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A systematic study of radio-induced X-ray cavities in clusters, groups, and
galaxies

Abstract

We present an analysis of 16 galaxy clusters, one group, and one galaxy drawn from the Chandra Data
Archive. These systems possess prominent X-ray surface brightness depressions associated with
cavities or bubbles that were created by interactions between powerful radio sources and the surrounding
hot gas. The central galaxies in these systems harbor radio sources with luminosities ranging between
~2x1038and7x 1044 ergs s -1. The cavities have an average radius of ~10 kpc, and they lie at an
average projected distance of ~20 kpc from the central galaxy. The minimum energy associated with the
cavities ranges from pV ~ 10 55 ergs in galaxies, groups, and poor clusters to pV ~ 10 60 ergs in rich
clusters. We evaluate the hypothesis that cooling in the hot gas can be quenched by energy injected into
the surrounding gas by the rising bubbles. We find that the instantaneous mechanical luminosities
required to offset cooling range between 1pV and 20pV per cavity. Nearly half of the systems in this study
may have instantaneous mechanical luminosities large enough to balance cooling, at least for a short
period of time, if the cavities are filled with a relativistic gas. We find a trend or upper envelope in the
distribution of central X-ray luminosity versus instantaneous mechanical luminosity, with the sense that
the most powerful cavities are found in the most X-ray-luminous systems. Such a trend would be
expected if many of these systems produce bubbles at a rate that scales in proportion to the cooling rate
of the surrounding gas. Finally, we use the X-ray cavities to measure the mechanical power of radio
sources over six decades of radio luminosity, independently of the radio properties themselves. We find
that the ratio of the instantaneous mechanical (kinetic) luminosity to the 1.4 GHz synchrotron luminosity
ranges typically between a few and roughly a few thousand for luminous radio sources but can be several
thousand for weaker sources. This wide range implies that the 1.4 GHz synchrotron luminosity is an
unreliable gauge of the mechanical power of radio sources.
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ABSTRACT

We present an analysis of sixteen galaxy clusters, one gmdpne galaxy drawn from thghandra X-ray
Data Archive. These systems possess prominent X-ray subféghtness depressions associated with cavities
or bubbles that were created by interactions between paladio sources and the surrounding hot gas. The
central galaxies in these systems harbor radio sourceslwitmosities ranging betweer 2 x 1038 -7 x
10* ergs s'. The cavities have an average radius-of0 kpc, and they lie at an average projected distance of
~ 20 kpc from the central galaxy. The minimum energy assodiatth the cavities ranges fropV ~ 10°° ergs
in galaxies, groups, and poor clustergio~ 10°° ergs in rich clusters. We evaluate the hypothesis thatiegoli
in the hot gas can be quenched by energy injected into thewsuting gas by the rising bubbles. We find
that the instantaneous mechanical luminosities requoagifset cooling range betweerp and 2@V per
cavity. Nearly half of the systems in this study may haveainstneous mechanical luminosities large enough
to balance cooling, at least for a short period of time, if tagities are filled with a relativistic gas. We
find a trend or upper envelope in the distribution of centrab) luminosity versus instantaneous mechanical
luminosity with the sense that the most powerful cavitiessfaund in the most X-ray—luminous systems. Such
a trend would be expected if many of these systems produdedribt a rate that scales in proportion to the
cooling rate of the surrounding gas. Finally, we use the Xeavities to measure the mechanical power of radio
sources over six decades of radio luminosity, indepengefthe radio properties themselves. We find that the
ratio of the instantaneous mechanical (kinetic) luminotgtthe 1.4 GHz synchrotron luminosity ranges from
a few to roughly a thousand. This wide range implies that thegGHz synchrotron luminosity is an unreliable
gauge of the mechanical power of radio sources.

Subject headings: galaxies:active — galaxies: clusters: general — X-raylxigs — X-rays: galaxies: clusters

1. INTRODUCTION licity distributions (e.g.|_Fabian etlal. 2001). Howeveegk

The cooling time of the intracluster gas in the cores of many SCENarios, as clever as they are, may require fine-tuning and
galaxy clusters is shorter than 1 Gyr. In the absence of heat&r€ otherwise difficult to prove observationally. In anyeas
ing, a “cooling flow” [Fabiari 1994) is established, in which they leave the question of the repository for most of thecool
the gas cools below X-ray temperatures and accretes ontd"d 9as unanswered.

the central cluster galaxy, where it accumulates in mokecul 1€ more appealing interpretation, which we address in
clouds and forms star€handraimages of cooling flow clus- ~ thiS paper, posits that radiation losses are being balanced

ters have confirmed the existence of inwardly decreasing tem O _Néarly so, by heating, implying that the large cool-

perature gradients and short central cooling times, whieh a [Pr? rates of the hlast. decade d."f‘f’?rei .indeel\c/lzl overestimated.
the distinguishing characteristics of a cooling flow. Hoeev 'r? suggels_uon. as Its own h'l Icu ggs' amtimmg gas
moderate-resolutioBhandra andASCA spectra and highres- With a cooling time approaching 100 Myr at keV tem-
olution XMM-Newton spectra (e.g._Makishima eflal. 2001; peratures almost certainly requires the existence of one

Peterson et al. 2000 Tamura etlal. 2001; Kaastral bt all 20049" More heating mechanisms operating in a self-regulating

do not show the expected signatures of cooling below 2 kev,€edback loop.  One such mechanism, thermal conduc-
tion from the hot outer layers of clusters, may be ener-

reported to exist in lower resolution data from tiastein and getically feasible, in some instances (elg. Tucker & Rosner
ROSAT observatories. This discrepancy would be difficult to T983: Bertschinéer & Meiksin_1936. 7akamska & Narayan

understand unless the normal signatures of cooling below Zz==2 == - . =
keV are somehow suppressed, or if cooling is indeed occur/2003; LMoigtetal. [ 2002l Voigt & Fabiarl_2004). — How-
ever, it generally requires fine tuning and can be unstable

ring but at rates that are generally factors ef  lower than y -
g 9 y (Bregman & Daviil 1988; Soker 2003). Moreover, conduction

expected (e.g.._Moalendi & Pizzolalo _2001; Bohringer ét al. . : "
20021 Peferson et/al. 2003). Several scenarios have been su@Perating alone at even the Spitzer rate cannot offsettradia
ssesl(Voigt et al. 2002; Wise etial. 2004) in all clusters] a

ested that may suppress the cooling flux at low energies, an . . .
9 Y Supp g 9 Is therefore unlikely to provide a general solution to thathe

yet maintain the large cooling rates. The list includesediff . " )
ential absorption, efficient mixing, or inhomogeneous eta N9 Problem (recent simulations by Dolag et al. 2004 support
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TABLE 1
RADIO PROPERTIES
o (ref)? S1400 P1400 Lradio
System z (kmdg) Jy) a (ref)P (10%* W HZY) (10*2 ergs s1)
Cygnus A 0.056 e 1598+41 0.7 (4) 11808-300 706:20
Hydra A  0.052 32220 (8) 40.8:1.3 0.92 (4,13) 2618 19.9+0.6
A2597 0.085 22419 (16) 1.87%0056  1.35(11) 351 6.810.2
MKW 3S 0.045 e 115.0+3.9 2.3 (4,13,17) 0.580.02 3.6:0.1
A2052 0.035 25312 (19) 550021 1.2 (1,4,13) 1570.6 2.08:-0.08
A133 0.060 e 0.16#0.006 1.9 (14,15) 1.540.06 1.94-0.07
A4059 0.048 296-49 (6) 1.284:£0.043 1.43(13,18,21) 6.960.2 1.73t0.06
A2199 0.030 2956 (7) 358:0.12  1.37 (L,4.17) 7.480.2 1.56£0.05
Perseus 0.018 24610 (8) 22.83:0.68 1.0 (10) 16.50.5 1.42+0.04
RBS 797 0.350 e 0.021'A4-0.0008 e 9.04+:0.3 0.78:0.03
A1795 0.063 29%12 (3) 0.925-0.028 0.98 (1,4,13) 9:00.3 0.75:0.02
M87 0.0042 3385 (2)  1385-4.9 0.81 (4,9,13) 5.480.2 0.36:0.01
Centaurus 0.011 25611 (5) 3.8 .7 (4,9,14,20) 1.1 0.060
A478 0.081 e 0.0369+0.0015 e 0.60+0.02 0.052-0.002
M84 0.0035 2784 (8) 6.00:0.15 0.63 (4,9,17) 0.1620.004 0.0089-0.0002
2A 0335+096 0.035 e 0.0367-0.0018 0.9 (12) 0.1040.005 0.007#0.0004

A262 0.016 0.06570.0023 0.6 (4) 0.0320.001  0.00218:0.00007
HCG 62 0.014 0.0049£0.0005 0.00210.0002  0.00018:0.00002

REFERENCES — (1) Becker, White, & Edwards 1991; (2) Bender, Saglia, &l@ed 1994; (3) Blakeslee & Tonry 1992; (4) Burbidge &
Crowne 1979; (5) Carollo, Danzinger, & Buson 1993; (6) Qeeteal. 1985; (7) Fisher, lllingworth, & Franx 1995; (8) Healn et al. 1985; (9)
Kuehr et al. 1981; (10) Pedlar et al. 1990; (11) Sarazin €1205; (12) Sarazin, Baum, & O'Dea 1995; (13) Slee 1995; (1d¢ & Siegman
1988; (15) Slee et al. 2001; (16) Smith, Heckman, & lllingthot990; (17) Spindrad et al. 1985; (18) Taylor, Barton, & G84; (19) Tonry
1985; (20) Wright et al. 1994; (21) Wright et al. 1996

@When no velocity dispersion was availab{e;) = 280 km §* was adopted. References are in parentheses.
bThe spectral index is defined so ti&t v~ *. When no spectral index was availabler 1 was adopted. References are in parentheses.

this conclusion). Additional heat sources, such as cosayie r  2001; [Bruggen & Kaiser [ 2001; |_Quilis etlal.| 2001,
(Bohringer & Morfili11988; Loewenstein et al. 1991), and su- Brighenti & Matthewls [ 2002; Briggen etlal. |_2002;
pernova explosions (McNamara elial. 2004) may contribute toReynolds, Heinz, & Begelmian |_2002;|_Brugger,___2003;
heating the gas. Nevertheless, these mechanisms arelyeneraDe Young| 2003 Basson & Alexander 2003;_Binney 2004;
incapable of balancing radiation losses. Kaiser & Binney | 2003; Mathews etlal. 2003;_Omma et al.
In this paper, we evaluate whether the mechanical2004; Rabinson et al. 2004). The models do not, however,
energy generated by active galactic nuclei (AGN) can predict with any certainty the amount of mechanical energy
balance radiation losses in cluster cores. This pos-provided by radio sources of a given luminosity, nor their
sibility, which has a substantial legacy in the litera- frequency of recurrence. Whereas the cavities in several
ture (e.g. LTabor& Binney 1993; Binney & Tabor 1995; individual objects, such as Persels (Fabianlet al. 2002h) an
Tucker & David [199i7;l Ciotti & Ostriken 2001, _Soker eial. Hydra A (McNamara et al. 2000), contain enough enthalpy
2001), has been rejuvenated by the crisp, @handra im- to balance cooling, at least for a short period of time, a
ages of clusters showing the keV gas being displaced by rasystematic survey of cavities in systems with a broad rafge o
dio sources harbored by central cluster galaxies. The nowproperties is required to determine whether this is gehyeral
ubiquitous signature of these interactions are X-ray serfa true. In this paper we address this question by setting
brightness depressions projected on the radio lobe emis-observational limits on the energetics and ages of cavities
sion at 1.4 GHz, as is seen in Perseus (Bohringer etal.in 18 systems taken from th€&handra Data Archive. We
1993; [Fabian et &l._2000; Schmidt et al._2002; Fabianlet al.adoptHy = 70 km s* Mpc™, Qy = 0.3, andQ, = 0.7 in all
2002b,| 20038,b), Cygnus A (Carilli etlal. 1994), and Hy- calculations throughout this paper.
dra A (McNamara et al. 2000; David eflial. 20D01; Nulsen &t al. 5 THE SAMPLE
2002). The displacement of the gas creates a low-density, ri '
ing bubble in pressure balance with the surrounding medium. Approximately 80 systems from tt@handra Data Archive
X-ray surface brightness depressions that have no obvisus a Were visually inspected for surface brightness depressioh
sociation with the bright radio emission at 1.4 GHz, the so- these, we selected the 18 systems having well defined surface
called ghost cavities, have also been found, such as those iRrightness depressions associated with their radio se(see
Abell 2597 [McNamara et 4. 2001) and the outer depressionsTable1). Of the 18 systems, 16 were imaged with the ACIS-
in Perseud (Fabian eflal.2000). These depressions ardithougS3 detector and two with the ACIS-I3 detector (RBS 797
to have been created by interactions that occurred in the mor and MKW 3S), with exposure times ranging from 12 ksec
distant past, but whose radio emission has faded over time. (RBS 797) to 50 ksec (HCG 62). The sample consists of 16
This general scenario has been modeled theoreticallygalaxy clusters, one galaxy group (HCG 62), and one giant
using a variety of hydrodynamical, magnetohydrody- elliptical galaxy (M84), ranging in redshift frorm= 0.0035
namical, and analytical techniques, which have suc-(M84)toz=0.35 (RBS 797), and in X-ray luminosity from

cessfully reproduced the gross characteristics of the~ 10% ergs§' (M84) to 4x 10% ergs §* (RBS 797). We
cavities (e.g. [ Gull& Northover[ 1973]_Churazov et al. avoided depressions with questionable association wit a r

dio source, and we excluded clusters in which there is clear
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evidence for merging, since merging clusters often show-com To find radial temperatures and densities, we deprojected
plex structure that can be mistaken for a radio-inducedyavi the spectra extracted above. The deprojection was pertbrme
All clusters in our sample were previously reported in tlte li  assuming spherical symmetry and using the PROJCT model
erature as containing cavities likely to be associated raitlio in XSPEC 11.2.0 with a single-temperature plasma model
bubbles. (MEKAL) and foreground absorption (WABS), fitted be-
tween energies of 0.5 and 7.0 keV. The foreground column
3. DATA REDUCTION AND ANALYSIS density,Ny, was tied between annuli and allowed to vary. The
3.1. Radio Analysis MEKAL abundance was also free to vary. The redshift was

; ; ; fixed to the value given in Tabld 1. The density was then cal-
The systems in our sample have a wide range of radio prop- .G

erties, from powerful double-lobed FR Il radio sources with culated from the normalization of the MEKAL component,
luminosities of~ 7 x 10% ergs sed (Cygnus A) to weak ~ assumingne = 1.2ny (for a fully ionized gas with hydrogen
sources with luminosities of 2 x 10% ergs sec (HCG 62). and helium rr:]ass fr?ctlons b(f—IO.7| ang;a_ O'E_?)' Thhe pres-
Table[1 gives the radio properties of our sample. The ra- aure In eac g\nnqdus }/vas ;a;éuzate S KT, where we
dio power atv = 1400 MHz was calculated &, = 47rD?2S,, ave assumed an igeal gas a Ne. .
whereD, = Dy (1+2)-1*)/2 (yon Hoernét 1974). The total ra- The luminosity of the cooling gas inside the cooling ra-

dio luminosity was calculated by integrating the flux betwee dius is needed to investigate whether or not AGN heating
11 = 10 MHz andv, = 5000 MHZ as can balance cooling. Within the cooling radius, radiative

energy losses must be replaced to prevent the deposition of

"2 -a large quantities of cool gas. We define the cooling radius as
— 4-D2
Lraa = 47TDLSV0/ (v/vo) " dv, (1) the radius within which the gas has a cooling time less than
. N 7.7 x 10° yr, the look-back time ta = 1 for our adopted cos-
where we have assumed a power law spectrGm~ v, mology. This redshift is roughly the distance to which clus-

wherea is the spectral index). We used f8j, the 1400 MHz  ters have been found with properties similar to present day
flux from the NRAO VLA Sky Survey (NVSS) catalog clusters. The corresponding lookback time should then ap-
(Condon et &l. 1998), except in the case of the Centaurus clusproximate the time a cooling flow has had to establish itself.
ter where no NVSS data were available. In this case, we usedrhe cooling time was calculated using the cooling curves of
the 1410 MHz flux from the Parkes Radio Sources CatalogueBghringer & Henslér[(1989). Tabl@ 2 gives the valuesg)
(Wright & Otrupcek 1990). Spectral indices were taken from for each cluster. Within this radius, we performed deprojec
the catalogs referenced in Talile 1. As the derived spectrakions by fitting both a cooling model and a single temperature
index can vary depending on the frequencies used, we havenodel to the spectra.
adopted a weighted average of the available spectral indice  In order to obtain a spectroscopic estimate of the cooling
In cases in which the spectral index was not available, evalu luminosity, we performed the deprojection using a cooling
of a = 1 was adopted. flow model (PROJCT*WABS*MEKAL+MKCFLOW]), fit
between 0.5 and 7.0 keV. To force all cooling to be within
, the cooling radius, the MKCFLOW model was used only
3.2. X-ray Analysis inside the cooling radius and was set to zero outside. The
The X-ray data were obtained through t@handra Data MKCFLOW low temperature was fixed to 0.1 keV, resulting
Archive and were reprocessed with CIAO, version 2.3, using in an estimate of the luminosity of gas cooling to low temper-
CALDB, version 2.21. The charge transfer inefficiency (CTI) atures. Within each annulus, the MEKAL and MKCFLOW
correction was applied during reprocessing of the leveehev ~ abundances were tied together, and the MKCFLOW high tem-
file. Blank-sky background files were used for background perature was tied to the temperature of the MEKAL com-
subtraction for all clusters.The background files were nor- ponent. Lastly, the column densit)g) was tied between
malized to the count rate of the source image in the 10-12 kevannuli and allowed to vary. The spectroscopic estimate of
band, after the removal of all bright emission. The required the bolometric cooling luminosity inside the cooling rasiiu
adjustment was less than 12% for all clusters except Centaulspec Was then calculated from the unabsorbed fluxes ob-
rus and Perseus, which both required background adjussmenttained from the MKCFLOW model, integrated between en-
of ~ 30%. Spectra with at least 2000 counts were extractedergies of~ 0.1-100 kev.
in circular annuli centered on the X-ray centroid of the elus ~ To find the total luminosity inside the cooling radius, we
ter. Response files were made using the CIAO todemf performed the deprojection using a single-temperatureainod
andmkwarf. We attempted to correct the resulting ARFs for (PROJCT*WABS*MEKAL) fit between 0.5 and 7.0 keV to
the %uantum efficiency degradation problem usingctirear f the same spectra used with the cooling flow model, again with
tool> However, upon spectral fitting, we found that75% Ny tied between regions and allowed to vary. The unabsorbed
of our sample was overcorrected bgrrarf. Therefore, we  fluxes from the MEKAL components for the annuli within the
present our results without the correction applied (fors di  cooling radius, extrapolated between0.1-100 kev were
cussion of this problem, sée Voigt & Fablian 2004). In gen- used to find the bolometric luminosity of the X-ray emitting
eral, the largest effect of usingprrarf was on the cooling  gas,Lx. Table2 gived x andLspec(with 1o errors estimated
rates, which increased on average by a factor of 2 after theby XSPEC) for each object in our sample. Typicallypecis

correction was applied. approximately 10% offx for our sample. Our values fakpec
andLy are in reasonable agreement with published values for
1 The VLA (Very Large Arry) is a facility of the National Radiosron- most of our sample.

omy Observatory (NRAO). The NRAO is a facility of the Natidr&cience
Foundation operated under cooperative agreement by AdgedcUniversi-
ties, Inc.

2 Seg http://asc.harvard.edu/contrib/maxim/acisbg/

3 Se€ hitp://asc.harvard.edu/cal/Acis/Cal_prods/geDeg/
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TABLE 2
RESULTS OFX-RAY SPECTRAL MODELING.
PROJCT*WABS*MEKAL PROJCT*WABS*(MEKAL+MKCFLOW)
I'cool Lx (< reool) M Lsp6<(< I'cool)
System (kpc) x?/dof (10*? ergs s1) x?/dof M yrt  (10*2ergs s1)
RBS 797 191 154/183 450899 151/180 88(_9%8§0 1200:;‘6688
A478 150  3704/2796 122660 3671/2792 151%8 18050
Perseus 102 9348/5717 6%p 9165/5703 5%8 5931
A1795 137 2476/1721 49030 2487/1718 1&0 11§g
A2597 129 1341/1149 43P 1329/1145 5940 28+19
Cygnus A 78  3062/2234 4180 3062/2230 <8 <6
2A0335+096 122  2439/1903 2920 2357/1897 128-30 4412
Hydra A 100  1658/1486 25P15 1652/1482 17 8. 1j3‘;38
A2199 113 2422/1971 15610 2421/1966 bl 1.2%
A133 92  1624/1160 985 1598/1158 256 1143
MKW 3S 88  2242/2037 927 2242/2033 <2 <1
A2052 101 2934/2035 8 2867/2030 1% 4.4+17
A4059 99  1396/1109 _ 1296/988 6re> 4.7t%¢s
Centaurus 62  5100/2177 30 4932/2171 12715 28708
A262 66  1978/1169 13:81.0 1923/1165 13t°;l72 1.5t8f71
m87 35  15540/5714 8708 15622/5688 :B’jgg 062’:%%%
HCG 62 33 1008/626 2:80.2 961/624 3 0.20t%i
M84 14 682/450 0.020.01 701/448 M6+0.05  001799%8
4. X-RAY SURFACE BRIGHTNESS DEPRESSIONS soidal shapes, with semimajor axdsand semiminor axi®.

In total, 36 surface brightness depressions or cavitieg wer 1 1€ €ITors in the volumes due to projection were estimated by

identified in the 18 systems. Talile 3 lists the cavity prapsert ~ &l0wing each bubble to have an intrinsi¢b as large as that
The cavities are classified as either radio-filled or radiotf ~ Of the most eccentric cavity observed in the samfagb) .
ghosts, depending on the presence of 1400 MHz or higherThe upper and lower limits are (_:alculated assuming either
frequency radio emission inside the cavity. The cavities ar Oblate or prolate symmetry. In this sense, spherical bsbble
classified as radio-filled if there is a direct anticorrelatbe- ~ have the greatest range of possible volumes, while prajecte
tween the radio emission at 1400 MHz or higher and the X- ellipses with ara/b = (a/b)rzn/jx have the smallest range. The
ray emission, such that the radio emission fills preferéptia pressure and temperature of the gas surrounding the cavity
the X-ray surface brightness depressions. The cavities cla \yere taken to be the azimuthally averaged values at the pro-
sified as ghost cavities, while possibly possessing sigmific  jected radius of its center. The work done on the surrounding
radio emission at frequencies at or below 1400 MHz, do notinedjum by the cavity is then simpWhu, = pV, if it expands
show the anti-correlation between the high-frequencyaradi gjowly compared to the sound speed.
emission and the X-ray emission. Our classification scheme
relies heavily on the availability of high-resolution radim-
ages at several frequencies. However, the radio data bleila
are inhomogeneous, and classifying the objects lackinky hig 4.1. Cavity Ages
-resolution radio images was challenging. The poor radioim - ¢ a46 of each cavity was calculated in three ways. First,
ages available for A262, RBS 797, and HCG 62, in particular, 54 e time required for the cavity to rise the projected dis-
:ﬁdplr‘esggrgﬁgﬁ')fy them as ghosts (see E. L. Blanton et a‘I"2004tance from the radio core to its present location at the speed
. - 1/2 _

For each cavity, a size and position were measured, assumc-)f 30u_ng’\é°§ _T(q KT/ “.TH) 2, .W?ﬁre we have taken = 5/3
ing the cavity extends to the inner edge of any bright sur- andp =9.52. The cavity age 1S then
rounding emission. The projected shapes of the cavities wer te. = R/Ve, = Ry/umy /KT, (2)
measured by eye as circles or ellipses from the exposure-

whereR is the projected distance from the center of the bub-

corrected, unsmoothed images. This is a qualitative Me3%e to the radio core. This scenario is favored in the computa

surement, the accuracy of which depends on the SIQmatho'tional modeling of Omma et al. (2004), in which the bubble is
noise ratio of the image and on the contrast of the cavity with .

its surroundi_ngs. To_qlistinguish betwe.en the pporly defineql ﬁ;?r?; %i%ygn%yhl%tgﬁrgetﬂt: rggjgtvrlg)smcglfug?e’\é IgsStt?]aedti(r)r]: e
and well-defined cavities, we have assigned a figure of merit > .y N . :
(FOM) to each cavity ranging from 1 for the best-defined cav- re_quwed for_the cavity to rls?/g)uoyantly _(bubble-hke)tatter-
ities — those with surrounding bright rims — to 3 for the werst minal velocityv; ~ (ZgV/SK_:) , whereV is the volume of the
defined ones without bright rims. bubble,S|s_ t_he cross section of the bubble, abd 0.75is the

In the analysis that follows, we assumed that the cavi- drag coefficient(Churazov eflal. 2001). The gravitatiomal a
ties are bubbles devoid of gas at the local ambient tempera-CeIer"]‘t'On was calculated using the stellar velocity dispa
ture (McNamara et al. 2000; Blanton eflal. 2003). Their vol- of the central galaxy, under the approximation that thexyala

( \ D . .
umes were calculated assuming spherical or prolate ellip-S 20 isothermal sphere, @s~ 20°/R (Binney & Tremaine
g sp P P11og I). Published values of the velocity dispersion werel use
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TABLE 3
CAVITY PROPERTIES
Cavity ab bt Rd pve tes touoy t
System Type (FOM) (kpc) (kpc) (kpc)  (18%ergs) (1Gyr)  (107yr) (107 yr) ref
RBS 797 G (2) 9.7 9.7 19.5 1.4 3.6 6.8 18
G (@) 134 85 238 1.7 5.2 7.8
A478 F 2 5.5 34 90 1.1 1.9 3.1 20
F(2) 56 34 90 1.1 1.9 3.1
A1795 G (3) 185 7.2 185 1.8 3.7 6.8 5
Perseus F() 4.7 4.7 7.0 0.6 1.3 3.2 6,7
F() 7.3 6.3 11.2 1.0 2.1 4.8
G (1) 12.9 6.3 29.7 3.0 9.4 9.1
G (2) 13.6 4.8 36.7 3.6 15.1 9.7
Cygnus A F (1) 200 172 430 3.2 8.9 15.3 19
F () 33.8 23.1 44.7 3.3 8.1 17.4
A2597 G (2 10.2 7.1 22.6 2.6 6.6 8.6 15
G (2) 7.1 7.1 23.1 2.6 6.8 7.9
2A 0335+096 G (2 9.3 6.5 23.1 3.2 5.7 6.6 13
G @) 48 26 275 3.9 11.7 4.8
Hydra A F 2 17.7 118 285 3.0 5.1 87 41416
F(2) 19.9 11.7 33.8 3.2 5.6 9.3
A2199 F(2) 6.5 6.5 18.9 2.1 4.0 5.2 11
F(2) 6.2 3.5 21.2 2.2 6.5 4.7
MKW 3S G (3) 53.9 22.6 58.7 5.8 12.4 22.3 12
A2052 F (1) 6.5 6.0 6.7 1.1 1.0 35 1,2
F() 10.7 7.8 11.2 1.8 2.0 55
A4059 G (2 9.2 9.2 19.3 2.8 3.5 6.2 10
G (@) 204 101 22.7 2.6 4.2 8.4
A133 F(2) 9.8 5.2 28.1 3.5 8.6 7.0 9
F(2) 9.8 5.7 32.7 3.9 10.2 7.7
Centaurus F(3) 3.3 1.6 35 0.7 0.7 15 17
F(2) 33 24 60 1.0 1.3 2.2
A262 G (2) 2.6 2.6 6.2 1.1 1.3 2.0 3
G @) 33 26 6.7 1.2 1.4 2.2
M87 F(2) 1.6 0.8 2.2 0.4 0.4 0.6 22
F(2) 2.3 1.4 2.8 0.4 0.4 0.9
HCG 62 G @) 50 43 84 1.8 15 3.1 21
G (2) 4.0 4.0 8.6 1.9 1.6 2.9
M84 F(2) 1.6 1.6 2.3 0.5 0.4 1.0 8
F(2) 21 12 25 0.6 0.5 1.0

REFERENCES — (1) Blanton et al. 2001; (2) Blanton, Sarazin, & McNamaB@2; (3) Blanton et al. 2004; (4) David et al. 2001; (5) Ettori
et al. 2002; (6) Fabian et al. 2000a; (7) Fabian et al. 2002Fi@guenov & Jones 2001 (9) Fujita et al. 2002; (10) Heinale2002; (11)
Johnstone et al. 2002; (12) Mazzotta et al. 2002; (13) MaazBtge, & Markevitch 2003; (14) McNamara et al. 2000; (15Ndmara et al.
2001; (16) Nulsen et al. 2002; (17) Sanders & Fabian 2003;%t8indler et al. 2001; (19) Smith et al. 2002; (20) Sun e2@03; (21) Vrtilek
et al. 2002; (22) Young, Wilson, & Mundell 2002

4Radio-filled cavities are denoted by “F,” radio-faint gtoate denoted by “G.” The FOM gives a relative measure of thigytmcontrast to
its surroundings: (1) high contrast: bright rim surroundsity; (2) medium contrast: bright rim partially surrourssvity; and (3) low contrast:
no rim or faint rim surrounds cavity.

bProjected semimajor axis of the cavity.

CProjected semiminor axis of the cavity.

dProjected distance from the cavity center to the radio core.

€The errors inpV include an estimate of the projection effects; see the tdétails.

when available (see Tablé 1); otherwise, the average value In general, the ages calculated using the speed of sound are
({(o) =280 km st) was adopted. The cavity age is then given the shortest, those based on the refilling time scale are the
by greatest, and those calculated using the terminal velbeity
- ~R./ between. The instantaneous mechanical luminosity petycavi
touoy = R/ Ve ~ Ry SC/29V. 3) or cavity pair is thermech=Whun/t, wheret is the age of the
Finally, the age was calculated as the time required tobubble.
refill the displaced volume as the bubble rises upward This approximation to the mechanical luminosity of the ris-

(McNamara et al. 2000; Nulsen ef lal. 2002): ing bubbles is highly uncertain. In calculatihgecn, & mea-
surement of the average timescale for the radio source to re-
t ~ 2R\/r/GM(R) = 2\/r /g, (4) plenish itself is required. This timescale is unknown fattea

wherer is the radius of the cavity [for ellipsoidal cavities, SCU'Ce, but perhaps this can best be measured in objects with
r = (ab)Y/2] clearly defined ghost cavities and a detached central source
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FIG. 1.—Left: Mechanical luminosity vs. radio luminosity. The symbolslavide error bars denote the values of the mechanical luntyncalculated using
the buoyancy timescale. The short and medium-width ernar denote upper and lower limits of the mechanical lumiyasiiculated using the sound speed and
refill timescales, respectively. The different symbolsi¢gate FOMs of €ircles), 2 (triangles), and 3 gquares). Filled symbols denote radio-filled cavities, and
empty symbols denote ghost cavities. Each point repredeatsum of mechanical luminosities of each bubble type. Esé-fit lines are shown for the entire
sample @ashed line) and for the radio-filled cavities onlhyd¢tted line). Right: The ratio of mechanical luminosity teP, at 1400 MHz vs. radio luminosity for
the radio-filled cavities only.

where the duty cycle is clearly evident. This situation has to the monochromatic, 1.4 GHz radio luminosityght). In
been noted in two objects, Perselus (Fabianlet al.| 2000) an@ach plot we distinguish between radio-filled and ghost cav-
A2597 [McNamara et al. 2001) whose ghost cavities range inities, shown with filled symbols and empty symbols respec-
age between- 5-8 x 107 yr, with a likely age of~ 10° yr tively. The “error bars” for each point reflect the range of
when projection is taken into account. Furthermore, of e 8 instantaneous mechanical luminosity implied by the range i
or so clusters we searched for cavities, 16 were found to havepossible ages. The data are taken or are derived from Tdbles 1
them. If one assumes, for the moment, that all central aluste and3.

galaxies produce bubbles at a similar rate, then we aregeein The left-hand panel of Figufé 1 shows a trend between the
clusters in an on state onty 20% of the time. Therefore, the radio luminosity and mechanical luminosity, with the sense
average time elapsed between the production of bubble pairgéhat more luminous radio sources tend toward larger mechan-
could be as large as>510° yr, at least in some clusters. Our ical luminosities. This trend seems to be shared by both the
search did not discriminate between cooling and noncoolingradio-filled cavities and the ghost cavities, in spite of tise
clusters, and it is likely, although it has not been provedit  of the current central radio power for both the filled cawtie
bubbles are produced preferentially in cooling flows. Ietru  and the ghosts, to which the current central source may be
our estimate of- 10° yr between outbursts is probably closer unrelated. No segregation by FOM is seen. The relation be-
to the truth for most cooling flow clusters. Then the time aver tween the two luminosities appears to be roughly a power law.
aged mechanical luminosity discussed below has been evereslo quantify this relation, we used a linear least-squards fit
timated in most objects by factors of3. On the other hand, the logarithms of the data, with errors in mechanical luraino
the 333 MHz radio map of Hydra A (Lane etflal. 2D04) shows ity given by the extreme values for each system. We show in
2’ plumes extending several times further from the AGN than Figure[1 the best-fit line for the entire samptiaghed line),

the X-ray cavities (and the 4 GHz radio image). It also shows given by

an outer radio lobe 4’ north of the AGN that coincides with Lmech= 10773 (Lyagio) 4408 (5)

a feature in the X-ray image that hints of a distant cavity. In

terpreted as above, the outer feature would give a very longand for the radio-filled cavities onlylétted line), given by
interval (~ 10° yr) between bubbles, but the plume indicates - 0.640.1

that such an outer bubble has been followed (perhaps some Limech= 10" (Lragio) **%*. (6)

time later) by an extended period of continuous radio activ- |, poth cases, the mechanical luminosity scales as the ra-

ity. In that case the cavities may just be the latest in aserie g |yminosity to approximately the one-half power over six
but we are failing to detect most of the remnants. This would yocades of radio power, albeit with large scatter.

make our estimate dfmecn closer to the truth. The relative contribution of cosmic scatter and observa-
5. DISCUSSION tional uncertainty is hard to judge without precision radio

dswith Radi _ data at a variety of wavelengths and without a better under-

5.1. Trends with Radio Luminosity standing of the bubble production timescale. Nevertheless

In Figure[d, we present two plots showing the mechanical the existence of this trend demonstrates quantitativedy th
luminosity versus the total radio luminositift) and the total ~ the radio sources are indeed creating the cavities. The radi
radio luminosity versus the ratio of the mechanical lumityos  sources are not simply filling preexisting voids in the intra
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cluster medium (ICM) created by other processes. Further-is the gas pressure. This gives a differential equationtfer t
more, the synchrotron luminosity and mechanical lumiryosit energy dissipated in the bubble wake
do not scale in direct proportion to each other. This retatio dw dp
ship implies that the synchrotron luminosity cannot be used — =-V—. (8)
infer the mechanical power of a radio jet in a simple fashion. dR dR
An important and poorly understood aspect of radio sourcelf the bubble is adiabatic, with ratio of specific hegtsthen
physics is the degree of coupling between the mechanical (ki pv” = constant and this equation can be integrated to give
netic) luminosity of radio sources and their synchrotron lu the energy dissipated as the bubble rises over a large déstan
minosity. This coupling is theoretically tied to the madgoet fromRyto Ry,
field strength and age of the source (see__De Ydungl1993; v
Bicknell et al.[1997), neither of which can be measured re- AW = —— (PoVo— V1) = Ho—H. 9)
liably from radio data alone. Radio sources are inefficiant r ) i N )
diators. The ratio of mechanical power to radio power is typ- Here, subscripts 0 and 1 label quantities at the correspgndi
ically assumed to range between 10 and 100, almost entirelyradii, and the enthalpy of the bubbletis=~ypV /(y-1). Note
on theoretical consideratioris (De Yoling 1993: Bicknellkt a that the bubble is assumed to be small compare® ¢oth-
1997). On the other hand, measurements of the the X-rayerwise there can be a significant change in the density of the
cavity sizes and surrounding gas pressures provide ungue e 9as as it falls in around the bubble). This would rarely be sig
timates of their ages and mechanical luminosities, indepen hificant in a cluster, but when it is, then some of the poténtia
dently of the radio properties themselves. We evaluate theenergy goes into readjustment of the atmosphere as theeoubbl
ratio of mechanical energy to radio power by plotting the ra- Mmoves. o )
tio of mechanical power in the bubbles to monochromatic, _For a relativistic gasy = 4/3, so that the enthalpy isp¥.
1.4 GHz synchrotron luminosity, assuming\M.of energy per The region where this is d|SS|pate_d b_y an adiabatic bubble
radio lobe, against the radio luminosity in the right-hand@ IS determined by the pressure distribution of the atmospher
of Figure[l. This ratio ranges from a few to a few hundred for For clusters such as Hydra A and Perseus, roughly half of
the powerful sources, which is broadly consistent with theo this energy would be dissipated inside the cooling radits. |
retical estimates (se2_De Yolihg 1093; Bicknell &t al. 1997). is likely that the bubbles are not entirely adiabatic. On the
On the other hand, Abell 478 has a ratio exceeding a few thou-basis of our numbers, radio losses are generally negligible
sand. To the extent that X-ray cavities provide a good measur but pieces may be broken away from bubbles, and the rela-
of the mechanical energy of radio sources, the large variati tivistic particles may leak. Such effects will generallyade
in this ratio indicates that radio luminosity is not necejga  t0 a greater proportion of the bubble energy being deposited
a reliable probe of the available mechanical energy. within the cooling radius. _ _
There are several factors that can introduce scatter into ou It is important to note that our estimate of the mechanical
estimate of the ratio of radio to kinetic power. The most luminosity relies critically on the assumption that the bleis
important is probably intrinsic differences between thgiga ~ are close to local pressure equilibrium. This is at least ap-
sources themselves, a consequence of dramatic changes proximately true for the Hydra A cluster (Nulsen etial. 2002)
radio luminosity with time. Certainly, if radio outburstsea ~ However, according to the standard view of radio sources,
to compensate for radiative losses in cooling flows, then thebubbles may have been significantly overpressured while be-
absence of radio emission from some systems requires largéhg formed (e.g. Heinz et El. 1998). In that case, the expand-
variations of radio luminosity with time. On the other hand, ing bubble drives a shock, and the energy deposited by the
the pv energy of the bubbles alone would tend to underesti- €xpansion can be substantially larger tipsh
mate the the mechanical luminosity of radio sources by fac- There may be additional heat input from the AGNs as-
tors of several if energy dissipating shocks are generated, 500|a'§ed with radio (_)utbursts. This CQU|d take the form Of
if the bubbles expand non-adiabiatically (they leak), aghi#  spherical shocks (driven by poorly collimated outflows}, di

internal energy of the bubbles is boosted with a relativisti rect injection of relativistic particles, inverse Comptoeat-
plasma. ing (Ciotti & Ostriker|2001), or other processes. Very sub-

stantial additional heat inputs would drive convectioadiag
5.2. Heating by Radio-Induced Cavities to an isentropic core and mixing out of abundance gradients
(Bruggen 2002), but this is not a very strong constraint. If

the rising bubble into other forms of energy in the cluster at such energy injection is significantly more than the bubble e

mosphere. Here it is shown that, for an adiabatic bubbls, thi ergy input, then it is inappropriate to associate it digeadth

energy is dissipated in its wake. If the mass in the bubble iswifhbbuubbb;?eshk)elghg]ricge;gwgia“ng power may be correlated

negligible compared to the mass of the gas it displaces ahen gy a1y it should be noted that even for adiabatic bubbles,

bubble rises, because the gas falls in around it to fill thespa 5 free’ energy of a bubble decreases with time, and bubbles
it occupied. This process is driven by the potential energy may even break up quickly, so that they disappear as X-ray
released as the surrounding gas moves inward. The energyaities This means that the instantaneous estimate tléub

is first converted to gas kinetic energy, then dissipatedién t mechanical power that we have used varies with time, and

}[/valge IOf the ”S'Tg bugbleh. 'ntrfh% nt())é?tlo_n 013]4.1,”t2.e PO may vary dramatically. A much better controlled sample is
ential energy released when the bubble rises a small ¢stan e died to investigate such issues.

oR, is

Churazov et &l (2002) noted the conversion of enthalpy of

dp
OW =pVgoiR=-V—¢R 7
PVe dR ~ Q) 5.3. Can Cavity Production Quench Cooling Flows?

wherep is the gas density, and we have used the equation We now turn to the question of whether radio sources de-
of hydrostatic equilibrium to replaceg = —-dp/dR, wherep posit enough energy into the ICM to quench cooling. We use
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losses). Provided that the true radio cycling timescalgean
betweert., andt,, the cavities in one quarter to one-half of the
objects in our sample contain enough energy to offset radia-
1 tion losses. This would be true of the cavities in the renmagjni
g objects only if they are significantly nonadiabatic, as ioetd
in 8[5:3. Bear in mind that our conclusions depend on the
adopted cooling radius (see 83.2), measurement uncégtaint
in the cavity sizes, and the cavity production timescale/-Ne
- ertheless, we can safely conclude that cooling can plausibl
be balanced by bubble heating in some, but not all, systems.
Itis unnecessary to balance the entire luminosity; Lspec
by bubble heating alone if there are other forms of heating
present. A possible source of heating is thermal condugction
10t i which, as demonstrated by Voigt & Fablian (2004), could sup-
ply a significant amount of heat. Using a sample similar

10%-

LmeCh(lo42 erg §)
[y
Q
T

QT

>y N to our own, Voigt & Fabian found that thermal conduction
102 W . can reduce the cooling luminosity by factors ©f2—3 in
00 100 10 10 10 10 some objects. Although they are difficult to find in X-ray

2 . images, shocks associated with the expanding cavities can
LyLepecS eoop (10%e€rg &) g P 9

. ec’ S deposit additional energy into the ICM. De&mandra im-
clarc ceimac o oot i, Linen Benabng Lo TEo"®  ages of a growing number of objecis, including Cygnus A
are shown for the assumption p¥, 4pV, and 16V energy in the bubbles.  (Wilson et al.| 2003), NGC 463€_(Jones etial. 2002), M87
Symbols and error bars as in Figille 1; the arrow denotes eer lippt. (Forman et &l. 2004), and Perseus (Fabianlet al. 2003a), show
surface brightness discontinuities that may be associeited
weak shocks. In Cygnus A and M87, the shocks imply that
the radio source may provide several times the upper limit of
Ly, the total luminosity of the X-ray—emitting gas from within  the luminosity seen in the bubbles, under the assumption of
the cooling radius, as an estimate of the classical, or mor-4pV of energy per bubble_(Wilson etlal. 2003; Forman et al.
phological, cooling luminosity in the absence of heatind an 2004). It may therefore be a combination of heating mecha-
Lspeo the spectral estimate of the cooling luminosity within nisms that leads to quenched cooling, as suggested by kevera
the cooling radius, as the luminosity of the gas coolingte lo  authorsi(Brighenti & Matthews 2002, 2003; Kim & Narayan
temperatures. The cooling luminosity —Lspec must be off-  2008; Ruszkowski & Begelman 2002).
set by heating in order to prevent the gas from cooling to low It is important to note that that our sample is biased toward
temperatures. We note that this quantity ignores non—X-raysystems with visible evidence for X-ray cavities, and dagts n
cooling, such as ultraviolet and optical emission, predict represent clusters as a whole. Many clusters, includingesom
to result from cooling by thermal conduction inside magmeti with large cooling flows, do not contain cavities (e.g. Abell
flux loops [(Saoker 2004), or along reconnected magnetic field 1068, Wise et al._2004; McNamara etlal. 2004). These ob-
lines between cold clouds and the ICM_(Soker éf al. P004). jects may have very different reheating histories than the o
Any such emission would lower the cooling luminosity which jects discussed here. In this sense, the objects presesrted h
must be balanced by heating. Figlite 2 shows the mechanicalepresent the best-case examples for reheating the ICM-by en
luminosity plotted againdty — Lspecfor our sample. The di-  ergetic bubbles. Our analysis does not imply that all cagplin
agonal lines represent equality between cooling and hgatin flows can be quenched in this fashion.
assuming energy inputs gV, 4pV, and 16V per cavity. The . L
data aregderive%yfrOF;n Ta‘\)bIE;pZ ddd S.EpFoE RBS 7%)/7, an up- 94 Trendsbetween X-ray and Mechanical Luminosities
per limit is shown. The cooling luminosity for RBS 797 is Figure[2 shows a trend between the X-ray luminosity and
poorly constrained by the spectrum, which consists of only bubble mechanical luminosity, with the sense that systems
~ 9000 counts after cleanin. RBS 797, while very luminous, with larger X-ray luminosities also have larger mechanical
is the most distant cluster in our sample and has the shortesluminosities. This trend extends over a dynamic range of
exposure time (see Sectibh 2). ~ 1000 in both X-ray and mechanical luminosity. Just such
Figurel2 shows several objects, such as Hydra A, Cygnus A,a trend would be expected were the cooling and heating
and M84, whose cavities can contain enough energy to bal-of the ICM coupled in some fashion. Several studies (e.qg.
ance radiative losses, at least temporarily, with neaply of Rosner & Tuckern 1989; Binney & Tabor _19956; David et al.
heat input per cavity. The remaining objects, which require 2001 Quilis et al. 2001; Churazov eilal. 2002) have proposed
between a few and- 20pV per cavity to balance cooling, that cooling is balanced by heating in a self-regulated feed
would do so with varying degrees of difficulty. As discussed back loop. The feedback loop is driven by episodic radio
above~ 2pV would be deposited within the cooling radius by activity fueled by cooling and accretion onto a central klac
an adiabatic bubble containing relativistic plasma. Upgg4  hole. The accretion energy is then returned to the ICM
is available if the cavities are relativistic and nonadtahand through an AGN outburst, including the action of the radio
there may be further energy input if they are overpressured o cavities, which temporarily arrests cooling. At later tsne
produce a shock when they are formed. Therefore, the objectshe center of the system settles down and the cooling flow is
that require~ 4pV or less may reasonably be supplied with reestablished. During the cooling cycle, molecular gasiéEd
enough energy in the cavities to balance cooling, depending2001) accumulates and star formation ensues (Johnstohe et a
on the detailed dynamics (the heat also needs to be distdbut 11987;McNamara & O’Conne¢ll 1989), albeit at substantially
inside the cooling radius to match the distribution of réd&a lower levels than expected in steady-cooling models (Fabia
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1994). Even if the radio bubbles are not the main source ofmissed by the observations.

heat, Figuré2 suggests that AGN feedback is intimately in-
volved in the process that prevents a large cooling flow from

forming.

The apparent correlation in Figure 2 should be treated with

5.5. SUmmary

caution. As noted earlier, our sample was selected from clus We have presented an analysis of 18 systems taken from the

ters in theChandra archive with fairly obvious cavities in their
cores, and neglects those without obvious cavities. Other c

Chandra archive having clear evidence for cavities in their X-
ray emission. We find that the energy associated with the cav-

ters are known to have substantial cooling luminosities-com ities is sufficient to substantially reduce or quench capim
mensurate with the observed levels of cold gas and star for-nearly half of the objects in our sample. However, this mech-
mation, yet contain no cavities and have low radio power. A anism alone probably does not provide a general solution to
prime example is A1068& (Wise etlal. 2004; McNamara bt al. the cooling problem, unless X-ray cavities probe only a $mal
2004). Similar objects would appear in the lower right of fraction of the total kinetic luminosity of radio sourcen.dd-

this diagram, tending to weaken the correlation. On therothe dition, we have discovered a trend between the cooling X-ray
hand, it is unlikely that we would have missed objects with luminosity and the mechanical energy of the cavities, with t

powerful cavities, which would lie in the upper part of this d
agram. Therefore, the distribution of points may repreaent

sense that more luminous systems produce larger and more
energetic cavities. The trend, or envelope, may have been

upper envelope in mechanical luminosity as a function of X- established by a self-regulated cooling and feedback mecha

ray luminosity. Such a distribution would be consistentwit

nism acting in many systems. The existence of such a mecha-

the feedback hypothesis, if objects like A1068 are in an ex- nism in relatively nearby clusters, where the detailed psys
tended cooling phase in which the central galaxies have ex-can be examined, may provide significant insight on the pro-
perienced substantial levels of accretion in the past 100 My cess of galaxy formation that prevails at large redshiftg. (e
or so, when the radio source has not had a chance to crealgoit & Ponman| 2003). A similar mechanism may regulate

cavities capable of reducing or quenching cooling.

the growth of galaxy halos during the dissipative stages of

We have investigated the degree to which other systematicheir development_(Dubinski 1994) and may be an agent re-

effects may lead to an unphysical luminosity-luminosity-co

sponsible for the detailed correlation between black haesn

relation. For example, Elvis etlal. (1978) pointed out that a and velocity dispersion of spheroids (Fabian &t al. 200@s).
sample of objects with a small range of fluxes and a large have measured for the first time the distribution of the rafio
range of distances will show a correlation in a luminosity- kinetic luminosity to monochromatic radio luminosity for a

versus-luminosity plot, even if there is no intrinsic cdat®n

sample of radio sources. The ratio varies widely, with most

in the sample. Our sample, however, has a large range of raebjects ranging between few and a few hundred, assuming

dio fluxes (from~ 10 mJy to~ 10° mJy). The cavities in

1pV of energy per cavity. X-ray cavities provide a unique

our sample also cover a large range of projected angulas size probe of the mechanical power of radio jets, independeritly o
(from ~ 3" to ~ 35"). We believe, then, that these potential the radio properties themselves.

effects are unlikely to account entirely for the trends sieen
Figuredl anfil2.

Our future plans include expanding the sample size and ac-
quiring better and more uniform radio data. In addition, we

Selection bias may also contribute to the correlations. plan to extend our understanding of the detectability fiomct

Small cavities are easily overlooked in distant objectscesi

of bubbles, using simulations of images with a wide range of

cavities of a given linear size become more difficult to de- exposure and signal-to-noise ratios.

tect as their angular sizes decrease with increasing distan
Conversely, in very nearby objects, such as M87, we may We acknowledge helpful

miss larger bubbles that lie outside the detector. Furtbezm

discussions with Mangala
Sharma, Liz Blanton, Frazer Owen, Hui Li, Phil Kronberg,

other considerations, such as the bubble position, affect t and David De Young, and we thank Carlo Nipoti for point-
detectability (EnRlin & Heinz 2002). The consequences of ing out an error in the Centaurus radio flux in an earlier ver-
these and other effects on our selection function will be ad- sion. This work was supported by Long Term Space Astro-
dressed in the future using a larger and better-defined samphysics Grant NAG5-11025Chandra Archive Grant AR2-
ple of clusters, including a more sophisticated approach to3007X, and a grant from the Department of Energy through

placing limits on cavities that may exist in clusters but ever

the Los Alamos National Laboratory.
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