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ABSTRACT

We extend our earlier work on cluster cores with distinciodulibbles, adding more active
bubbles, i.e. those wittGHz radio emission, to our sample, and also investigating “ghos
bubbles,” i.e. those withouGHz radio emission. We have determinkdwhich is the ratio
of the total particle energy to that of the electrons rad@thetween 0 MHz and 10 GHz.
Constraints on the ages of the active bubbles confirm thattieof the energy factok, to
the volume filling factor,f lies within the rangd < k/f < 1000. In the assumption that
there is pressure equilibrium between the radio-emittiagrmpa and the surrounding thermal
X-ray gas, none of the radio lobes has equipartition betvtberrelativistic particles and
the magnetic field. A Monte-Carlo simulation of the data ledthie conclusion that there
are not enough bubbles present in the current sample to beabletermine the shape of the
population. An analysis of the ghost bubbles in our sampbevekl that on the whole they have
higher upper limits ork/ f than the active bubbles, especially when compared to timobe i
same cluster. A study of the Brightest 55 cluster sample shibat 17, possibly 20, clusters
required some form of heating as they have a short centréihgaime, ¢, < 3 Gyr, and a
large central temperature drdBsentre/Touter < 1/2. Of these between 12 (70 per cent) and
15 (75 per cent), contain bubbles. This indicates that tig dcle of bubbles is large in such
clusters and that they can play a major role in the heatingga®
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1 INTRODUCTION to higher redshifts where possible, and also including snezeby
ellipticals which harbour radio sources and have bublbiedtruc-
tures observed in the X-ray emission as well as known clgstest
Pubbles. We attempt to include all bubbles for which bothxfray
data available to us shows clearly evident bubbles and vithere
is high resolution radio data. Following the approach fietaded
inlEabian et £11(2002) and developed.in Dunn & Fabian (2004),
determinek/ f in the condition of pressure balance, wheris the
ratio of the total relativistic particle energy to that ieefrons emit-
ting synchrotron radiation betwed® MHz and10 GHz, and f is
the volume filling factor of the relativistic plasma in thetle.

The bubbles analysed here now include ones which have no

Radio lobes which emit synchrotron radiation contain ekt

tic electrons and magnetic fields and tradiationally eqtipan
(minimum energy) has been assumed to obtain the pressures o
each component_(Burhidge 1959), When the radio source i=lfou

in a cluster the radio emitting lobes can correspond to decre
ments in the X-ray emission, which have been interpretedibs b
bles in the Intra Cluster Medium (ICM). This allows the degen
eracy to be removed by measuring the thermal pressure of the
ICM and assuming pressure equilibrium between these bsibble
and the surrounding X-ray gas. The lack of strong shocks sup-
ports the assumption that the bubbles are not strongly e®rp > I=r ) o
sured. Many moderate power radio sources in low redshiétets current (?HZ radio emission — so-called 'Ghost Lobes' or '&tho
imaged withChandra show holes in the X-ray emission (e.g. Hydra  Bubbles.’In some cases these ghost bubbles occur in Gustere

A, (McNamara et &l._2000); Perseus. (Fabian =t al. 12000) 5220 th.er.e are active bubbles and so the evqlut!on ,Of the bup‘fbl/éﬁ
(Blanton et all 2001); A2199[ (Johnstone etal. 2002); Gent W|th|_n one cluster can be traced. The _dlstnbutlon of thethmn
(Sanders & Fabian 2002)), the first of which was discoverettién k/f_ IS al_so _ext(_endf_ed a_md the suggestion t,hat the un_derlylng pop-
Perseus cluster witROSAT (Bbhringer et all 1993). Recent com- ulation dllstrlbutlon is bimodal (Dunn & Fabian 2()94) is nodier
pilations were given b¥ Bzan etal. [2004) anfl Dunn & Fablan ~ Present in these extended data; however the wide spreagin
(2004). remains.

Here we perform a follow up study, extending the sample out In Section[2 we describe the calculations and assumptions
used to obtain upper limits oh/f and in Sectiofll3 we give the
basic results from this analysis. The present sample is tmdb

* E-mail: rjhd2@ast.cam.ac.uk with that presented in_Dunn & Fablan (2004) in Secfibn 4 where
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2  Dunn, Fabian & Taylor

the Monte-Carlo simulations are considered along with ffece

of the shape of electron energy spectrum. The results fran th
analysis of the ghost bubbles are presented in SeElion 5 mnd a
analysis of the number of bubbles present in clusters isrithest

in Sectior®. Our conclusions are presented in Sefion 7. $&e u
Ho = 70km s~! Mpc™* throughout.

2 DATA ANALYSIS

We follow the analysis presented lin_Dunn & Fabian (2004) and
Fabian et €l. |(2002) to quantify the properties of the phasic
present in the bubbles using standard synchrotron thearygivVé
some of the relevant formulae below; for full details of tladcaila-
tions se¢_Dunn & Fabian (2004).

The total energy in a bubble which is emitting synchrotron
radiation between; = 10 MHz andv, = 10 GHz, with a spectral
indexa (S(v) o v<) is given by

32

Biov = kBe +V fo— = akB™** 4 bfB*erg,
Yis

whereF. is the energy in relativistic electrons ahdis the bubble
volume @2 /3). k is the factor which accounts for additional
energy from particles accompanying those inferred fromsthre
chrotron emission and electron energy distribution, gnid the
volume filling fraction of the relativistic plasma.

For simple equipartition between the energy in particled an
that in the bubbles, the magnetic field strength is

Be = (3

2/7 kN 2/7
5) (7)) ¢
Relaxing the condition for equipartition and assuming thate is

pressure equilibrium between the relativistic gas and hieemal
ICM surrounding the bubbles théry f can be calculated from

b (Pa- 2 (1)

f a
where the pressurd?;,, was obtained from temperature and den-
sity profiles of the cluster.

The minimum value foik/f = 1 which is for an electron-
positron plasma which fills all of the bubble. A maximum vafae
k/f can be determined by differentiating Equatidn 1 with respec
to B, giving k/ fmax, Which is50 per cent greater than the equipar-
tition value. The field folk/ fumax is the limit up to which theB? in
Equatiorl term can be ignored. Further increasds gauses this
term to become dominant afd f decreases until it equals one. At
this point the magnetic field is 1.53 times greater than thgrmagc
field atk/ fmax, and 1.15 times the equipartition magnetic field.

Any further increase in the magnetic field and the magnetic
pressure would be such that the bubble would be over pressure
even withk = 1. Hence for pressure equilibrium fewer particles
than observed would be required. One explanation of thikds t
the assumptions of the electron energy spectrum used arggwro
see Sectiof 1 2.

As there is currentGHz radio emission observed throughout
the bubble, the synchrotron cooling time of the relatigisliectrons
can be used to estimate the ages of the bubbles.

As there are no strong shocks observed in the ICM of these
clusters, the bubbles must expand slower than the soundl.spee
Therefore the age of the bubbles must be greater thapa
2r1/cs wherer; is the radius of the bubble.

a

B3/2

v, = /2¢gV/SCp, whereS is the cross-sectional area of the
bubble,V is the volumeg = GM (< Raist)/R3;s for the bub-

ble (centre) being aR4ist from the cluster core andn = 0.75

is the drag coefficient_(Churazov ef Al. 2001). Therefore abe

of the bubble can be estimated @&s.y, = Raist/vb, the travel
time to their current position. The age of the bubble can also
be estimated from the time required to refill the displacett vo
ume as the bubble rises upward (McNamara et al.|200Q) =
2Raist\/7/GM (< Raist)-

The value obtained for the magnetic field from the bubble
timescale shows whether the equipartition solution isiptessThe
limits obtained fork/f may be higher than the one predicted for
equipartition as the equipartition condition is deterndifi®m the
magnetic field strength; Fig 7. bf Fahian et Al. (2002) shdwas it
is possible that limits o/ f are larger than the equipartition value
even though the magnetic field is less than its equipartitidue.

From observations of theddfilaments in the Perseus cluster
the flow behind the western “ghost” bubble has been assumzal to
laminar {Fahian et al. 2003b). This implies a Reynolds nunatbe
less than 1000, and a value 4t 10*” cm? s~ was obtained for
the kinematic viscosity. The Reynolds numbRe, was calculated
for each bubble analysed, assuming the viscosity was theeabo
value, and also a lower bound on the viscosity was calcufateal
the limit on the Reynolds number of 1000 assuming that the ifow
laminar in each cluster.

2.1 Ghost Bubbles

Ghost Bubbles are those which do not have any current GHz ra-
dio emission, the clearest examples being those found iseBsr
These were analysed in_Dunn & Fabian (2004), but were not in-
cluded in any of the conclusions presented there, nor wereeth
sults interpreted at any great length. In this work a largeniper

of ghost bubbles have been analysed, though the numbersrof th
are still small.

In some cases archival low frequency radio data from the
Very Large Array (VLA) of the NRAO with sufficient resolu-
tion has been obtained in order to obtain the radio fluxes -of re
gions corresponding to these bubbles3at MHz. If this has not
been possible, then the value obtained for the region ofdstet
GHz frequencies has been used as an upper limit. Those sources
which have low frequency measurements are indicated ireThbl
In A2597 [Clarke et al. 2005) and the Perseus cluster (Eadiah
2002) spurs of low-frequency radio emission extend intoesaifn
the ghost bubbles.

The Perseus Halo analysed here results from the interpreta-
tion of a high abundance ridge, which corresponds to the efige
the mini-halo emission, as an ancient bubble (Sanders20@l).
There is no clear depression in the X-ray emission, but tte-in
pretation that this high-abundance gas has been pushed th& o
centre of the cluster by a buoyantly rising bubble is plalesibhere
is, of course, the possibility that this feature is not theuteof a
bubble and is due to some other phenomenon.

1 The National Radio Astronomy Observatory is operated byogissed

Detached bubbles have been observed in a variety of clusters Universities, Inc., under cooperative agreement with tla¢idial Science

and they are assumed to rise upwards at their buoyancy teloci

Foundation.
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Radio Bubblesin Clusters of Galaxies 3

Table 1. : SOURCEPROPERTIES

Cluster Lobé!)  Redshift « Rffizt n Tw Menal kT e References

(kpc)  (kpo)  (kpo)  (0"Mp)  (keV)  (em™?)

Active Bubbles

3C401 N, R 0.2010 —-1.1+0.1 25.0 22.0 14.0 4.40 2.9 0.0062 1
S,R 34.0 23.0 13.0 8.80 2.9 0.0050

4C55.16 N, R 0.24 —-1.24+08 265 11.2 14.3 3.0 2.8 0.052 2,34
S, R 31.9 17.4 14.4 4.1 3.0 0.042

A262 E,R 0.016 —-1.14+02 578 4.93 2.72 0.61 1.2 0.021 56,7,8,9
W, R —-1.24+0.2 475 4.75 2.82 0.50 1.2 0.021

A478 NE, R 0.088 —-1.54+02 220 2.20 2.20 1.1 2.0 0.10 9,10
SW, R 3.40 3.40 3.40 1.1 2.0 0.10

A1795 NW, R 0.063 —-1.0+0.1 3.80 4.10 3.10 0.12 2.7 0.060 11,12,13,14
S,R 5.20 4.80 2.80 0.20 2.7 0.060

A2029 NW, R 0.077 —-1.64+04 9.36 7.20 2.16 0.30 4.0 0.076 13, 15, 16,17
SE,R 9.36 6.48 2.88 0.30 4.0 0.076

M87 E-CJ,R 0.004 —-1.24+04 150 1.70 1.30 0.080 1.6 0.20 13,18

NGC4472 E,R 0.004 —-1.24+0.1 4.03 2.09 1.55 0.20 0.82 0.0590 19,20,21
W, R 3.18 2.09 1.71 0.20 0.76 0.0800

NGC4636 NE, R 0.004 -1.24+0.3 0.67 0.54 0.32 0.010 0.60 0.1100 19,22,23
SW, R 0.65 0.62 0.25 0.010 0.60 0.1100

Ghost Bubbles

A85 N, X 0.0555 —-1.54+05 14.0 5.260 7.00 5.7 3.0 0.055 24,25
S, X 22.0 6.42 8.64 8.9 3.0 0.040

A2597 NE, X 0.083 —-1.04+04 21.0 7.80 7.80 3.7 2.2 0.050 9,13,26,27,28,29
SW, X 25.0 12.0 7.80 45 2.3 0.050

Centaurus 3 N, X 0.0104 —-2.04+0.1 6.1 3.5 3.0 0.4 1.5 0.03 13,30

Perseus Ghost W, X 0.018 —-1.54+0.7 28.0 3.30 14.0 2.0 3.2 0.033 13,31,32, 33
S, X 36.0 7.00 12.0 2.9 3.6 0.027

Perseus Halo SW, R 0.018 —-1.14+03 73.0 19.0 15.0 9.3 4.7 0.016 33

RBS797 W, X 0.354 —1.54+0.5 40.0 20.0 20.0 4.0 4.0 0.21
E, X 40.0 20.0 200 4.0 4.0 0.21 34,35

REFERENCES

1.[Reynolds et all (20D5) 2. lwasawa et al. (2001): 3. lwassved. (19909); 4. Taylor, G.B., unpublished.; 5. Blantonle(2004); 6. Parma et Al (1S86); 7.
Fanti et al.|(1987); & _White (2000);/9. Reiprich & Bohrind2002); 10LSun et al (2003); 11. Ettori et al. (2002);118ig¢/& Fabiah (2005); 13. Tayvlor etlal.
(2002); 14! Fabian etall (2001); 15. Clarke et al._(2004);Tavlor et al. [(1994); 17._Lewis etial. (2003); 18. Formanl2(2003); 19.Kronawitter et al.
(2000) 20LOhto et all (2003) 21 Jones etlal. (2002) 22. Fkétatanyl (1978) 23LBiller et 21..(2004) 24._Durret ef &l._(Fh) 25[ Durret et all (2005b) 26.
McNamara et al.. (2001); 217._Sarazin et Al (1995);128. Clatlad. [2005); 29, Pollack etlal. (2005); 30. Fabian ttlal0f031.|Fabian et all (2003a); 32.
Fabian et l.1(2008b); 33._ Sanders etlal. (2005); 34. Saimdlal. (2001); 35. de Filipnis etlal. (2001).

NOTES:

(1) The codes for the Lobes are N—Northern, S—Southern, Estelia W—Western etc. , X—sizes from X-ray image, R—sizemfRadio image. CJ—
Counter Jet cavity in M87.

(2) All the values given in the above table except the radiwgrchave an uncertainty associated with them. Except fospleetral index, they are not quoted
as they have limited effect on the calculated values. Theeetif the uncertainties i on the resultant uncertainties iy f is large and so are stated here. For
further discussion see text.

(3) The sources in italics have radio date3a® MHz.

3 RESULTS used, and they are on the whole, less than the ones resutimgy f
uncertainties inxv (dotted error bars).
In this sample there is good agreement between limits/gh
The individual source parameters are listed in Tible 1, hadd- from different timescale (Fid2). Any disagreement betvége
sulting values fork/ f in Table[2. The uncertainties presented for limits arises from the differences in the timescales cal@a for
the upper limit on the values &f/ f arise from uncertainties inthe  the bubbles (for further discussion see Sedfich 3.1). lghimple

spectral indexg, of the radio emission from the bubble. Asap- only A1795 and A478 had radio images at two frequencies anal-
pears as the exponent in the equation for the energy in sytmohr ysed, and the agreement between the limits obtained atfflbeedit
emitting elections, any uncertainty in its value has a laffect on frequencies is very good. The agreement between bubblémwit
the range of allowed values. In some cases a value has not beerdne cluster is also very good.

able to be determined accurately, resulting in the choi@rahge Some limits onk/f fall below the line corresponding to

which is large enough to encompass most of the plausibleesalu  the minimum possiblek/f, e.g. 3C401 here and Hydra A in
In Fig.[ the solid error bars show the range of values for tigeu Dunn & Fabian [(2004). The interpretation bf f < 1 is that for
limit on &/ f which arise from uncertainties in all other parameters pressure balance fewer particles than those observedqreas,
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Figure1. The value ofk/ f calculated from the sound speed limit for each
cluster analysed, along with the uncertainties arisingiftibe uncertainties
in « (the dotted bars) and from the uncertainties in the othesiphl pa-
rameters of the source (the solid bars). The dotted line shiogyminimum
value ofk/ f possible from the assumptions used in the calculations.
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Figure 2. The value ofk/f for each cluster analysed. The solid square,
circle and triangle symbols denote tk¢ f values from the sound speed,
buoyancy and refilling timescales respectively. Theymbol denotes the
equipartition values

which could be as a result of using an inaccurate form of the-el
tron energy spectrum (Secti@n}.2). In Hydra A the radio seur
seems to have blown very large cavities in the ICM_(Nulserlet a
2004), and so it may be over-pressured. As such the assumaptio
used in the calculation of the/ f limits may not hold. In 3C401
although there is evidence for interaction between theoragiirce
and the ICM [((Reynolds et &l. 2005), there are no clear cavitie
the X-ray emission, however the central regions of the eluste
not spherically symmetric, and the bar of X-ray emissioniddme

as a result of cavities in the cluster. As such the uncertaiiin the
limit on k/ f are probably larger than shown.

3.1 Timescales

The differences between the methods for estimating thestiales
(ages) of the lobes are important in this sample. The sopades
timescale is the timescale for the expansion of the bubbla at

be in currently, as there are no strong shocks observed atties
of the bubbles. However it is possible that the expansiortilis s
slightly supersonic; Blanton etial. (2001) state that in B26peeds
of up to Ma ~ 1.2 are allowed if there are not strong shocks.
Also, as the bubbles are assumed to be created from a redativi
tic jet, there would have been some supersonic expansionein t
past. This timescale estimate is probably the most ap@ispone
for the young, powered bubbles. Some sources, especiaeth
with hotspot emission, e.g. Cygnus A, are likely to be exjand
much faster than the local sound speed. In this case the speed
timescale would be much too small and the upper limitkgif
would rise significantly.

The buoyancy timescale is the time taken for a bubble of the
observed size to rise buoyantly to its current position endluster
assuming a uniform medium, with properties as observed atiit
rent location. However, as the bubble is likely to be expagdis it
is rising, as well as the fact that the medium is non-unifameans
that there are some uncertainties on this timescale beyorset
arising from the uncertainties in the measured parameféris.
timescale is probably the most appropriate for the ghosblesb
which presumably have detached from the jet that formed them
long time ago and so are rising buoyantly. The refilling tinads is
also arise-time-like timescale, as it gives the time takenefill the
displaced volume. Some of the ghost bubbles are at a muaérlarg
distance from the centre of the cluster than young oneshbytdre
not that much larger in radius.

These differences in the type of timescales calculated xan e
plain the fact that, for example, the sound speed timesfaildbe
Perseus Ghost bubbles and the Halo are much less than the othe
two estimates. The sound speed timescale measures thesmpan
of the ghost bubble at the sound speed of the medium, which in-
creases as the temperature (and hence distance from the oént
the cluster) increases.

The form for the synchrotron lifetime is only valid for suffi-
ciently large magnetic fields. Inverse Compton (IC) lossesd
inate when the energy density of the Cosmic Microwave Back-
ground exceeds that of the magnetic fidlgy = B2/87r, which
corresponds t@ = Bcus. Although all the clusters analysed are
in the local Universe, it was checked whether the inferredj-ma
netic field was larger thaiBcnvp. The lifetime determined from
this limiting magnetic field forl GHz electrons {cms) was also
calculated and is tabulated in the Appendix. The only clustere
any timescale exceeds the valugfis is RBS797 for the refilling
timescale estimate.

3.2 NGC4472

NGC 4472 is an elliptical galaxy in the Virgo Cluster. As cam b
seen from Figlll thé/ f value is much higher (by a factor of 10)
than the other new clusters, and from [Elg. 4 is much higher &tia

of the clusters in the sample. The radio emission seen fremeitio
source at the centre of NGC 4472 is only just above the baakgko

and as such the bubbles may be more akin to Ghost rather than
Active ones. The results for this galaxy are still includeithvthe
active bubbles in the subsequent analysis as there is stibmt

GHz radio emission from the lobes.

4 DISCUSSION

As can be seen in Fifll 1, the spread in the upper limits Gfre-

speed less than the sound speed of the medium it is observed tqorted in.Dunn & Fabian (20D4) is also present in these bsbble

(© 0000 RAS, MNRASD00, 000—-000



Table 2. PHYSICAL k/ f VALUES

Radio Bubblesin Clusters of Galaxies 5

Cluster Lob&))  Pressure  Re Viscosity(2) Energy3) k/feq K/ fsf‘)m 4 k/fovoyancy K/ frefin
(eV/cm3) (10%7cm2? s~ 1) (10%8 erg)
Active Bubbles
3C401 N,R 39.6 1938 7.75 3.36 1.72 051959 1.60 2:5% 0.62 9:98
S,R 31.9 1990 7.96 2.44 0.65 0.22 932 0.57 3-51 0.29 41
4C55.16 N,R 320 879 354 14.4 776 93.5 5%, 90.4 85 52.4 385,
S,R 277 1227 491 19.7 364  32.8 110 47.0 155, 24.4 851
A262 E,R 55.4 301 1.20 0.040 352 221 442 528 1093 319 992
W, R 55.4 330 1.32 0.041 308 199 399 387 759 300 392
A478 NE, R 440 471 1.88 0.092 177 70.3 132 225 152 149 22L
SW, R 440 585  2.34 0.34 653 171 3%, 885 1909 307 851
A1795 NW,R 356 190 0.76 0.28 107 31.6 439 63.4 553 18.1;74S
SR 356 191  0.76 0.26 88.4 223308 39.8 532 14.2 183
A2029 NW,R 669 153 0.61 0.44 331 427353 4.46 3% 2.31 378
SE,R 669 170  0.68 0.71 458  6.57 3%2 5.86 g%7 2.96 223
M87 E-CJ,R 704 106 0.42 0.040 26.8  8.753L% 28.6 §Y% 8.53 743
NGC4472 E,R 106 83 0.33 0.011 4807 3531 3919 5143 1228 3209 3353
W, R 134 115 045 0.016 8727 5323 1252 11401 26375 5998 §392
NGC4636 NE, R 145 126  0.051 1.6x107% 615 88.4 237, 53.2 122, 77.7 395,
SW,R 145 12.4  0.050 1.1x107% 71.0 95.9 237 19.4 2%9 94.4 253,
Ghost Bubbles
A85 N, X 363 758  3.03 1.86 19462 4631 2§13 6781 41756 4390 27930
S, X 264 802 321 2.46 40635 10154 $3521 9936 §1178 8315 §4291
A2597 NE, X 242 604 241 2.3 268109 50559 232904 55871 299247 40104 55808
SW,X 253 801  3.20 3.6 445843 54361 253218 86847 194338 55729 209389
Centaurus N,X 99 58.6  0.23 0.062 152.7 97.5 1288 50.7 829 25.1 332
Perseus Ghost W, X 232 242 9.70 3.0 165228771 33515 976 $83° 1355 5347
S, X 206 381 152 41 17254 5174 2319 1176 393 1339 355°
Perseus Halo  SW,R 172 894  3.58 14.5 491787214 1307 2744 2514 3024 3101
RBS797 W, X 1848 1353 5.41 29.2 92047220118 326928 10438 131768 10313 §3593
E, X 1848 1353 5.41 29.2 920472 20118 128928 19438 121768 10313 §3993
NOTES:

(1) The codes for the Lobes are N—Northern, S—Southern, Estelia W—Western etc., X—sizes from X-ray image, R—sizesfRadio image. CJ—

Counter Jet cavity in M87.

(2) The viscosity is estimated assuming that the flow is lamand has a Reynolds numberl®00
(3) The energy quoted herefs = PV, so the values have to be multiplied by the approprigtéy — 1).
(4) The range on the limits ok/ f from the uncertainty in the spectral index are given by th&imam values (superscript) and minimum values (subscript)

The uncertainties from other parameters are shown iFig. 1.

As in |Dunn & Fabian [(2004), the limits placed on the magnetic
field during the course of this calculation means that thareot

be simple equipartition between the particles and the fisddgnt

in the bubble. The magnetic fields estimated from the sousddsp
timescale ar®.01 — 0.6 times the equipartition values. If the par-
ticles and field present in the bubbles were in equipartittben
the pressure in the bubbles would be much less than the peessu
from the surrounding ICM, ranging from 1.5 times (Centajtos
160 times (Perseus) too low, with an average of around 20stime
Radio sources in clusters often appear distorted, confinddhave
steep spectra, which argues for conditions close to pressjuilib-
rium. Interactions may have increased the internal pressithese
sourcesl(Pollack et al. 2005).

Recent studies of radio galaxies which are not in cluster en-
vironments also imply that the radio lobes are not at eqtitjear.
Croston et &l.1(2003) amongst others find that the pressutieeof
lobes are too low if equipartition is assumed,fifand k& ~ 1,
the lobes being under-pressuredvy20x; Hardcastle & Worrzll
(2000) state that there is little concrete evidence for gsump-
tion that the radio lobes are near to their minimum pressures

(© 0000 RAS, MNRASD00, 000-000

verse Compton X-ray emission would allow a check as to whethe
lobes were at or close to equipartition, but the emissiomfseveral
sources (e.g. 3C12D, Harris etlal. 1999) is inconsisterit laging

at equipartition. The presence of the ICM, constrainingetkgan-
sion of the lobes may cause the energy in particles to domonagr
the energy in the magnetic field.

4.1 Total Sample

Combining the data from the sample presented here with rtbuat
Dunn & Fabiah [(2004) allows confirmation that there appears t
be no strong correlation betweéri f and any physical parameter
of the cluster or radio source for bubbles from differentstéws.
There is a possibility that the Rotation Measure (RM) of theio
source may give some indication bf f (Fig.[d). However not all

of the bubbles in the sample have values for the Rotation eas
of their radio source and there is a large scattét/ifi for a given
Rotation Measure. The radio source 3C84 in the PerseuseClust
is completely depolarised and as such the rotation measwe- i



6 Dunn, Fabian & Taylor

Table 3. ROTATION MEASURES

Cluster Rotation Measure  Reference
A262 200 3
A1795 3000 1
A2029 8000 1
A2052 800 1
A2199 2000 1
A2199I 2000 1
A4059 1500 1
Centaurus 1800 1
Cygnus A 3000 1
Hydra A 12000 1
M84 10 2
M87 2000 1

REFERENCES 1(Taylor et all 2002; P L aing & Bridle 19373 Clarke e al.
2001
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Figure 3. The dependence @f/ f on the Rotation Measure from the radio
source for those in the total sample which have a calculaa@geyThe plot
is for cluster-average#l/ f to remove double counting.

pected to be large, yet it has a higjif so it would not fit the the
trend implied by Fig[B.
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Figure4. The value ofk/ f calculated from the sound speed limit for each
cluster analysed, along with the uncertainties arisingiftbe uncertainties
in o (the dotted bars) and from the uncertainties in the othesiphy pa-
rameters of the source (the solid bars). The dotted line shiogrminimum
value ofk/ f possible from the assumptions used in the calculations.

rameter could be wiped out by inter-cluster differences timeo
parameters. To try and remove this effect, the values fodike
tance of the bubble from the cluster centfi{), the timescales,
the luminosities and the temperature of the ICM surroundivey
bubbles were scaled using values @1, tcool, L(< Tcoo1) and

< kgT > from |Peres et all (1908), converted to our cosmology.
However, there were no resultant clear correlations.

Fig.[4 shows the:/ f limits for all the active bubbles in the
combined sample. The frequency distributionkgff is shown in
Fig.[3. It can be clearly seen from the frequency distributizat a
single population is the most likely explanation of the datais is
contrary to what was presented.in Dunn & Fablan (2004). The bi
ning presented in Fifll 5 does not take into account the wxingeS
present ork/ f.

For many of the clusters analysed here, there are two bubbles
per cluster, and hence two limits @ty f. For a statistical analy-
sis this poses a problem as the two limits are not indeperakent
they are drawn from the same cluster. To remove this diffjcalt

Recent measurements of the Rotation Measure of A2597 by “cluster-average” was created for each cluster. If theedwsio bub-
Pollack et al. [(2005) give values for the inner radio sour€e o bles per cluster then the two values for all the quantitiésutated

3620 rad m™*. Thek/ f for the outer ghost bubbles s 3.5 x 10*
which, if the rotation measure were the same for both, sitstiave

the other sources in Fifll 3. As the Rotation Measure of thimrad

source probes the surrounding ICM, so higher RMs indicajbédri
cluster magnetic fields and/or densities. A higher extamadnetic
field could contribute to the pressure acting on the bubbigisthe

thermal pressure will dominate. If the RM comes from the mag-
netic field in the ICM, then it will also depend on the impact pa

rameter through the cluster. Deeply embedded, new, bubbles

during the course of the analysis were averaged. The uiterta
ties on the values were also just averaged. The resultaatdae
then binned up as before. It was also checked at this stage as t
whether this “double counting” could have hidden some datre
tion, but there was no such case. The resulting frequentyitudis
tion is shown in Figll (top).

To determine the form of underlying distribution fay/ f a
Monte Carlo simulation of the data was performed to obtaiarsr
on the frequency distribution. The resulting frequencyritiation

acquire high RMs and those which have risen up would acquire is shown in Fig[b (bottom).

lower RMs. In this case, as the bubbles rise up through the, ICM

As can be seen in the figure, there is no clear choice for a

theirk/ f increases (see Sectibh 5) and the RM decreases. This in-distribution of £/ f. There are only 20 clusters (the Inner bubble

terpretation may be the explanation for the location of thi@fs in
Fig.[d, and as such there is no direct correlation betweghand

pair of A2199 are counted separately from the outer pair,ingak
21 in the cluster averaged data) whose values for the limit/gh

RM. Also, an RM measured in the center of the cluster towards a spread over a few orders of magnitude. This limits the scopey

relatively young source may not have much to do with an oléout

bubble from the same source.

conclusions which can be drawn from the distribution, andhyna
many more bubbles would need to be added to this sample such

As there is a large variation in physical parameters between that any underlying distribution could be determined. Attt can

clusters, any correlation that/ f might have with any given pa-

be said from this data is that there is a definite spread initttiés|
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Figure 5. The distribution of the numbers of bubbles with given
logq(k/ f) values for the sound speed, buoyancy, refilling and shodtim
scale calculations.

onk/ f, which for bubbles with activésHz radio emission spreads
over~ 10°.

This large spread i/ f is the result of a signification popu-
lation of non-relativistic particles present in some of théobles.
The origin of these particles is unknown; one suggestiohasthe
jets may intrinsically contain protons when they are forn@d the
other hand, if the jets produced by the central black holepare
electron-positron, as they travel out into the ICM they mik pip
material (probably thermal protons). This entrainmentadsisastic,
depending on the environment of the jet in the first few kpaiad
the radio source. This varies from cluster to cluster anduab s
there is a large range in the valueskoff. It would be expected
that powerful jets would punch through the ICM and not entrai
much material, so ending up with lowgy f, for example Hydra A
and Cygnus A; those sources which are less powerful woukl pic

up more material (given the same ICM). There are just too many

differences in the physical conditions in clusters whichulein
there being no correlation with only one parameter.

We assume thdt has most effect ok/ f in these bubbles and
that f is not thought to vary much. Schmidt et al. (2002) analysed
the in Perseus and rule out at the 3 sigma level of gas coder th
11keV filling the entire hole, and at the same level, 6.5ke¥ ga
filling 1/3 of the hole. It is unlikely thayf will change much during
the evolution of the bubble as even though the electronsthgeg,
are still relativistic.

4.2 Low-Energy Electron Population & Spectral Indices
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Figure 6. The distribution of the numbers of bubbles with given

logqo(k/f) values for the sound speed calculatioroFTfor cluster av-

eraged values; andd@ ToM the results of the Monte Carlo runs, with the
uncertainties on the bin values as shown.

aged in these regions, implying that there is minimal resbezation
present in these lobes_(Fabian e al. 2005). However, tlistisp
index causes problems when calculatiytf, as extrapolating the
electron population with such a steep index will undoubtexdier-
estimate the low energy electron population (with the agtion
that the un-aged spectrum-s —1.0).

Harris (2004) discusses various possibilities for the log ef
the relativistic electron spectrum:

(i) « steepens with decreasing frequency so that extrapolation
under-estimates the low energy electron population.

(i) « remains essentially constant.

(iii) «flattens towards 0, so that there are fewer low energy elec-

As was discussed in_Dunn & Fabidn (2004) the spectral index of trons as are predicted by extrapolation.

the radio emission is the overwhelming uncertainty on tHeuca
lated value ofk/f. The value of the spectral index is vital as it is
used when extrapolating the electron energy spectrum fediin
frequencies down t&MHz frequencies. The assumption so far has
been that the spectral index is smooth betweer= 10 MHz and

vo = 10 GHz. However it is very difficult to obtain observations
with sufficient resolution at these lower frequencies, andt $s
uncertain what happens to the electron population.

In ghost lobes spectral steepening as a result of spectaigg
is of importance, especially if there is no re-acceleratidre spec-
tral indices in the Perseus ghost lobes, the mini-halo ar@ein-
taurus are steep;1.5 — —2.0, suggesting that the electrons have

(© 0000 RAS, MNRASD00, 000-000

(iv) There is alow energy cut-off so that there are no low gner
electrons.

We now briefly discuss the implications of these possibtitfor
the electron spectrum.

(i) If a steepens with decreasing frequency then the total en-
ergy in electrons radiating between and v, will increase as
there are more particles present. This meanskthAtwill be lower
than we have calculated here. This makes sense:gg ahich is
high means that the particles observed (and inferred) frensyn-
chrotron radiation are not enough to create pressure tmbaith
the surrounding thermal gas. df were to rise at low frequencies



8 Dunn, Fabian & Taylor

then we would “find” more particles and hence need fewer unob-
served particles to obtain pressure balance.

(ii) This is what has been assumed in the calculations.

(i) If « flattens out at lower frequencies, then the energy in the
synchrotron emitting particles would be less, ané ¢ would rise
as from the calculated limit ok/ f as there would be the necessity
for more unobserved particles to be present in the bubbledero
to maintain pressure balance.

(iv) If there was a cut-off ina then this would causé/f to
rise, but to an even greater extent than in situgffion (is)fteere
are nowno low energy particles, rather than just fewer than before.
Our calculations assume a low-energy cut-ofi @M Hz, this case
is for a cut-off at higher energies than this.

Using the spectral energy distributions from the NASA/IPAC
Extragalactic Database the spectral indices for most oftleces
remain constant, or flatten slightly at lower frequenciesn&were
seen to steepen, though the data points may be for the ewtiress
and not just the extended emission. Most sources were ddtect
down to 100 MHz, and some down t@0 MHz, so there does not
appear to be a low-energy cut-off befaré MHz. No data-points
were found at lower frequencies, so the shape of the very low-
energy electron population is still unclear; however thelelased
to quantify the energy present in synchrotron emittingiplas is
likely to be correct over the range it has been applied.

421 Re-acceleration

As was discussed at lengthlin Dunn & Fabian (2004) the effect o
any re-acceleration in the bubbles could be large and difftou
quantify. However, the observation that, in the case of sofne
the bubbles, the radio emission does not completely fill ¢eret
ment in the X-ray emission, or that the strength of the radiise
sion falls off towards the edge of the lobes leads to the enncl
sion that there is little re-acceleration in these bublitasexample
Perseus South and A2052 South. In the Centaurus Clustegréhe s
tral index steepens towards the edge of the bubbles (Fab&n e
2005;| Tavlor et gl. 2002), which also implies that theretitelire-
acceleration as the electrons appear to have aged.

5 GHOST BUBBLES

The limits onk/ f for the ghost bubbles can be lower limits as, if
there is no activeaGHz emission from the bubbles, the synchrotron
cooling time must be shorter than the age of the bubbles.dn th
cases where low frequency radio emission has been usedened th
is some emission from the bubbles, the limit obtained pfiis still

an upper one. With some of these bubbles there is insufficiein
data, and so the spectral index of the emission has beenagstim
to fit in with aged sources.

What can be seen from Figl 7 is that all the limits are much
higher than those obtained for active bubbles. This meatste
oldest bubbles require more unobserved particles for pressip-
port than the youngest ones. Hi§l. 8 shows more clearly thegeha
in k/f with bubble age. The limits have been plotted against dis-
tance from the cluster centre rather than a timescale beaafus
the differences in assumptions between the types of tineteee
Sectior311). Fid8 (top) and Figl 8 (bottom) show ke limits
for the Perseus and Centaurus Cluster respectively. Dunabfali
(2004) stated that they did not believe that there was angrdep
dence ofk/f on any physical parameter of the cluster or radio
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Figure 7. The value ofk/ f calculated from the sound speed limit for each
cluster analysed, along with the uncertainties arisingnftbe uncertain-
ties in« (the dotted bars) and from the uncertainties in the othesiphly
parameters of the source (the solid bars).

source. However, when looking at a number of bubbles in a sin-
gle cluster this appears not to be the cdsgf appears to rise as
the bubbles age.

As the electrons in the bubbles age, the energy present in the
bubble inferred from the observed synchrotron emissionedses.
So, in order to maintain pressure balankenust rise and sé&/ f
would also be expected to rise, which is what is observeds ifitni
plies that there is little ongoing reacceleration in thelidabThere
may be an effect offi from the change in shape of the bubble from a
spheroid to a very oblate — spherical-cap-like shape. We teken
the shapes of the Ghost Bubbles to be as oblate spheroidscahen
culating their volumes and distances from the centre of tirster
which should account for most of this change.

The pressure of the ICM falls as the bubbles rise up through it
Therefore it could be expected that, in the absence of anygehia
f or the electron population, thay f would fall as fewer particles
would be required to maintain pressure balance. Howevedribye
in the number of particles inferred from the synchrotron ssiain,
even when there is low-frequency radio data, has a gredtmtef
When there is no low-frequency radio data then many fewei-par
cles are inferred and this will dominate over the effect &f thop
in pressure which is of order a factor of two.

6 CLUSTERSWITH BUBBLES

In order to obtain a limit on the fraction of clusters whichneo
tain bubbles the Brightest 55 (B55) sample studied by Pdrals e
(1998) has been used. The B55 sampleds-al0 keV flux-limited
sample of X-ray clusters which are all close enough to haes be
imaged with sufficient resolution by previous X-ray instems
(e.g.ROSAT) and is nearly complete.

For the clusters in the sample we determined those which
have a short cooling time and a large temperature drop toghe ¢
tre of the cluster, and as such require some form of heating to
avoid having a cooling flow. We convert the cooling timeselist
in|Peres et all (1998) to our cosmology and take those whieé ha
a cooling time of< 3 Gyr and a temperature drop to the centre
(Teentre /Touter) Of greater than a factor of two. There are 55 clus-
ters in the sample, of which 23 havea. < 3 Gyr, and 19 have
a large temperature drop. For five clusters there was no data o
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Figure8. Tor: The change irk/ f for bubbles in the Perseus Cluster with
distance from the cluster centreoBTom The change irk/ f for bubbles
in the Centaurus Cluster with distance from the clusterreeriistimates
arising from sound-speed, buoyancy and refilling timescate shown by
solid squares (red), solid circles (green) and solid tles@blue) respec-
tively. The results have been plotted against the distahtteedoubble from
the cluster core, rather than the calculated age of the bubblthe sound
speed timescale for these older bubbles can be less thahefgrounger
ones. For further discussion see text.

the cooling times in_Peres etl&l. (1998) and these have natihee
cluded here. There are 17 clusters which have both, of which 1
have had depressions identified in the X-ray emission. Therat
least 70 per cent of clusters which need some form of heatitigea
centre host radio bubbles. There are another three clustéch
contain clear bubbles whose cooling times and temperatogsd
miss the cut-offs.

Out of the remaining five requiring some form of heating,
one (2A 0335+096) has a complicated X-ray core (Mazzotth et a
2003), which could conceal the presence of bubbles as rati® e
sion has been detected from this cluster; another (PKS 094%-
has an amorphous radio source at the centre (Hicks let all) 2002
which may be under-pressured. The central nucleus is algo ve
weak. Another two clusters have detected radio sourceseat th
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but identify all sources as background ones and as suchdher®
known radio sources associated with the cluster.

What is surprising is that some clusters which have known
bubbles fall outside of the cut-offs that we have taken. ldyAr
and M87 both have short central cooling times however Hydra A
has a small temperature drop into the centre, fdcdm3 keV; how-
ever the temperature map lin_Nulsen et al. (2002) shows tleat th
core is hotter than the surrounding gas and as such there bea
drop of greater than a factor of two. M87 has only a slighthgéa
drop @.5 to 1.5 keV, [Forman et 1.1 (2003)), just missing the cut-
off; howeverXMM-NEWTON observations give a temperature drop
of 2.8 t0 1.3keV (Bohringer et al. 2001) and so it could fall within
the cut-off. They may have recently gone through an outtandt
as such the central gas has been heated by the radio sourtasand
not had a chance to cool again. MKW3s only just makes the cool-
ing time cut-off, however the temperature structure at grere of
this cluster is complex (Mazzotta efllal. 2004), and couldyeasn-
tain a temperature drop of greater than factor of two. Thiamse
that there could be 20 clusters out of the B55 sample whichireq
some form of heating; 15 (75 per cent) of which host bubbles.

The above results match the proportion of clusters comtgini
radio sources presentedLlin Ellek (2004); who, using the BE%-s
ple with M > 30M; yr and matching these clusters to the NVSS
Condon et 21.1(1998), finds 25 out of 30 clusters (83 per ceaxg h
a currently active radio source in the centre. Markovicl5{2004)
using theROSAT All Sky Survey clusters which contain a massive
galaxy at the centre, coincident with the X-ray peak, andoper-
ing VLA follow-up observations find that all 22 clusters haae
currently active central radio source.

In the recent survey of clusters byrBan et al. (2004), out of
a set of around 80 clusters taken from tbleandra archive, they
only found 16 which contained clear bubbles. Without disénat-
ing between cooling and non-cooling clusters, only 20 pet oé
clusters contained bubbles at any one time; interpretedcagya
cycle of 20 per cent. Our analysis shows that out of the dlsiste
with shortt...1, and as such appear to need some form of heating
at the centre, at least 70, if not 75, per cent host radio lesbi@ut
of the total B55 sample of clusters only 30 per cent of the-clus
ters host bubbles, similar to the fraction presentedimd® et al.
(2004), but those clusters which contain bubbles are litkelyave
a central radio source with duty cycle of close to 100 per.cEm:
full list of which clusters have a short cooling time, largentral
temperature drops and radio sources or bubbles is showrble Ta
@ Clusters which exhibit the cooling flow problem commonayé
an active central radio source, blowing bubbles in the suntog
medium. Further work is required to test whether such dgtigi
sufficient to stem radiative cooling or if bouts of greatetivaty or
some other processes are required.

7 CONCLUSIONS

Extending the sample of low-redshift clusters with cleacrde
ments in the X-ray emission presentec_in_ Dunn & Fabian (2004)
we obtained limits ot/ f , wherek is the ratio of the total relativis-

centres, A496 from NVSS and A2204 has an extended source andtic particle energy to that in electrons radiating betwéemMHz
as such may have bubbles (Sandersiet al.12005), but lack the X-and 10 GHz, and f is the volume filling fraction of the relativis-

ray/radio resolution to see them clearly. AWM7 has no céméra
dio source (as detected by NVSS), but Furushalet al. {2004) fin
two high metallicity blobs which could be produced by buisble
lifting up high metallicity material from the centre of théuster.
Burns et al.l(1981) find radio emission from the direction @7
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tic plasma. For all of the bubbles analysed there cannotrbplsi
equipartition between the particles and the magnetic fieddgnt in

the plasma. The combined sample showed no strong depenofence
k/ f with any physical parameter of the source — the Rotation Mea-
sure of the radio lobes shows some correlation but not alhef t
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Table 4. HEATED FRACTION

teool < 3Gyr andTy /Tout < % teool >3 Gyr or Tg, /Tout > %

R&B R,noB noR, noB R&B R, noB
A85 2A 0335+096 AWM 7 Hydra A 3C129.1
A262 A496 M87 A399
A426 A2204 MKW 3s A401
A478 PKS 0745-191 A576
A1795 A754
A2029 Al644
A2052 A1650
A2199 A3112
A2597 A3391
A4059 Klem44
Centaurus
Cygnus A
12 4 1 3 10

NoOTES: B = Bubble; R = Radio emission (may just be NVSS source).

bubbles have measured values for the RM. In the next few years
is should be possible to measure the RMs from sources befend t
cluster using EVLA. The correlation of the upper limits &y f

with magnetic field would then be an interesting possibility

In the combined sample there is now no reason to prefer two
populations over one, and because of the large spread imbhesv
obtained onk/f no conclusion about the underlying population
distribution can be made.

It was possible to trace the evolution &f f within a single
cluster in the cases of Perseus and Centaurus. The oldebkelisib
the larger its value of/ f which is mainly as the result of the aging
of the relativistic electrons.

A simple study of the Brightest 55 cluster sample showed that
17, possibly 20, clusters required some form of heating,( <
3 Gyr andTcentre /Touter < 1/2). Of these at least 12 (70 per cent),
possibly 15 (75 per cent), contained bubbles.
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Table 5. TIMESCALES AND POWERS

2
Cluster LObél) tél\)/IB tsound tbuoy trefill Psound Pbuoy Prcﬁll Bsound
107yr  107yr 107yr  107yr 10%%ergs—!  10%Bergs—! 10%ergs—! 107°G

Active Bubbles

3C401 N,R 8.445 5.57 1.58 4,52 1.91 6.73 2.36 0.62
SR 8.445 5.82 2.03 4.27 1.33 3.82 1.81 0.60
4C55.16 N,R 7.64 2.89 2.99 5.18 15.8 15.3 8.81 9.57
SR 7.64 4.32 3.00 5.80 14.5 20.8 10.8 7.32
A262 E,R 13.9 1.94 0.48 1.27 0.065 0.26 0.10 1.25
W, R 13.9 1.87 0.36 1.15 0.070 0.36 0.11 1.28
A478 NE, R 11.4 0.67 0.078 0.29 0.44 3.77 1.00 2.53
SW, R 11.4 1.04 0.15 0.56 1.04 7.25 1.92 1.90
A1795 NW, R 12.2 1.08 5.13 1.90 0.82 1.71 0.46 1.85
S,R 12.2 1.26 6.88 2.00 0.67 1.22 0.42 1.67
A2029 NW, R 11.7 1.55 1.49 2.89 0.90 0.94 0.49 1.45
SE,R 11.7 1.40 1.57 3.12 1.61 1.43 0.72 1.55
m87 E-CJ,R 144 0.58 0.15 0.59 0.22 0.83 0.21 2.79
NGC4472 E,R 145 0.99 0.63 1.11 0.034 0.053 0.030 1.95
W, R 145 1.03 0.39 0.90 0.049 0.13 0.056 1.90
NGC4636 NE, R 145 0.30 0.15 0.39 0.0017 0.0033 0.0013 4.33
SW, R 14.5 0.34 0.13 0.36 0.0010 0.0026 0.0010 3.95
Ghost Bubbles
A85 N, X 12.4 1.32 0.89 1.39 4.47 6.62 4.23 1.61
S, X 12.4 1.59 1.63 1.95 4.90 4.80 4.00 1.42
A2597 NE, X 115 2.27 2.05 2.87 3.17 3.50 2.50 1.13
SW, X 115 3.41 2.12 3.33 3.38 5.44 3.47 0.86
Centaurus N,X 13.9 1.23 2.48 5.10 0.16 0.079 0.038 1.69
Perseus Ghost W, X 13.9 0.80 7.53 5.42 11.8 1.25 1.73 2.26
S, X 13.9 1.59 7.15 6.27 8.16 1.81 2.07 1.43
Perseus Halo SW, R 13.9 3.78 10.0 9.07 12.2 4.60 5.07 0.80
RBS797 W, X 5.90 4.31 4.46 8.41 214 207 110 0.73
E, X 5.90 4.31 4.46 8.41 214 207 110 0.73

NOTES:
(1) The codes for the Lobes are N—Northern, S—Southern, Estelia W—Western etc. , X—sizes from X-ray image, R—sizemfRadio image. CJ—
Counter Jet cavity in M87.
(2) The timescale for the bubble calculated from the magrfiid which produces the same energy density as that of thB @Mhe redshift of the cluster
for electrons radiating at GHz.
(3) The power is the PV/t work only, witlayj—1 not accounted for. Therefore, for a fully relativistic ptse the values for the powers need to be multiplied by

four, and for a non-relativistic plasma, by2.
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