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Recert obsenations of the interactions betweenradio sourcesand the X-ray-emitting

gasin cooling o wsin the coresof clusters of galaxiesare reviewed. The radio sources
in ate bubblesin the X-ray gas, which then rise buoyantly outward in the clusters
transporting energyto the intracluster medium (ICM). The bright rims of gasaround
the radio bubbles are cool, rather than hot, and do not show signs of being strongly
shocked. Energy deposited into the ICM over the lifetime of a cluster through seeral
outbursts of a radio sourcehelpsto accourt for at least someof the gasthat is missing

in cooling ows at low temperatures.

1. Intro duction

The vast majorit y of cooling o w clusters contain pow-
erful radio sourcesassaiated with certral cD galaxies.
Initial evidenceof radio sourcesdisplacing, and evacuat-
ing cavities in, the X-ray-emitting intracluster medium
(ICM) was found with ROSAT obsenations of a few
sourcesincluding Perseus(Bohringer et al. 1993), Abell
4059 (Huang & Sarazin 1998), and Abell 2052 (Rizza et
al. 2000). Models predicted that the radio sourceswould
shock the ICM, and that the X-ray emissionsurrounding
the lobeswould appear hot (Heinz, Reynolds, & Begel-
man 1998). High-resolution imagesfrom Chandra have
revealed many more casesof radio sources profoundly
e ecting the ICM by displacingit and creating X-ray de-
cient \holes" or \bubbles." The Chandra data allow
us to study the physics of the interaction in much more
detail (e.g. Hydra A, McNamara et al. 2000; Perseus
Fabian et al. 2000; Abell 2052,Blanton et al. 2001;Abell
2597,McNamara et al. 2001;Abell 496, Dupke & White,
2001; MKW 3s,Mazzotta et al. 2002;RBS797,Schindler
et al. 2001;Abell 2199,Johnstoneet al. 2002;Abell 4059,
Heinz et al. 2002; Virgo, Young et al. 2002; Centaurus,
Sanders& Fabian 2002; Cygnus A, Smith et al. 2002;
Abell 478, Sun et al. 2003).

A long-standing problem with cooling ow models
has been that the mass of gas measuredto be cooling
from X-ray temperatures, based on surface-brightness
and spectral studies with Einstein and ROSAT has not
beendetectedin su cien t quantities at cooler tempera-
tures. High-resolution spectroscopy with XMM-Newton
provided direct evidencethat gaswas cooling in these
clusters, but very large massesof gas (hundreds of solar
masses)were seeminglycooling over only a limited range
of temperatures. Emission lines such as Fe XVI | ex-
pectedfrom gascooling below approximately 2 keV were
not detected and in general, most of the ICM seemsto
cool to about one-half to one-third of the cluster ambi-
ent temperature (Petersonet al. 2003). Seweral possible
solutions have been proposedfor the lack of cool X-ray
gas seenin the new obsenations (Fabian et al. 2001;

Peterson et al. 2001). These include mixing, heating
by certral active galactic nuclei (AGN), inhomogeneous
abundances,and di erential absorption. Heating of the
gashy a certral radio sourcehas also beendiscussedre-
certly by Behringer et al. (2002), Churazov et al. (2002),
Ruszkowski & Begelman(2002), Kaiser & Binney (2003),
and Breggen (2003), among others.

A common nding with the Chandra data is X-ray de-
cient holes that correspond with radio emission from
the lobes of a certral AGN. These holes are typically
surroundedby bright shellsof dense,X-ray-emitting gas.
One of the surprisesof the Chandra obsenations is that
the X-ray-bright rims surrounding the radio sourcesob-
sened in cooling ow clusters were found to be cooler,
rather than hotter, than the neighboring cluster gas(e.g.
Perseus Schmidt et al. 2002;Hydra A, Nulsenet al. 2002;
Abell 2052,Blanton et al. 2003). The bright shells show
no evidenceof current strong shocks. Soker, Blanton, &
Sarazin (2002) found that for the caseof Abell 2052,the
morphology was well-explained by weak shocks occur-
ring in the past, and strong shocks were generally ruled
out. To date, no caseof current strong-shack heating of
the ICM in a cooling ow cluster by an AGN has been
obsened. Although strong-shock heating from the ra-
dio sourceas proposedby Heinz, Reynolds, & Begelman
(1998)and Rizzaet al. (2000) may not bethe explanation
for the fate of the missing cool gas, energyinput from a
radio sourcein the form of weak shocks (e.g. Reynolds,
Heinz, & Begelman 2002) and buoyantly rising bubbles
of relativistic plasma(e.g. Churazov et al. 2002) can still
contribute to heating.

2. Chandra Observ ations of Bubbles and
Temp erature Structure

The rst cooling o w cluster with a certral radio source
obsened by Chandra was Hydra A (McNamara et al.
2000;David et al. 2001,Nulsenet al. 2002). Hydra A is a
powerful, doubled-lobed, FR | radio source(3C 218), and
the radio lobeswerefound to be anti-correlated with the
cluster gas. The cavities evacuated by the radio source
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Fig. 1.| The rst radio source/ cluster cooling o w interaction
observed with Chandra: Hydra A (McNamara et al. 2000).

Fig. 2.| The temperature map of the Hydra A cluster, with
radio contours superposed (Nulsen et al. 2002). The coolest gas
is found in the regions surrounding the radio source, and there is
no evidence for current strong-shock heating of the ICM from the
radio lobes.

Fig. 3.] Overlay of radio contours onto the adaptiv ely-
smoothed Chandra X-ray image of the Perseus cluster. Radio:
NSF/A URA/LA; X-ray: NASA/IoA/A. Fabian et al.

Fig. 4.| Temperature map of the central regions of the Perseus
cluster (Schmidt et al. 2002).

are approximately 25 kpc in diameter. An image of the
radio source/ X-ray gasinteraction is showvn in Figure 1,
and is from McNamara et al. (2000). The cooling time
in the certer of the cluster is 6 10% yr, and surpris-
ingly, the coolest gaswas found in the regions surround-
ing the lobes. This is seenin the temperature map from
Nulsen et al. (2002), shovn herein Figure 2. There is
currently no evidencethat the radio sourceis strongly
shocking the ICM, but weak shocks are not ruled out
with a limit on the Mach number of M < 1:23. The
cooling of the ICM is found to occur only over a limited
temperature range, and repeated outbursts from the ra-



RADIO SOURCE / X-RAY GAS INTERA CTIONS 3

Fig. 5.| Overlay of 1.4 GHz radio contours onto the adaptiv ely-
smoothed Chandra image of Ab ell 2052 (Blan ton et al. 2001, 2003).

dio sourcewould be necessaryto prevert cooling to lower
temperatures (David et al. 2001).

The Perseuscluster (Abell 426) was rst obsenedwith
Chandra in early 2000 (Fabian et al. 2000). This nearby
cooling ow cluster (z = 0:0183)is the brightest cluster
in the X-ray sky and contains the powerful double-lobed

radio source 3C 84 in the certral galaxy, NGC 1275.

Perseusprovides one of the clearestexamplesof the in-
teraction betweenthe certral radio sourceand the X-ray-
emitting ICM, and signs of the interaction were already
seenin the ROSAT data (Bohringer et al. 1993). The
cluster exhibits two distinct bubblesin the X-ray gasthat
are lled with 1.4 GHz radio plasmaand surrounded by
bright shellsof X-ray emission. The adaptively-smoothed
Chandra image of the certer of Perseus,with radio con-
tours superposed, is showvn in Figure 3 (Fabian et al.
2000). The cooling time in the cluster certer is ap-
proximately 10® yr, and no evidencefor current strong-
shock heating is seenin the temperature map (Figure 4,
Schmidt et al. 2002). The regions surrounding the ra-
dio source are the coolest in the X-ray. Preserted at
this meeting were initial exciting results from a much
deeper obsenation of the Perseuscluster that was per-
formed by Chandra in 2003, revealing intriguing ripple
features in the X-ray surface brightnessthat are inter-
preted asresulting from the propagation of weak shocks
and viscously-dissipating sound wavesinto the ICM and
resulting from repeated outbursts of the certral radio
source(Fabian, this conference;Fabian et al. 2003).
Abell 2052 shows structures in its certer that are
very similar to those in Perseus. This cluster is nearby
(z = 0:0348), and the certral cD galaxy is host to the
powerful, double-lobed FR | radio source3C 317. The
Chandra image (Blanton et al. 2001,2003) revealedclear
de cits in the X-ray emissionto the north and south
of the cluster certer that are lled with 1.4 GHz radio
emission(Fig. 5). The bubblesare approximately 20 kpc
in diameter and are surrounded by bright shellsof X-ray

Fig. 6.] Temperature map of the central region of Abell 2052
derived from the Chandra data (Blanton et al. 2003). The shells
surrounding the radio source are cool and show no signs of strong-
shock heating.

Fig. 7.| Overlay of optical emission line contours from Baum
et al. (1988) onto the adaptiv ely-smoothed Chandra image of the
center of Abell 2052 (Blanton et al. 2001).

emission. Extrap olating the smooth density pro le of the
cluster outside of the shellsinto the certer of the cluster
shows that the massof gas that would have lled the
holesis consistert with the massof gascurrently found
in the shells. This conrms the visual impression that
the ICM has been swept aside by the radio lobes and
compressedinto the X-ray-bright shells. The tempera-
ture map (Figure 6) revealsthat the shells surrounding
the radio lobesare cool, and show no evidenceof being
strongly shocked, with a limit to the Mach number of
M < 1:2. The cooling time in the shellsis 2.6 108 yr.
An overlay of optical emissionline contours of H +[N 11]
onto the X-ray image (Figure 7) revealsa striking posi-
tiv e correlation betweenthe brightest parts of the X-ray
shellsand the optical line emission. The optical emission
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Fig. 8.] Overlay of 1.4 GHz radio contours (Parma et al. 1986)
onto the adaptiv ely-smoothed Chandra image of Abell 262 (Blan-
ton et al., in preparation).

Fig. 9. Temperature map of the central region of Abell 262
(Blanton et al., in preparation).

represents gaswith a temperature of  10* K, and the
temperature of the X-ray gasin these sameregions is

10’ K, soat least somegasis cooling to low temper-
atures in this cooling ow cluster. The cooling time of
the shellsis approximately an order of magnitude longer
than the radio source lifetime of 107 yr, and therefore,
the majority of the cooling to low temperatures in the
X-ray shells likely occurred when the gas was closer to
the cluster cernter and was subsequetly pushedoutward
by the radio source.

Another example of radio source/ X-ray gasinterac-
tion in a cooling ow cluster obsened with Chandra is
Abell 262 (Blanton et al., in preparation). This cluster
is at a redshift of z = 0:0163in the samesupercluster as
Perseus,but is lessluminous than Perseusin the X-ray,
and has a smaller cooling ow. The double-lobed radio
sourceis orders of magnitude lesspowerful than thosein
the previous examples,with a power at 1.4 GHz of only

Fig. 10.| Adaptiv ely-smoothed Chandra image of the SW lobe
of Cen A, with radio contours superposed (Kraft et al. 2003). The
bright cap of emission is thought to be ISM that has been shocked
by the radio source.

P14 = 47 102 W Hz ! (Parma et al. 1986). Still,

the radio sourcehas blown a bubble in the ICM, clearly
seento the east of the cluster certer (Figure 8). This

bubble is much smaller than those in the other clusters
discussedabove, with a diameter of 5 kpc compared to

20{25 kpc for the others. Similar to the other casesthe
cooling time for the gas surrounding the radio lobesis
3 10° yr, and the temperature map shows no evidence
of strong-shack heating (Figure 9).

3. Evidence of Shock Heating in Galaxies

As described in the previous section, there is cur-
rently nodirect evidencefor strong-shack heating in cool-
ing ow clusters from the current outburst of the ra-
dio source. The temperature maps reveal that the com-
pressedICM in the shellssurrounding the radio bubbles
is cool.

It is worth mentioning here examplesof what appears
to be shock heating of X-ray-emitting gas by a radio
source. The rst, and more obvious case,is that of the
nearby radio galaxy, Centaurus A. This E galaxy was
obsened with Chandra and XMM-Newton, as described
in Kraft et al. (2003). It is the nearest active galaxy,
at a distance of 3.4 Mpc. The radio sourceis a double-
lobed FR | with a power of 1:9 10 W Hz ! at 1.4
GHz. There is a shell or cap of emissionseenin the X-
ray along the edge of the SW radio lobe. This feature
was interpreted as shocked interstellar medium (ISM),
and exhibits a temperature and pressurethat are higher
than its surroundings. The pressurejump is consistert
with a shock with a Mach number of M = 85. The
brightened cap of emissionis shown in Figure 10 (Kraft
et al. 2003). While the shocked gas here is ISM, rather
than ICM, it still represerts the type of signature we
might expect to seein cluster gasthat hasbeenshocked
by a radio source.

Another caseis the elliptical galaxy NGC 4636. This
galaxy is located in the outer part of the Virgo clus-
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Fig. 11.| Adaptiv ely-smoothed Chandra image of the center
of the Perseuscluster. The inner bubbles that are asscciated with
the current 1.4 GHz radio emission are seen, as well as two ghost
cavities to the S and NW of the cluster center. NASA/IOA/A.
Fabian et al.

ter. The Chandra image (Joneset al. 2002) shaws bright
arm-lik e features with sharp edges. These arm-lik e fea-
tures have higher temperatures and pressuresthan the
surrounding gas, consistert with gasthat experienceda
shock with Mach number M = 1:73. Howewer, there is
no strong radio sourcethat currently corresponds with
the arm-like features, and they may or may not result
from a previous radio outburst.

4. Pressure in X-ray Shells

A commonfeature of the X-ray-bright shellssurround-
ing the radio bubbles shown in x2 is that the pressure
measuredfor the shellsis approximately equal to that
just outside of them. In other words, there is no evi-
dencefor a strong shock. Another feature common to
many of these objects is that the pressuremeasuredin
the X-ray-bright shellsis about an order of magnitude
higher than the pressuremeasuredfrom the radio data
within the radio-bright bubbles, assumingequipartition
of energies(an example is Abell 2052, with an X-ray
shell pressureof 1.5 10 *° dyn cm 2 [Blanton et al.
2001],and a radio equipartition pressureof2 10 ! dyn
cm 2 [Zhao et al. 1993]). Howewver, we expect that the
bubbles and the shellsare in pressureequilibrium, since
otherwise they would collapseand Il in. Therefore, ei-
ther someof the assumptionsmade for the equipartition
pressureestimatesare incorrect, or there is an additional
source of pressurewithin the radio bubbles. This addi-
tional pressurecomponert may be magnetic elds, low
energyrelativistic electrons,or very hot, di use, thermal
gasthat would not be detectedby Chandra becauseof its
low surfacebrightnessin the Chandra energyband. The
temperature of hot, thermal gasthat would provide the
required pressureto support the X-ray shells has been
limited to > 15 keV for Hydra A (Nulsen et al. 2002),
> 11 keV for Perseus(Schmidt et al. 2002), and > 20

Fig. 12.| The central region of Abell 2597 as observed by Chan-
dra, after subtracting a smooth background cluster model. The
contours of the small central radio source are superposed. Outer
ghost cavities are to the NE and SW of the cluster center and
are not clearly asscciated with the 8.44 GHz radio contours shown
here. This gure is from McNamara et al. (2001).

keV for Abell 2052 (Blanton et al. 2003). High sensitiv-
ity at high energiesis necessaryto detect di use gasat
such temperatures, and XMM-Newton or the upcoming
Constellation-X may be able to detect it.

A detection of gas within an X-ray depressionwith
a temperature signi cantly hotter than its surroundings
has been made using Chandra data of the cooling ow
cluster MKW 3s (Mazzotta et al. 2002). The gasin the
bubble is hotter than the gasat any radius in the cluster,
and the temperature measuremet is therefore not a pro-
jection e ect. The deprojected gastemperature within
the bubble is 7.5 keV, compared with a temperature of
3.5{4 keV for the surrounding emission. This cluster con-
tains a certral radio source,however the 1.4 GHz radio
emissionis not directly connectedwith the X-ray depres-
sion, as shovn in Mazzotta et al. (2002).

5. Buoyantly Rising Bubbles

The density inside the radio bubblesis much lower than
that of the ambient gas,sothe bubblesshould be buoyant
and rise outward in the clusters. Theserising bubblescan
transport energyand magnetic elds into the clusters.

Evidence of bubbles that have risen buoyantly away
from the cluster certers has beenfound in the Perseus
(Fabian et al. 2000) and Abell 2597 (McNamara et al.
2001)clusters. Thesebubblesare not spatially coincidernt
with the 1.4 GHz (Perseus)or 8.44GHz (Abell 2597)ra-
dio contours from the certral AGN, and are farther from
the cluster certer than the radio emission. Thesefeatures
have beenreferred to as\ghost bubbles" or \ghost cavi-
ties" and are thought to result from a previous outburst
of the radio source. Examplesof thesefeaturesare shown
in Figures 11 (Perseus,Fabian et al. 2000)and 12 (Abell
2597,McNamara et al. 2001). The buoyancy rise time for
the ghost cavities to arrive at their projected positions
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Fig. 13.| Adaptiv ely-smoothed Chandra image of the cooling
o w cluster Abell 4059. Contours of the 8 GHz radio emission are
superposed. The radio emission only partly lls the cavities in the
X-ray (Heinz et al. 2002).

has beencalculated for these objects, and this timescale
revealsthe repetition rate of the radio outbursts from the
AGN, assumingthat the cavities result from a previous
outburst. For A2597, for example, the repetition rate is
approximately 10° yr. This is similar to the cooling time
of the certral gas, suggestingthat a feedbad processis
operating, where cooling gas fuels the AGN, the AGN
has an outburst and heats the gas, then the gas cools
and fuelsthe AGN, etc. (McNamara et al. 2001).

Further evidencethat the ghost cavities were created
by radio lobesearlier in the life of the AGN comesfrom
the detection of low frequencyradio emissionthat is spa-
tially coincidert with the outer cavities. The clearestex-
ample of this correlation is found in the Perseuscluster
whenthe 74 MHz radio emissionis comparedwith the X-
ray emission(Fabian et al. 2002). There also appearsto
be a similar correlation in the Abell 2597 cluster, based
on the comparison of lower frequency radio data than
that shown in Fig. 12 and the Chandra image (McNa-
mara et al. 2001).

6. Intermediate Cases

In the examplecooling o w clusterswith certral radio
sourcesdescribed above, there is either a clear correlation
betweenthe radio data and the X-ray emission,such that
the radio emission lls the bubblesin the X-ray, or the
bubbles are completely dewoid of (high frequency) radio
emission(the ghost cavities). In addition to theseexam-
ples, there also exist intermediate cases,\missing links"
as suggestedby Heinz et al. 2002, where the radio emis-
sionpartly lls the holesseenin the X-ray. In thesecases,
it is possiblethat the radio emissionthat previously lled
the cavities has faded, due to synchrotron lossesof the
relativistic electrons. Good examplesof theseintermedi-
ate casesare Abell 4059 (Figure 13, Heinz et al. 2002)
and Abell 478 (Figure 14, Sun et al. 2003).

Fig. 14.| Adaptiv ely-smoothed Chandra image of the cooling
o w cluster Abell 478, with contours of the 1.4 GHz radio emission
overlaid. This is a similar caseto that of Abell 4059, where the
radio emission only partly lls the X-ray holes (Sun et al. 2003).

7. Entrainmen t of Cool Gas

Buoyantly rising bubbles transport energy and mag-
netic elds outward into clusters. In addition, theseris-
ing bubbles create channelsin the ICM, and entrain cool
cluster gas from the certer outward, where it will be
mixed with hotter gas.

This type of entrainment is seenclearly in M87 in the
Virgo cluster (Young et al. 2002). In this system, the
X-ray temperature map revealsthat an arc of cool gas
follows the samepath asthe radio lobes. The metallicity
in the arc is somewhat higher than the surroundings,
which is consistert with the picture of the gasin the
arc originating closer to the cluster certer, where the
averagemetallicity is higher than in the outer regions of
the cluster.

An additional exampleis Abell 133(Fujita et al. 2002).
This cluster includes a radio sourcethat is o set from
the certer of the cluster. The radio source was origi-
nally thought to be a radio relic, likely producedfrom a
merger shock. The Chandra image revealeda lament
connectingthe radio sourcewith the cluster certer. The
lament is cool, and shows no evidenceof shocks. Fujita
et al. surmisethat the radio emissionis probably a de-
tached lobe from the certral AGN. The lobe may have
beendisplacedby the motion of the cD or through buoy-
ancy. The lament of X-ray emissionis likely to be cool
gasthat was entrained outward from the certer of the
cluster by the radio source.

8. Can Radio Sources Oset the Cooling in
Cooling Flows?

We have seenthat radio sourceshave a profound ef-
fect on the X-ray-emitting ICM, in ating bubbles that
rise buoyantly in the clusters. But is the energy depo-
sition into the ICM from the radio sourcessu cient to
accoun for the lack of gasseenat very low temperatures
in cooling o w clusters? Using the pressuresof the X-ray-
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bright shellssurrounding the bubblesand the volumesof
the bubbles, we can determine the total energy output
of a radio source. The energy output includes both the
internal energy of the bubble and the work doneto ex-
pand the bubble. From Churazov et al. (2002), the total
energy required for a radio sourceto in ate a bubble in
the ICM is

1
= — + =
Erag ( 1)PV Pdv D
whereV is the volume of the bubble, and is the mean
adiabatic index of the uid in the bubble (5/3 for non-
relativistic gas or 4/3 for relativistic gas). To get the
averagerate of energyinput from a certral radio source,
we divide this energy by the repetition rate of the radio
source,basedon the buoyancy rise time of ghost cavities,
and with a value of approximately 10° yr (seex5). We
compare this energy input rate with the luminosity of
cooling gas derived from spectral tting to the X-ray
data. The luminosity of isobaric cooling gasis given by
5 kT

L cool = Em—pM—, 2

where KT is the temperature of the ICM outside of the
cooling region, M. is the massdeposition rate, and is
the mean massper particle in units of the proton mass.
For the caseof Hydra A (McNamara et al. 2000; David
et al. 2001; Nulsen et al. 2002), the total power out-
put of the radio source,derived as described above from
the X-ray pressureand volumes of the radio cavities, is
2:7 10* ergs 1. The cooling luminosity, usingM. = 300
M yr Yand kT = 3:4keV,is Leo = 3 10 ergs 1.
Therefore, in this case,just basedon these simple en-
ergy argumerts, the radio sourceis depositing enough
energy into the ICM on averageto oset the cooling
gas. A similar test performed for Abell 2052 (Blanton

et al. 2003) shows that the radio source also has su -
cient power (3 10* ergs 1) to oset the cooling gas
(Leoot = 3 10 ergs * with M= 42M yr ! and
kT = 3 keV). The situation is dierent for Abell 262
(Blanton et al., in preparation), where the radio source
power (3:4 10* ergs 1) falls more than an order of
magnitude short of that required to o set the cooling lu-
minosity (Leoot = 1:3  10*3 ergs 1, using kT = 2:65
keV, and the mass-depsition rate of 188 M yr 1).
Howewer, this radio sourceis much lessluminous than
Hydra A or 3C 317in Abell 2052, and the bubble vol-
ume in ated in Abell 262 is much smaller than that in
the others. The bubble diameter is only 5 kpc in Abell
262 comparedto diametersof 20 25kpc for the others.

PV, (1)

Since we are assumingthat the power output from the
radio sourceis an average over many outbursts of the
AGN, it may be that a previous outburst of the radio
sourcein Abell 262was much more powerful, sothat, on
average,the cooling could still be balancedby the input
of energy from the radio source.

9. Conclusions

Cerntral radio-emitting AGN strongly a ect the X-ray-
emitting gasin cooling ows. The radio sourcescreate
cavities or \bubbles" in the X-ray gas, which, in turn,
con nes the radio sources.In all clustersobsenedsofar,
there is no evidencethat the radio sourcesare strongly
shocking the ICM. The X-ray-bright shells surrounding
the bubbles are cool, not hot. Weak shocks may have
occurred in the past, creating the denseshells. The only
evidencefor strong-shack heating of a similar nature has
beenseenin radio-ISM interactions in galaxies,and there
are only very few casesof this so far.

The X-ray pressuresderived from the shells surround-
ing the bubbles are approximately ten times higher than
the radio equipartition pressures. There may be prob-
lemswith someof the equipartition assumptionsor addi-
tional contributions to the pressurewithin the radio bub-
bles. One possibility for this additional pressuresource
is very hot, diuse, thermal gas.

The bubble interiors are lessdensethan their surround-
ings and therefore will rise buoyantly outward into the
clusters. Ghost cavities provide evidencethat this pro-
cesshas occurred. The buoyantly-rising bubbles trans-
port energy and magnetic elds into the clusters and
they can also entrain cool gas from the cluster certers
outward.

The shell pressuresand bubble volumes measuredin
the X-ray canbe usedto determine the total energyout-
put of the radio sources. A radio sourcerepetition rate
of 10° yr is derived from the buoyancy rise time of the
ghostcavities. A rough comparisonof the averageenergy
output of radio sourcesand the luminosity of cooling gas
shows that the radio sourcescan supply enough energy
to oset the cooling in cooling ows, at least in some
cases.
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NASA through the Chandra Fellowship Program, grant
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