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ABSTRACT

We present an analysis of archiv&handra and VLA observations of the EO galaxy
NGC 1399 and the E2 galaxy NGC 4649 in which we investigatétieavin the surround-
ing X-ray emitting medium caused by the central AGN. We claliuithe jet power required
for the AGN to evacuate these cavities and find values 8fx 10*! erg s! and~ 14 x 10%!
erg s ! for the lobes of NGC 1399 and 7 x 10! erg s! and~ 6 x 10*! erg s™! for those of
NGC 4649. We also calculate thg f values for each cavity, wheteis the ratio of the total
particle energy to that of electrons radiating in the ranigOoMHz to 10 GHz, and’ is the
volume filling factor of the plasma in the cavity. We find thla¢ tvalues of/ f for the lobes
of NGC 1399 are~ 93 and~ 190, and those of the lobes of NGC 4649 are15000 and
~ 12000. We conclude that the assumed spectrum describes theoglatistribution in the
lobes of NGC 1399 reasonably well, and that there are fevaergd particles. For NGC 4649,
either there are many entrained particles or the model spaaloes not accurately describe

the population of electrons.

Key words. galaxies: active — galaxies: nuclei — galaxies: individbMBC 1399 — galax-
ies: individual: NGC 4649 — radio continuum: galaxies — Xgagalaxies

1 INTRODUCTION

Within nearby galaxies, groups, and clusters, embeddeisteact
galactic nuclei (AGN) have been found to interact with the- su
rounding hot, X-ray emitting thermal gas, causing suchudist
bances as shocks, ripples, and cavities ((e.g. Fabianlef@l, 2
2003/ 2006; Forman etlal. 2005). The cavities, which appgaf-a
ray surface brightness depressions, consist of low deredayivis-

tic plasma and are a consequence of the thermal gas beirgadidp
by the jets of the AGN. They have been found to be associatid wi
the central AGN of many clusters, such as Perdeus (Bohratgs.
1993; Fabian et al. 2000, 2003, 2006), Hydra A (McNamaralet al
2000), M 87 ((Churazov et &l. 2001; Forman et al. 2005), and Cen
taurus |(Taylor et al. 2002, 2006). AGN-induced disturbanaee
also present within the hot interstellar medium (ISM) in kizdoes

of normal elliptical galaxies (Diehl & Statler 2006). Mangréy-
type galaxies, such as M 84 (Finoguenov & Jones |2001), hame be
found to harbor cavities in their X-ray haloes. Our inteiaghese
AGN-induced cavities stems from the fact that they can bel use
as calorimeters. The kinetic energy of the jets emanatiom he
central black hole can be estimated by calculating the amofun
energy required to inflate the observed cavities (Birzaal &004;
Rafferty et al. 2006; Dunn & Fabian 2006). Using this estenttie

jet power can be calculated once an approximate age of tliy cav
has been deduced.

For nearby large, elliptical galaxies, accurate measunesred
the density and temperature profiles of the thermal gas catrbe

tained from high resolutiolhandra observations. For those sys-
tems that are sufficiently close, such that radii within ateorof
magnitude of the accretion radius are resolved, these merasats
can be used to calculate the Bondi accretion rate, givematss of
the black hole mass. Allen etlal. (2006), in a study of 9 X-rayit
nous sources that harbor cavities, found that a tight physirre-
lation exists between the power available from Bondi aganedf
the hot gas and the observed jet power. These results aificsigh
especially for studies of accretion and jet formation, al§ asthe
formation and evolution of galaxies. In particular, buildiupon
earlier studies by Di Matteo etlal. (2003) &nd Taylor etlab0),
they confirmed that the bulk of the energy produced by therabnt
AGN in these systems, which arelall Fanaroff & Riley (1974)ety

| sources, is released in the relativistic jets. The enenjgcted
back into the environment is in principle sufficient to balama-
diative cooling of the hot X-ray gas. This possibility hasabeen
investigated by Best et al. (2005, 2006), who showed thatdloé
ing of hot gas from the atmosphere of the host galaxy canlibasi
provide the fuel for low power, radio-loud AGN, and that treah
ing by AGN feedback can balance this cooling, except periaps
the most massive clusters. However, the manner in whichrihe e
ergy provided by the AGN is coupled to the thermal energy ef th
hot gas in order to offset cooling, as well as the efficiencyhis
process, are as yet unknown.

Because of the significance of AGN activity, it is desiralde t
investigate further the population of galaxies which ekhitter-
actions between the central AGN and the surrounding medium.
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particular, we are interested in those sources which haxdbaties,
as they offer insight into the physical properties of the A&NIf.

We analyzedChandra and VLA data for NGC 1399 and
NGC 4649, both of which are large, elliptical galaxies thatitor
cavities and are located in nearby clusters. Because oftraeim-
ity, we are able to determine the density of the X-ray enuttjas
down to radii within a factor of 10 of the accretion radius,king
these two galaxies ideal for future analysis concerningdBai-
cretion. At present, we use the cavities in these systenstitoate
the kinetic energy of the jets and jet power. We also invagtighe
particle content of the cavities by determinihgf, wherek is the
ratio of the total particle energy contained in the cavityhe en-
ergy accounted for by electrons emitting synchrotron taatiain
the range of 10 MHz to 10 GHz, anfdis the volume filling factor
of the relativistic plasma in the cavity. The cavities arkedlwith
relativistic charged particles and magnetic fields, whiogether
determine the synchrotron emission from the lobes. Thdivela
energy densities of these two components, and hemcel f, can-
not be disentangled from the emission alone. We must therefo
consider the ratid:/f, which, under the assumption that the gas
pressure is equal to the total pressure from the radio plassnebe
related to the magnetic field strength. The maximum fielchsfite
is obtained for the minimum value &f/ f = 1, and would indicate
a pure electron-positron plasma uniformly filling the cgvit

Our discussion will proceed as follows. We begirifhby de-
scribing the radio data selection and processing3lrwe describe
the X-ray data and preparation, as well as the identificatfarav-
ities. In §4 we presenChandra/VLA comparisons for NGC 1399

sources in the Nvﬁcatalogue with flux 10 mJy. Typically,
sources outside of that range are either not bright enougsodar
from the pointing center to have an appreciable effect ontiadity
of the image. As both sources had sufficient signal-to-nites,
imaging and phase-only self-calibration were then peréatrter-
atively, until the theoretical noise was reached or ungl tfuality
of the map ceased to benefit from the iterations. Radio flusitden
measurements are shown in Tdble 2.

3 X-RAY DATA PREPARATION

The Chandra X-ray data were used to determine the deprojected
temperature and density profiles of the X-ray emitting gathen
galaxies. These profiles, in combination with the measuizss ©f

the cavities identified from the X-ray and radio emissiofgvalthe

P dV work done by the cavity on the surrounding gas halo to be
calculated. The details of the X-ray observations are suiaeth

in Table[d.

Before analysis, the X-ray data were reprocessed and ceane
using theclAo software and calibration filesc(Ao v3.3, CALDB
v3.2). We began the reprocessing by removing the afterglew d
tection and re-identifying the hot pixels and cosmic rag@ftows,
followed by the toolACIS_.PROCESSEVENTSto remove the pixel
randomization and to flag potential background events fda da
observed in Very Faint (VF) mode. The Charge-Transfer Ineffi

and NGC 4649 and determine the power of the jets in these sys-Ciency (CTI) was corrected for, followed by standard graeles

tems. We present the/ f ratios in§g, followed by conclusions in
96l

Throughout this discussion, we assume aAl@DM cosmol-
ogy withQxs = 0.3 andHy = 70 km s~! Mpc™*.

2 RADIO DATA: REDUCTION AND IMAGING

The VLA radio data were obtained from the NRAO archive. In
selecting the data to be analyzed, preference was givenstr-ob
vations with time on source 5 minutes. Because steep spectrum
emission is brighter at lower frequencies, preference \gasgven

to observations performed at 1.4 GHz. In addition, A-configjon

or B-configuration observations at 1.4 GHz were desirabteder

to provide arcsecond resolution for comparison with X-ragges
from Chandra. Parameters for the VLA observations of NGC 1399
and NGC 4649 are tabulated in Table 1.

tion. Point sources were identified using thievDETECT wavelet-
transform procedure. As these two galaxies were obsendtig
ACIS-S3 chip, background lightcurves to check for flaringreve
taken from the ACIS-S1 chip. For the spectral analysis, back
grounds were taken from the CALDB blank-field datasets. They
had the same reprocessing applied, and were reprojectiee tot-
rect orientation.

Spectra were extracted in annular regions centered on the
peaks of the X-ray emission from the galaxies. Annular negio
were automatically assigned with constant signal-toeostop-
ping where the background subtracted surface brightnesanie
consistent with zero. The initial signal-to-noise was 1884 this
was increased or decreased by successive factar@ ob obtain a
number of regions between four and ten. The minimum signal-t
noise allowed was 10.

The 0.5 — 7keV spectra were extracted, binned with a
minimum of 20 counts per bin, and, usingsPEC (v12.3.0)
(e.g.lArnaud| 1996), ®R0JCTSsingle temperatur@lEKAL (e.g.

The radio data were reduced in the standard manner usingMewe et all 1995) model with aHABS absorption was used to de-

AIPS. After an initial editing of the data, absolute amplitudedan
phase calibration were performed on each dataset usingtipgss
VLAPROCS and VLARUN. As the flux calibrator for each dataset
was resolved, a model was used for the calibration. If baalwate
still present after the initial calibration, those data @/ftagged and
the calibration was repeated.

Each source was imaged using the taslaGR. Sidelobes
from outlying sources were removed by using multiple facdtie
imaging. Proper placement of the facets was determined) disen
task SETFG which was set up to search a 0.5 degree radius for

1 The VLA (Very Large Array) is operated by the National Radistén-
omy Observatory (NRAO).

project the cluster. The deprojected cluster temperaatmadance
and normalization profiles allowed the calculation of dgnand
pressure profiles. Chi-square was used as the estimatae fitgh
These profiles give azimuthally averaged values for theetus

properties and have been used in the subsequent calcslafiba
substructure present in these galaxies is not expectedasothe
results on the gas properties significantly (Donahue |e086P As
such the use of these azimuthally averaged values is ndy like
introduce large biases into the subsequent calculations.

2 The NVSS (NRAO VLA Sky Survey) is a 1.4 GHz continuum survey
covering the entire sky north of -4@leclination(Condon et al. 1998).
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Table 1. Positions, redshifts, and radio and X-ray observationildeftar NGC 1399 and NGC 4649. The frequency (in GHz), configion, date, and duration
(in s) of the VLA observations are shown in columns 5 throughi& ObsID and final exposure time (in ks) of thieandra observations are shown in columns

9 and 10.
VLA CHANDRA
Source RA Dect Redshift Frequency  Config Date Duration ObsID  Exposure
(J2000) (J2000) (GHz) (sec) (ks)
NGC1399 03h38m29.08s —35d27m02.7s  0.004753 1.465 3H 1983 Dec 16 27910 319 55.9
NGC4649 12h43m39.66s +11d33m09.4s  0.003726 1.465 B 19824Ja 4410 785 36.9
1Positions and redshifts obtained from the NASA/IPAC Exalagtic Database (NED).
2The exposure after reprocessing.
3Hybrid configuration (A and B).
Table 2. Radio flux density measurements
Source Peak Flux Total Flux Density RMS Beam PA
(Jy beant1) Ay) (Jy beantl)  (arcseéd)  (deg)
NGC1399 1.8%10~2 4.63x1071 72.1 415280 385
NGC4649 1.7%1072 2.82x1072 29.7 4513.64 44.8
Table 3. Properties 41 NGC1399
NGC 1399 is the central EO galaxy of the Fornax cluster. loisth
NGC 1399 NGC 4649 to a low power radio source, whose lobes are confined withén th
Distance (Mpc) 194 171 optl_cal gala_lxy‘ Paohll_o et al. §2002) present a ROSAT/VLéne
Ly (erg s 1)* 497 x 1041 1.91 x 1041 parison which shows interactions between the central AGN @
Py 4 (ergs ! Hz— 1)t 209 x 102°  9.87 x 1027 surrounding hot gas. Figufé 1 shows d@ivandra/VLA compari-
Scale (kpc arcmin’) 5.64 4.96 son for NGC 1399. These comparisons confirm the structuresifo
Largest angular size (arcséc) 233 46.5 inPaolillo et al. (2002), as well as the presence of caviigsoci-
Largest physical size (kpt)  21.9 3.85 ated with the radio lobes. The lobes extend north and soattyaln

* X-ray luminosity, from O’Sullivan et al! (2001).
TTotal isotropic radio power at 1.4 GHP; 4 = 47 D251 4.
tRadio source size.

4 INTERACTION BETWEEN AGN JETSAND

THERMAL GAS

In order to investigate any possible interactions betweemNGN

axis oriented~10 degrees west of north. They are approximately
symmetric, each having a length of roughly 11 kpc. The céXtra
ray source is elongated in the direction of the lobes, witlyds
along the east and west edge of the northern and southers, lobe
respectively (see Figufé 1b). The southern lobe bends Ighaest
before gradually bending eastward. As can be seen in Hifajed
bright rim of X-ray emission follows the western edge of thath-

ern lobe, marking the edge of the cavity. The northern lolse al
bends slightly eastward at the end, and a bright rim of eonissan

be seen in Figurg]l1(a) to follow the western edge of this labe a

and the surrounding thermal gas, we superimposed the VLA ra- we||. Both lobes end in a bright clump of X-ray emission.

dio contours onto th€handra X-ray images. These X-ray/radio
overlays are shown in FigurEs 1 dnd 2. Panels (a) and (b) of eac
figure show an adaptively smoothed X-ray image and an unsharp
masked X-ray image, respectively, with color scales chtséigh-
light faint features. The adaptive smoothing was done wiraec-

sec kernel up to a maximum of 20 usingMOOTH (Ebeling et al.
2006). The unsharp-masked images are difference images loyad
first smoothing the raw image using a large Gaussian keritel (8

4.2 NGC 4649

NGC 4649, also known as M 60, is an E2 galaxy located in a group
at the eastern edge of the Virgo cluster. Fidure 2 show<Cbhan-
dra/VLA comparison for NGC 4649. Figuté 2(b) shows cavities in
the X-ray emission that are coincident with the lobes of teakwa-

arcsec for NGC 1399 and 20 arcsec for NGC 4649), and then sub-dio source. The lobes extend northeast and southwest, aloagis
tracting that image from one which has been smoothed using a 4approximately 31 degrees east of north. The northern lobdde

arcsec Gaussian kernel. The radio contours aid in the deetation

of the approximate size and location of the cavities. We hesd
estimates, in conjunction with density and temperaturélpsode-
rived from the X-ray data, to estimate the jet power requied
inflate the observed cavities. These calculations are suireaan
§4.3, following individual discussions of NGC 1399 and NG@46

in §4.1 andg44.2, respectively. Some additional derived properties
of the galaxies are presented in TdHle 3.

westward, while the southern lobe bends eastward, giviagatio
source an overall S shape. The central X-ray source can bdrsee
Figure2(b) to have slight bulges along the axis of the radioee.
These bulges appear to also be coincident with the axis o5 the
arcsec long central bar found by Randall etlal. (2004) in a-an
ysis of Chandra data! Randall et al. (2004, 2006) also suggest the
existence of “fingers” in the X-ray emission which extendiatig
from the center of the galaxy. These features are on a mugérlar
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Figure 1. X-ray images of NGC 1399 with 1.4 GHz radio contours. Thepefitel shows an adaptively smoothed X-ray image with a ltdgait color scale,
and the right panel shows an unsharp-masked X-ray imageanlitiear color scale. The unsharp-masking was done by stibgaa raw image smoothed
using an 80 arcsec Gaussian kernel from one smoothed usireg@dc Gaussian kernel. The dark ring in the unsharp-masiege is due to the central
source being much brighter than the rest of the image.

I12:4:3:4!-0.0

Figure 2. X-ray images of NGC 4649 with 1.4 GHz radio contours. Thepafitel shows an adaptively smoothed X-ray image with a ltdgait color scale,
and the right panel shows an unsharp-masked X-ray imagealittear color scale. The unsharp-masking was done by stibgaa raw image smoothed
using a 20 arcsec Gaussian kernel from one smoothed usingcaetdaussian kernel.
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scale than the radio emission, however, and thus are notnires
in the region shown in our images. We note that there are alever
small radio structures at the lowest contour level on th¢ aad
west sides of the X-ray source, some of which appear to abénci
with depressions in the X-ray images. These are likely torkie a
facts, though future observations may aid in determiningtivér

or not they are real features.

4.3 Jet Power

In order to estimate the jet power required to evacuate teergbd
cavities in the X-ray emitting medium, we employ the methed d
tailed in Allen et al.|(2006). Using the radio contours as idguwe
model the cavities as ellipsoids with semi-axis dimensigradong
the direction of the jety,, across it, andq along the line of sight.
As the actual depth of the cavities is unknown, we assume sym-
metry about the axis defined by the direction of the jet, shel t
ra = rw. Thus the volume of the cavity is given by = 47rr1r§,/3,
though systematic uncertainties in the cavity dimensiense this
value to be uncertain by about a factor of 2. This uncertaimty
the volume is taken into account in subsequent calculatithe
thermal pressuré® at the center of the cavity is determined from
temperature and density measurements of the X-ray emijaisg
From these values, we can calculate fAdV work done on the
X-ray gas by the AGN jets in inflating the cavities. The enefgy
required for this process is then found by adding thdl” work
done on the X-ray gas to the internal energy of the cavity:

2 1)
72— 1 Y2 —

Here~, is the mean adiabatic index of the relativistic plasma con-
tained in the cavity and has a value of 4/3. Thus the energlieof t
cavity is given by = 4PV.

The jet power can be estimated using the kinetic enérgf
the jet and the age of the cavity. We approximate the age afathe
ity as the sound-speed expansion timese¢alewhich is the time
required for the cavity to expand to its observed size atpleed of
sound in its current environment (see €.g. Dunn, Fabian &ofay
2005%; Birzan et al. 2004):

PV =

E=PdvV + 1PV.

(2)
wherec; is the local sound speed. The jet power can then be esti-
mated as

tcs = 7‘1/657

]cht, cs — E/tcs~ (3)

Because the cavities consist of low density plasma and are
thus expected to rise buoyantly through the surroundingiumed

the age of the cavity can also be approximated as the buoyancy—0.6 and «

rise timetyuoy, Which is the time required for the cavity to rise
buoyantly from the center of the galaxy to its current lomatiThe
buoyancy velocity inuey = 1/29V/SCp, whereS = 712 is
the cross-sectional area of the cavity, ~ 0.75 is the drag coef-
ficient, and the gravitational acceleration is givengoy: GM (<
R)/R?. The age, then, is approximately

(4)

whereR is the distance from the center of the black hole to the cen-

ter of the cavity. The mass profiles used in the calculation,gf,

come from the deprojection of the X-ray data assuming hydtics

equilibrium. The jet power can be calculated as
]Djet, buoy — E/tbuoy~

The P, calculations are summarized in Table 4.

tbuoy = R/vbuoy7

®)
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4.4 A Noteon the Timescales

We have considered two different timescales in the calicuiatof
jet power: one derived from the local sound speed and the diie
rived from the buoyancy velocity. The sound speed timestala-
sures the expansion of the cavity at its current locatiod, iaran
appropriate estimate in cases in which the cavities areeactiean-
ing that they are currently powered by the jets of the AGN. The
buoyancy timescale, however, measures the rise time ofatvigyc
to its current location, and is an appropriate estimate éndase
of cavities that have detached from the core and are rising-bu
antly through the surrounding medium. Such is the case fostgh
cavities, which are not associated with GHz radio emission.

In the case of NGC 1399,y iS On average a factor of 2
greater thani.s. The cavities are fairly well detached from the
core, as can be seen in Figlite 1. However, they are assouiked
1.4 GHz emission and thus are presently powered by the AGN jet
Because the cavities in NGC 1399 are detached but stillegtiis
difficult to determine which timescale is the most appradgride-
scription for the ages of the cavities in this system. In NG2&%
the resolution of the radio image does not allow us to detaerifi
the cavities are detached or not, though both timescalegeser-
ally in agreement with each other within the errors.

5 PARTICLE ENERGIESAND VOLUME FILLING
FRACTIONS

Using the synchrotron emission from the radio lobes, the en-
ergy contained within the relativistic electrons can becuwal
lated. Under the assumption that the radio lobes are in pres-
sure balance with their surroundings, their particle contan

be investigated. Fabian et al. (2002) studied the lobes d843C

in the Perseus cluster, and subsequently Dunn & Fabian {2004
Dunn, Fabian & Taylor (2005) investigated a large numberadfa
sources in galaxy clusters. For a more detailed descrigtiche
method, see Dunn & Fabian (2004). Here we outline the importa
details and any changes to that method.

To calculateF., the energy in the relativistic electrons, we
assume a continuous synchrotron spectrum with a singlerapec
index «, defined fromS, « v<, between/; = 10 MHz andv, =
10 GHz:

cz

Ee =4m x 10 (£

2 0.5
) (1+35)" 522
~ aB™3/?
(6)
(e.g..[Fabian et al. 2002). We adopt spectral index values ef
—0.7 for the northern and southern lobes of
NGC 4649, respectivelyl (Stanger & Warwick 1986), and =
—0.92 for NGC 1399 |(Ekers et al. 1989). Also taking into account
the energy within the magnetic field, the total energy in tiek is

given by

B2
Etot = kae + Vf_7 (7)

8w
wherek accounts for any other particles present in the lobe which
are not accounted for by the simplistic model spectriifris the
volume of the cavity, andf is the volume filling fraction of the
relativistic plasma.

The magnetic field present inside the cavity is estimated by
comparing the synchrotron cooling time of the plasma to te a
of the lobe. The latter can be estimated from the sound-spred
pansion timescale or the buoyancy rise time. Under the gssom
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Table 4. Summary of the calculation of jet powéf.; (in units of10%! erg s™1). “Lobe” refers to the lobe for which the calculation is daideand S for
northern and southern lobe, respectivel)is the distance (in kpc) from the center of the black hole éodénter of the cavityP is the thermal pressure (in
eV cm~3) of the X-ray gas at radiui, V' is the volume (in crd) of the cavity, E is the kinetic energy (in units dfo* erg) of the jetst.s is the sound speed

expansion timescale (ir06 yr), andty, .y is the buoyancy rise time (08 yr).

Source Lobe R P \% E tes thuoy Piet, cs Pict, buoy
(kpc) (eVcnr?) (1093 cm?) (1054 erg) (106 yr) (106 yr) (10*tergs ) (10! ergst)
NGC 1399 N 84+0.8 16.0+2.64 1300 + 535 131 £59.2 5.08+0.55 12.6 +3.83 8.24 + 3.70 3.24 +1.49
S 844+0.8 16.0£2.65 29504+ 1210 300 £ 134 6.98+£0.76 10.8 +3.30 13.7 + 6.09 8.57 £3.93
NGC 4649 N 1.14+0.1 133 £28.3 50.0 +20.4 41.8+19.7 1.91+0.20 1.324+0.36 6.95 + 3.26 9.95 +4.54
S 1.3+0.1 134 £+ 28.3 43.7 £18.0 36.6£17.5 1.944+0.20 1.72+£0.48 6.03 £+ 2.84 6.63 £ 3.11

that the lobes are in pressure balance with their surrogsdive
can obtain upper limits on the ratig' f:
B2

7= (- %)

If k/f = 1, the lobe is uniformly filled with a purely electron-
positron plasma with energies corresponding to emissidy ian
the range ofl0 MHz to 10GHz. If f ~ 1 andk/f > 1, then
k > 1, which implies that there are “extra” particles preseniedé
could be thermal protons mixed into the relativistic plasmhe jet
travels out from the AGN, or they could be electrons whichated
outside of the assumed spectrum.

We calculate the:/f values using timescales derived from
the sound speed, as well as those derived from the buoyatay ve
ity. These values are presented in Tallle 5. The equipartiitues
k/ foq are calculated under the assumption that the plasma within
the cavity is at equipartition with the pressure from thesumding
medium. We use a Monte-Carlo algorithm to calculate the unce
tainties in the upper limits obtained dry f. The resulting distri-
bution of limits onk/ f is non-gaussian. We find that a log-normal
distribution is a fair description of the data, and it is fréiis that
the values for the uncertainties quoted in Tdlle 5 are takha.
values for the uncertainties are large, approximately fadf 3 of
thek/ f values.

There is a striking difference between thgf limits, namely
that those of NGC 1399 are much lower than those of NGC 4649.
This difference is linked to the radio flux, which is roughlfeator
of 20 lower in NGC 4649. The lower the value &f f, the closer
the assumed electron energy spectrum is to the actual ot in t
lobe. However, as the synchrotron plasma ages, the higlgyener
electrons lose their energy more rapidly, and the distidbuof
energies shifts to lower energies and also spreads outefbiner
observing old radio lobes at high frequencies results in dadio
fluxes, which, if the spectrum is assumed to be flat, undenastis
the number of particles present. As a result, there would ipésa
match between the internal and external pressures. In taéce
lations we force the lobes to be in pressure balance by isicrgha
and/or decreasing.

We currently have a lower cut-off to the synchrotron speutru
of v = 10 MHz. However, in old lobes there would be very low en-
ergy electrons, and so this lower cut-off might be too highdér
the assumption thdt/f = 1 and that we have correctly modeled
the synchrotron spectrum, we calculate the appropriat&Ve set
an absolute lower limit of the cyclotron frequency appraf@ito
the magnetic field determined within the radio lobes. Fomntbrth-
ern and southern lobes in NGC 1339,/ = 1 can be obtained us-
ing a minimum frequency of 265 Hz and 49 Hz respectively (the ¢
clotron frequencies are 54 Hz and 43 Hz). However, in NGC 4649

k

iBS/Q.
a

®)

even with the lower cut off at the cyclotron frequeney {00 Hz),
k/f is 2700 and 890 for the northern and southern lobes respec-
tively.

Another explanation is that the assumed spectrum is close to
what exists in the cavity but that there are non-relatiigtarti-
cles present in the lobes, especially in NGC 4649. Thernwibps
could be entrained as the jet travels through the inner périse
galaxy and halo. These would exert a pressure on the suiiraund
X-ray gas, but would be undetectable from the radio syncbinot
emission.

In NGC 1399, the limits ork/f implies that there are few
entrained particles and that the assumed spectrum doesbaesc
the distribution of electrons in the lobe reasonably webtwdver,
in NGC 4649 either there are many entrained particles or thaemh
spectrum does not describe the electron population well.

There is close agreement between the limits obtained frem th
sound speed and buoyancy timescales. We find that the ordg lob
which can be in equipartition between the leptons and thenetag
field are those from NGC 4649 if the buoyancy timescale is tized
calculate the magnetic field from the synchrotron coolinagti

6 CONCLUSIONS

In analyzingChandra and VLA data for NGC 4649, we have found
cavities in the surrounding X-ray emitting gas that have brexn
previously reported. We used these cavities and those in NSS@
to estimate the power of the jets emanating from the centaakb
hole of these systems. Th@.; values for NGC 1399 using the
sound speed expansion timescale ar& x 10*' erg s™* for the
northern lobe and- 14 x 10*! erg s! for the southern lobe. The
values using the buoyancy rise time are on average a factdr of
lower for both lobes, but are roughly in agreement with treref
mentioned values within the errors. As the cavities in NG@93
are detached from the core but presently powered by the AGN je
it is difficult to determine which timescale is the relevaneadn this
case. In NGC 4649, th&;.; values using the sound speed expan-
sion timescale are- 7 x 10*! erg s™* for the northern lobe and
~ 6 x 10" erg s7* for the southern lobe. Calculations using the
buoyancy rise time yield similar values, within the errors.
Comparing these jet powers to those calculated in Allenlet al
(2006), we find that our sources have jet powers that are |tvaer
most of those in their sample. Examples are M 87 and NGC 4696,
both of which are located within dense cluster environmévit87
is near the center of the Virgo cluster and has jet powers twhic
are roughly an order of magnitude larger than those of ourcesu
The jet powers for the lobes of NGC 4696, which is in the ceoter
Centaurus, are roughly 3 to 4 times those of our sources. We fin
that our sources have similar jet powers to those of NGC 4652 i
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Table5. k/ f values.S is the radio flux (in Jy) of the specified lob/ f.q is the equipartition valug;/ fsound is calculated using the sound-speed expansion

timescale, an& / fi,,0y is calculated using the buoyancy rise time.

Galaxy Lobe S Qy) k/fea k/ fsound k/ fouoy

NGC1399 N 0.1140.01 67.0755% 93.0735%, 93.6737°
S 0.13 £ 0.01 1291306 1901331, 1771258

NGC4649 N  0.0038+0.0002 12000F3330° 158007930 136007 3720°
S 0.0034£0.0002 9450735000 12400132500 120007 3950°

Virgo, which has values of 7 x 10" erg s' and~ 8 x 10*

erg s, as well as those of NGC 5846, which dominates a group
of intermediate mass and has jet powers-of x 10*! erg s™* for
each lobe.

We also investigated the particle content of the cavitiesdty
culatingk/ f. We find that thek/ f values for NGC 4649 are much
larger than those of NGC 1399 by about 2 orders of magnitude.
Dunn, Fabian & Taylorl (2005) found that there is a large raoige
values fork/ f in cavities found in cluster galaxies. In genefgl f
is in the range ofv 1 to ~ 1000 for cavities that are active. The
values for NGC 1399 fall into this range; however, in the cake
NGC 4649, the values fdr/ f using either timescale are more than
a factor of 10 larger than the upper limit of what has beeniprev
ously observed.

The minimum value ok/f = 1 corresponds to a lobe which
is filled with a uniform electron-positron plasma with eriegycor-
responding to emission in the range of 10 MHz to 10 GHz. Large
values ofk/ f, such as those found in NGC 4649, can be achieved
by large values fok or small values foif. Large values fok imply
that, in order for there to be pressure balance, there muysartie
cles present within the lobe which are not accounted for byast
sumed spectrum. These particles can be electrons whossi@mis
is outside the range of 10 MHz to 10 GHz or thermal protons that
either exist in the jets during their formation or are emtea as the
cavities travel through the surrounding medium. The filliagtor
f describes the fraction of the volume of the cavity that isupoed
by radio emitting plasma. The remaining volume fraction eiiner
be occupied by thermal gas or plasma whose relativistidreles
have aged. Dunn, Fabian & Taylor (2005), in studying ghosi-ca
ties as well as active cavities in Centaurus and Perseusd finat
the older cavities have largér/ f values than the active ones and
have attributed this to the aging of the relativistic elens:.

The k/f values for NGC 4649 are similar to those of ghost
cavities in which the relativistic electrons have agedutitothe
values can also suggest that the the lobes contain entrparéie
cles. If the electrons in the lobes of NGC 4649 have aged, tiadem
spectrum is simply not an accurate description of the eadatistri-
bution. This scenario seems likely, as the radio flux is sdlshmet
NGC 4649 is expected to soon become a ghost cavity systertdshou
clear cavities remain. For NGC 1399, the model spectrumappe
to be an appropriate description of the lobe contents, aatkth
are probably not many entrained particles. As was propoged b
Dunn & Fabian|(2004), higher power radio sources are les$ylik
to pick up extra particles from the surrounding medium. @suits
agree with this description in that NGC 1399 has lowgf values
than NGC 4649 and also higher radio power. However, there are
many physical parameters to consider in investigatingetafies,
and no clear correlation has been found betwiegfiand any one
parameter.

In calculatingk/ f we have assumed a simple power-law spec-
trum. Using high frequency observations to obtain radio fhea-

surements of a lobe whose relativistic electrons have ageddw
tend to cause this power-law approximation to underestntia
energy of the relativistic electrons in the lobe and theesfiveres-
timatek/ f. Our results, then, could be said to suggest that the lobes
in NGC 4649 are likely to be older than those in NGC 1399. How-
ever, these results could also suggest that the power-lpro@ma-

tion may be poor in both cases. In order to determine whetfeer t
power-law assumption is reasonable, it would be desirablebt
tain sensitive lower frequency VLA observations of theskaxjas,
such as at 330 MHz, that would allow for accurate measuresnent
of the radio flux in the regions corresponding to the cavities
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