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ABSTRACT

We report evidence that the gas properties of X-ray grouptaiing radio galaxies differ
from those of radio-quiet groups. For a well-studied sanaplBOSATobserved groups, we
found that more than half of the elliptical-dominated grsgpn be considered “radio-loud”,
and that radio-loud groups are likely to be hotter at a giverayluminosity than radio-quiet
groups. We tested three different models for the origin efdffect and conclude that radio-
source heating is the most likely explanation. We found shwexamples of groups where
there is strong evidence fro@handraor XMM-Newtonimages for interactions between the
radio source and the group gas. A variety of radio-sourcéirfigearocesses are important,
including shock-heating by young sources and gentler hgaty larger sources. The heating
effects can be longer-lasting than the radio emission. We shat the sample of X-ray groups
used in our study is not significantly biased in the fractibradio-loud groups that it contains.
This allows us to conclude that the energy per particle thvatpower radio galaxies can inject
over the group lifetime is comparable to the requirementgroicture formation models.
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1 INTRODUCTION

Radio galaxies must be transferring large quantities ofggnto
the surrounding group- or cluster-scale gas. Ht#” work done
on the gas by source expansion is of the order 6f $010°3 J for
source ages- 10° years (e.g._Croston etlal. 2003). The first strong
evidence for radio-source heating was recently found im#egest
radio galaxy, Centaurus A_(Kraft etlal. 2003yhandra observa-
tions reveal a prominent shell of emission capping the isoeith-
western radio lobe, which has a temperature ten times théteof
surrounding galactic atmosphere, providing strong evddetmat
Cen A is shock-heating its atmosphere. There is also evidémc
heating in the powerful FRII radio galaxy, Cygnus|A_(Smitkakt
2002), where a slight temperature increase in the X-raygasén
at the front edges of the lobe cavities. Another recent téslps to
emphasise that more than one energy transfer mechaniskelis li
to operate. Deehandraobservations| (Fabian etlal. 2003) of the
Perseus cluster [the first cluster where “cavities” wereeoled
(Bohringer et all_1993)] have revealed the presence ofaipm
the cluster gas that are suggestive of sound waves emaifiating
the central radio source, 3C 84. Fabian et al. calculateliedime
scale between successive wavefronts is comparable toatetraf
the radio-source lifetime, so that it seems plausible that&ermit-
tent radio source is producing the observed ripples.

There is evidence that energy injection of some sort is requi
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to explain the observational properties of X-ray groups elog-
ters, which do not agree with the predictions of CDM models of
structure formation (e.d._Arnaud and Eviard 1999; Ponmatf! et
1999). Several authors have considered the effects of noeati
due to feedback from star formation (elg. Balogh ¢lal. 1999;
Brighenti and Mathews 2001). However, in most cases it isifou
that heating from star formation and supernovae does netdeo
sufficient energy to explain the properties of both groupst @ns-
ters (e.gLKravtsov and Yenes 2000). Wu etlal. (2000) findghat
pernova heating can generate orlyl /10 of the energy required.
These results have led many authors to consider AGN heating.
Churazov et al1(2001) and Bohringer et al. (2002) condideef-
fects of radio-galaxy heating on cluster structure and leoiecthat
sufficient heating could be provided. Evidence from recemt o
servations of clusters, as well as simulations, suggestAGN
could provide a sufficiently distributed heating mechanifm
this method to work (e.d._Brilggen and Kaliser 2002; Fabia et
2003), which removes a long-standing objection to radigrs®
heating models. Since radiative cooling in the absenceeauftfack
overpredicts the mass in galaxies (€.g. Cole 1991), it sdikaig
that some sort of feedback is required to explain observestal
properties and the galaxy luminosity function (¢.g. Voitl 8ryan
2001 Benson et £l. 2008; Kay 2004).

In addition, nearly all cooling-flow clusters contain a aaht
radio galaxy (e.g. Eilék 2004), and there is considerabidesxce
that the radio galaxy displaces gas in the cooling-flow negi@.g.
Bohringer et al. 1993; Blanton etlal. 2001; Fabian &t al.Z30@ is
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therefore important to consider the different means by whiz
dio galaxies could influence the observed properties of dw-c
ing flow, and in particular whether they can help explain wérgé
quantities of gas do not appear to cool past/3 the outer cluster
temperature (e.g._Peterson etlal. 2003;_Sakellioul et ald)204-
though non-heating solutions to this problem exist, it istrmau-
sible that the bulk of the gas in these systems is reheateddy o
of several possible mechanisms, such as cluster mergersyah
conduction (e.d. Voigt et £1. 2002; Voigt and Fallian 2004 AGN
heating I(Binney and Tabor 1995; Brilggen and KEiser 2000220
Reynolds et al. 2002); the last of these is particularlyaative be-
cause of the possibility of self-regulation via feedbackektigat-
ing how radio galaxies can affect their hot-gas environséast
therefore important to our understanding of several problef
cluster physics.

IniCroston et &l1(2003), we showed that radio galaxies have a
important impact on groups, and found evidence that thegptigs
of “radio-loud” and “radio-quiet” groups differ, in the s that
“radio-loud” groups are hotter than “radio-quiet” groupscom-
parable X-ray luminosity. That work used a fairly small antig-
mogeneous sample, and the analysis methods were compgrativ
basic. Here we present a detailed analysis of a larger, henaoyis

was not possible to tell by eye whether a galaxy has an ellipti
cal or SO morphology, and so we followed up all of the elligtic
groups using Simbad and NED to confirm the galaxy morphol-
ogy. Unfortunately there are many cases where these databtis
agree, and multiple classifications exist in the literat\ve there-
fore only rejected groups where the ambiguous galaxy was cla
sified as SO by both Simbad and NED. In all we excluded 15
spiral-dominated groups: HCG 10, HCG 15, HCG 16, HCG 40,
HCG 68, HCG 92, NGC 1332, NGC 2563, NGC 3227, NGC 3396,
NGC 4565, NGC 4725, NGC 5689, NGC 5907 and NGC 6574. In
the course of following up galaxy morphologies, we also fbane
group, HCG 22, for which the supposed group members covered a
implausibly large range in redshift. As it is unclear whicdaxies
are real members of this group, we excluded it as well.

In addition to excluding spiral-dominated groups, we also
had to exclude 10 groups for which OP04 could not make X-ray
spectral measurements: HCG 4, HCG 48, HCG 58, NGC 1808,
NGC 3640, NGC 3783, NGC 4151, NGC 4193, NGC 6338 and
NGC 7714. As the aim of the study was to compare the properties
of radio-loud and radio-quiet groups, we also had to exchwde
groups with low declinations that are not covered by the eysv
used to identify the radio sources, NGC 1566 and NGC 7144. Fi-

sample of groupsd (Osmond and Ponrhan 2004) in order to confirm nally, NGC 315 was excluded, because Worrall ¢tlal. (2003) fin

and investigate further the conclusions of the earlier work

2 SAMPLE SELECTION AND ANALYSIS
2.1 Thedliptical-dominated sample

This analysis uses the GEMS group sample whose X-ray piepert

were presented by Osmond and Poriman_(2004) (hereafter OP04)
The sample consists of 60 groups, including loose and compac

groups that may be spiral- or elliptical-dominated. For ldrger
GEMS sample, thd.x /Tx relation shows more scatter than for
the earlier work of Helsdon and Ponrhan (Z2000), so that it meay b
more difficult to distinguish heating effects.

a dominant contribution to the X-ray luminosity from the AGN
and X-ray jet, and HCG 67 was excluded because of ambiguity
in whether or not an identified nearby radio source is actusst
sociated with the group. The final sample of elliptical-doated
groups contained 30 members. In TdHle 1, we list the groupieein
sample along with their redshift and the X-ray propertieasueed

by OP04 used in this work.

2.2 Identifyingradio sources

We then divided the elliptical-dominated groups into raldiod

and radio-quiet subsamples based on the properties of any ra
dio source associated with each group. For each group in the
sample, we used NED, NVS$S_(Condon etlal. 1998) and FIRST

We considered only the subset of groups in the OP04 sample (Becker et all_1995) to locate radio sources that could piaign

that contain a large elliptical galaxy, as spiral-domidajeoups are
unlikely to possess a strong radio galaxy. We found that¢héer
in the Lx /Tx relation is significantly reduced in our subsample,
suggesting that spiral-dominated groups have differeatpyap-
erties from those with a large elliptical galaxy. OP04 did re
port a significant difference in thex /Tx properties of elliptical-
and spiral-dominated groups; however, they do find that Mesty
bright groups contain a bright central early-type galaxyey used
the group’s spiral fraction to compare group properties. €assi-
fication on the basis of the dominant galaxy’s morphology reg
more useful measure of the group’s history and current ptieése
This is supported by OP04’s conclusions about the impoetaric
elliptical brightest group galaxies.

be associated with a group member. We first checked NED for any
known radio galaxies associated with the group’s galakies as-
sociated radio source was found, we adopted the 1.4-GHa fladi

from the NED database. For any groups where a radio source was
not found in this way, we searched for sources within a radfu®
arcmin using NVSS and FIRST. We then checked the location of
each candidate for an associated radio source on the DSiB2alopt
images to ensure that the radio source was roughly at theeoefnt

a group galaxy (using SIMBAD to confirm that the galaxy is & th
redshift of the group). If this was not the case, then we tefethe
radio source on the basis that it was probably a backgroujettob
This method should be a more robust way of defining radio-loud
and radio-quiet groups than the method we used_in Crostdn et a

In order to determine whether each group contains a large el- (2003), as the latter may contain spurious “radio-loud”igies-

liptical galaxy, we downloaded DSS2 (Digitized Sky Surtjein-
ages of each group. Typically groups were either dominayezhle
large galaxy, or else there were several bright galaxiesnoifas

tions if any of the radio sources were not in fact associat¢l tive
group. TabldP gives the 1.4-GHz radio flux and luminosity-den
sities, L1.4, and the location for all of the associated sources. We

magnitude. In the first case, we rejected any groups whose dom also list the distance between the radio source and groupegee-
inant galaxy is a spiral or SO. In the second case, where therefined in OP04 as the position of the group-member galaxy seare

was no obviously dominant galaxy, the group was only regecte
if none of the bright galaxies is an elliptical. In some cases it

L http://lwww.eso.org/dss

to the centroid of the X-ray emission. In two cases (NGC 51 a
HCG 90) the radio source is a significant distance from themro
centre, which may reduce the likelihood that it could stigadfect
the group gas properties; however, as in both cases thesadice
is clearly associated with a group galaxy and lies in thereletd X-
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Table 1. The elliptical-dominated groups sample. Propertiesdistere are taken from OP04:-model parameters marked with a star are estimated using the
method described in the text.

Group Redshift ~ Temperature (keV)  Abundanég) log(Lx ergs ') 7eut (KpC) B re (kpc)

HCG 42 0.0128 0.760.04 0.29+0.10 41.99-0.02 112 0.56 4.69
HCG 62 0.0146 1.480.08 2.06:0.56 43.14:0.04 282 0.48 2.44
HCG 90 0.00880 0.460.06 0.08:0.03 41.49-0.05 101 0.41 0.91
HCG 97 0.0218 0.820.06 0.23:0.10 42.320.05 339 0.44 2.73
NGC 383 0.0173 1.5%0.06 0.42+0.08 43.02:0.01 633 0.36 211
NGC 524 0.00793 0.650.07 0.22£0.15 41.050.05 56  0.45* 0.37*
NGC 533 0.0181 1.080.05 0.68:0.23 42.670.03 372 0.42 221
NGC 720 0.00587 0.520.03 0.18:0.02 41.26:0.02 65 0.47 1.15
NGC 741 0.0179 1.240.09 2.0@:0.67 42.44-0.06 386 0.44 2.30
NGC 1052  0.00492 0.440.15 0.0@:0.02 40.0&0.15 25 0.45* 0.04*
NGC 1407  0.00565 1.6R0.04 0.23:0.05 41.69:-0.02 105 0.46 0.08
NGC 1587 0.0122 0.960.17 0.471.24 41.180.09 77 0.46 4.34
NGC 3557  0.00878 0.240.02 0.06:0.01 42.04-0.04 95 0.52 1.13
NGC 3665 0.00692 0.4#0.10 0.1#0.14 41.13%0.08 71 0.47 1.08
NGC 3607  0.00411 0.360.04 0.23:0.10 41.05-0.05 62 0.39 1.98
NGC 3923  0.00459 0.520.03 0.18:0.05 40.980.02 34 0.55 0.63
NGC 4065 0.0235 1.220.08 0.97%0.48 42.64:-0.05 425 0.36 3.08
NGC 4073 0.0204 1.520.09 0.7@£0.15 43.4%0.02 470 0.43 9.42
NGC 4261  0.00785 1.380.07 1.23:0.42 41.92-0.03 112 0.44 40.08
NGC 4636  0.00565 0.840.02 0.410.05 41.49-0.02 68 0.47 0.30
NGC 4325 0.0252 0.820.02 0.5@:0.08 43.15-0.01 307 0.58 27.56
NGC 4589  0.00676 0.6060.07 0.08:0.03 41.63%0.05 122 0.52 9.33
NGC 4697  0.00454 0.320.03 0.020.02 41.010.02 53 0.46 1.25
NGC 5044  0.00820 1.21#0.02 0.69:0.06 43.0%0.01 180 0.51 5.96
NGC 5129 0.0232 0.840.06 0.66:0.28 42.33:0.04 151 0.43 3.14
NGC 5171 0.0232 1.G#0.09 1.441.25 42.380.06 298 0.45* 81.26
NGC 5322  0.00702 0.280.07 0.0@:0.02 40.710.10 43  0.45* 0.18
NGC 5846 0.0063 0.780.02 1.25-0.69 41.96:0.02 94 0.51 2.19
NGC 5930  0.00969 0.970.27 0.120.12 40.73:0.07 29  0.45* 0.19*
IC 1459 0.00569 0.390.04 0.04:0.01 41.280.04 121 0.45 0.74

Table 2. Radio sources associated with groups. Coordinates aredaatlio-source position. Column BJ is the physical distance between the radio source
and the group centre (see text for discussion). Luminostsilies are determined by assuming that the source is e¢dbhift of the group.

Group RA (J2000) Dec(J2000) D/kpc Fi.4/dy  Li.4/WHz™! Ref
NGC 383 0107 24.9 +3224 45 5.0 0 34024 NED
NGC 524 0124477 +093221.7 0.51  0.0035 51020 NVSS
NGC 533 012531.3 +01 45 33 0 0.0201 %2022 NED
NGC 741 015622.1  +053739.8 6.2 1.0 %2023 NVSS

NGC 1052 024104.8 -081521.1 0.01 0.913 51022 NVSS
NGC 1407 034011.9 -18 34 49.0 0.20  0.0877 8821 NVSS
NGC 1587 043039.9 +003942.1 0.22 0.123 41022 NVSS
NGC 3557 1109 57.7 -37.3220.7 0.91 0.484 £B23 NVSS
NGC 3607 111701.6  +180844.8 30.0 0.0181 8120 NVSS

NGC 3665 1124 43.4 +38 45 44 0 0.113 %2022 NED
NGC 3923 1151 05.0 -28 46 10.5 2.3 0.0312 X1p2t  NVSS
NGC 4261 121923.2 +05 49 31 0 18.0 %0024 NED
NGC 4636 124250.3  +024118.7 0.64 0.299 $B?2  NVSS
NGC 5044 1315 24.0 -16237.6 0.27  0.0347 521 NVSS
NGC 5171 1329479 +114233.38 186 0.025 81022 NVSS
NGC 5930 152606.7 +414021.0 3.7 0.108 ¥9022  NVSS
HCG 62 1253 05.6 -091221 1.7  0.0049 k6021  NVSS
HCG 90 2202 02.0 -315210.5 81  0.0368 %4023 NVSS

IC 1459 225710.7 -36 27 43.0 0.19 1.28 %1022 NVSS
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Figure 1. Plot of log(L x) vs. log(.), illustrating the trend between these
guantities. The OLS bisector fit to this line is overplottetl das a slope
of 1.11 and an intercept of 41.531la 10(r.) = 0. We used this relation
to estimater. for the groups where OP04 were unable to meaguneodel
parameters.

ray halo detected witROSAT we include these two radio sources
in the sample.

In our earlier analysis_(Croston et/lal. 2003), we chose desing
cut-off to discriminate between radio-quiet and radiod@roups.
However, at lower luminosities it is difficult to distingtisbe-
tween AGN-related radio emission and emission from other pr
cesses, such as starbursts. The radio source populaticmis d
nated by starbursts at 1.4-GHz luminosities betow0?* W Hz ™!
(Sadler et gl. 2002). All of the radio source identificatiane with
elliptical galaxies, so that a starburst origin is unlikelgd the ma-
jority of the sources have also been previously identifie&@sl.
However, we may detect weak AGN emission in elliptical gaax
that have never had a radio source sufficiently powerful te tz-
fected the group properties. We therefore tested the irapoet of
the radio-luminosity cut-off, by carrying out all of the adysis that
follows for three choices. We first used a cut-aff) of L = 0,
so that the possessionafyradio source above the NVSS flux den-
sity limit meant that a group was considered to be radio-loMd
then chose two higher cut-offs, based on the luminosity iden§
NGC 3665, a comparatively weak double-lobed radio galaxina
the analysis af Craoston etlal. (2003). These cut-affsaqndc2) are
L$Y =1.2x10%* W Hz ™! (Lvgesess /10) and LY = 6 x10%!

W Hz™! (L nycosess/2). TablelB gives the total number of groups
in each subsample for the three choices of radio-luminasityoff.

We note that the NVSS flux limit of 2.3 mJy may introduce some
bias into the selections, as this corresponds to a limitingjhosity

of 3 x10%! W Hz~! for the highest redshift group, NGC 4325, at
z = 0.0252. This limit is close to the cut-off luminosities, so that
for cut-offs cO andcl a few high-redshift groups could have been
incorrectly classed as radio-quiet despite possessingj@saurce
more luminous than the cut-off luminosity. There are fiveup®
with sufficiently high redshift that a radio source more lamis
thancl could have been missed. However, a radio source of lumi-
nosity > ¢2 would be detectable in all of the groups, so that the
results for this cut-off should provide a check for whetlgs bias

is important.

2.3 Radio sourcesin the OP04 parent population groups

We found a surprisingly high fraction of radio sources in shaen-
ple of elliptical-dominated groups from the OP04 catalo@ig30

= 63 per cent, assuming cut-aff)). It is often stated that radio
galaxies are not common; a small fraction of elliptical gada
[e.g.~ 5 per cent,_Schmidi (1978)] host a large radio galaxy. How-
ever, the fraction is certainly higher for the brightesipgitals (e.g.
Birkinshaw and Davies 1985), abdiHo (1999) discusses thentec
detections of small radio cores in many nearby ellipticdhxgjas,
concluding that these are likely to be low-luminosity AGNn&
the preferred environment of radio galaxies may be the esmtf
elliptical-dominated groups or poor clusters (¢.q. Be€i4d0the
high fraction of “radio-loud” groups in the sample may noture
expected. If radio galaxies are found in such a high fractbn
this type of group, then our results will have important iroat
tions for the properties and evolution of groups. For thason, it

is crucial to test whether or not the OP04 X-ray observed samp
of groups may be biased in its radio properties. The OP04 lsamp
was chosen by merging nine catalogues of optical groupsteerd t
cross-correlating the resulting list with tROSATobserving log.
The parent catalogue is unbiased with respect to the groag®
properties; however, it is possible that tRO®SATarchive contains

a high fraction of groups with active galaxies, sirROSATob-
served many radio galaxies. This could bias the OP04 sarople t
wards groups containing radio galaxies, although groupis pree-
viously known radio galaxies make up a fairly small fractafrihe
OP04 sample.

To test whether the fraction of radio-loud groups in our sam-
ple is biased, we looked at the parent catalogues used by.@B04
we were only interested in the properties of elliptical-doated
groups, we wanted to use an electronically available cgielo
that contained information about the morphology of the dwnt
galaxy in each group. The whole-sky group catalogué_of Garci
(1993), taken from the Lyon-Meudon Extragalactic Datalfitse
these criteria. It contains 485 groups having< 0.02. This sam-
ple is large enough that we can test whether its radio priggeate
consistent with those of the OP04 sample.

Using Vizier, we extracted from the Garcia catalogue all
groups whose dominant galaxy has type E (elliptical) or L)(SO
(these classifications are taken from_de Vaucouleurs 20811)1
Although we excluded groups with a dominant galaxy with a-con
vincing SO designation in our sample definition, we decideih{
clude them here, for two reasons. Firstly, as mentionedegane
found several dominant galaxies in our sample with SO design
tions where later work revealed them to be misclassifiedtehls.
Secondly, a surprisingly low fraction of the groups in thenpée
had “E” designations, so that the test sample would have paa
small. Including all the SO groups means that the resultautior
loud fraction will be a conservative lower limit, as many bétSO
identifications will be correct. The final sample of E and S@ugs
from the Garcia sample contains 135 groups30 per cent of the
original sample).

We then cross-correlated the Garcia E and SO groups with
NVSS, searching for radio sources within 15 arcsec of thereaf
the dominant galaxy. This method is not as accurate as theohet
we used for the OP04 radio identifications; however, the mere
tailed method is too cumbersome for this larger sample. Soiren
a fair comparison, we carried out the same cross-correléioour

2 http://vizier.u-strasbg.fr/
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Table 3. Samples sizes for different choices of radio-luminosit @i, Li’ff as given in the text.

Cut-off number Li 4/WHz~!  Number in RQ sample  Number in RL sample
c0 0 11 19
cl 1.2 x10%! 13 17
c2 6 x102! 16 14

elliptical-dominated groups sample, using the coordmagieen in
OPO04.

for these regions and their fittgiimodel parameters to extrapolate
the luminosity to a fixed overdensity radiugpo (= the radius cor-

For the E/SO Garcia subsample, we found radio sources asso-+esponding t&00x the critical density of the Universe). We were

ciated with 41 groups. 32 groups had coordinates outsideethe
gion covered by NVSS, so that the final “radio-loud” fractioh
the Garcia subsample is 41/103, or 39.8 per cent. For optieHi-

concerned that the choice of radius used for the luminostgrel
mination might affect the results. There are problems is tiin-
text with both radii used by OP04. A cut-off radius defined bg t

dominated sample (Tabld 1), using the same method, we foundextent of X-ray emission biases the X-ray luminosity-tenapare

a “radio-loud” fraction of 16/30, or 53.3 percent. Therefdhe
“radio-loud” fraction of the elliptical-dominated groups OP04
is consistent with that in this parent catalogue. The foactie ob-
tained here for our OP04 subsample is slightly lower thahdba
tained using the more accurate identification method dessdrin
SectioZP, which was 19/30, or 63 percent. This is unsimgriss
the detailed method would find sources associated anthlarge
elliptical in the group, whereas this cross-correlatiorttrod will
only find sources associated with the dominant galaxy.

We conclude that the OP04 group sample is not excessively bi-
ased with respect to the groups’ radio properties. The tamibn
of elliptical-dominated groups with radio sources may-bé0— 50
percent (since our result for the Garcia sample is a consezva
lower limit), rather than being as high as is suggested byooigr
inal analysis of the OP04 sample. It is interesting that subigh
fraction of elliptical-dominated groups is likely to possean AGN-
related radio source. If all elliptical-dominated groupe eapable
of hosting radio sources, this result could indicate thdirgalax-
ies have a high duty cycle. Radio sources with obvious deuble
lobed structure make up roughly half of the radio sourcehén t
sample, so that perhaps only half of the 40 - 50 percent qftieiéil-
dominated groups with radio sources could be considered o &
very active state. Nonetheless, this suggests that a daky eyere
every elliptical-dominated group contains a radio souhee is ac-
tive for > 1/4 of the time. Weaker sources with no detected double-
lobed structure may be in a less active stage, and the gratipaav
radio source above the NVSS limit may be in the least actieseh
If this model is correct, then the effects of radio sourcedifely to
be important at some level in all elliptical-dominated greuThe
analysis of the Garcia sample found that E/SO-dominatedpgro
made up~ 30 percent of the sample. Although this is a minor-
ity of groups, E/SO-dominated groups are more likely to st
group-scale X-ray atmosphelte (Osmond and Porimar| 2004y. The
are therefore likely to be in a more relaxed state, so that Xieay
properties will be of more relevance to structure-forntativodels.

24 Issueswith X-ray luminosity comparisons

The analysis we carried out [n_Croston et al. (2003) is based o
the Lx /Tx relations for radio-loud and radio-quiet groups. In that
analysis we did not take into account the choice of radiushichv
the X-ray luminosity was measured. OP04 used an X-ray eidrac
radius defined by the extent of X-ray emission at a signifitarel
above the background. They then used the luminosities retai

(Lx /Tx) relation in the sense that a smaller fraction of the at-
mosphere will be measured for fainter groups, because ftifecsu
brightness drops below the background at a smaller radiaa-H
ever, choosing a cut-off atop may not be suitable for our analysis
either, as the method used by OP04 to defing is temperature-
dependent, so that the luminosity is measured to a largesiqady
radius for hotter groups. If groups have been heated by #sepce

of a radio source, the choice ofyo will have the effect of reducing
the significance of any heating effect we measure.

Clearly, it would be preferable to use the luminosity intégd
out to infinity. Unfortunately this is not possible usingdamodel
representation of the groups, as the solid angle integrddeofur-
face brightness diverges for values®f< 1/2, so that a cut-off
radius must be used for the luminosity extrapolation. Agheei
of the two choices of radius used by OP04 is entirely unbiased
we performed thd. x /T'x analysis for four choices of luminosity
cut-off radius. These were: tHROSATextraction radiusy ..., as
given in TabldL; the fixed over-density radiusgor;, as calculated
by OP04; a physical radius of 200 kpg s s; andracore, defined as
4 x the group core radiug,. We used the luminosity measured to
reut and the fitted3-model parameters to calculate the luminosity
t0 7500, Tphys ANAT4core. We Neglected the axial ratio parameter,
included in the OP04 fits, which means that the extrapolated-I
nosities will be slightly overestimated for groups thatéadarge
axial ratio. The maximum value effor a source in our sample is
2.65 (NGC 4589), but most values are in the range of 1.0-1.5.
The radio-loud and radio-quiet groups have similar distidns of
e, and so our conclusions should not be affected. OP04 could no
fit a 8 model for five sources, and for these we uged 0.45 (the
median value measured for the sample) andetermined by us-
ing the rough correlation between X-ray luminosity atndshown
inFig.ll - Lx = 2.9 x 10*!(r./kpc)*** ergs s*.

Another consideration is whether the measured X-ray lumi-
nosities contain any contribution from sources other thargroup
gas, i.e. from AGN and X-ray binarie€handraobservations can
resolve the X-ray binary population and allow the integutaie
minosity from X-ray binaries to be determined. Kraft et 2001)
find an integrated X-ray luminosity of 5 x 10%° ergs s! for
the population of X-ray binaries in Centaurus |A._ Zhang and Xu
(2004) examine the X-ray binary population in NGC 1407, ohe o
the groups in the sample, which has a comparatively prorhiken
ray binary population, and find that resolved X-ray binagesount
for < 20 percent of the galaxy-scale extended X-ray emission de-
tected withChandra(or ~ 1.5 x 10%° ergs s*, only ~ 3 per
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cent of theROSATmeasured. x for the group-scale emission from
NGC 1407). We conclude that contamination from X-ray biesri
is not important to our results. Any contamination from X-tai-
nary emission that cannot be resolvedtiyandrashould affect the
radio-quiet and radio-loud groups in the same way. We dssthes
issue of AGN contamination in SectibnB.1.

25 Lx/Tx relations

For each of the 12 combinations of radio and radius cut-ofts,
fitted anL x /T'x relation to the radio-quiet and radio-loud subsam-
ples. Using the temperature measurements of OP04 and tle lum
nosities determined as described above, we fitted the OldB @y
least squares) bisector (Isobe et al. 1990) to each datasztrsis-
tency with OP04. TablE 4 gives the parameters for the resgpits.

We plot Lx vs. T'x for each radio cut-off in FidJ2 (showing only
the results for.,:) with the best-fitting radio-quiet relation over-
plotted. There is a clear tendency for radio-loud groupsemb
the hotter side of the radio-quiet relation for all combioas of ra-

dio cut-off and luminosity extraction radius. (One majocegtion

to this trend is NGC 3557, a radio-loud group that is much eool
than the prediction for its luminosity, but this may be duétdud-

ing the cooler galaxy atmospheres of group members, whieh ar
prominent in a&Chandraobservation.)

We tested the significance of the trends illustrated in Hig. 2
for each choice of luminosity cut-off. We tranformed the lum
nosity values into a predicted temperature using the apiatep
best-fitting radio-quietl x /T'x relation, as given in Tablg 4. We
then rotated the coordinate system-by5 degrees so that the-
coordinate in temperature corresponds to perpendiculdartie
from the best-fitting line. We then performed a 1-D Kolmogero
Smirnov test comparing the distributions of(perpendicular dis-
tance from the line) for the radio-quiet and radio-loud skEwmf
each case. The results are given in Téble 4. In all but twosctise
probability that the two subsamples have the same parentigop
tion is < 10 percent, and in more than half of the remaining cases,
the probability is less thax 5 percent.

We therefore conclude that there is good evidence that+adio
loud and radio-quiet groups display different gas propertirhe
choice of radio-luminosity cut-off does not appear to havem-
portant effect, whereas the choice of X-ray luminosity uads cru-
cial. To obtain a more consistent set of X-ray luminosity &emi-
perature measurements, higher sensitivity data would dpeinesl
so that the temperature and luminosity could be measurediot m
larger radii, and the need for extrapolation would be reduce

3 INTERPRETATION OF THE RESULTS

The gas properties of radio-loud and radio-quiet groupiein
the sense that radio-loud groups of a given luminosity dyi
to be hotter than the radio-quiet groups. There are sevessilpe
explanations for this result, which we examine in this setti

The first question is whether contamination from AGN emis-
sion could have affected the results for radio-loud grois test
this in SectiofL311. We then consider three possible phlysiagins
for the difference in the properties of radio-loud and ragiidet
groups: radio-source heating (Model 1), a luminosity defiaused
by the radio source (Model Il), or an external mechanism that
triggering the radio sourcend heating the gas (Model 1ll). Mod-
els | and Il are related, since any temperature increasedieat
to an increase in pressure, expansion and a subsequenasieare

density on timescales determined by the sound speed; hovesve
a first step in understanding the radio-source impact, ihjsirtant
to test whether the primary effect seen in our results coman f
an increase in the group temperature or a decrease in X-nay lu
nosity. In Sectiol.3]2 we test Model | (radio-source heatiby
examining whether there is any evidence that the strengtiedh-
ferred heating of radio-loud groups correlates with thgprtes of
the radio sources. In Sectidnsl3.3 3.4, we carry out tvesti
gations to test Model Il (a radio-source-induced luminodigcre-
ment). Firstly, we examine the distribution of gas, paraisetl by
the 3-model, to determine whether this differs for radio-quietia
radio-loud groups. We then examine the correlation betwegn
and optical luminosity to see whether the X-ray luminositaf
radio-loud groups are lower relative to their optical lupsities
than is the case for radio-quiet groups, as would be expeénted
the second model. In Secti@nB.5, we test Model Il (an extern
mechanism), by examining the optical properties of the tulo-s
samples to find out whether the radio-loud groups could bespea
cific evolutionary state, different to that of the radio-efugroups,
where the triggering of radio sourcaadthe heating of gas might
be favoured. Finally, in Sectido-3.6 we present a study dfiiaec
Chandraobservations of the radio-loud groups to look for further
evidence of radio-source heating and interactions bettreeradio
source and group gas.

3.1 AGN contamination and thereéliability of the OP04
results

OPO04 state that they have taken into consideration anyibatitm
from a central AGN to the X-ray emission via their point-soir
exclusion method. Central AGN were excluded in 22 cases (Os-
mond, private communication); however, this does not itelall
of the radio-loud groups in our sample. Contamination fromrgy
non-thermal emission might result in higher fitted gas tenajpees,
which could shift groups with AGN on thé x /T'x plane. How-
ever, if there were a large contribution from AGN-relatedax-
emission, then the measured X-ray luminosity from the grgap
would be overestimated; this would act in the opposite sdhse
therefore essential to check that AGN contamination is eatH
ing to spuriously high temperatures or overestimation efgfoup
luminosities, and so we felt it necessary to confirm the tesuf
OPO04 for several radio-loud groups. In addition, as ourltesealy
strongly on the accuracy of OPO&DSATanalysis, we felt it was
appropriate to independently measure the temperatureuwsnd |
nosity of 3 radio-loud groups, to test for AGN contaminafiand
3 radio-quiet groups, to confirm the reliability of the lurogity and
temperature measurements.

From theXMM analysis ol Croston et all (2003), we found
that the AGN in 3C 66B and 3C 449 (which are more powerful
than most of the radio sources in the sample we use here) wotild
significantly contaminate the spectral measurements #ogthup
atmospheres. The measured temperatures and luminosit@®s i
sample are therefore likely to be reliable for groups with >
10*? erg s!. For this reason, we selected three groups with lower
X-ray luminosities: NGC 4261, NGC 1407, where OP04 did not
exclude the central AGN, and HCG 90.

In order to test the influence of AGN contamination, we ex-
tracted a spectrum for the extraction region used by OPO4{a c
cle of radiusr.,:), but excluding the central two arcminutes, so
as to ensure that the majority of the AGN emission was exdude
We used a surrounding annulus for background and excluded an
contaminating point sources by eye. Our analysis is thezefiy-
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Figure2. Lx /Tx plots forr..t, top left for 0, top rightcl, and bottome2. Overplotted are the best-fitting radio-quiet relationseach set. + symbols are
radio-quiet groups and filled circles are radio-loud groups

Table 4. K-S test results and best-fitting slopes and interceptshi®iLty /T x relations as described in the texd. is the K-S statistic for the given pair of
radio-quiet and radio-loud samples, and Prob is the nulbthgsis probability for obtaining the given valueof

Dataset c0 cl c2

Slope Intercept D Prob Slope Intercept D Prob Slope Intercept D Prob
Teut (RL) 3.304+0.86 42.15+0.15 0.488 0.048 3.330.86 42.16+0.15 0.416 0.114 2.7%0.71 42.03+0.18 0.464 0.054
Teut (RQ) 3.64£0.61 42.65+0.14 3.76+0.72 42.614+0.14 3.904+0.81 42.60+0.10
7500 (RL) 3.07+0.72 42.35+0.12 0.488 0.048 3.190.73 42.35+0.12 0.434 0.088 2.650.59 42.24+0.14 0.517 0.022
500 (RQ) 3.36+0.51 42.77+0.12 3.37+0.57 42.73+0.13 3.58+0.70 42.73+0.09
Tphys (RL) 2.76+0.72 42.15+0.12 0.488 0.048 2.840.72 42.15+0.13 0.452 0.068 2.220.51 42.01+0.12 0.536 0.016
Tphys (RQ) 3.05+-0.50 42.5H0.15 3.08+0.56 42.54+0.15 3.34+0.65 42.56+0.10
T4core (RL) 3.424+1.10 41.47+0.18 0.450 0.084 3.464:1.08 41.49+0.19 0.416 0.114 2.68:0.91 41.29+0.20 0.518 0.022
r4core (RQ)  3.83:0.77  42.0740.26 402+40.94  42.02+0.26 4.13+1.04  42.04£0.18

nificantly cruder than that of OP04, who carried out a more-com there is no risk that the observed difference in the tempezatis-
plicated background estimation and performed good-tintenal tribution of radio-quiet and radio-loud groups is due torsmusly
analysis. In all cases our measured temperature is the séhie w  high temperatures as a result of AGN contamination. The lowe
the (Ir) errors. However, the measured luminosities in two cases luminosity for NGC 4261 is likely to be due to our larger AGN
are significantly lower than the OP04 results. We concludg th  exclusion region (which must include significant group esiais).
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In the case of NGC 1407, the slightly lower luminosity is likéo should trace the jet kinetic luminosity reasonably well tisat in
be because OP04 did not exclude the AGN. If the AGN contribute the absence of useful information on the sizes and ages of all
some of the measured luminosity in a few sources, then the!lOPO the sources, the 1.4-GHz luminosity is the best measureesfign
luminosity measurements for some of the radio-loud groupg m  input available.
be slightly overestimated, which would mean that the sigaifce
of the effect we observe is underestimated. If the true sroor
temperature for these groups are slightly larger than thvem by
OPO04, this would not have any effect on the K-S test resutisoan
conclusions. Finally, since OP04 excluded the AGN in theresid
radio-loud groups, including NGC 1052 and IC 1459, we cotelu
that AGN contamination is unlikely to be a problem for ourulés
Even if the AGN emission does not significantly affect the
measured temperature, it can have a more important effettteon
surface brightness profile. OP04’s neglect of an AGN maycaffe
the fitted3-model parameters for a few groups. Several of the most
powerful radio galaxies in the sample (e.g. NGC 383, fromchhi
the AGN was not removed, and NGC 4261) are among the groups
fitted with a second centr@-model. It is possible that these inner
B-models are, in fact, principally modelling the point-soeiemis-

We first compared the radio luminosity withT', the differ-
ence between the measured temperature and that predicted by
appropriate RQ.x /T'x relation. Tabl€b gives the results of Spear-
man rank correlation tests for each choice of X-ray lumityos-
dius. For the Spearman test, groups with no temperatureaser
were assigned\T = 0: this applies to 5/19 groups fot.,,: and
7500, 6/19 fOrrpnys, and 3/19 forreore. In all cases there is little
evidence for a correlation. This is perhaps unsurprisimgabse
the observed temperature increase produced by a radioygaflax
given luminosity should depend not only on the unknown prope
ties of the radio source, as mentioned above, but also ongae h
capacity of the group gas being heated. A similar analysigube
fractional temperature changAT'/T', did not give an improved
correlation.

sion from the central AGN, although there is also evidenceafo

galaxy atmosphere in NGC 383 (Hardcastle et al. 2002). Since

AGN component would be modelled out in this way, {fenodel
parameters for the extended emission should be reliabés.al$ec-

We therefore estimated the heat capacity of each group’s en-

vironment using the spectral and spatial properties of thayX
emission given by OP04. The heat capacityCis= (3/2) Nk,
where N is the total number of particles, obtained by integrating

ond g-model was not required for many of the radio-loud groups, over the density profile using the best-fittiigmodel parameters,

in combination with the lack of any effect on the measuredaem
atures, supports the conclusion that for most of the lesegdalv

radio sources the AGN contribution to the X-ray emissionas n

significant.

The radio-quiet groups chosen to check the reliability @f th

OPO04 results were selected to cover a wide range in X-raynosai

with a central proton density obtained from the X-ray lunsity
and best-fittingnekalmodel parameters.

To study the relationship between the observed “heatind” an
radio luminosity, we examined the correlation betwédgn,, the

energy required to heat the gas in a given group from the pre-

dicted temperature to the measured temperatde®®T), and L 4.

ity and temperature. They are NGC 97, NGC 720, and NGC 4325. e heat capacities were calculated separately for eattedour

For each group, we extracted a spectrum using the extraion
gion of OP04 (a circle of radius..:) using the same background

and point-source identification methods as above, and éitteekal
model with free abundance to determine the temperature anagy X

flux of the group atmosphere. In all cases the results are @a go

choices of limiting radius. Fidll3 shows the relationshipvzen
Ly.4 and E,..4 for each choice of. For groups with no tempera-
ture excess, we calculated an upper limit to the energy inpuate-
termining the amount of energy that would be required tat shé
group significantly to the ‘hotter’ side of the appropridig /T'x

agreement with those of OP04, so we conclude that the OPQ4 lum 4 |ation. As the sample includes upper limits, we used satvi

nosity and temperature determinations are reliable bathaidio-
quiet and radio-loud groups.

3.2 TestingModd I: correlationswith radio luminosity

The results presented in Sectidn 2 strongly suggest thiat gathx-
ies are having an important effect on the properties of thevand-
ing group gas. We therefore decided to investigate whehiezetis
any relationship between the observed “temperature esseaad
the radio properties of the associated sources, as woulkpleeted
in a radio-source heating model. In the following analysis,use
only the results for radio-luminosity cut-off) so as to include the
widest range of radio powers.

We used the 1.4-GHz radio luminosity density (TdHle 2) as a
measure of the amount of energy a given source might be able to

provide. Radio luminosity is not an ideal indicator of radmurce
energy input, as the amount of energy transferred from tharek
ing radio plasma to the surrounding gas depends on sevetatsa

such as source size and age, which are in many cases unknown.

analysis techniques to determine the generalised Keadaibrre-
lation coefficient usinghsURvV (Lavalley et all 1992). Tabld 5 con-
tains the results of the correlation analysis for each cHsere is a
less than 5 percent probability of obtaining the measurégevaf

7 by chance for 2 out of 4 cases. The high value of 14 per cent for

T4core IS probably because in many cases.. is physically small
compared to the other choices fgrso that the heat capacity does
not include much of the gas. For all four choices of radiusrehs

a stronger correlation here than was foundAdgF alone.

Since the calculated heat capacity is related to the meksure

X-ray luminosity, we were concerned that the correlatiotween
L4 and E;..4 could be caused by abx /L1 4 correlation due to
the flux limits in the X-ray and radio samples. We thereforsoal
carried out Spearman rank tests to look for a correlatiowéet
heat capacity and.; 4. Those results are also included in TdHdle 5,
and show that the correlation betweén s, and heat capacity is
much weaker than that with',.., in all cases.

The presence of a correlation (albeit with a large scatter) b

The size of the source depends on its angle to the line of,sight tween radio luminosity and the energy input needed to cehse t

which is usually poorly constrained. The source’s age, twhisc
also required to estimate the total energy input, is everenddr
ficult to determine. Indeed, a few of the radio sources in &mde

are unresolved with NVSS and FIRST, and do not have idenfiab

double-lobed structure. However, low-frequency radioihosity

observed temperature increase provides support for a mdédek
the temperature increase is due to radio-source heatirglarge
scatter is not surprising, given the many unknown factarshss
source size and age, that would affect the amount of obséetd

ing.
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Figure 3. Plot of L1.4, the 1.4-GHz radio luminosity, vstrcq, the necessary heat in put to produce the temperature secréa ..+ (top left), rs00
(top right), 7py s (bottom left) andrycore (bottom right). + symbols are groups with temperature esegsarrows indicate upper limits for groups with no

observed excess, calculated as described in the text.

Table 5. Results of correlation analysis fér, .4 andAT,E,.q andC. The sample contains 19 groups, so for all of the tests threréadegrees of freedom.

Dataset AT Ereq C

rs  Probability Kendall'sr  Probability rs  Probability
Teut 0.184 0.450 1.992 0.046 0.312 0.193
7500 0.214 0.379 1.921 0.055 0.325 0.175
Tphys 0.369 0.121 2.555 0.011 0.312 0.193
T4core  0.168 0.491 1.472 0.141 0.314 0.190

3.3 TestingModé I1: 5-model properties

We studied the3-model properties of the radio-quiet and radio-
loud groups to determine whether the spatial distributibryas

is affected by the presence of a radio source. We compared thr
parametersjy;., the fitted value ofs from OP04 5., the spec-
troscopic value ofs from OP04, andRs = Sspec/Brit- FOr each

of these properties, we compared the values for the radit-gnd
radio-loud subsamples for radio cut-eff. We performed a 1-D

K-S test to determine whether the “radio-quiet” and “rattiod”
subsamples differed in each case. Elg. 4 shows histogranie of
distributions of83y;t, Bspec, and Rg for the radio-quiet and radio-
loud samples.

There is no evidence that the parent population differsifsign
icantly for any of the three parameters. Since fhg.. have large
errors, using the K-S test to compare the two samples mayenot b
very reliable. We also used a median test to compare the tme sa
ples, and find a low probability that the distributions®f; have a
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Figure 4. Histograms showing the distribution @f¢;; (top left), Bspec (top right), andRg (bottom) for the sample. Filled rectangles are the radietqu

sample, with the radio-loud sample overplotted as hatceethngles.

different median. However, there is a probability~0f93 percent
that the distributions of botl#s,.. and Rz have different medi-
ans for radio-quiet and radio-loud groups, in the sensehat

is higher for RQ groups. This is not a strong result, becatiieeo
large errors or3.,e. and thereforeRs. There is no evidence that

RL groups have flatter profiles than RQ groups, as might be ex-

pected if the luminosity had been significantly decreasexirasult
of radio-galaxy input. In Sectiofl 4 we present further désion
of how the group density distribution might be affected bglioa
galaxy energy input

3.4 TestingModel Il: Lx /Lg relation

The X-ray and optical luminosities of groups are correlatsst
cause gas mass and galaxy mass should scale similarly. @B\W4 s

that such a correlation exists for their sample. If the effeee ob-
serve in Fig[R are caused by a decrease in X-ray luminosityein
radio-loud groups, then théx /Lp relation should be affected:
radio-loud groups should have a lower X-ray luminosity tietato
their optical luminosity. In Fid15, we show tHex / L 5 relation for
radio-quiet and radio-loud groups (usiagandr,,:). Unlike what

is seen for thel x /T'x relation, there is no apparent difference in
the two subsamples. We note that that the radio luminosiltybei
related toL 5, which may introduce a slight bias, but this should
not affect the X-ray-to-optical luminosity ratio of the radoud
groups. Therefore, this is a strong argument against X-uayi-I
nosity decrements in radio-loud groups, as the radio sairoeld
not affect the optical luminosity of the group.
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35 TestingModd II1: optical propertiesof the RL and RQ
subsamples

To test the possibility that radio-quiet and radio-louduge are in
different stages of evolution, so that an external meclhamisght
be causing the heating effect, we compared two measure®iof th
optical properties. If radio-quiet groups are at a différstage of
evolution from radio-loud groups, the¥,.., the number of galax-
ies in the group, might be expected to differ, in the sensedidar
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sensitivity to extended emission is reduced, so that in stames it

is unable to detect low surface-brightness emission framvisaker
groups. In those cas@®OSATemperature and luminosity measure-
ments are likely to be superior. We discuss here a few grouphei
sample for whichChandraand XMM-Newtonobservations show
evidence for heating or interactions between a radio-soand its
environment.

3.6.1 NGC4261

An XMM-Newtonobservation of this group was made on 16 De-
cember 2001 (ObsID 0056340101). An analysis of the extended
emission has not yet been been published, although Samérala
(2008) presented an analysis of the nuclear emission. We ex-
tracted the archivkMM-Newtordata and carried out standard pro-
cessing and filtering as describedLin_Croston 2t al. (2008).[F
shows the adaptively smoothed, background point-sourte su
tracted, vignetting-corrected 0.5 — 5.0 keV image made fcom-
bined MOS1, MOS2 and pn data, with radio contours from a 1.4-
GHz map made from VLA archive data overlaid. This figure #lus
trates a striking relationship between radio and X-ray rolpgy
similar to that seen in 3C 66B_(Croston etlal. 2003). It isriese

ing that such evidence for interactions between the radimceo
and hot gas on large scales is found in every FRI radio galaxy f
which deepXMM images of the large-scale structure exist [see also
Evans et al..(2004)].

3.6.2 NGC 4636

The Chandra observation of the atmosphere surrounding
NGC 4636 revealed striking substructure in the form of sytnime

groups might be expected to have fewer members. Older groupscal bright arms|(Jones etlAl. 2002). Jones et al. find thaetuing

might also have a larger ratio between the brightest andnseco
brightest group galaxies, as the largest mergers shoukldiesady
taken place. We therefore compared bdif,;s and L2, the lumi-
nosity ratio of the brightest to second-brightest groupualas de-
termined by OPO04, for the two subsamples (usih@ndr,:). In
Fig.[d, we show histograms of the distribution of these patans
for the two subsamples. In neither case is there a signifitiéfat-
ence in the distribution for the two subsamples. Both haveakp
in the value ofNy,;s between 5 and 10, and the preferred value
of L2 for both subsamples is. 2, so that most groups have at
least one reasonably large secondary galaxy, whetherlauatioor
not. There are no radio-loud groups in the sample ith > 10,
whereas there are two radio-quiet groups with > 20. However,

a K-S test indicates no significant difference in the distidns
of either. A median test also finds no significant differencéehie
medians of the two subsamples for either parameter. We wdacl
that the galaxy distributions in radio-quiet and radiod@liiptical-
dominated groups are similar, so that there is no evideratettie
two subsamples are at different evolutionary stages. Hewev
thorough investigation using more sophisticated measafrgoup
history is required to test this model fully.

3.6 Chandraand XMM-Newtonobservations of heating and
interactionsin the RL groups

Many of the radio-loud groups in this sample have been observ
with Chandraor XMM-Newton The high resolution o€handrais
excellent for resolving an AGN component, and for detechimggr
structure in groups; however, as a result of the high reswiuits

edges of the arms are 30 percent hotter than the surrounding gas,
and postulate a model in which the arms are produced by shocks
driven by symmetric off-centre AGN outbursts. The centealio
source appears to be extended to the northeast and soutlevgest
Birkinshaw and Davies 1985); however, it is small and too kvea
to have produced the shock-heating. Jones et al. arguehtisat t
indicates that a more direct nuclear outburst may have pestiu
the shocks, but it is difficult to think of such a mechanism.
The radio source could be more extended at low frequencies;
however, it remains unlikely that a currently active radioie is
producing the shocks. It is possible that a previous radibuost

is responsible, although it is unclear for how long the stukmpsity

and temperature structure would persist. The shock-heated

of gas in this group may be the main contributor to the overall
temperature of 0.84 keV measured ROSAT As NGC 4636 has
one of the largest temperature excesses, this examplegktron
suggests that we are indeed identifying groups with intergs
AGN/group interactions.

3.6.3 NGC 1052

The Chandraobservation is too short to detect much low surface-
brightness emission from this poor group. However, as shown
in Fig.[d, there is evidence for radio-related X-ray emissias
discussed by Kadler etlal. (2004). They attribute most of Xhe
ray emission to the jet; however, the distribution of X-rayuots
around the eastern radio lobe seems to be reminiscent ofitite b
shell of hot gas around the southwestern inner lobe of CeurgaL

The two systems are remarkably similar: they both consistr@ll,
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Figure 6. Histograms showing the distribution f,,; (left) andL12 (right) for the radio-quiet and radio-loud samples. The R@gle is indicated by filled
rectangles, and the RL distribution is overplotted withchatl rectangles in both plots.

Figure 7. An adaptively smoothed, background point-source sulgdaatignetting-corrected 0.5 — 5.0 keV image of NGC 4261 nfadlm the combined
MOS1, MOS2 and pn data from the arch¥® M observation described in the text. Clear evidence foractésns between the radio galaxy (3C 270) and gas
environment are seen in the form of holes in the X-ray surfagghtness at the positions of both radio lobes.

double-lobed radio sources, which are likely to be youngestart- heated, as we have argued to be the case for 3CI66B (Crosthin et a
ing. They have galaxy atmospheres of similar X-ray lumitiesi 2003).

and temperatures. Thes&handraobservations therefore suggest

that the young radio source in NGC 1052 may be shock-heating

its surroundings. The measured X-ray temperature fROSAT 3.6.4 HCG62

may contain a large contribution from these radio-relatgians,

although it is also possible that the entire environment theen The X-ray emission from HCG 62 provides one of the clearest

examples of “holes” in a group atmosphere_(Vrtilek ef al. (’00
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possible external mechanism that could lead to a Model blax

oL ] nation, that of mergers and interactions, and argue agsircst a
model. In Sectiof 413, we attempt to explain the resultsifafshe
15[ ] radio-loud groups in the context of a model of radio-soureating

and discuss what can be inferred about the heating processes

20" [

Declination (J2000)

g
ol . 4.1 Temperatureincreasevs. luminosity decrement
Radio galaxies must displace large amounts of gas and thld co
w°r 1 have a significant effect on their luminosity. For 3C 66B, ethi
o is larger than most of the sources in the samples studied Were
B P pr p Py Py o calculated that the gas with which the radio source can have d
Right Ascension (42000) rectly interacted provides only 7 percent of the group’sihosity
Figure 8. Gaussian smoothed image of tBhandradata for NGC 1052 (Croston et gl 2003). It is therefore unlikely that removéigas
in the energy range 0.5 — 5.0 keV. Radio contours are ovelfilaid a map by the radio galaxy could produce the luminosity deficitsdeek
made from archive VLA data (Wrobzl 1984). by this model, in some cases an order of magnitude in lurrtinosi

However, the group luminosity will also be decreased if aniig
icant fraction of the jet kinetic energy is transferred ipttential

However, the current AGN is a weak radio emitter, and does not €nergy.

show any extension. As with NGC 4636, it is plausible thatevir In the context of preheating models of energy injection into
ous radio outburst (which may still be detectable in lowgtrency group gas, it has been argued (e.g._Metzler and Evrard| 1994;
radio observations) has produced the observed X-ray ateict Helsdon and Ponmein 2000) that the main effect of the energy in

jection will be an increase in the group’s potential enesgythat

the central density decreases (and hence luminosity wiliedese).
3.6.5 NGC5044 While (by the virial theorem) this will eventually be the easeat-
ing effects are still likely to be detectable on shorter soades.
More recently] Kayi(2004) has carried out cosmological $&mu
tions of cluster formation including cooling and feedbaulhich
could be due to AGN or a different energy source such as saparn
winds) and find gas properties in agreement with obsengtisith
a~ 10 percent increase in temperature at the virial radius. Their
simulations consider only massive clusters, but suggesatieast
some fraction of AGN-injected energy is likely to end up ireth
thermal energy of the group.

In some of the groups in our sample an order of magnitude
decrease in luminosity is required: the density would havea
dramatically reduced to produce such an effect. A strongraemt
The Chandra and XMM-Newton observations discussed above against such large luminosity deficits in radio-loud groupmes

This group shows prominent substructure in @endraimage of
Buote et al.|(2003), who associate holes in the gas with ttie ra
source. Although the NVSS image of this source does not show
evidence for any extended radio emission, they suggesbbistr-
vations at lower frequency might reveal the presence obrediis-

sion filling the cavities. We have been unable to resolve B&lAdr
detect larger-scale radio emission in our analysis of VLéhae
data.

3.6.6 Summary of the Chandra and XMM-Newton observations

show that radio-source/group interactions are complextwio from the L x /L g relation discussed in SectibnB.4. We find that the
cases, NGC 1052 and NGC 4261, there is clear evidence thdt the radio-loud groups follow the same trend as the radio-quietigs

ray structure has been affected by the current radio galalxiewo and show no evidence for having lower X-ray luminositiesitieé
groups where there are no detected large-scale radio Id%3,62 to their optical luminosities, as would be expected if ana¥-tu-

and NGC 4636, the&Chandra observations reveal striking X-ray  minosity decrease had been caused by the radio galaxy.
morphologies suggestive of outbursts from the AGN. Smaitele Another strong argument in favour of heating as the dominant
substructure is also present in NGC 5044. Finally, locdlfseating effect, as opposed to a change in luminosity, is the resuienf

appears to be present in NGC 1052 and NGC 4636, suggesting thation[3:2, where we found evidence for a correlation betweeiior
the heating effects we observe from tR®OSATsample could be luminosity and the energy required to heat the gas from tke pr
caused by several different processes. dicted to the observed temperature. This result would bedndo
explain in a model where the radio-source’s impact was jpaly

on the group’s luminosity.

As shown in Sectiof 3l 6, several groups with a temperature ex
cess possess additional evidence for radio-source hehtiRgy.[g,
The results presented in Sectioh 2 support the argumentdahat ~ we show theLx /T'x relation forcl and re,:, with NGC 4636
dio galaxies have an important effect on the X-ray properiéad and NGC 1052, as well as 3C 66B, 3C 449 and NGC 6251
therefore the physical conditions, of group gas, as sugdesy (Croston et gll 2003; _Evans el al. 2004) marked to illustheter

4 EVIDENCE FOR RADIO-SOURCE HEATING?

previous work (e.g. Croston etlal. 2003). This is shown bydifie they compare to the sample studied here. We conclude, based o
ference inLx /Tx properties of the two subsamples, and by the the additional evidence for heating in several sources,thadr-
high incidence of radio-related substructure in radiadlgmoups. guments above, that heating is a more plausible explanttama

In the next two sections we discuss the three models of Sec- radio-source induced luminosity deficit.
tion[d in detail. In Sectioi4l1, we compare models | and It} ar On the longest timescales, the energy injected by radixgala
gue in favour of a radio-source heating model (Model |) areiras} ies into group or cluster gas must predominantly end up anpot

a luminosity deficit (Model 11). In Sectiohi—4.2, we considaneo tial energy, and any long-term temperature increase wiirball.
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Figure 9. Lx/Tx relation €1, rcyt) showing the positions of the
threeXMM-observed radio-galaxy environments presented.in Crasttah
(2003) and_Evans etlal. (2004), as well as the two OP04 groithsagdi-
tional strong evidence for heating, NGC 1052 and NGC 4636keaa +
symbols indicate radio-quiet groups, and hollow squaré®+mud groups.

However, information about the energy injection cannoveta
faster than the sound speed, so that temperature effectsbemay
detectable for a few sound-crossing times. Thatlan/Tx rela-
tion for elliptical-dominated groups exists at all is evide that,
on average, the temperature increase must disappear sttles
less than the radio-source recurrence time; for a 50 perradid-
galaxy duty cycle, this is comparable to a few sound crossings

in a typical group. It is plausible that occasionally a set&GN
outburst would occur before the group has recovered fromtae
vious outburst, so that the temperature increase is mosispamt;

are for more massive clusters, this suggests a possibigiata-
tion of our results. If the radio-loud groups had recentlgengone,

or are continuing to undergo, minor mergers, then tier/Tx
properties could be explained. In this model, the radi®@tgioups
must either have undergone mainly major mergers, or be ire mor
isolated environments where mergers are less common. Gisé po
bility is that radio-quiet groups could be more evolved,tsat tmost
merging has already occurred, and the gas has cooled babk to t
Lx /Tx line. In this scenario, it might be expected that the radio-
quiet groups would resemble fossil groups where mergeraiare
longer common.

Such a model of group evolution should be testable using the
optical properties of the group. However, we found no evigen
for a difference in either the number of galaxies in the group
the degree of dominance by the central galaxy for the radietq
and radio-loud groups (Secti@nB.5). A model of this sortncan
be ruled out, as mergers remain the most plausible modelofor h
radio galaxies are triggered. However, there does not appdze
any evidence that the radio-quiet and radio-loud groupsnadé-
ferent stages of evolution, based on the comparison of ttieabp
group properties. We therefore conclude that radio-soneeting
is the most plausible of the three explanations for our tesul

4.3 Modelsfor radio-source heating

If the radio-source heating model is adopted, then it is s&my to
consider whether it is possible to explain the observedtetar all

of the radio-loud groups in the context of this model. In Blgit is
apparent that there are some “radio-loud” groups that deino

a temperature excess, and one particularly anomalous ¢hatijs
much cooler than predicted (NGC 3557). In addition to theces!
with no large temperature excess, most of the currentlyeact-
dio sources in the sample are unlikely to be capable of piaduc
all of the heating that is observed. The two groups HCG 62 and
NGC 4636, which show strong evidence for radio-relatedcstru
ture and a large heating effect (especially in the lattes, @ar-

3C 66B could be one example of such a system. Our results-there tcyjarly problematic. Either there is low-frequency mgiructure

fore suggest that we are detecting the short-term effectad-
source heating in many elliptical-dominated groups. Tlot flaat
we have found no systematic differences in the propertieadio-
loud and radio-quiet groups, other than thei¢ /T'x relations, is
consistent with a model in which all elliptical-dominatecbgps
have had similar numbers of radio-galaxy outbursts averager
the group lifetime, affecting the groups by causing a terapoin-
crease in temperature, with less easily detectable lamg-¢éfects
on the group luminosity and surface brightness distrilutio

4.2 Theevolution of groups: acommon cause for heating and
radio activity?

An alternative explanation is that some common cause trigge
radio source and heats the gas. It is possible that theiedlipt
dominated groups containing radio sources exist at a péatic
stage in the evolutionary process for groups, where thesgastier
relative to the group luminosity. One possibility is thae timci-
dence of mergers, and/or the type of mergers that the twasubs
ples of groups have undergone, is different for the two sulpées.
Recent simulations by Rowley efial. (2004) find thatia-
jor mergers (defined as increasing the cluster masg 30 per-
cent) clusters become brighter and heat up roughly patallgie
Lx /Tx relation, whereas in minor mergers, the temperature in-
creases and the luminosity decreases. Although theseationg

that has not yet been observed, which indicates active entlc
switched-off large-scale radio jets and lobes, or else #agihg ef-
fects are long-lived. Some of the most powerful radio sasjyrsach
as 3C 66B, 3C 449, and NGC 4261, are probably capable of pro-
ducing the heating that is observed (Croston Et al. |[2003)tHsu
heating in many of the radio-loud groups must be longemdlif&n
the radio source.

Itis also interesting to consider the mechanisms for hgatin
different stages of radio-source evolution| In Croston g(2903),
we argued that large, powerful FRIs are subsonic and lilelyet
heating their surroundings gently viadV" work as the lobes ex-
pand. However, in the early stages of FRI evolution, the ceEsir
are known to be overpressured (even assuming minimum energy
pressures), and the recent observation of a heated sheticatbe
inner lobe of Cen A shows that shock-heating is not only Yikel
be an important mechanism in FRIIs, but plays a role in thiyear
stages of FRI evolution as well. This process may also berdogu
in one of the groups in this sample, NGC 1052 (see SeLfiofl)3.6.
Finally, the Chandraobservations of NGC 4636 show that addi-
tional mechanisms for AGN heating may exist, as it is diffical
explain the morphology of the shocked arms of gas via raatie-|
expansion. We conclude that the heating effects found irstindy
of the ROSATsample presented here are likely to be the result of
different types of radio-source heating, so that one simadel for
the entire sample is unlikely to be correct. In some sourceret



may be small regions of shocked gas, unresolved InRBSAT
data, leading to the temperature increases, whereas irsatiare
widespread heating is necessary. A detailed analysiui¥l ob-
servations, which now exist for a significant number of thdioa
loud groups, would help to investigate these possibiligssvould
a low-frequency radio study to constrain the propertiehefradio
sources.

4.4 Theimportance of radio galaxiesin structure formation
models

Evidence for radio-source heating of groups15

ROSATgroups sample of Osmond & Ponman (2004). We reach
the following conclusions:

e 63 percent of the elliptical-dominated groups (19/30) ia th
OPO04 sample have associated radio sources at the centr@of-a d
inant group galaxy.

e Our sample of elliptical-dominated groups is not signifityan
biased in its radio-loud fraction: the true fraction in thergnt pop-
ulation may be~ 40 — 50 per cent.

e Radio-loud groups are likely to have a higher temperatuae th
radio-quiet groups of the same luminosity.

e The energy required to produce the observed temperature ex-

We have shown that radio galaxies at some stage of develdpmen cess correlates weakly with the 1.4-GHz radio luminositythef

are present in up to 50 percent of elliptical-dominated gso(Bec-
tion[Z3), and have also presented evidence that radicsdwaat-
ing is common. It is therefore of interest to consider whetheir
energy input is of significance in the context of structurerfa-
tion models. We carried out some simple calculations toreete
mine whether the energy input from low-power radio sources i
elliptical-dominated groups could be important in the eahtof
the energy-injection requirements of structure formatiwdels.

We estimated the energy input rate from the average radio

source in the sample by taking the average valué.of for the

19 radio-loud groups}(5 x 10%* W Hz™') and scaling the kinetic
luminosity of 3C 31 (from the model of Laing and Bridle 2003) b
the ratio of L, 4 for the average radio source and 3C 31, which
gives7 x 10%° W. We then assumed that 1/3 of the kinetic lumi-
nosity is transferred to the group gas, a conservative |divet.

We assumed a duty cycle of 50 percent, based on the fraction of

radio sources in the Garcia catalogue (Sediiah 2.3). Thissga
typical energy input rate df.3 x 10°! keV/s over the lifetime of
the group. The energy rate per particle was determined ubing
average number of particles in the group (determined asqgbart
the heat capacity calculations in Sect[on] 3.2) tosbe x 10718
keV/particle/s. Assuming the injection energy is requitede of
order 1 keV/particle (e.d. Wu etlal. 2000), then the averagkor
source in the sample can provide the necessary energy imput o
~ 5 x 10° years, which is a plausible group lifetime (this is about
10 times the standard radio-galaxy lifetime, so that theorsdurce
must have~ 5 active phases during the group lifetime). We con-
clude that low-power radio sources may be capable of progittie
necessary energy input in elliptical-dominated groupsitAsthe
elliptical-dominated groups that principally determihe L x /T'x
relation for groups, since they dominate the populationrotigs
with luminous, group-scale X-ray environments, it is tfiere pos-
sible that the energy input frotow-powerradio galaxies can ex-
plain the X-ray properties of groups.

Other workers have carried out calculations of the energy in
put of radio galaxies into clusters. It seems likely that-jogwer
radio galaxies can provide sufficient energy on average lamba
cooling flows (e.g. Fabian etlal. 2003); however, to explagndus-
ter Lx /T'x relation may require more energy than can be supplied
by FRIs [although Roychowdhury etlgl. (2004) found thatefis-
cent heating by rising bubbles could solve the entropy rolby
heating at large radii]. The energy contribution from FRitio
galaxies and quasars is also likely to be important in therrsitu-
ations where they occur.

5 CONCLUSIONS

We have presented a detailed study of the gas propertiesliof ra
quiet and radio-loud elliptical-dominated groups basedtlo&

sources.

e The difference in gas properties for radio-quiet and rddia
groups is most plausibly interpreted as evidence for radigrce
heating.

e Evidence for radio-source interactions with the surrongdi
gas is found irChandraor XMM-Newtonobservations of many of
the radio-loud groups, although there are also severalpgrthuat
show disturbances not directly related to observable rstdicture.

e The radio-loud groups are at different stages in the heating
process, so that some may be experiencing shock-heatingLngy
radio sources, some are being gently heated by a currentieac
large radio galaxy, and some show longer-lived heatingffieom
a previous generation of radio-source activity.
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