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Abstract The role of the environment of an elliptical galaxy on its rgerstellar
gas is discussed. In general, the X-ray halos of early-tgteex@ges tend to be smaller
and fainter in denser environments, with the exception ofigrcentral galaxies. X-
ray observations show many examples of nearby galaxiedwelneundergoing gas
stripping. On the other hand, most bright galaxies in chsst® manage to retain
small coronae of X-ray emission. Recent theoretical ancmasional results on
the role of feedback from AGN at the centers of ellipticalegéts on their inter-
stellar gas are reviewed. X-ray observations show many pkemof X-ray holes
in the central regions of brightest-cluster galaxies; imyeases, the X-ray holes
are filled with radio lobes. Similar radio bubbles are seegrioups and individ-
ual early-type galaxies. “Ghost bubbles” are often seeargef radii in clusters and
galaxies; these bubbles are faint in high radio frequenai@$are believed to be old
radio bubbles which have risen buoyantly in the hot gas. Lregdency radio obser-
vations show that many of the ghost bubbles have radio emnisisi general, these
long wavelength observations show that radio sources aoh hanger and involve
greater energies than had been previously thought. The badibles can be used
to estimate the total energy output of the radio jets. The ertergies deposited by
radio jets exceed the losses from the gas due to radiatidengpmdicating that ra-
dio sources are energetically capable of heating the apobine gas and preventing
rapid cooling.

1 Introduction

In this chapter, | will review some aspects of the interatid the hot gas in el-
liptical galaxies with other physical elements in or arouhd galaxies. First, the
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interaction of the hot gas with external aspects of the envirent of the elliptical
will be discussed. | will concentrate on the question of vaeethe X-ray luminosity
and gas mass of the hot interstellar medium (ISM) in ellgdids affected by the
environment. Is there more or less hot gas and X-ray emissisociated with ellip-
ticals in dense as compared to sparse environments? | gdlraview some of the
evidence that gas in ellipticals is stripped by ram presdueeto motions through
the external intergalactic gas.

The second major topic is the interaction of the hot gas iptalbls with the
active galactic nuclei (AGNs) often located at their centémwill describe X-ray
and radio evidence for this interactions, and discuss venetie AGNs can heat the
X-ray gas and keep it from cooling rapidly. | will discuss @ence for feedback
linking the activity by the center supermassive black h8&IBH) and the heating
and cooling of the X-ray gas. | will include both brightestisfer galaxies (BCGs)
at the centers of cool core clusters of galaxies, and notralegiant ellipticals.
In addition to a general review, | will present some more nécesults on sound
waves and shocks generated by the radio sources in the BC®al 2052, the
extended system of X-ray cavities and tunnels and low frequeadio emission
in the BCG in Abell 262, and the southwest radio lobe in Centa#, the nearest
bright elliptical and nearest radio galaxy.

2 Environmental Effectson X-ray Emission

2.1 X-ray Luminosity vs. Density

Given the wide range in X-ray luminosities of early-typeayaés of a given op-

tical luminosity, the question naturally arises as to wketbart of this dispersion

might be due to the effects of environment on their X-ray aiois. In particular, are

galaxies in dense environments more or less X-ray luminfoars galaxies in sparse
environments?

One difficulty is deciding what observational probe to usassess the local den-
sity. The best choice physically depends on the mechanischfinging the X-ray
luminosity one wishes to consider (e.qg., tidal strippiragmrmressure stripping, etc.)
Ideally, one should do the comparison for a number of difiedensity measures.
Unfortunately, it is difficult to determine the intergale@cgjas density in sparse re-
gions. As a result, the galaxy density is often used as a panthe density of all
forms of matter. In most cases, there is insufficient dat@tomstruct the three di-
mensional galaxy distribution, and the projected galaxysig is used instead. Of
course, the fact that a galaxy is projected against a redibigh galaxy projected
density is no guarantee that it is actually located in a higihsity region.

Another complication arises from the fact that current fest gontent of an early-
type galaxy probably depends on its history, rather thay onlits current location.
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Fig. 1 Distribution of the number of bright galaxy neighbors ardgialaxies with X-ray detections
or limits as a function of the projected distance from thea)-galaxy. This figure is adapted from
White and Sarazin [1, Fig. 13]. The filled circles (trianglese for galaxies with higher than
average X-ray luminosities (triangles include upper IghiThe open circles and triangles are for
usually faint X-ray galaxies.

At the expected stellar mass loss rates, it may require atiorgto replenish gas
which was removed in the past.

Another issue is separating the X-ray emission from an idd& galaxy from
that due to the surrounding group or cluster. The higheiapatolution of Chandra
and XMM-Newton observations have helped to separate galadygroup emission.
However, in earlier observations of group-central eaylyet galaxies, the group
emission was often included in the flux of the galaxy. Alsmugp-central galax-
ies are often brighter than other optically similar galaxind studies have reached
very different conclusions depending on whether such gedaare included or not.

Finally, if one is interested in the hot gas content of eifigt galaxies, one must
remove the contribution from a central AGN or X-ray binargsd other stellar
sources. The high resolution of Chandra observations hexs particularly useful
for this.

White and Sarazin [1] suggested that elliptical galaxiedense environments
were fainter than those in sparse regions. Fig. 1 illusdrdteir result, which indi-
cated that X-ray luminous early-type galaxies had feweglmadring bright galaxies
in projection. Their work was based on Einstein observatufrearly-type galaxies.
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The local density was characterized by the projected gad@xgity in the region
around the target galaxy. They suggested that this caoelatas due to ram pres-
sure stripping of gas from galaxies (see Sect. 2.3 below).

A study of pairs of galaxies based on ROSAT data also founttiieagalaxies
were generally underluminous compared to isolated gaddg&ie It is unlikely that
this is due to ram pressure stripping, but it might be duedal teffects. A recent
Chandra study of galaxies in groups also found an anti-taiioa of local density
and emission [3].

An XMM-Newton study of galaxies in the Coma cluster foundttloam average,
they were 5.6 times less luminous than similar galaxies\vetodensity locations
[4]; this result was confirmed by a smaller Chandra study ah&¢5]. In general,
Chandra studies of galaxies in clusters [e.g., 6, 7] alsmgeeconfirm a general
anti-correlation of local density and X-ray luminosity.tlnese dense and complex
regions, a reduction in the gas mass might be due to ram pesssipping, viscous
or evaporative stripping, gravitational effects, mergersome other mechanism.

Alternatively, using ROSAT data Brown and Bregman [8] adjtieat early-type
galaxies in dense regions were more luminous. They sugsiethe hot galactic
gas in denser groups was confined by the pressure of intetigajas. Their sample
included a number of group-central ellipticals; in thesstegns, it can be uncertain
as to what fraction of the emission is due to galactic or grgas

A number of other studies of the relation between X-ray lusity and local
density based on ROSAT data found no correlation [e.g., 911D Helsdon et al.
[10] studied galaxies in groups. They separated group alactgamission. Group-
central early-type galaxies were highly overluminous, ey argued that some of
the earlier correlations were driven by the inclusion ofsthgalaxies or of group
X-ray emission. They found a significant scatter of X-ray inosities for a fixed
optical luminosity, but no variation with local density.

Recently, Mulchaey and Jeltema [12] found that the X-ray+ieaprelationship
was steeper for field early-type galaxies than group or efugtlaxies. They sug-
gested that optically faint galaxies in low density envir@nts have their hot gas
removed by winds driven by either supernovae or AGNs, antdhiege outflows are
suppressed in regions with denser intergalactic gas. Oottte hand, they argued
that some galaxies in dense environments have their gas/eghiy ram pressure
stripping, and that this occurs for both massive and low rgatsxies.

At the other end of the range of galactic environments, Merabél. [13] studied
of four very isolated elliptical galaxies with Chandra, XMNewton, and/or ASCA.
They found that these galaxies showed a very wide range afyxto—optical lumi-
nosity ratios, suggesting that environment alone cannaiwat for all of the dis-
persion in the X-ray properties of ellipticals. They suggésit age may play an
important role.
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2.2 Temperature Gradients vs. Environment

Diehl and Statler [14] found that the temperature gradiettie outer parts of ellipti-
cal galaxies correlated positively with the projected dgraf galaxies. Galaxies in
dense regions had positive gradients, while galaxies irssp@gions had negative
temperature gradients. This might be due to intergalaeti; which might confine
the galactic gas, or add to it by inflow, or heat it by thermadaaction.

2.3 Ram Pressure Stripping of Hot Gas from Early-Type Galesi

The environments of elliptical galaxies tend to be densgiores than average, and
in many cases have significant amounts of intergalacticigas.is particularly true
in clusters of galaxies. Clusters and groups have signifatak matter halos, which
give large masses and deep gravitational potential wetlgsTmost of the galaxies
in clusters and rich groups move rather rapidly through thster the intergalactic
gas, either as a result of their individual orbits or the masi of merging subclus-
ters. The rapid motions through the intracluster gas immpdy & large ram pressure
from the intergalactic gas will act on the interstellar ghthese galaxies, and may
strip the gas [15]. Gunn and Gott considered the strippingaseous disks from
galaxies, and much of the subsequent work was considerestripping of disks.
However, for ellipticals it is more interesting to considlee stripping of spherical
or ellipsoidal halos of hot gas. Then, an approximate cordifor stripping in a
spherical galaxy is that the ram pressure satisfy

Pam= PIGMV2 = Zw ) ()
wherepigm andpisy are the mass density of the intergalactic gas and galaxy gas
halo, respectivelyy is relative velocity of the galaxy and intergalactic ght;q
is the mass of the galaxy, amdis the radius from the center of the galaxy [16,
17]. Acreman et al. [18] made a series of simulations of ragsgure stripping
of spherical galaxies falling into clusters of galaxies.aldition to ram pressure
tails, their simulation showed contact discontinuitieso{d fronts”) at the leading
edges of the galaxies. Recently, McCarty et al. [17] catedl@an extensive grid of
hydrodynamic simulations of the ram pressure strippingpbiesical hot gas halos
from galaxies due to ram pressure. They found that a paraizedersersion of Eq.

1 when combined with a simple parameterized expressionhfottime scale for
stripping reproduced the simulations quite well. Other erical simulations have
confirmed this basic conclusion [e.g., 19, 20], althoughtrabthe simulations have
been done for spiral galaxies.

Gas stripping can be affected and increased by relatedpwangrocesses in
clusters of galaxies. Viscosity and turbulence may affieetdtripping of gas from
early-type galaxies [21]. Nulsen found that the time scatddminar viscous strip-
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ping and stripping due to turbulence is given roughly by

4R [ pPism 12 -
tys ~ EY (—PIGM) (R_e+ 1) ) (2)
whereR s the radius of the galaxy, and Re is the Reynolds numbeiedfalv. This
can be faster than ram pressure stripping. However, onéoastthat the viscous
stresses may saturate, since the mean free paths of ioninéler $0 the sizes of
galaxies. Moreover, both viscosity and turbulence may Haaed by the magnetic
field.

For early-type galaxies in hot clusters of galaxies, théavaporation due to heat
conduction may also help to strip any interstellar gas. & ymores the temperature
of the hot interstellar gas, the galaxy gravitational pt&gcooling, and full Spitzer
[22] conduction, the rate of stripping is given approxintatey [23]

Tem \Y?/ R InAY\ 1 .
25 N7OO(108K) 20kpc) \20 ) Moyt O

whereumy is the mean mass per particle,is the temperature of the intracluster
gask is the thermal conductivity, and fhis the Coulomb logarithm [22]. The evap-
oration rate will be significantly reduced if the condudinsaturates, as is probably
the case at least for disk galaxies. Unfortunately, thecoatuctivity also depends
critically on the magnetic field geometry. If the condudinis not suppressed by
the magnetic field, this mechanism can play an importantinodéripping gas from
galaxies.

There is a simple connection between mass loss by evapom@atid mass loss
by laminar viscosity (thd&Re term in Eq. 2), as pointed out by Nulsen [21]. At low
velocities, the viscous term dominates, and the viscoippstg rate is nearly inde-
pendent of velocity, because the Reynolds number is priopaitto velocity. Since
both thermal conduction and ionic viscosity are transpmwtesses and the ion and
electron mean free paths are essentially equal, the ratsmging from these two
processes are simply related: _

Mey =~ 3.5Mys. 4)

This expression assumes full Spitzer thermal conductiornvéstosity [22].

Briggen and De Lucia [24] used the results from the MillemmiSimulation of
large scale structure to determine the ram pressure lastofigalaxies in clusters.
They found that>64% of the galaxies in clusters today should have experéence
strong ram pressures-(10~1* dyn cn?) and thus should have undergone strong
gas loss.

The innsbruck group [e.g., 25] has made very detailed sitiouis of the strip-
ping of galaxies in clusters and the effect this has on the@ddaces of the intraclus-
ter medium (ICM). They argue that ram pressure strippingaets for~10% of
the metals in the ICM, and that stripping should produce derpatterns of stripes
and plumes in abundance maps of clusters.
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Fig. 2 A schematic diagram of flow around a “cold front”. The heaviicsarc at the right repre-
sents the contact discontinuity between the cold, denseiialgas, and the hotter, more diffuse
intergalactic gas. The galaxy is moving toward the lefttredato the hotter gas. The narrow solid
lines are streamlines of the flow of the hotter gas arounddtteaore. The region labelled “1” rep-
resent the upstream, undisturbed hot gas. If the cold feontaving transonically (Mach number
./ > 1), then the cold front will be preceded by a bow shock, whicshiown as a dashed arc. The
stagnation point, where the relative velocity of the codlense gas and hotter diffuse gas is zero,
is marked “st”.

2.3.1 FeaturesDueto Ram Pressure Stripping

There are several characteristic features in X-ray imafelijtical galaxies which
are expected as a result of ram pressure stripping. Firstegpects a tail of hot
gas behind the galaxy if the galaxies motion has a significantponent in the
plane of the sky. Typically, the gas from within the galaxyiWwe cooler and have
higher metallicities than the intergalactic gas througlciwlthe galaxy is moving.
Thus, the tail will be cooler and and more metal-rich thatrearby intergalactic
gas. Since the gas in the tail will tend to be close to pressgudibrium with the
surrounding gas, the density in the cool ram pressure talildevhigher than that
of the intergalactic gas. Thus, the tails are expected tedpens of enhanced X-ray
surface brightness.

Unless instabilities lead to rapid mixing the the galactid atergalactic gas, one
would expect a sharp contact discontinuity at the front efghlaxy in the direction
of its relative motion. This contact discontinuity sepasgalactic and intergalactic
gas. Again, the galactic gas will generally be cooler andemoetal-rich, so this
contact discontinuity will separate cooler and more mstdd-gas (the inner galactic
gas) from hotter, lower abundance gas (the outer intertialgas). For this reason,
these contact discontinuities are called “cold fronts”][26 schmatic diagram of
a cold front is shown in Fig. 2. The discontinuities assaaatvith ram pressure
stripping of galaxies are the analogs of the cold fronts ciased with subclusters
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in merging clusters of galaxies [26, 27]. For a very compnsihe review of this
subject, see Markevitch and Vikhlinin [28].

Because cold fronts are contact discontinuities rather #cks, the pressure
varies continuously across the center of the cold fronts iineans that the cooler
inner gas will be much denser than the hotter intergala@g &ince the X-ray
emissivity of a gas depends on the square of its densityirtigiBes that cold fronts
will be very strong discontinuities in X-ray surface brighss. Thus, these features
tend to be very noticeable in X-ray images.

As discussed extensively in [26, 28], the variation in thadity, pressure, and
temperature of the gas in a cold front can be used to detetimineslative velocity
of cool core. The geometry is illustrated in Fig. 2, whichiiawln in the rest frame of
the cool core. We assume that the cool core has a smoothlgaustunt front edge.
The normal component of the flow of hot gas past the surfadeeafdol core will be
zero. There will be at least one point where the flow is perfmeiak to the surface
of the cool core, and the flow velocity of the hot gas will beazat this stagnation
point (“st” in Fig. 2). Far upstream, the flow of the hot gaslw#é undisturbed at the
velocity of the cool core relative to the hotter gas,Let cgy be the sound speed in
this upstream gas, and’ = vy /cs be the Mach number of the motion of the cool
core into the upstream gas.# > 1, a bow shock will be located ahead of the cold
front.

The ratio of the pressure at the stagnation point to thatgatraam is given by
[e.g., 29, Sect. 114]

v
—1

E—Stz (Hyﬁljﬂ)y =t (5)
1 //{2(%1)ﬂ (y—z‘f;%lz) >

Here,y = 5/3 is the adiabatic index of the gas. The rdiRg/Py) increases contin-
uously and monotonically with#. Thus, in principle, measurementsm®fandPs;
in the hot gas could be used to determiv#é The pressures would be determined
from X-ray spectra and images. In practice, the emissivitthe hot gas near the
stagnation point is likely to be small. However, the pressarcontinuous across
the cold front, so the stagnation pressure can be determisethside of the cool
core, where the X-ray emissivity is likely to be much highence.# has been
determined, the velocity of the encounter is given/py- .Z cs; .

If the motion of the cold front is transonic# > 1), one would also expect
to see a bow shock front ahead of the cold front. This would becand surface
brightness discontinuity in the X-ray image. Unlike a calait, in a bow shock the
gas density, temperature, pressure, and entropy wouldakase. Unfortunately,
bow shock fronts are much less prominent in X-ray images tiadthfronts.

The variation in the hydrodynamical properties across a bowack are deter-
mined by the standard Rankine—Hugoniot jump conditiorgs [€29, Sect. 85]. Let
the subscripts 1 and 2 denote the preshock and postshocthgasy; = vs is the
longitudinal velocity of material into the shock (or altative, the speed with which
the shock is advancing into the preshock gas). The jump tiondican be rewritten
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Fig. 3 The ratio of the stand-off distance of the bow shdglto the radius of curvaturB; of the
stagnation region of the cold front, as a function ¢f%2 — 1), where.# is the Mach number.
This is for a spherical cold front angd=5/3.

as:

P, 2y , y—-1
== —HN"——
P y+1 y+1
2701,1 2 1 y—1

vl_pz_C_y—i—l///Z y+1’ ©)
whereP is the gas pressurp, is the gas density is the velocity, andC = p2/p1
is the shock compression. These expressions can be usetetmihe the Mach
number and speed of a galaxy relative to the intergalactaiune

If the bow shock can be traced to a large transverse distantciems a cone, the
opening angle of this Mach cone corresponds to the Mach afgles csc(.#).
This expression could also be used to determine the galaxghMamber [30].
However, variations in the cluster gas temperature may teatistortions in this
shape.

The bow shock will be located at some distance ahead of thifomht. The
distance between the stagnation point and the closest poitite bow shock (the
shock “stand-off” distancds) can also be used to estimate the Mach number of the
motion of the cold front [26, 28]. The ratio ak to the radius of curvature of the
cold frontR;s depends on the Mach numhet and on the shape of the cold front.
Fig. 3 shows the values df/R as a function of.#? — 1)~ for a spherical cold
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Fig. 4 Contours show the ROSAT PSREIRI image of the bright elliptical galaxy NGC 4472,

adapted from [32]. The grey-scale is the optical image. Nueebow-shock/contact discontinuity
feature to the north, and the ram pressure tail to the sosthwe

45

front [31]. The stand-off distance increases as the Machbmurapproaches unity;
thus, this method is, in some ways, a very sensitive diagnfastthe Mach number
for the low values which often occur with galaxies in groupslasters.

2.3.2 Examplesof Ram Pressure Stripping

Observations of several elliptical galaxies in nearbytelissshow evidence for ram
pressure stripping.

One of the most prominent X-ray tails associated with ransguee stripping
occurs in the Virgo cluster galaxy NGC 4406 (M86) [33, 34,.368hows a plume
to the north, which breaks up into two tails. The total prtgedength of the plume
and tails is 150 kpc. Based on the velocities in the systeragd®ll et al. [35]
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suggest that the true length is likely to be at least 380 kpe.tdtal mass of hot gas
in the plume and tails exceeds that with the galaxy by a faxfter3, indicating that
most of the gas from the galaxy is being stripped. Randall %] suggest that the
position of the plume and the double tails are due to the asgtnergravitational
potential of this galaxy.

The galaxy NGC 4472 (M49) is probably the most luminous galesthe Virgo
cluster. It is at the center of a group which appears to benfpihto the cluster
from the south. It shows an extended tail to the southwesgiwis probably due
to ram pressure [32, 36, 37]. Fig. 4 show the ROSAT X-ray imaighlGC 4472
[32]. The tail extends at least 36 kpc in projection, and pia at least 100 kpc in
three dimensions. There is a sharp bow-shaped surfacetmeggdiscontinuity (a
cold front)~21 kpc to the north of the galaxy [32, 36, 37]; XMM-Newton spac
indicate that this feature is a contact discontinuity bemvéhe interstellar gas of
NGC 4472 and the Virgo intracluster gas [37]. The correspapldow shock is not
seen. Another unusual feature is that the cold front (to thréhiis not 180 from
the tail (to the southwest). Which of these two featuresaggnmts the true direction
of infall of NGC 4472 into the Virgo clusters? Irwin and Saraf32] suggested
that NGC 4472 is moving to the north (the direction suggebtethe cold front)
and that the direction of the tail is affected by the elligdipotential of the galaxy.
Alternatively, Kraft et al. [37] recently argued that NGC7is moving to the
northeast as suggested by the direction of the tail, anddbation and shape of the
cold front are affected by more complex dynamics and by gasom®behind the
cold front.

Another Virgo elliptical, NGC 4552 (M89), also shows a ramegsure tail of hot
gas [38]. It has a cold front as well. It appears to be movinlgenarapidly relative
to the Virgo cluster gas/(=~ 1680 km s, Mach number# ~ 2.2).

NGC 7619 in the Pegasus | group has a long X-ray tail, indigatiat it is under-
going ram pressure stripping [39, 40]. The high iron abudan the tail indicates
that it came from the galaxy, rather than being a galacticewédr example. On
the opposite side of the galaxy from the tail, there is a aadisouity in the X-ray
surface brightness [40, 41], which may be associated witlmgpjin temperature as
well. This feature is consistent with a slightly supersatiock (Mach number 1),
indicating that the galaxy is moving at500 km s relative to the intergalactic gas.
NGC 7619 is one of two dominant galaxies in the group; therpt&C 7676, has a
cold front which is antiparallel to that of NGC 7619. This gegts that the motions
producing the ram pressure on NGC 7619 are due to a mergeroo$ubgroups
centered on these two galaxies [41].

Some other galaxies with possible ram pressure tails ircNGC 1404 in the
Fornax cluster [42, 43], NGC 1265 in the Perseus cluster, MEC 1603 in the
NGC 1600 group [45], NGC 4783 in the NGC 4782 group [46], 4@8447], and
C153 in the Abell 2125 cluster [48].
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2.3.3 Cluster Ellipticals Retain Small Coronae

Despite the efficiency of stripping, most bright early-tygedaxies in clusters do
retain small coronae [7, 49]. Vikhlinin et al. [49] found tliae two D galaxies near
the center of the Coma cluster each retain a small coronaatémperature of 1-2
keV, aradius of~3 kpc, and a gas massofl0° M. They suggested that the corona
were maintained by a balance between radiative cooling gytdyhattenuated ther-
mal conduction.

NGC 3309 and NGC 3311, two giant elliptical galaxies neardbeter of the
Abell 1060 cluster have small coronae similar to those in @fB0]. The gas at the
outer edge of these coronae is in pressure equilibrium Wéhrtracluster gas.

Sun et al. [51] detected small coronae around 4 early-tyfsxigs in the north-
west subcluster of Abell 1367. The two larger elliptical €38 3837 and NGC 3842)
had larger symmetrical coronae while the two less optichilyinous galaxies
(NGC 3841 and CGCG 97090) had smaller, disturbed, asymenaironae. This
indicates that larger galaxies are better able to retain ¢fas in clusters. Compar-
isons with other clusters suggested that the coronae gdiesiaiad fainter in X-rays
as the ICM pressure increases.

Sun et al. [7] surveyed 157 early-type galaxies in 25 hottehgsMost had small
coronae; this was true 0f60% of galaxies brighter that*, the characteristic lu-
minosity of galaxies. The coronae around ellipticals in tlosters are generally
smaller (-2 kpc in radius), cooler (temperaturesl keV), less luminous in X-
rays, and have smaller gas massed@ M.) than the halos around galaxies in
sparser environments, indicating that most of the gas has seipped. However,
these elliptical do retain coronae against the effects if paessure, thermal con-
duction, and input from AGN outbursts (Sect. 3 below). Réhly, these coronae
are smaller then the mean-free-path of particles in the li@Mcating that magnetic
fields must retard diffusion. To avoid being evaporateditta conduction must be
suppressed by at least two orders of magnitude comparee ®pitzer value [22].
The cooling times of the gas in these small but dense corapahart, making these
systems miniature versions of cluster cool cores arourghtest cluster galaxies.
The short cooling time implies that the gas would cool quicks presence in many
cluster ellipticals indicates that there is a heat sourcedmtain the gas.

X-ray coronae with short cooling times are a common featdmadio AGNs
associated with group or cluster galaxies [52]. When tha&exges are the brightest
cluster galaxies (BCGs) at the centers of clusters, the@assfa cool core in the
cluster. When these galaxies are not located in the cerftehssters, the cool cores
are the small coronae associated with individual ellipgica

3 AGN Feedback in Early-Type Galaxies

Inrecent years, evidence has been found for a coupling leetagpermassive black
holes (SMBHSs) in the centers of galaxies, and their galaxsthd-irst, the masses
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Fig. 5 Greyscale is the Chandra X-ray image of the BCG in the coa ctuster Abell 2052,
showing holes in the X-ray emission surrounded by brightsr{B8, 54]. The contours are the
radio emission. which fills the X-ray holes. This figure is piga from [53].

of the SMBHSs are proportional to the bulge mass of the hosfgasting that star
formation and SMBH accretion are connected, and that stelilges and SMBHs
grow together [e.g., 55, 56]. Second, the optical/IR lumsityofunction of galaxies
falls below that expected for dark matter halos at high nmssa way that can be
understood if AGN suppress star formation in massive gatapd.g., 57].

Finally, less gas cools to low temperatures at the centecoalfcore clusters,
groups, and individual ellipticals than expected unlessething heats the gas, and
AGNs are the leading candidates [see 58, 59, for reviewsgobi core clusters,
the central cooling time is less thas7 x 10° years, and often is as short a4 0°
years [e.g., 60]. These cool core clusters have positivpeeature gradients in their
centers, which are consistent with the ICM cooling dowr-tf3 of its initial tem-
perature. Yet, the spectra indicate thei% of this gas continues to cool down to
low temperatures [e.g., 58]. Although there are severaqgtbssibilities, the lead-
ing candidate for the required heat source is energy inpat the central SMBH.
In fact, the BCGs at the centers of cool core clusters arelniost every known
case, radio galaxies.

3.1 Radio Bubbles in BCGs in Clusters

Chandra and XMM-Newton observations have provided draneaidence for the
interaction of these radio sources with the intraclustes. ¢ cool core clusters,
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Fig. 6 Greyscale is the Chandra temperature map of the center afuber MS0735.6+7421,

while the contours are the X-ray surface brightness, addpoen [66]. The radio bubbles in this

cluster are bounded by hot regions, which indicates thatatii® source is driving shocks into the
intracluster gas.

X-ray deficits (“radio bubbles”) have been found at the lauoa of the lobes of
the radio sources associated with the brightest clustexgsl [e.g., 53, 61]. Fig. 5
shows the central region of the BCG in the Abell 2052 clusieXdirays and radio
[53, 54]. In the X-ray, these radio bubbles generally show hales in the X-ray
surface brightness on opposite sides of the galaxy nudiensost cases, the holes
are surrounded by bright shells of X-ray emission. The X+rales correspond to
the lobes of the central radio source. For the systems wighagively simple geom-
etry, deprojection analysis indicates that the X-ray sigfarightness in the holes is
consistent with foreground and background cluster emisdiwat is, the holes ap-
pear to be empty of X-ray emitting gas. The masses of X-rayrgtee surrounding
shells are consistent with the mass which is missing fronities [54]. All of this
is in accord with a picture in which the central radio souras kent out two jets,
which have been stopped in the cooling core gas. The jetsihfised two lobes,
and the radio plasma has displaced the X-ray gas and coredrédsato the two
surrounding shells. In a few cases, similar radio bubblegween originally with
ROSAT [62, 63, 64, 65]. The most spectacular case, in terrtiseadetails in the ob-
servations, is the Perseus cluster, where there is a vegydbandra total exposure
[61]. The properties of radio bubbles are reviewed in [59].

X-ray spectral observations show that the X-ray brightlshalound radio bub-
bles are generally cool, and that the pressures in thesis gihelsimilar to those of
the surrounding hotter gas. This indicates that these ahetot due to shocks, and
that the radio sources are not expanding very supersopittivever, a few clus-
ters have been found in which the radio lobes are surroungstidlls of hot gas,
indicating that the radio sources are driving moderatelyrgt shocks. Examples
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z2imm |

Fig. 7 Chandra X-ray image (greyscale) of the center of Abell 13i8h wadio contours super-
posed. This figure is adapted from [71]. There is a column of,@ense, X-ray bright gas extend-
ing from the nucleus (at the lower left) to the extended radiorce (upper right).

include MS0735.6+7421 [66] which is shown in Fig. 6, Hydra6X], and Herc A
[68].

For the majority of the bubbles which are expanding subsdligior mildly tran-
sonically, the pressure within the bubbles must be comatalthe pressure in the
X-ray gas external to the bubbles. For the sources with sopér expansion, the
internal pressures must be even higher. However, when #ssypres in the radio
lobes are estimated by the standard minimum energy or edjtip@ arguments,
they are found to be-20 times smaller than required in most cases (e.g., [54]% Th
indicates that we have not identified the primary energyeardand pressure source
within radio sources. It may be that the magnetic fields amgelathan given by
equipartition. The extra pressure might be due to a largellatipn of low energy
relativistic electrons, or to a very large population oatglistic ions. Alternatively,
the radio sources may contain diffuse but very hot thermsl\ghich provides most
of the energy and pressure. Within the radio sources, jetikienergy is dissipated
by shocks or other frictive processes, so it would not bersing in most of the
energy was thermalized. So far, it has been difficult to desech hot gas in X-ray
spectra of the radio lobes (e.g., [54]). However, it coulddegectable with high
spatial resolution SZ images [69] or hard X-ray images [€.0].

Although the radio bubbles generally show an anticorrefetietween radio and
X-ray emission, in a few systems there is evidence for a fdrpositive correlation.
Specifically, columns of cool, dense gas are seen going fnerogénter of the central
galaxy out to the radio lobes. Examples include Virgo/M8&Z][@nd Abell 133 [71]
(Fig. 7). One suggestion is that these X-ray features ar¢aloeoler gas from the
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Fig. 8 Greyscale is the Chandra residual image of Abell 2597 afibtraction of an elliptical
model, with low frequency (330 MHz) radio contours supegubsThe figure is adapted from [74].
The low frequency radio emission extends out into the “gbosble” to the west; also, there may
be a channel in the X-ray image connecting the ghost bublitetive AGN at the center.

center of the cooling core which has been entrained andeglify a buoyant radio
lobe.

3.2 Ghost Bubbles in BCGs in Clusters

In many cooling core clusters, “ghost bubbles” are also sgdarger radii from

the center. These are holes in the X-ray emission withowicésted high frequency
radio emission. Figure 8 shows Abell 2597, an example of irgoore with ghost

bubbles [73]. Low frequency radio images have detectedragiission in many
of the ghost bubbles (e.g., [74]). In general, the propertiethe ghost bubbles
are consistent with older radio bubbles which have riseryantdy in the cluster

atmosphere. Some examples of ghost bubbles are seen inPgEsE Abell 2597

[74], and Abell 262 [75].

3.3 Radio Bubbles in Individual Ellipticals and Groups

Similar radio bubbles and ghost bubbles are seen assouwidtehdio AGNs hosted
by ellipticals in groups and individual elliptical galagieThe Chandra X-ray image
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of M84 shows a series of X-ray shells, some of which corredfiortomponents of
the radio source [76]. X-ray arcs which may be the sides dbridbbles are also
seen in NGC 4636 [77, 78, 79, 80]. Small bubbles are seen in B2 [36, 37].
Several groups have small radio bubbles, including NGC $81¥NGC 5098 [82],
and HCG 62 [83, 84]. Some of the bubbles in ellipticals appede open at their
outer edges; this may indicate that the radio sources havenbbut the elliptical
galaxy gas.

There are a number of surveys of the X-ray emission and radiblbs in indi-
vidual elliptical galaxies [e.g., 59, 85, 86, 87, 88, 89]eTJones et al. [87] sample
consisted of 160 nearby gEs, of which 109 had significanty<eraission from hot
gas. The Chandra images of 27 of these ellipticals show se&lfor radio bubbles,
suggesting that-25% of early-type galaxies with hot gas have radio bubbtes. |
difficult to compare this fraction to that for BCGs in rich sters due to possible
differences in the detectability of bubbles in clusters g&d. However, the galaxy
rate might be similar to the fraction of all clusters whichv@dubbles, although
the fraction of cool core clusters with observed bubblesighdr. A recent radio
survey of X-ray-bright ellipticals and SO found a higherctiian with evidence for
radio/X-ray interactions [89].

Surveys of groups find results which are similar to and inestiate between
those for clusters and individual galaxies [e.g., 90].

3.4 X-ray Shells as Radio Source Calorimeters

Radio bubbles are very useful systems for determining tte¢ émergies supplied
by the jets in the radio sources. For the systems which aranghipg subsonically,

the total energy is the “PdV” work done to displace the X-rayiténg gas, plus the

internal energy in the radio bubble [91]. (For systems wiitbcks, the shock energy
needs to be included [66].) This gives a total energy of

Eradio= PV + % = VT"l PV = (25— 4)PV, (7)
whereP is the pressure in the radio lobéjs its volume, ang is the mean adiabatic
index of the contents of the radio lobe. The two terms in tfteeled of the equation
are the work done by the bubble and its internal energy. Thgeaf values at the
right of the equation correspond to the range from non-kédtit gas ¢ = 5/3)
to relativistic material Y = 4/3). For example, in Abell 2052 (Fig. 5), the total
energy isEagio ~ 10°° ergs [54], which is a typical value. Similar measurements
have provided the best direct evidence on the total enengienbof radio jets.
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Fig. 9 Residual Chandra X-ray image (greyscale) of the center @ll/A&62, showing X-ray cav-
ities to the east and a continuous cavity (“X-ray tunnel”jiie west. The contours are the GMRT
610 MHz radio image, tapered to show the low surface brigigfieatures. This figure was adapted
from [75]. The X-ray cavities and radio source are three sine@ger than seen in previous shal-
lower images, and the total radio source energy is roughlymi€s higher.

3.5 Can Radio Sources Offset Cooling in Cluster Cores?

The energy in the radio source can be compared to the cooliray Xuminosity of
the cooling core to see if it is energetically possible far thdio source to inhibit
the radiative cooling of the gas. To make this comparisoa re@eds a time scale for
the activity of the radio source; typically, this is giventnye buoyancy rise time of
the radio bubbles. Then, the total energy injected by thiesalirce can be divided
by the time scale for the activity to give the power injectgdlie radio source.

A number of surveys have compared the energy injected byati® sources
with the X-ray luminosity of the cool core region of the cleistvhere the radiative
cooling time is short [92, 93, 94, 95] In most cases, this cangon indicates that
energy from the radio source could balance radiative cgdkng., [92]), although
this is not true in all cases. Radio heating (as well as thentomoccurrence of
radio sources in cooling cores) requires that the radieiactie episodic; it may be
that the average radio power is more important than the cuvedue.

Also, as deeper low frequency radio observations and deépay observations
have been made of clusters, the sizes of the radio bubblabaintbtal energies are
often found to increase. Fig. 9 shows an example, the clédiell 262. Previous
shallower radio and Chandra X-ray images [96] indicatetlttieradio sources was
roughly 10 times too weak to offset cooling at the center &f thuster. However,
a longer Chandra image revealed a long “X-ray tunnel” to tlestwand a shorter
tunnel plus three additional bubbles to the east. Sendaverequency radio ob-
servations with the VLA and GMRT have shown that the radiceeextends more
than three times further than was seen before. The estirhtite total energy of the
radio source was increased by roughly 10 times, and now agvitk the cooling
luminosity within the errors.
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3.6 Can Radio Source Heating Offset Cooling in Individual
Ellipticals?

Similar comparisons of the radio source power and the X-mofieg luminosity
have been made for individual elliptical galaxies [88, &3jr the most X-ray lumi-
nous systems, the X-ray cooling luminosity and radio poweirareasonable agree-
ment. However, for ellipticals with lower X-ray cooling lunosities 5 x 10*! erg

s 1), the radio power estimated from the radio bubbles signifigaexceeds the
cooling X-ray luminosity. For these systems, the radio sewould heat up and
expel the cooling X-ray gas.

3.7 Radiative Efficiency of Radio Jets

Radio bubbles allow the estimation of the total amount oékimenergy deposited
by radio jets, and the power or rate at which this energy iodiépd. These values
can be compared to the radio luminosity of the jets to deteerttie efficiency of
synchrotron emission. These results show that radio jetganerally quite inef-
ficient; the typical value isv1% [97]. The efficiency is also highly variable from
radio galaxy to galaxy, with a spread ©fL0?.

3.8 Bondi Accretion vs. Jet Power

Ultimately, the source of the energy in radio jets is thoughbe accretion by the
SMBH. One can compare the rate of kinetic energy or jet postémated from the

radio bubbles with possible rates of accretion by the SMB&thBps the simplest
mode of accretion would be the direct accretion of hot gamftbe surrounding

elliptical galaxy and/or cluster cool core. Assuming a sjaly symmetric system

and no angular momentum, the rate of this accretion shoudiMea approximately

by the Bondi [98] accretion formula,

: s
Mgondi = ZCsPAF/ZM (8)

whererp is the accretion radiugg is the sound speed in the gas at the accretion
radius, angoa is the gas density at the accretion radius. The numericdlicieat

in Eg. 8 assumes that the adiabatic ingieof the gas is 33. Assuming the SMBH
dominates the gravity in the region of interest, the acoretadius is given by

~ 2GMgy
-T2

; (9)

ra
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whereMgy is the mass of the BH. In some nearby elliptical galaxies thdius
is comparable to the resolution of Chandra, so that one cdeldrmine the gas
properties at the accretion radius directly.

Allen et al. [99] compared the Bondi accretion rates for bgallipticals with
the total power in the jets as determined from their radiodbess They found that
they correlated, and that the jet powers could be produce@ of the rest mass
of the material entering the accretion radius was conventget kinetic energy by
the black hole.

On the other hand, Rafferty et al. found that Bondi accretioght not work
for the most luminous systems, which were generally astetiaith BCGs. One
caveat is that these systems are usually further away, sdahth@ondi accretion
radius was not resolved in the X-ray observations.

3.9 The Need for Feedback Coupling AGN and X-ray Cooling

In general, AGNs have a very large range in their lumincsitighich presumably
reflects, at least in part, a large range in their energy duffhws, it would seem
unlikely that heating by radio sources would balance radiaooling by X-ray gas
in cluster cool core in every case without some sort of “feait between the AGN
activity and the cooling of the gas. If the AGN is powered by Hiccretion of cooled
X-ray gas, such a feedback loop seems possible. For exangsisider a cluster
containing a BCG with a supermassive black hole at its ceAgsume the cluster
formed recently or underwent a major merger, and that tisengtially no gas which
has cooled at the center of the cluster. Thus, the clustelddack a cool core, and
the AGN would be inactive due to a lack of material to accrietentually, radiative
cooling would lead some gas to cool at the center of the dlugtere the density
is highest, and thus the cooling time is shortest. This waoeddl to gas cooling
at the center of the cluster, and some small fraction of this would reach the
central supermassive black hole and be accreted. The AGNdvb@ecome active,
and would launch jets into the surrounding cluster cool cAssume that these jets
are stopped in the cool core and heat the gas there, supressiling. This would
stop the cooling, and eventually starve the AGN of fuel. Tight either lead
to a stable balance in which just enough gas cooled to low ¢éeatpres to power
the AGN sufficiently to heat the cool core gas enough to preftether cooling.
Perhaps more likely. this would lead to a episodic limit ey@lith periods of cooling
and AGN activity, and the average heating rate by the AGNIndriancing the
average cooling rate by the X-ray gas.
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Fig. 10 Unsharp-masked Chandra X-ray image of the center of Ab&R28howing the radio
bubbles and a series of ripples. (The result of a shallowan@fa image is shown in Fig. 5.) The
ripples are consistent with sound waves or weak shocks.fifhige was adapted from [100].

3.10 Radio Source Heating Mechanism in Cool Cores

Although the radio sources in the centers of cluster co@dsbave enough energy,
in most cases, to suppress cooling (Sects. 3.5 & 3.6), tralel@tmechanism by
which they heat the gas is still poorly understood. How cae get heat prefer-
entially into the cooler gas? How is the heat transportediéoaduter parts of the
cool core without disrupting (e.g., by convection) the coote and the observed
abundance gradients there? It may be that the radio plasxesmith the X-ray
plasma, or that relativistic particles diffuse into therthal gas, and directly heat
the gas. Heat conduction may carry energy from hot gas indtecgas. The buoy-
ant rise of the bubbles will release gravitational energy la@at the gas. The X-ray
gas might be heated by plasma waves, sound waves, or wedkssh@uerated by
the radio source. The deep Chandra image of the center oétise s cluster shows
ripples which are probably sounds waves and weak shocks tliemadio source
[61]. Fig. 10 shows an unsharp-masked Chandra image of titeraaf Abell 2052,
which shows similar ripples [100].

The problem of heating is complicated by the fact that therggnés initially
in the directed flow of the radio jets. How do initially narrcadio jets heat the
X-ray gas in all directions (e.g., [101])? Sound waves armtkl might be useful
for isotropizing the heating. Why don't the jets just punarmow channels in the
gas? Is the collimated outflow disrupted by jet precessioaluster gas motions, or
instabilities? Does most of the energy actually come outidenjets or winds? The
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detailed nature of the AGN heating and feedback in cool cisrasrery active area
of research.

3.11 The Southwest Radio Lobe of Cen-A

Centaurus A (Cen A or NGC 5128) is the nearest bright ellgbtimlaxy, the near-
est radio galaxy, and possibly the nearest powerful AGNs Thakes it an ideal
candidate for the detail study of the interaction betwedlioraources and the hot
gas in ellipticals. Recently, Cen A was observed for rougHl§ ksec with Chandra
as part of a Very Large Program (Ralph Kraft PI). Part of thigjgct involved a
detailed study of the southwest radio lobe by Croston etl&®2]. Fig. 11 shows
the X-ray and radio images of this region. The SW radio lobsuisounded by a
thin shell of X-ray emission which has a very sharp outer loaup There is very
little diffuse emission from beyond this shell. Based orlieapbservations, it had
been suggested that this X-ray shell was thermal emissaon frot interstellar gas
shocked by the expansion of the radio lobe [103]. This wouddkerthe SW lobe in
Cen A similar to the radio bubbles discussed above, but wittueh higher Mach
number for the expansion. One problem with this suggestdhat the compres-
sion required to explain the large increase in X-ray surfagghtness at the outer
edge of the X-ray shell is much greater than four, the highalste possible for a
non-cooling shock.

The new observations from the Very Large Program show tleaghission from
this shell is actually nonthermal rather than thermal [1@@parently, the gas den-
sity in this region is so low that the thermal emission froma #fiock driven by the
expanding radio lobe is too small to detect. The observedyemission is probably
X-ray synchrotron emission. Thus, this lobe is similar te ttonthermal supernova
remnant shocks, such as in SNR1006. The observations tadica the lobe is ex-
panding at~2600 km s, which corresponds to a Mach number-8. It is likely
that electrons are being accelerated up to energied 614 eV. These observations
suggest that thw SW lobe should be a detectable source of @ae\img-rays, but
that it is probably not the source of the Ultra-High Energys@ac Rays which
come from the direction of Cen A.
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Fig. 11 The SW radio lobe of Cen A. The grey scale shows the ChandmayXanage, while the
contours are from the 1.4 GHz radio image. This figure wastadapom [102, Fig. 1]. Note that
the radio lobe is surrounded by a thin shell of X-ray emissand that the thin shell has a very
sharp outer boundary with little emission beyond the shell.
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