6 (Tremonti, Moustakas & Diamond-Stanic 2007), and coxedin8 kpc of an Ultra Luminous
Infrared Galaxy hosting an AGN at~ 2 (Alexander et al 2010). A region over a luminous quasar-at2.4
shows star formation suppressed, as inferred from deadd@emission, where the outflow velocity, deduced
from [OIl] emission, is highest (Cano-Diaz et al 2011). shipption features in the spectrum of a background
guasar shining through the halo 108 kpc out from=a2.4 quasar reveal extreme kinematics in metal-rich cold
gas (Prochaska & Hennawi 2009).

A spectacular example is the 1300 ki outflow in a redshift 6.4 quasar revealed by broad wings of@i
emission line (Maiolino et al 2012). The kinetic power in theflow is~ 2 x 10*®ergs ! and the 2< 101°M,,
molecular gas content of the host galaxy, inferred by CO miasien, is ejected inc 107 yr.

Strong outflows are also seen in radio galaxies at both loge (Blorganti et al 2007) and high redshifts
(Nesvadba et al 2008, 2011). The above results are a farathathat can be expected over the next few years
as instrumentation and techniques improve.

2.4 From the peak to the late evolution of AGN and quasars

An important discovery of the past decade was the cosmic diamg of AGN. The most luminous and massive
AGN were most numerous at redshifts of 2-2.5, the less-laasrpeaked at successively lower redshifts with
the least luminous peaking around redshift one. Downsinin§GN was first seen in X-ray surveys (Ueda
et al 2003, Hasinger, Miyaji & Schmidt 2005; Barger et al 2p@Here the nucleus stands out clearly above
the surrounding galaxy in even the low-luminosity objettater work in optical and other bands confirms this
picture. Downsizing is also see in radio AGN (Rigby et al 2011

The behaviour is the opposite of what is simply predicted mesarchical CDM universe, where the most
massive objects (clusters of galaxies) form last. It ingisahat something is quenching quasar behaviour and
the most widely accepted solution is that it is due to AGN fesak. In many models, massive galaxies merge to
generate a massive black hole surrounded by dense gas. §feega both star formation and an active nucleus
(e.g. Sanders et al 1988). The power of the AGN blows the gay éamving a red, dead elliptical galaxy (e.g.
Springel, Di Matteo & Hernquist 2005).

Studies of the colours of elliptical galaxies indicate thalaxies move on a colour—-magnitude diagram from
the blue cloud of star forming galaxies to the red cloud ofdde@es. Interestingly most of the hosts of AGN are
found in the “green valley” between these two extremes (Maed al 2007; Schawinski et al 2007). The rate
at which the galaxies have changed in colour can be deduseddost-starburst signatures in their spectra, and
appears to be a few 100 million years, significantly fastantivould be expected from passive evolution, where
stellar mass loss would accumulate and lead to late starafiom

The observational details of this are however uncertaimdall galaxy bulges (Wild, Heckman & Charlot
2010), with signs that the black hole fuelling may lag bettimel starburst (see Hopkins 2011 for a model). Bell
et al (2011) studying massive galaxies fror & z < 2.2 find quiescence to correlate poorly with stellar mass.
A common factor of a quiescent galaxy is that it has a bulgé) miesumably a central black hole consistent
with black hole feedback. A possibly important uncertaiotydistant AGN hosts is whether they are dusty or



not (e.g. Brammer et al 2009). Correcting for dust may rentaest AGN from the green valley altogether
(Cardamone et al 2010).

2.5 Mergers or secular evolution?

Many theoretical models for quasar evolution are based axgayalaxy mergers being the trigger for gas infall
onto a black hole. (This is a convenient assumption sincerteeger rate is predictable from the growth of
large-scale dark matter structure.) Although mergers mastr, the evidence for them triggering AGN is weak
at most redshifts. Searches for post-merger disruptiamasiges often give a null result when the host galaxies
of AGN are compared with a control sample of field galaxieg (&sternas et al 2011; Schawinski et al 2011).
Mergers are best seen as a trigger for distant SubMillin@#laxies (SMG, Tacconi et al 2008; Engel et al 2010;
Riechers et al 2011) and some local Seyferts (Koss et al 2@&@)lar processes may nevertheless dominate gas
inflow in massive bulges &~ 2 (Genzel et al 2009).

The evidence is building that between redshifts of 2 and threeat epoch, much of the evolution of AGN
is secular (Kocevski et al 2011, Orban de Xivry et al 2011 )tiker evidence for this emerges from a study of
the probability that a galaxy hosts an AGN. Aird et al (201aifthis to be a power-law in Eddington rate, and
largely independent of mass (see also Kauffmann & Heckm&9 26 a discussion of Eddington ratios at low
redshift and Alexander & Hickox 2011 for a review of black é&gjrowth).

Secular evolution has implications for the spin of blackdsolwhich are then likely to be high (Berti &
Volonteri 2007). Hints that most accretion takes place @mioning black holes, with consequent high radia-
tive efficiency,n, have emerged from application of Soltan’s (1982) argumnelating the energy density of
guasar/AGN radiation to the local mean mass density in mabéack holes.

&(1+2) = npguc?,

whereé’ is the energy density in radiation from accretiaiis the mean redshift at which the energy is radiated
and pgy is the mean smoothed-out density in black holes at the pregmth. The equation is independent
of cosmological model and reflects the fact that both theldfexte mass and energy radiated remain and scale
together apart from thél + z) redshift factor that must be applied to the radiation. Agatiion of this formula

to the X-ray background or quasar counts etc, usually yieldlae forn of 0.1 or more (Fabian & lwasawa
1999; Elvis, Risaliti & Zamorani 2002; Marconi et al 2004;iRando & Fabian 2009). This is higher than the
efficiency of a non-spinning black holg= 0.057 and consistent with moderate to high spin.

Mergers may still be the trigger for the quasar peak at rétdshii 2—3. Whether a merger is wet or dry (gas
rich or poor) can have a significant effect on the final mergedpct, as can how and whether the massive black
holes of the merging galaxies scours the final galaxy cor@bgformendy et al 2010).

The picture emerging from many observations of massivexggdand AGN is of radiative feedback being
an important process when the AGN/quasar was highly lunsiramd within about two orders of magnitude of
the Eddington limit. For massive galaxies, this highligthts redshift range of the quasar peak. We now shift
attention to low redshifts and the most massive galaxiebeaténtres of clusters and groups. They generally
do not host luminous AGN or quasars. They do host the mostimeasspermassive black holes, and are often
active radio sources. Feedback takes place here througimtitec mode involving jets acting on hot gas.

3 The Kinetic Mode

The more massive galaxies at the centres of groups and rduste often surrounded by gas with a radiative
cooling time short enough that a cooling flow should be takilage (Fabian 1994). The X-rays we see indicate
a large radiative loss and mass cooling rates of tens, hdadreeven thousands of Myr1:

- 2Lum
M=—-————
5 KT’
with a (factor roughly two) downward correction for gravitaal infall if the hot gas flows inward as a conse-

guence of coolingumis the mean mass per particle of the gas of temperdtanedL is the luminosity (mostly
emitted in the X-ray band).



Some relevant gas properties of a small sample of objectshangn in Fig. 2, ranging from the high lumi-
nosity cluster A 1835 through the X-ray brightest clustetha Sky, A 426 (the Perseus cluster), the low-mass
cluster A262 cluster to the Milky-Way mass elliptical gafaXGC 720. All the clusters show a large central
temperature drop within the inner 100 kpc and all objectswshoadiative cooling time dropping below 1Gyr
within the inner 10 kpc. An approximate mass cooling rateh@mabsence of an heat source, can be deduced by
dividing the gas mass within a chosen radius by the cooling &t that radius. If a cooling flow is operating, the
mass cooling rates need to be worked out cumulatively inetudravitational work done, which will increase
the rates by a factor of 1.5-2, depending on the details gitbfes.

The mass cooling rates are such that the clusters shouldjbdicantly growing their stellar mass now, if
radiative cooling is uninhibited and the cooled gas forrassstObservations do reveal some star formation taking
place, and A1835 may have the highest star formation ratddw aedshift BCG ¢ 125M., yr~1; Egami et al
2006), but it does not equal the uninhibited mass coolingwdtich is~ 1000 M., yr—1. Only if the initial mass
function (IMF) of the star formation process in these systéavoured low mass stars could there be sufficient
stars. The high pressure environmentin a cluster core,entherthermal pressure is about 1000 times that of the
interstellar medium of the Milky Way has been invoked as guiaxation for low mass stars, due to its effect on
the Jeans mass (Fabian et al 1982). Most observations ditfh@la wide variety of objects support a universal
IMF which does not have most of its mass in very low mass steng;h would be required here. Van Dokkum
& Conroy (2010) do however find an IMF rich in low-mass starsismall sample of nearby elliptical galaxies
(see also Cappellari et al 2012), so the case may not yet bpletaty closed for low-mass stars playing a role.

The centres of A 1835 and the Perseus cluster do containsixteneservoirs of dusty atomic and molecular
gas, the mass of which could be the end result of a significaiirg flow, except that it would not then be clear
where the dust and molecules formed. It is generally consitihnat dust cannot form spontaneously in diffuse
cooled gas, which is presumably required first in order to floem molecules. The X-ray rich environmentin
clusters does however mean that the tdute may be open for molecule formation in cold gas. Dush&tion
from cold molecular gas has been proposed in this situakabi@n, Johnstone & Daines 1994) but no detailed
calculation has been attempted. The situation may changehad significant amounts of dust and molecules
have been found in some very young supernova remnants, si8iN¥87A (Matsuura et al 2011) and the Crab
(Loh, Baldwin & Ferland et al 2011).

XMM-Newton Reflection Grating Spectrometer observatiorw/jaled crucial information against a simple
cooling flow model in that they failed to show the strong limepected from FeXVIl as the gas cooled below
0.7 keV (Peterson et al 2001; Tamura et al 2001). DetailedPigerson et al 2003) indicated that there was
much less gas below one third of the outer cluster gas teryserthan would be expected in a steady cooling
flow. Either something was heating the gas, or the gas washsmmneisappearing. As will be discussed below,
both of these options are probably involved.

The likely heat source is the AGN in the BCG at the centre oftth@ core. Almost all have an active radio
source (Burns 1990, Sun 2010). Heating by the central AGNsuggested early by Pedlar et al (1990), Baum
& O’Dea (1991), Tabor & Binney (1994) and Tucker & David (1991 ater work shows that the correlation
between radio power and cooling luminosity (a measure ofdteeat which gas cools within a fiducial cooling
radius wherégqo is 7 Gyr) is poor (Voigt & Fabian 2004) and the jets and thuskihetic power either has to be
highly sporadic or extremely radiatively inefficient (satel).

The general consensus now is that the massive black hole aetttre of the galaxy is feeding energy back
into its surroundings at a rate balancing the loss of endmpugh cooling (for reviews see Peterson & Fabian
2006, McNamara & Nulsen 2007, Cattaneo et al 2009).

Several steps in this feedback process are clearly seerraty dnd radio observations. Much of the action
is spatially resolved and the gas optically thin. The adeneiow onto the black hole generates powerful jets
which inflate bubbles of relativistic plasma either sideh& hucleus. The bubbles are buoyant in the intracluster
or intragroup medium, separating and rising as a new bubbhes (Churazov et al 2000; McNamara et al 2000).
A study of the brightest 55 clusters (Fig. 3; Dunn & Fabian &0P008) originally showed that over 70% of
those clusters where the cooling time is less than 3 Gyrefber needing heat, have bubbles; the remaining 30%
have a central radio source. This implies that the duty cgttbe bubbling is at least 70%. Updating that work
now indicates (Fig. 3) that the bubble fraction is/20 objects (the odd one out — the Ophiuchus cluster — is
undergoing a merger into the core). When projection effatconsidered, since bubbles along the line of sight
will be difficult to distinguish, the corresponding bublgifraction is> 95%. Note that objects cannot shift to
the left in this diagram on timescales less thag; they can shift to the right on a shorter timescale but thistmu
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Figure 2: Gas temperature (+), cumulative gas mass (joines),iMgad < r), radiative cooling time (X)tcool(r),

and mass cooling rate (M = Mgasd < I')/teool(r) ), Wherer is radius, for A 1835 (Schmidt et al 2001; McNamara
et al 2006), A426 (the Perseus cluster; Fabian et al 2006524 Blanton et al 2004; Sanders et al 2010a), and
Milky Way mass elliptical galaxy NGC 720 (Humphrey et al 2p1@omposite courtesy of J. Sanders. The
temperatures shown here are deprojected values and asaghegpbase gas. Spatial and further spectral studies
often show it to be multiphase near the centre.
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Figure 3: Histogram of cooling times in the B55 cluster sampipdated from Dunn & Fabian 2006). Black
indicates bubbles seen and grey that there is a central sadi@e. The plot has been updated using Chandra
cooling times and later imaging, which has revealed morélash The cooling time distribution is similar to
that reported by Mittal et al (2009) which uses an overlagpsoft X-ray selected, sample. The only source in
the first bin lacking bubbles is the Ophiuchus cluster, wiaippears to be undergoing a core merger (Million et
al 2010).

be rare or there would not be a peak at Iigyy. The jet bubbling process is not therefore very episodic, but is
more or |ess continuous.

The kinetic power in the jets can be estimated from the prodiithe volume of the bubbles (Fig. 4), and the
surrounding pressure (obtained from the density and temtyner of the thermal gas), divided by the buoyancy
time (which depends on the gravitational potential). Thegrois high and only weakly correlated with radio
power (the radiative efficiency of many jets is very low atvbetn 102 — 10-4). The power is usually in good
agreement with the energy loss by X-radiation from the shodling-time region (Fig. 5, McNamara & Nulsen
2007, Rafferty et al 2006, 2008). The overall energeticheffeedback process are therefore not an issue.

3.0.1 Bubbles

The bubbles, or cavities, commonly seen in deep Chandragswafgcool core clusters are blown and powered
by jets from the central black hole. A Fanaroff-Riley (19%4)e | radio source usually coincides neatly with the
cavity. The idea that a radio source could blow bubbles in@ dates back to a paper by Gull & Northover
(1973). The NorthWest outer bubble in the Perseus clustiedca “ghost” bubble because of a lack of high-
frequency radio synchrotron emission due to radio speatfaing, was seen in Einstein images (Branduardi-
Raymont et al 1981, Fabian et al 1981) but not recogniseddstzack then. The first clear image of bubbles
was made using the ROSAT HRI of the Perseus cluster core biarBmer et al (1993), followed by many
observations with Chandra after its launch in 1999.

As already mentioned, most cool cores in the X-ray brighdiesiters with central radiative cooling times less
than 3 Gyr, have clear bubbles seen by Chandra. Allowingrajeption effects, the real fraction is higher. The
innermost bubbles are usually fairly spherical and in thet-studied case (the Perseus cluster) are surrounded by
a thick high-pressure region fronted by a weak shock (FigTBg thermal energy within that region corresponds
to 3.7 times that of a surrounding region of similar volumethe bubble (Graham, Fabian & Sanders 2008),
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RBS 797 X NGC 5813

NGC 5044

Figure 4: Chandra X-ray images showing the dramatic intemaof the central AGN on the surrounding gas
over a range of scales. Top left: massive cluster RBS 79~a.354 (Cavagnolo et al 2011), nearby central
group ellipical galaxy NGC 5813 at= 0.006 (Randall et al 2011), Lower left: rich cluster A2052at 0.035
(Blanton et al 2011) and NGC 5044 groupzat 0.0093 (David et al 2011). Note that the bubbles in RBS 797
have volumes about 1000 times larger than those of the inmaples of NGC5813. Another larger pair of
bubbles occur in NGC 5813, making 3 pairs in all.
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radiative cooling time is less than 7 Gyr), courtesy of JuMdtek-Larrondo. The objects range from luminous
clusters, through groups, to elliptical galaxies.
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indicating that bubbles can transfer almoBW4 which is the internal energy expected from a relativistigdfl
(y=4/3). The mechanical power of a new bubble is often assumed 4¥¢tage Wheretageis the risetime of
the bubble (Churazov et al 2002).

Bubbles rise buoyantly in the surrounding hot atmospheraijrig into ghost bubbles as they become unde-
tectable in (high frequency) radio observations. Therdaréwer of these outer bubbles known, but they can
appear at substantial radii and are then larger than expébiehl, Fryer & Rafferty 2008: note the sequence
of bubbles in NGC 5813 shown in Fig. 4). This could be due tdr ttate of rise being a function of their size,
i.e. larger ones move slower catching up smaller faster,amadce versa (Fabian et al 2011). Observed bubbles
appear to be fairly stable to breakup, contrary to what is §s@@nany simulations. Air bubbles in water can be
quite large and stable. The action of blowing a bubble meaaisthe surface is never static with respect to its
surroundings so it is not Rayleigh-Taylor unstable. Thengindime of large scale Kelvin-Helmholtz instabilities
is similar to the flow time so this need not be a problem eitResvided that something like viscosity (Reynolds
et al 2005) or magnetic draping (Lyutikov 2006) can damp thalkest perturbations, then there is no immediate
reason for them to break up.

3.0.2 Energy flow and dissipation

Having enough energy available does not indicate how theggiflews and is dissipated. The coolest material is
found next to the heat source, which is not what would be egeaf a heat source in a room, say. The jets from
the central black hole are intrinsically anisotropic. Th#lubble axis is not apparent in temperature maps of
cluster cores, so heating is presumably much more isotrégidiscussed below, linewidths show that the level
of turbulence in the gas is relatively low (energy in turimde is less than 10 per cent of the thermal energy) and
steep abundance gradients show that there is no large gidémt, mixing taking place. The bubbling process
is relatively gentle and continuous, perhaps rather lika@pthg tap (or a fishtank aerator).

In the case of the Perseus cluster, which is the X-ray brgitehe Sky, Chandra imaging shows concentric
ripples which we interpret as sound waves generated by thansion of the central pressure peaks associated
with the repetitive blowing of bubbles (Fig. 5, Fabian et @03, 2006). The energy flux in the sound waves is
comparable to that required to offset cooling, showing thistis the likely way in which heat is distributed in
a quasi-spherical manner. Similar sound waves, or weakkshace also seen in several of the very brightest
clusters in the Sky, e.g., the Virgo (Fig. 8, Forman et al 2pC&ntaurus (Sanders et al 2008) and A2052 (Blanton
et al 2011) clusters and in simulations (Ruszkowski, Baig§ Begelman 2004; Sijacki & Springel 2006). The
amplitude of the ripples is less than 10 per cent, so theybgilvery difficult or impossible to see in less bright
clusters (Graham et al 2008b).

Weak shocks are poor at dissipating energy, so the heatitigeojas must depend on the gas viscosity.
The Spitzer—Braginsky viscosity for an ionized gas yieldissigation length on the order of 100 kpc, so in
the required range (Fabian et al 2005). The intraclusteigghewever magnetised (as inferred from Faraday
Rotation measurements, see e.g. Taylor et al 2007), in wdask the value of the viscosity is not clear (see
Kunz et al 2010; Parrish et al 2012; Choi & Stone 2012). It ipamant to realise that for transport purposes,
much of the relevant intracluster gas cannot be classifiegitlasr collisional or collisionless but is somewhere
in between.

3.0.3 Abundance Gradients

The inner parts of most cool cores show higher metal abured#irat the bulk of the intracluster gas. The
metallicity can reach 2 to 3 times Solar values at the peaks iBhconsidered to be due to pollution by stars
and supernovae of the BCG. The spatial breadth of the highdamce region is broader than expected from a
static atmospher, probably due to some turbulence and nsotiaused by the central AGN. The existence of
the peaks argues against these motions being too disruptivé the feedback having been too violent in the
past. Constraints on the level of turbulence have beenmatdrom comparison of the abundance peaks with
the underlying BCG light profile by Rebusco et al (2006) andiam et al (2007).

Rising bubbles appear to have dragged some of the lowengntretal-enriched gas outward in some cores
(Werner et al 2010, 2011; Simionescu et al 2009).
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Figure 6: Top: Chandra X-ray image of the Perseus cluster. d®ed—Green—Blue depicts soft to hard X-rays.
The blue features near the centre are due to absorption lnyfétieng high velocity system, a galaxy which must
lie at least 100 kpc closer to us in the cluster (otherwisetygorption would be filled in with cluster emission).
Note the clear inner and outer bubble pairs as well as the wkagk to the North East of the inner Northern
bubble. Lower Left: Pressure map derived from Chandra ingagi-ray spectroscopy of the Perseus cluster.
Note the thick high pressure regions containing almést df energy surrounding each inner bubble, whéiie

the volume of the radio-plasma filled interior (Fabian et@)@&). Lower Right: unsharp-masked image showing
the pressure ripples or sound waves.
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3.1 Heating/Cooling balance — Maintenance mode feedback

Let us now consider how close the apparent heating/cooliaignioe is and how it has been established and
maintained. The lack of high star formation rates suggéststooling does not exceed heating by ten per cent or
so. The presence of central abundance gradients and progebtemperature drops indicates that heating does
not generally exceed cooling by much either. This reprasamnglatively close balance which needs to continue
over tens to hundreds of bubbling cycles (each of a 10-50 Mgopdepending on power).

A simple 1D feedback cycle seems at first sight possible oifitaich gas starts to cool then the accretion rate
should increase making the heating rate go up and vice vel®aever the lengthscales involved range over a
factor of 1@ or more and the timescales involved over the whole cooling feegion are long, up to and beyond
a Gyr, and down to a Myr at the accretion radius. This mearisgéhdback would be delayed or at least that there
could be serious hysteresis. Angular momentum could epsglyent gas reaching anywhere near the black hole.
These issues have been discussed most recently by Piz&abatker (2010) and Narayan & Fabian (2011).

3.1.1 Bondi accretion

Bondi accretion (Bondi 1957) could be relevant here, sihadies on a point mass embedded in a static medium.
The gas accreting onto the central black hole passes attlgasigh about 5 orders of magnitude in radius
from where the gravitational field of the central mass begindominate gas motions, i.e. the Bondi radius,
to the centre. The flow itself originates further out. It ispiausible that angular momentum can be ignored.
One approach is to assume that the accretion flow is viscotisealvay so angular momentum is efficiently
transported outward at all radii. The whole inner regionatgfira few 100 kpc, from beyond the Bondi radius
to the innermost regions where the flow becomes supersonidd cesemble a giant Advection Dominated
Accretion Flow (ADAF) (Narayan & Fabian 2011). This doesesdt allow for easy passage of the gas without
it becoming choked by angular momentum.

An ADAF is radiatively inefficient since it transports (aats) the energy released in with the gas. Several
percent (Allen et al 2006) or more of the power in the accreflimv must be released into a (radiatively inefficient
jet) close to the black hole for this hypothesis to be viableere are indications from the observed behaviour of
Galactic black hole binaries (Section 4.2) that this carpleapalthough the details are poorly understood.

Good observations of the inner regions of the flow onto a madsack hole in a BCG are of M87 at the
centre of the Virgo cluster. The Bondi radius there is 10@42€ corresponding to 1-2 arcsec (Di Matteo et al
2003). There is no evidence for a radiatively-efficient ation disc extending in to the black hole. The nearside
jetis well seen and resolved down to very close to the blat (iids accelerated within 10g; Hada et al 2011).

Simple Bondi accretion appears not to work in some objeats.ekample, the Bondi radius of the nearby,
~ 10Mpc, ~ 10° M, black hole in NGC 3115 is at 5 arcsec so well resolved in X-rays by Chandra. The
nucleus X-ray luminosity ok 10%ergs? is < 10~/ times that predicted by Bondi accretion from the observed
surrounding hot halo (Wong et al 2010). Energy feedbackiwitine Bondi radius may be responsible.

Bondi accretion has sometimes been considered insuffi@epbwerful objects (Rafferty et al 2006; Hard-
castle, Evans & Croston 2007; McNamara, Rohanizadegan &eu2011). The issue is considered again in
Section 3.4.

3.1.2 Temperature structure

As mentioned earlier, studies with Chandra and XMM suggktttat the coolest X-ray detectable gas was at a
temperature one-third of the cluster virial temperaturtéFson et al 2003). However careful work on the best
data from the brightest objects shows that the temperatungerextends to a factor of at least ten (Fig. 7 left,
Sanders et al 2008). There is however less and less gas foloveea temperatures compared with say a steady
cooling flow (Fig. 7 right). Interpreted from a cooling flownspective, the gas with the shorter, and particularly
the shortest, cooling times appears to be missing.

X-ray images from Chandra and moderate resolution speatra the XMM-Newton Reflection Grating
Spectrometer (RGS) show X-ray cool gas ranging from 5 to 8\bik the nearby Centaurus cluster (Sanders et
al 2008). The coolest gas has a radiative cooling time of a@lyr, yet the spectra show no sign of any lower
gas temperature gas (where detectable OVII emission iscéeqhe In this object the heating/cooling balance
looks to hold to a few per cent. How the 0.5 keV gas is prevef@u cooling is not obvious. The X-ray
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Figure 7: Left: XMM-RGS spectrum of the centre of the neartgntaurus cluster showing strong FeXVII at
15and 17 A and OVIIl at 19 A lines but no OVII at 22 A (Sanders|e2@08). Right: Strength of soft X-ray
emission in the Centaurus cluster core, interpretated @sada mass cooling rate of the gas. Note that little gas
seems to cool below 0.5 keV (OVII is emitted by gas-af.3keV). There is no continuous radiative cooling
flow here, although some non-radiative cooling may occurdiyahd cold gas mixing.

images show that it is clumpy so the question arises as to hiswdrgetted for heating without its immediate
surroundings being overheated. A similar picture emengen everal other clusters with excellent data.

One solution is that the tight balance is only apparent. éfjts become too energetic then their intrinsic
anisotropy dominates and they can they push through theandoalling region (e.g. Cyg A or MS0735.6+7421;
McNamara et al 2009, Fig. 8), depositing their energy mucathér out. The problem here is that no low
power Cygnus A analogues (Fanaroff-Riley type Il edgetiidged sources) are seen in local BCGs. If cooling
dominates then it can feed the reservoir of cold gas seen iy migiects, as well as star formation. The BCG at
the centre of A1835 at= 0.25 is an extreme example with over125 M. yr-! of massive star formation. It is
within a factor of two of the highest star formation rate of gralaxy at low redshift (Arp 220 has a rate of about
200 M, yr1). (Without heating, the central intracluster gas in A183%uld be cooling at over 1000 Myr 1,
so a balance remains, but not a very tight one.)

3.2 Cool, Cold Gas and Star Formation

Many BCGs incool coreclusters (the ones with the short radiative cooling timasgeextensive optical emission-
line nebulosities (e.g. Crawford et al 1999). Indeed it ilytimose clusters with central cooling times below 2 Gyr
which have filamentary nebulosities (Hu et al 85, Heckmar £989, Cavagnolo et al 2010). The optical spec-
trum is predominantly of low ionization gas and is quite kalany Galactic PhotoDissociation Region (PDR)
such as the Orion Nebula (Ferland et al 2009). The emissioexi@nd for tens of kpc around the BCG — in the
famous case of NGC 1275 the largest diameter of the nebylmsieeds 80 kpc.

The bulk of the cold gas is molecular as shown by CO (Edge 288lbmé & Combes 2003) and ldmission
(Jaffe et al 2001; Edge et al 2002; Johnstone et al 2007). NZ3FE at the centre of the Perseus cluster is a
spectacular example (Fig. 9, Fabian et al 2008) with filasieanposed of about510° M, of H, (Salomé et
al 2006). Molecular emission is clearly resolved out to 26 &pd beyond (Hatch et al 2005), showing excellent
agreement between the atomic and warm molecular strudtimesf al 2012) as well as the cold CO structures
(Salome et al 2011). The mass of the molecular gas is compa@the mass of all other gas, hot and cold,
within the central 10 kpc. Star formation happens spordlgizathat galaxy with~ 20 M., yr—1 occurring over
the past 18yr in the South-Eastern blue loop (Canning et al 2010).

Dust is seen in many objects in the form of dust lanes and riedr&mission, with Spitzer observations
revealing high IR luminosities (Egami et al 2006, O’'Dea eR@08, Edge et al 2010, Fig. 5). The dust is
presumably injected by stars into the central cold gas vesgivoit & Donahue 2011).
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Figure 8: Left: The Arms and weak shocks produced by the fj@#3d (Forman et al 2007). Right: The gigantic

interaction of the radio lobes and intracluster gas of MS0G3McNamara et al 2009). The figure shows the
inner 700 kpc of the cluster, extending well beyond its caokc
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Figure 9: Left: HST image of the filaments around NGC 1275 m Berseus cluster (Fabian et al 2008). In-
dividual filaments are resolved at 70 pc wide; some are straight over 6 kpc lengths. Right: Massld H,

reservoir, inferred from CO observations, in a sample of coce BCGs compared with Spitzer IR luminosity
(adapted from O’Dea et al 2008).
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It is likely that many of the filaments have been dragged oomnfmear the centre of the cluster, within
the BCG (Hatch et al 2006). This is supported by the horseshaped filament in the Perseus cluster to the
NorthWest of the BCG, NGC 1275, lying behind an outer bubbiéctvis presumably rising buoyantly outward.
The smooth unruffled shape of the horseshoe resembles élaendilnes behind rising gas bubbles in water. This
implies that the intracluster medium has low turbulencenasé scales and thus that the viscosity is high (Fabian
et al 2003).

Much of the total IR and UV luminosity of BCGs in luminous camire clusters is due to vigorous star
formation in the BCG (C. O’Dea et al 2008; K. O’'Dea et al 2050gsumably fuelled by a residual cooling flow.
Some of the IR luminosity however could be due to the coolesayXemitting clumps, at 0.5-3 keV, mixing
in with the cold gas and thereby cooling non-radiativelyhjga et al 2002; Soker, Blanton & Sarazin 2004).
There is more than enough infrared emission in most objeasdtount for a significant mass cooling rate. The
outer filaments in NGC 1275, generally show no embedded ystang and are far from the central nucleus. The
optical spectrum of the filamentary gas here indicates lavization, with strong Balmer lines, [Oll], OI, NI,
[NII] and [S11], but weak [Ol11] yet high Ne[lll]. Photoiorzation modelling fails to reproduce this spectrum if O
stars are assumed. It requires a much hotter incident sipegtith a 150 thousand K blackbody spectrum being
suitable (Crawford & Fabian 1993). There is no such sourgghotons available, so it has been concluded that
the filaments cannot be excited by photons.

3.2.1 Heating of cold gas by energetic particles

An alternative which has been studied by Ferland et al (22089) is that cosmic rays are the source of ion-
ization and excitation. If they penetrate cold gas then twijde with that gas and leave trails of 30-40 eV
secondary particles which excite a spectrum resemblinglbiserved one. If the cold gas has denser molecular
phases then thegind CO emission is also accounted for. The required enenggitsien cosmic rays is high.
Similar secondary particles are however also produced dynitidence of keV patrticles, such as constitute the
surrounding hot gas.

This has lead to a variant of the cosmic-ray model in whichfilaenents are powered by interpenetration
of the hot gas (Fabian et al 2011). An interesting aspectisfitiodel is that the incident flux of energy onto a
filament in the Perseus cluster from the surrounding gascfegts only a few times higher than the total flux
emitted by the filament. This makes it energetically feasidhterpenetration does require that the magnetic
fields which must help support the filaments in the hot gasiéifedt al 2008) and give it integrity do not prevent
the particles entering the gas. Reconnection diffusioizgkian et al 2011) provides a mechanism by which this
can proceed.

Since particles are entering a filament, its mass is slowdgeimsing. The flux of particles is proportional to
the radation flux from the filament, which enables an estirtatee madel('/l ~ 70L42T7*1 Mo yr—t, wherels,
is the Hx luminosity in units of 162ergs ! andT; is the surrounding gas temperature in units of K The
filamentary system in the Perseus cluster may thus be grawis@— 100 M., yr—, which probably exceeds the
current star formation rate. The mass of the filaments daublabout a Gyr.

Particle heating and other models are now being tested owgderange of spectra and imaging of BCG
filaments, from the UV (Oonk et al 2011) including possiblel@vhission (Oegerle et al 2001; Bregman et al
2006), to optical (McDonald, Veilleux & Rupke 2011; Canniggal 2011, Edwards et al 2009), near infrared
(Oonk et al 2010), mid infrared (Spitzer: Johnstone et al72@onahue et al 2011) and far-infared (Spitzer:
Egami et al 2006; Herschel: Edge et al 2010; Mittal et al 20da)ds. CO spectra and detection of HCN are
reported by Salomé et al (2008) and CN, HCé&nd GH by Bayet et al (2011).

Interpenetration of the cold filaments by the surroundingdas represents another energy loss process for
that gas apart from X-radiation. A possible conclusion ftbia is that gas may be cooling from the hot phase of
the intracluster medium at a higher rate than deduced framy&pectroscopy alone (i.e. from radiative cooling
just in the X-ray band). This is due to some cooling of the mmat gas occurring non-radiatively by mixing
with the cold gas, with the energy emerging in the far infdaieUV bands. The cold gas then hangs around for
Gyrs as a slowly-accumulating reservoir of cold moleculsstatlouds, forming stars slowly and sporadically.

Molecular filaments, probably due to ram-pressure striggane also seen around some galaxies in the Coma
and Virgo clusters (e.g. Dasyra et al 2012). Studies of tfitmments should help our understanding of the
filaments around BCGs and vice versa.

19



3.2.2 Turbulence in cool cores

Direct measurements of the level of turbulence have beemdnach X-ray line widths using the XMM-Newton
RGS (Sanders et al 2010b). This is a slitless spectrometmhvitioks at a region about one arcmin across.
Some luminous cool core clusters above redshifts of 0.1appaintlike to this instrument, enabling the full
spectral resolution to be obtained. Several clusters dieguA1835 show a dozen narrow iron and OVII lines
from which velocity broadening of the X-ray coolest computsdn the hot gas can be measured, yielding values
less than 300kms. Turbulent energy density is then less than 10 per cent oftteemal energy density.
This is consistent with some simulations (Vazza et al 20D@pspite AGN activity pumping out T8ergs? of
mechanical power, the gas flows are modest.

Indirect measurements have also been made. A search fortulegzafrom hydrostatic equilibrium when
comparing X-ray and optically derived gravitational pdtels allows for little additional pressure from turbu-
lence (Churazov et al 2008). Evidence for resonant scagterfi FeXVII lines in the X-ray spectrum of several
elliptical galaxies (Werner et al 2009) limits turbulenoddss than 5 per cent of thermal values. The feedback is
surprisingly gentle.

3.3 The evolution of cool cores in clusters

No evolution in cool core properties is seen in clusters ewt-a 0.5 (Bauer et al 2005; Hlavacek-Larrondo
2012). Beyond that redshift however, Vikhlinin et al (20@3)nd no cool cores in the 400 square degree ROSAT
survey. Santos et al (2010) find some in other samples butrangstool cores (ie with short cooling times),
other than one @~ 1 (Santos et al 11). Can this mean rapid evolution?

The lack of observed strong cool cores may be a selectiontdfRussell et al 2012) and due to enhanced
AGN activity in the BCG. Generally the central AGN in BCGs igitg sub-EddingtonX ~ 10723 —1072). The
luminous low redshift quasar H1821+643zat 0.3 in the centre of a rich cluster is a counter-example (Russel
et al 2010). The surrounding gas is in the same state as atbécare BCGs, including a large mass of cold
molecular gas (Aravena et al 2011), indicating that a pawerfiasar and a cool core can co-exist. The black
holes in BCG atz ~ 1 may be more active than at low redshift. Distant cool coustelrs hosting central quasars
are therefore likely. If such an object is found in an X-rapv&y operating at low spatial resolution (e.g. ROSAT
at 20 arcsec), and identification is by optical spectrosaafphe brightest galaxy or object in the error box,
then the object will be optically identified with the quastore if broad lines are seen in the spectrum. The
underlying cluster could remain unnoticed if no subseqingtt spatial resolution X-ray (or optical/infrared)
deep observation is made of the quasar.

3C186 (Siemigiowska et al 2010) and PKS1229 (Russell et B2 Pére two examples where there appear to
be strong cool cores surrounding quasas-atl. Lower redshift examples are presented in Crawford & Fabia
(2003).

Until such potential selection effects are investigatethter it is difficult to speculate from observation about
the evolution of cool cores. There are of course many raalig-Hlquasars and radio galaxies surrounded by
extensive Lya nebulosities (McCarthy et al 1995, Stockton, Fu & Canali2d®).

Cool cores appear to be fairly robust to cluster mergers.e@bsions of some merging clusters show dis-
placed cool cores (A 168, Hallman & Markevitch 2004; A 214&n6ing et al 2012). Some simulations also
support survival (Poole et al 2006). The lack of a cool coréhim Coma cluster, for example, has long been
attributed to a merger (Fabian et al 1984). What may mattest isovhen the merger history of a cluster, with
early mergers being the most destructive of a cool core (Betal 2008).

3.4 The most luminous clusters

The most X-ray luminous cluster known, RXJ 1347-1145 witlolmetric X-ray luminosity of 16fergs?, isa
cool core cluster, as are many other highly luminous clsgeg. A1835, Zw 3146, RXCJ 1504.1-0248 and sev-
eral MACS clusters, Hlavacek-Larrondo et al 2012). The it power in these objects exceed$Higs !,

so is comparable to the output of a quasar, yet their nucéenat exceptionally bright. Much of the energy
flow is essentially invisible. These objects are remarkaatiiatively inefficient, in the accretion flow, the jet
acceleration process and the jets themselves. In ordeththatccretion flow can be so inefficient, they proba-
bly have to operate in the ADAF regime which requires the etomn rate to be less than about one per cent of
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the Eddington rate. This in turn implies that the centratklholes are ultra-massive, well exceeding®a .,
(Hlavacek-Larrondo et al 2011).

Since the Bondi accretion raMggngi Scales as the BH mass squared, such high masses may make Bondi
accretion feasible in even the most luminous objebtsengi also scales inversely as the temperature of the gas
at the Bondi radius to the power 2.5 (for a given pressurelosne lower temperature gas (e.g. at 0.5keV)
associated with a weak cooling flow below 1 keV can boost tteefrather.

As well as A1835 mentioned earlier, both RXCJ 1504.1-024@€@n et al 2010) and MACS 1931.8-2634
(Ehlert et al 2011) have 100200 M. yr-1 of star formation, as deduced from the copious excess tdjié i
seen. The behaviour of feedback in these luminous clugbpesaas similar to that in more typical clusters which
are one or two orders of magnitude less luminous, meanindtibgrocesses involved are robust. Without any
feedback, radiative cooling would lead to mass coolingsraféhousands of Myr—! in these objects.

3.5 Hot gas in groups and elliptical galaxies

Dropping in X-ray luminosity by 3—4 orders of magnitude frahe most luminous clusters are elliptical-
dominated groups of galaxies and about an order of magnidwd® are individual elliptical galaxies. Feedback
can be seen operating in many of them. Most X-ray luminousgsdave cool cores with short central radiative
cooling times & 1 Gyr) and low central entropy (Rasmussen & Ponman 2009; 8ain2©09). A full range of
bubbling behaviour is seen in these objects (see e.g. Fig. 4)

Nulsen (2007, 2009) study a sample of 104 elliptical gakwigh diffuse X-ray emission and find cavities
in 24. Most of the objects with cavities appear to have a hgattiwell in excess of their cooling luminosity
(Fig. 5). The authors suggest that the duty cycle of bubh$irtgen low, at around 25 per cent, which is a sharp
drop from the situation in clusters and groups. At face véhigindicates that the duty cycle of bubbling drops
with luminosity below the high value~{ 100%) in groups and clusters. Bubble merging, if it occumjld
explain the higher power inferred from this sample, but doatsexplain why no bubbling is detected at all in
some objects, although some of the selection effects mesdibelow may be relevant. Diehl & Statler (2008),
in a study of Chandra X-ray data of 54 elliptical galaxiepa that the gas is almost always assymmetrically
disturbed and that this correlates with X-ray and radio messsof AGN activity.

More work is needed to explore all that is happening here arfiirhly decide whether the activity scales
simply with host mass and luminosity, or not. Several s@actffects become important for the detection of
low power bubble activity in lower mass galaxies, includired bubble size: small bubbles will be hard to
resolve, even using the sub-arcsecond resolution of Chabjilow X-ray surface brightness: this can range
from many tens of counts per pixel in a long observation ofighircluster to just a few counts per pixel in a
typical observation of an elliptical galaxy, so distinduigy a 10—20 percent drop over a small number of pixels
is difficult, c) low mass X-ray binaries produce a mess of pepurces in elliptical galaxies which need to be
removed in order to distinguish the hot gas emission and al)gts temperature will be lower in lower mass
objects, shifting the bulk of the emission from hot gas toolethe Chandra window (effectively 0.5—-7 keV).
Finally, the increasing onset of line radiation makes thaliog function rise steeply from ¥@o 10° K, making
it difficult to stably heat and maintain a static atmospheriew 10 K.

As an example, consider the elliptical galaxy, NGC 720, fhiclk the temperature, gas mass and cooling
time profiles are shown in Fig. 2 (from Humphrey et al 20105hows no clear central activity beyond a weak
radio source. Bubble size scales roughI)A_@gjI and should be approximately 200 pc in radiusZ arcsec)
for NGC 720. The current Chandra data on this galaxy, whiaf isw surface brightness, cannot constrain the
presence of any bubbles of that size.

Kinetic AGN feedback may operate in any object with a hot edtl corona. Whether there is a lower cutoff
in galaxy mass to such a corona is not yet clear. Mulchaey &l (2010) find that elliptical field galaxies with
infrared luminosityLk < L. are mostly devoid of hot gas. Most extended soft X-ray emisseen from lower
mass galaxies and spiral galaxies has been attributed taetigdountain or outflow. Anderson & Bregman
(2011) state that “no hot halo has been detected around aydiaky out to a radius of more than a few kpc”
before reporting the detection of 40 kpc extended emiséerpreted as a hot halo, around the massive spiral
galaxy NGC 1961. Mass could be the important criterion here.

Recent detailed work using Hubble Space Telescope surfatemetry (Kormendy et al 2009) and integral-
field spectroscopy (SAURON; Davies 2011 and referencesitieis changing our picture of the internal struc-
ture of elliptical galaxies. X-ray emitting gas is commortlire massive, slowly rotating ellipticals with inner
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cores. AGN feedback acting in maintenance mode keeps mutttediot gas from cooling (Kormendy et al
2009). The situation for the less massive, normal ellifgioahich show excess light in the core and are rotating
and disky, is less clear, as is the origin of the structurédinces. The above selection effects may be relevant
here.

Many elliptical galaxies orbit in the cores of groups andstdus of galaxies where extensive gaseous haloes
have been ram-pressure stripped away. These objects donemkecentral X-ray nuclei with (88 < Ly <
10"ergs ! (Santra et al 2007, Gallo et al 2009). An interesting subktitase possess a minicorona, which is
a sharp-edged puddle of gas at the galaxy’s virial tempexdd ~ 1 keV) with a radius of 1-3 kpc (Vikhlinin
et al 2001; Sun et al 2007; Santra et al 2007). The minicorasggobably originates as stellar mass loss.

The Bondi accretion radius is resolved in Chandra X-ray iesagf some of the nearest objects, such as M87
(Di Matteo et al 2003), enabling the temperature and depsdfiles to be estimated and thus the accretion rate
determined. For other nearby elliptical galaxies the dgrasid temperature profiles can be extrapolated inward
from measurements made in the inner kpc. Allen et al (20069 ktudied a sample in which the kinetic power
can be estimated from bubbles and compare this with the Baowdetion rate. A correlation emerges indicating
that a few per cent of the rest mass energy of the accretioniglogleased as mechanical energy in the jets.

3.6 The Kinetic luminosity function

Luminosity functions of the power radiated by quasars andNAGgeneral can be readily made from careful
observations of large samples of objects. Less straightialis to compile a kinetic luminosity function. It has
been done however by Merloni & Heinz (2008), Cattaneo & B280Q) and Mocz et al (2012). The accretion
history is inferred from the radiant luminosity functiors)d some assumption is made connecting that to the
kinetic power history. The mass function of black holes jules an integrated check on accreted mass.

To relate the kinetic and radiated power, a typical schengdtie to assume that above about one per cent of
Eddington luminosity the accretion flow is mainly radiatefficient, with a probability (say 10 per cent) that
jets are also present. Below that luminosity the flow is atteadominated so the radiated power drops as the
square of the accretion rate, with the bulk being kinetic @ogarried by jets. The net result of these calculations
is that about half a per cent of the accretion power emergkimastc energy.

4 Baryon profiles at different mass scales and AGN feedback

Early predictions for the relation between the X-ray lunsity and temperature of intracluster gas indicated
L 0 T2, based on gas falling into dark matter potential wells ofedént total masses (Kaiser 1986). This
is the pure gravity prediction. Observations show otheewiith a relation closer tb 0 T2 for clusters with
temperatures in the range of 3.5-10 keV (Markevitch 1938haly flatten toward the gravity prediction at higher
temperatures. Below about 2 keV there appears to be a largadsm the luminosity at a given temperature.
Some extra energy is required.

The most likely source of the energy to heat groups is AGN (Rahian & Nulsen 2000, Valageas & Silk
1999; MacCarthy et al 2011). A significant fraction of theatqiower from all the black holes within a cluster
or group is required here, not just that from the centralgala

The gas fraction (baryon mass vs total mass) rises outwactlisters and approaches the cosmic value
toward the virial radius (e.g. Vikhlinin et al 2006; Allen at 2008). Lower temperature clusters and groups
have lower gas fractions in the core which indicates sigaifieenergy injection. (Gonzalez et al (2007) find
an increasing stellar fraction with decreasing grouptelusiass, peaking below ¥tM ., where stellar and gas
masses are equal. The trend is confirmed by later studies @Gaglini et al 2009) but with a reduced stellar
contribution (see Balogh et al 2008 for theoretical limitstbe stellar contribution).) They also approach the
cosmic value at the virial radius (Humphrey et al 2012). iRgténergy into intracluster or intragroup gas causes
the gas to expand, reducing its density by a much largerifélctm the temperature rises and thmeduces its
X-ray luminosity. Just how much energy has been injecteeédép upon when it happened. If the injection was
after the group or cluster was formed, then about 1-3 keV peleon is required (Wu, Fabian & Nulsen 2000,
Lapi et al 2005), which clearly will have a major impact on l@mperature clusters and groups. Less is required
if it was injected early into gas which later fell into the star, since raising the adiabat (increasing the entropy)
means that the gas is more difficult to compress. These plitgstbcan be discriminated against by comparing
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the gas mass fraction at a fiducial radius (6ggo, Vikhlinin et al 2006; Dai et al 2010) as a function of mass
and redshift. Young et al (2011) find from this approach tlwtinual feedback is preferable to pre-heating.

4.1 Powerful Radio Galaxies

Powerful radio galaxies were relatively common at high héftls abovez ~ 1 (Miley & De Breuck 2008).
These Fanaroff-Riley Class Il objects have lobes whichrekteany 100s kpc from the active nucleus and, due
to extensive losses (synchrotron cooling, adiabatic esipanand inverse Compton scattering on the Cosmic
Microwave Background, CMB) are only readily observed in thdio band when they are young (Blundell &
Rawlings 1999). The lobe energies estimated from radio amdyXErlund et al 06) observations are high,
ranging from 16°— 10°%* erg with a large uncertainty in the energy stored in protamch should increase the
total energy. Given that the thermal energy content of tisdrga small group of total mass&103 M, is about
10Perg, Em = 2 x 10PL(Mgag/5 x 102 M, ) (KT /1 keV) erg) it is clear that such giant radio galaxies can play an
important role in the evolution of intragroup gas.

It is possible that most massive galaxies have at least othenst of jet activity, lasting- 10° yr, leading to
a giant radio source in their lifetime, probably between 1.5 — 3 in the quasar era. Estimates of the volume
permeated by both “live” and “dead” radio lobes at that tiae be several to tens of per cent (Gopal-Krishna
& Wiita 2001; Mocz, Fabian & Blundell 2011) of the volume ogied by galaxy-forming filaments (Cen &
Ostriker 1999), depending on the jet lifetime. Given thaytloccur around the most massive galaxies which
occur in proto-groups and clusters, such radio lobes shuad a significant destructive and heating effect on
the gas content.

MS 0735.6+7421 may be a lower redshift example of a poweddia galaxy. Observations of distant ex-
amples are hindered in the radio by steep Compton lossesGiBiwhich scale agl+z)#, thus rendering the
observed radio lifetime short.

4.2 Similarities with Galactic Black Hole Binaries

A simple picture emerges in which a massive black hole in axyaturns into an Eddington-limited quasar,
blows away the surrounding gas, truncating both furtherfetanation in that galaxy and quasar activity. It may
even involve a giant radio outburst. The galaxy dies and ater infalling or cooling gas is heated by jetted,
maintenance-mode feedback (e.g. Churazov et al 2005). &haviour of the black hole resembles that of
outbursts in Galactic Black Hole Binaries (BHB). These algeconsist of a stellar mass black hole{20 M)

in close orbit about a normal star. Accretion instabilittesise the accretion rate to increase to the Eddington
rate then drop by several orders of magnitude. Although #neynot important sources of feedback in a galaxy,
some BHB do blow bubbles (e.g. Gallo et al 2005).

Outbursts follow a common pattern (Fender & Belloni 2004Riard & McClintock 2006); the source
beginning in the weak radio-emitting low state, rising iminosity in all bands towards the Eddington limit
where its spectrum softens and the radio emission peaksgittong outburst. Radio emission then ceases until
the luminosity drops and the spectrum hardens into the late stgain. As the source goes into a quiescent state
the flow becomes advection dominated.

Much of black hole accretion including timescales and lumsities scale with mass. The radio emission
scales in a more complex manner along a fundamental plangdifMeHeinz & Di Matteo 2003), but the general
pattern may remain for AGN. The timescales are far too lomgufoto watch an outburst and their behaviour
must be pieced together from the populations we observereTdre some plausible connections however, with
the luminous outbursts correlating with powerful FRIl stes and the weaker low state with FRI sources.

A further property of BHB which may prove important is thatas and jets appear to anticorrelate (Miller
et al 2008; Neilsen & Lee 2009; King et al 2012; Ponti et al 20Minds occur at high Eddington fractions
when jets are not observed, and vice versa at low Eddingtoesa

Atomic processes do not scale for accretion flows, so ioilw@atependent accretion instabilities may not
be relevant in quasars, and outbursts may be triggeredaohstg mergers. Clear evidence for this has yet to be
established. Submillimetre galaxies at high redshifterohow evidence for strong disturbances which could
be mergers, as do some nearby low-luminosity AGN (Sec. Bui)nost AGN at intermediate redshifts show no
more evidence for merging than do control non-active gakaxi
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Figure 10: Radio through submm spectrum of a galaxy formiagst a rate of 100 Myr—?! redshifted taz= 5.

The line and continuum sensitivity for the JVLA in 12 hr and tme sensitivity for ALMA and existing submm
interferometers are shown (adapted from Carilli et al 20NPEMA is an ongoing expansion of the IRAM
Plateau de Bure interferometer by a factor of two in coltegtirea. SMA is the Submillimeter Array in Hawaii.

There are many uncertainties in the evolution of AGN, apartfthe role of mergers. Does a massive galaxy
undergo a single quasar phase or several? Is the observawlsphase preceded by a Compton thick phase?
How representative are observations of low redshift AGNanditions around powerful quasarszat 2? How
much do jets depend on the spin of the black hole and how deespth evolve? Is a cluster cool core shaped by
a powerful outburst early on and maintained thereafter bglbhole spin, which is kept “topped up” by sporadic
accretion?

5 Future studies

Contributions to understanding AGN feedback can be expédeten all wavebands, but there are some clear
advances which can be anticipated from instruments anstigbes being built or planned for the next few years.
In particular, the JAXA/NASA/ESA X-ray observatory ASTR@®-Takahashi et al 2010), to be launched in
2014, will offer non-dispersive high spectral resolutiomay spectroscopy on a spatial scale of 1.5 arcmin using
a microcalorimeter. It will reveal the number and naturewflows in quasars and other AGN through absorption
spectroscopy, being sensitive to all ionizations stageesoaf for example. It will also, for the first time, map
velocity flows of hot gas in galactic outflows, and the hot apteeres in elliptical galaxies, groups and clusters.
Since much of the energy feedback in those objects is mecdlaanid though the motion of gas, this will take
our understanding to the next level of detalil.

Sensitive, low-frequency radio observations at good apegsolution, as expected from LOFAR and other
planned radio telescopes leading to the SKA (Square Kiloamtray) will reveal the old electron populations
in the bubbles of cluster cores and giant radio galaxies.déghe low-frequency radio Sky at redshift 2 should
reveal just how much and where feedback from powerful FRikses has occurred.

At GHz frequencies the Jansky Very Large Array (JVLA) will méne interactions of jets with surrounding
plasma, and reveal the magnetic field structure of the plabneaugh much more detailed Faraday Rotation
observations.
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The role of radiative feedback needs high spatial and speesolution observations at wavelengths that can
penetrate the inevitable high absorption present. ALMA @tacama Large Millimetre/submillimetre Array)
will be a leader in detecting and resolving molecular and damponents and their motions. For high redshift
objects where feedback may be a dominant process, a conainathe the JVLA, which will measure the radio
continuum to distinguish AGN and star formation, low ordéd @ansitions to give total molecular gas mass,
dynamics and low order dense gas tracers (HCN, HL probe dense star cores, and ALMA, which will
obtain the excitation from high order CO, the dust continwamd star formation and fine structure lines to give
the cooling rates, further distinguish AGN and star forimand measure dynamics, will be crucial (Fig. 10:
Carilli et al 2011).

The James Webb Space Telescope will observe the rich,resaef optical band in distant objects, enabling
many powerful diagnostics to be used. AGN feedback will bévgyortant goal for the next generation ground-
based optical and near infrared telescopes.

Both large-area surveys (e.g. Sloan Digital Sky Survey, HHRFaint Images of the Radio Sky at Twenty
centimetres) and single-object studies (e.g. Mrk231, ABRIM+5255, the Perseus cluster, M87 etc.) will
continue to be essential. Very significant advances in osentational understanding of AGN feedback can be
confidently expected in the present decade.

6 Summary

An active nucleus interacts with the gas in its host galaxpugh radiation pressure, winds and jets. The
consequences can be profound for the final mass of the steltaponent of the galaxy as well as for the black
hole. There is clearly enough energy and momentum produgcétebAGN to expel the interstellar medium of
the host galaxy. How, when and if it does so are the importaastijons.

It appears that the radiative or wind mode was most activenvthe AGN was a young quasar. At that
stage the galaxy had a large component of cold molecularmghshe nucleus was probably highly obscured.
Obscuration has meant that direct observational evidenoéten circumstantial, relying on nearby analogues.
Progress has been difficult and slow, but is expected to exatel soon following observations with ALMA,
JVLA and other telescopes.

The kinetic mode on the other hand is more easily observedjtadt X-ray and radio wavelengths, since
it is acting now in nearby massive objects. The surroundamsgyig hot, highly ionized and mostly transparent.
Although the gross energetics are roughly understood, ¢ftailel are not. Bubbling of jetted energy from the
central black hole appears to scale well over 3 to 4 ordersaafmtude in luminosity from the most luminous
clusters to small groups. The behaviour in individual ¢idigl galaxies and bulges is uncertain, partly because it
is more difficult to detect. Non-radiative cooling of hot dgsmixing with cold gas may be an important link in
the process.

An attractive possibility is that the radiative mode shapiesl overall galaxy and black hole mass at early
times and the kinetic mode has since maintained that situathere needed (Churazov et al 2005).

Powerful giant radio outbursts backzat 1.5— 3 in all massive galaxies may have been common, heating
and shaping the gas not only in the host galaxy but in the hosiag and protoclusters.

Observational evidence is growing that the baryonic patheflow redshift Universe has been shaped by
the energy and momentum output of black holes, through AGMbBack. This has profound implications for
our understanding of galaxy, group and cluster evolutioth lsas ramifications for precision cosmology using
galaxies (van Daalen et al 2011). AGN feedback appears tobmportant aspect in the complexity of the
baryonic universe.
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Table 1: Observational Evidence for AGN Feedback
High velocity broad absorption lines in quasars strong

Strong winds in AGN strong
1000 km/s galactic outflows strong
Bubbles and ripples in BCGs strong
Giant radio galaxies strong
Lack of high SFR in cool cluster cores indirect
M — o relation indirect
Red and dead galaxies indirect
Lack of high lambda, moderatd,, quasars indirect

SteepL — T relation in lowT clusters and groups indirect
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