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ABSTRACT

We present gas temperature,

density, entropy and coolimg firofiles for the cores of a

sample of 15 galaxy groups observed withandra We find that the entropy profiles follow a
power-law profile down to very small fractions &%. Differences between the gas profiles
of groups with radio loud and radio quiet BGGs are only maatiynsignificant, and there
is only a small difference in thé x : T'x relations, for the central regions we study with
Chandrg between the radio-loud and radio-quiet objects in our $anip contrast to the
much larger difference found on scales of the whole groupaitiex work. However, there is
evidence, from splitting the sample based on the mass ofthteat black holes, that repeated
outbursts of AGN activity may have a long term cumulativeeeffon the entropy profiles.
We argue that, to first-order, energy injection from radiarses does not change the global
structure of the gas in the cores of groups, although it caplaie gas on a local level. In
most systems, it appears that AGN energy injection senviesapty to counter the effects
of radiative cooling, rather than being responsible fordineilarity breaking between groups

and clusters.
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1 INTRODUCTION

Over the past decade cosmological simulations have become i
creasingly sophisticated to the point where we can nowvottoe
formation and evolution of individual galaxy groups andstérs
(e.g.L.Thomas et al. 2001). Our knowledge about the evoluifon
groups and clusters has also increased, due to a combiétien
tailed X-ray studies usinBOSAT, ChandraandXMM-Newtorand
deep, low frequency radio studies using the VLA radio telpsc
(for examplel Nulsen et al. 2005, Heinz etlal. 2002, Fabiah'et a
2000).

However, our understanding of galaxy groups and clusters is
currently impeded by two ‘heating problems’. Whilst recamrk
has shown that the dark matter distribution of galaxy chssteales
self-similarly (e.g. Pointecouteau et al. 2005 and Vikinliet al.
2006), the baryonic component (the hot gas) does not folkiv s
similar scaling models (see for example, Sanderson et @8 aad
Popesso et al. 2005). This appears to result from excesspgntr
in low mass clusters (Ponman etlal. 1999 and Ponman et al),2003
which might be a consequence of feedback from supernova-expl
sions or active galactic nuclei (AGN). Secondly, the hotigadus-
ter cores is not cooling at the rates expected from the sloalt ¢
ing times inferred (e.q. Peterson et al. Z001), suggestiagsome
heating process must act to offset cooling. Since massily gpe
galaxies are found in the cores of almost all X-ray brightgand
clusters, and are believed to host massive black holes, A&t h
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the inflated bubble will rise due to buoyancy, displacing fias
ther. It is thought that if repeated cycles of radio outtsistcur,
and the effects are integrated over time, then radio sowraéry
may counteract catastrophic cooling, even when no actweesas
present (Begelméen 2001).

It has also been suggested that the energy input into the
IGM by a radio-loud AGN may also be responsible for similar-
ity breaking in groups and clusters (for example Kaiser 1991
Valageas & Silk 1999, and Nath & Roychowdhury 2002). Occam’s
razor suggests that both similarity breaking and the ptawerof
catastrophic cooling may be related, since both occur irstime
systems, and a similar source of energy injection is thotmtause
both. The best place to look for evidence of such a connedsion
probably not in rich clusters, but galaxy groups, since ths ig
the shallower potential wells of groups should be more sfisoaf-
fected by any embedded heat source, and it is in groups thasex
entropy is most clearly apparent.

The recent study of Croston et al. (2005) found that the bulk
X-ray properties of galaxy groups are related to the presehca-
dio galaxies within them; groups with radio-loud AGN tenda
below theLx : Tx relation, establishing arima faciecase for
a connection between AGN heating and group scaling praserti
However, since AGN radio outbursts are thought to be perjodi
and the way in which the intergalactic gas responds to the out
bursts is poorly understood, it is impossible to say whetthere are
long-lasting and cumulative effects on the baryonic conepds of
groups (such as would be required to account for similarigak-
ing) or whether AGN activity simply induces short-lived exsions
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in the Lx : Tx plane with no lasting effects on the temperature
and entropy of the systems. Further, the inference thatlitega-
dio source that has an effect on the IGM, rather than the tondi e
in the IGM being responsible for triggering a radio sourcayrbe 1043
incorrect; it could be that the state of the IGM and the coods re- S
quired to trigger a radio source form a feedback loop, suahttte gy
IGM attains a specific state, which triggers a radio outhuvkich o -
in turn affects the IGM, and eventually quenches the outpats =~ 10 &£ o+
lowing the IGM to return back to the initial state which treygd 2 . %%
the outburst. 20 -

There appear to be three possible interpretations: L qon M% 4

—

»—}—4

s

(i) The radio source could modify the observed X-ray proper- 4
ties, through heating or displacing gas.

(ii) Alternatively, the observed X-ray properties could dmus-
ing the radio source by providing conditions that favour tig-
gering of a radio outburst. For example, the hot gas couldigeca
suitable reservoir of gas for Bondi accretion (e.g. AllealeR006),
or the hot gas may have a steep pressure gradient requiredi to ¢ 1039 Lol
limate large scale jets such as those found in 3C31, in thepgro 0.1 1
NGC 383 (Laing & Bridle 2002). logT, (keV)

(iii) There is a third property of the system, such as BGG mass
(see Sectiof 3]5), or overall mass of the group, which catesl Figure 1. TheROSATL x : T'x relation of the groups used in the Croston
with both the radio and X-ray properties, and is responsibte et al (2005) study. The points marked with stars indicatgtbaps analysed
both. in this study; whilst higher luminosity systems are favaliiis should not

effect our conclusions (see text).
In this paper, we use a sample of 15 galaxy groups to search
for evidence of radio source and hot gas interaction at thees
of galaxy groups and to try to distinguish between the imerp

tations discussed above. The groups were taken from the GEMSgor each group, the cleaned data were smoothed using the adap
sample of. Osmond & Ponman (2004), and those groups in their G tiye smoothing algorithmesmooTHwhich scales the size of the

X
T

1040

2.2 Imaging

and H samples that had good quality archihlandradata avail- ~ smoothing Gaussian function until a pre-defined number ofits

able were used for this study (and correspond to a subse®of th \hich corresponds to a user specified significance, is més Th
Croston et &l.[(2005) sampld).should be noted that the parent implies that only structure which is ‘real’ in a statisticsnse is
GEMS sample is not, in itself, unbiased, favouring systemsith smoothed.

higher X-l’ay |uminOSities. In thIS Study, we haVe used a Sub' From the imageS, there does appear to be evidence Of dis_
set of the GEMS sample which had available archivaChandra turbed hot gas in some group cores; groups such as NGC 741
data with observations longer than 30 ks; thus we do not expéc (Fig.[2) and HCG 62 (Birzan etlal. 2004) show ‘ghost’ X-ray-<a

to explicitly bias our sample further. However, from Fig. [, it ities, and NGC 4261 shows ‘filaments’ of hot gas outlining e

can be seen that compared to the sample of Croston etlal. (2005  dig lobes (shown in Fid]2), which also extend to larger scédee

our selection procedure does tend to favour higher luminogy Croston et dl. 2005). If the hot gas shows evidence of spatit-
systems. Since the X-ray luminosity range in which th&OSAT action with the radio plasma injected into the group by theNAG
sample shows effects of heating is nevertheless adequatsiyn- then it may be the case that a change in radial temperatursitgle
pled by our Chandra sample, this slight bias should not affect o entropy distributions could be seen if the AGN is injegtextra

our conclusions. energy into the group.

We present our sample and outline our data analysis in Sec-
tion[2; we discuss our results in Sectigh 3, and present oo co
clusions in Sectiof]5. We assume th& = 72 km s~ Mpc ™! 2.3 Spectral analysis
throughout. 2.3.1 Obtaining temperatures and luminosities
In order to investigate the effect of radio outbursts on EheT'x
relation for the inner regions of galaxy groups, spectraewet-
2 DATA ANALYSIS tracted for the systems in the sample out to a fiducial radfus o
0.05Rs500. This radius was used as we had data for all groups
in our sample, apart from NGC 4261 which was excluded from
Details of the groups used in this study are given in TableathE the Lx:Tx analysis since the original X-ray observation did
Chandradataset was cleaned following the procedure outlined in not have data out t00.05R500. Our measurement of Rsop Was
theciAo threads on-line; the data were reprocessed to apply the lat- obtained using the Rso0 : T'x relation of Willis et al.| (200%),

2.1 Details of the sample and data reduction

est calibration products, and a new events file was creatzthd? who use theXMM-LSSfor a sample of galaxy groups and clus-
of high background were then removed from the data by crgatin  ters. In addition to the groups shown in Talflk 1, we also obtained
light-curve of the background, and using & Zlipping algorithm temperatures and luminosities for a further 4 groups (NGE715

to identify and remove times of high background. These @&tas NGC 3665, NGC 3923, and IC 1459) that were not included in the
were then used in the subsequent spectral and imaging analys original sample due to the quality of the data (and hence did n
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Table 1. Details of the groups in this study, and the correspon@hgndradata.

source name z group centre co-ordinatesRsop  Chandraobs  date observed  cleaned exposure
2000 82000 (kpc) number time (ks)
NGC 383 0.017 010725 3224 46 510 2147 2000-11-06 42.8
NGC 533 0.019 012531 0145 34 410 2880 2002-07-28 37.6
NGC 720 0.0058 015301 -1344 20 260 492 2000-10-12 39.6
NGC 741 0.019 015621 05 37 45 440 2223 2001-01-28 30.3
NGC 1407 0.0059 034012 -18 34 49 400 791 2000-08-16 48.6
NGC 3607 0.0032 111655 180304 200 2073 2001-06-12 38.5
NGC 4073 0.020 120427 015335 510 3234 2002-11-24 30.0
NGC 4261 0.0075 121923 0549 29 460 834 2000-05-06 34.4
NGC 4325 0.026 122307 103715 350 3232 2003-02-04 30.1
NGC 4636 0.0031 124250 024115 350 4415 2003-02-15 74.3
HCG 62 0.014 125306 -0912 14 490 921 2000-01-25 47.4
NGC 5044 0.0090 131524 -16 23 09 440 3225 2002-06-07 83.1
NGC 5171 0.023 132922 11 44 06 410 3216 2002-12-10 34.7
NGC 5846 0.0057 1506 29 013621 320 788 2000-05-24 29.9
NGC 6338 0.027 171523 5724 41 620 4194 2003-09-17 47.3

NOTES: R5q0 is calculated using thROSATtemperatures of Osmond and Ponman (2004), and the scalitigneof R500 = 391 x 70-63
(Willis et all|2005).

Table 2. Radio powers, galactic velocity dispersions,and K-band magnituded/ ;- for the sources in our sample

Source 1.4 GHz radio power  radio flux  size of radio source o o Mg

W Hz—! reference  at 1.4 GHz(kpc) km s —1 reference  mag.
NGC383 3.2 x 1024 1 360 288.0 3 -23.57
NGC533 2.2 x 1022 1 20 224.0 4 -25.84
NGC720 < 1.0 x 1020 2 - 273.0 3 -24.57
NGC741 7.9 x 1023 1 150 270.0 5 -26.13
NGC 1407 6.6 x 102% 1 10 259.7 6 -25.15
NGC 3607 1.2 x 1020 1 4 240.0 7 -23.49
NGC 4073 < 3.9 x 1020 2 - 276.0 8 -26.04
NGC 4261 2.3 x 10%4 1 80 316.0 9 -25.10
NGC 4325 < 6.3 x 1020 2 - - -24.77
NGC 4636 6.1 x 102% 1 3 208.0 9 -23.97
HCG 62 3.2 x 1020 2 15 251.0 10 -25.09
NGC 5044 6.2 x 102% 1 15 240.0 11 -25.08
NGC5171 < 2.6 x 1021 2 - - -24.73
NGC 5846 1.5 x 102! 2 1 261.0 9 -24.93
NGC 6338 9.5 x 1022 2 6 347.0 12 -25.84

NOTES: Column 3 gives the reference for the radio flux density
1 Radio flux from NED.

2 Radio flux from NVSS (Condon etlal. 1998).

Column 6 gives the reference for galactic velocity disgersi
3/Smith et al.[(2000)

4|Muller et al. (1999)

5/Bonfanti et al.|(1995)

6/Beuing et al.[(2002)

7|Proctor & Sansom (2002)

8|Fisher et &l (1995)

9|Bernardi et &l.. (2002)

10|Rampazzo et al. (1998)

11/ Carollo et al.[(1993)

12|Wegner et all (1999)

K-band magnitudes collated from 2MASS

have a deprojection analysis done, see Setfion|2.3.2)trépeere sorbed MEKAL model, and a power law for the AGN component
extracted using th€lAO acisspedscript, excluding point sources  (if present) which was left free to fit the data, and a powerwatk
but not the central AGN where one was present, and using & loca a fixed index of 1.72 to account for any contribution from X-ta-
background immediately outside the region from where tleesp  naries. A temperature and unabsorbed luminosity within Rsoo
trum was extracted. The spectra were fitteck8PECwith an ab- was measured for each group. The results are shown [d Fig 3.
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Figure 2. Groups in our sample which exhibit spatial evidence of atgon between the hot IGM and the AGN. NGC 4261 shows filamefihot gas
outlining the radio lobes, whereas NGC 741 and HCG 62 exfttiist cavities, where there is no clear correspondencesbat®GN emission (if any) and

features in the X-ray.

2.3.2 Deprojection

If the radio source in a specific group is having an effect an th
bulk properties of the hot gas, rather than simply dispadas
and causing local perturbations, then it might be expedtatian
effect would be seen in the overall radial properties of tfmup.

If radio source heating is occurring, then elevated tentpeza and
excess entropy may be present in those groups with currévityc
compared to those which are currently radio quiet. By examgin
the radial profiles of the gas properties, and comparing tofies

of radio-loud groups with those of radio quiet groups, défeces

in temperature and entropy may be observed.

For these reasons, we analysed the galaxy groups using
onion skin deprojection method to obtain radially deprtgdaem-
perature profiles. In doing the onion-skin deprojectionassumed
that the group was spherically symmetric, and that the gdsaha
filling factor of unity. Spectra were extracted in concentnnuli
centred on the brightest group galaxy (BGG), with the outetm
annulus being used as a local background. The width of eaalt an
lus was determined by the number of counts in each annulualg to
our spectral analysis, a minimum of 1000 counts was required
each annulus. We then followed the deprojection methodrithest

in MIL{T@S), fitting each spectrum with alVhL model
to obtain temperatures and normalizations for each shell.
The normalization of the MKAL model (V;..x) is related to
the density of the gas in the spherical shell by
10—14

S /nenpdV7
4w [Da (14 2)]

wheren. andn,, are the electron and proton densities of the gas and
D 4 is the angular size distance to the source. Further assuhdahg
n, = 1.18n., and that the gas to be fitted occupies a volume
then the density of the gas is

}%

{

The density and temperature profiles obtained from the depro
jection were then used to calculate entropy, pressure aolihgo
time profiles for the sources. We calculate the entropy indéx)
for a radial bin using:

S(r) = T(r)n(r)~*?,

Nmek = (1)

47 [Da (14 2)]* Nyer

2
1.18 x 10-14V @

anfte =

®)

whereT is the temperature (in K) obtained for the bin, amds
the corresponding total density (electron density plusqoralen-
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Figure 3. The L x : T'x relation for the groups in our sample, usi@pan-
dra data. Temperatures and luminosities were extracted iomeghat ex-
tended out td).05R500. The solid points indicate the radio loud groups
and the open points the radio quiet groups. We define radib dooups as
groups whose BGG hdsg(L1400) > 21.5. In both panels, the solid line
is the fitto theL x : T'x relation for the entire sample (see Secfiod 3.6), the
dotted line is the fit to the radio quiet sample and the dashedd the fit to
the radio loud sample. In the top panel, we fit gradients atetdapts for
all three plotted relations, whereas in the bottom panelaggime that the
gradient of the relation for the entire sample holds for bbthradio quiet
and the radio loud sample, and fit only the intercepts.

sity) for the bin. HereS' is not a measure of the true entropy, but
is rather the adiabatic constant — the ratio of the heat igp@ac
heating at constant pressure to the heat capacity for lgeatticon-
stant volume (,,/Cv/), and is linked to the entropy of the ga&')

by

h? ,
= —exp (S /ey —5/3), 4)
27T(NmH)8/3 ( / /)
where h is the Hubble constant scaled tdd =

100km s ~* Mpc™', p is the reduced mass of hydrogen,
my is the mass of a hydrogen atom, andis the specific heat
capacity for expansion at constant volume (see Balogh et al.
1999, and references therein). Thésprovides the most direct
observational indicator of gas entropy.

Pressure profile®(r) are generated similarly using
P(r)= [2.98 x 10" PakeV ™! cmg} np(r)T (1), (5)

In calculating the cooling timeT.,,;, we note that as most of the
groups have temperature® keV , the thermal bremsstrahlung ap-
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Figure 4. X-ray temperature profiles for the groups in the GEMS sample
which haveChandradata. Groups containing a BGG withg L1400 >
21.5 are plotted with closed points, and groups with BGGs with diara
power less then this are plotted with open points.

Table 3.Results of power law fits to our scaled temperature, densiyea-
tropy profiles.The normalisations represent the logarithmic values for
temperature, density and entropy of a 1 keV group atRs500, assuming
that the power law remains unbroken to this distance.

Quantity Index Normalisation
Temperature (keV) 0.260.05 0.36:0.05
Density cm—3) -1.23+0.06  -4.10.1
Entropy keV cm?)  1.08:0.05  3.05:0.10

NOTES: The sub-samples were fitted in logarithmic spaceguesinor-
thogonal regression method. Errors aeeftr two interesting parame-
ters.

proximation is not valid. Instead, an estimate of the caplime
can be made by dividing the total internal energy of the gas in
given radial bin

e+ VT (), ®)
by the bolometric luminosityL,.;, obtained fromxspecwhen fit-

ting the data.

However, since the groups are all of different masses, a mean
ingful comparison of the derived quantities cannot be maitle-w
out scaling to take the mass differences into account. herejse
modified self-similar scaling (Voit & Ponmén 2003) such theat
dial distances are scaled Boo (the radius at which the density of
the system is 500 times the critical density of the univetss)per-
atures are scaled 1., the average temperature of the system (as
obtained from th&ROSATdata of (Osmond & Ponman 2004) with
cool cores excluded from the spectral analysis), density“jﬁ,
entropy byT?2/2, pressure byl'>/2. We do not scale the cooling
time profiles since in the regime whefe<2 keV X-ray emission
is dominated by line emission which is a function of tempenet
which makes scaling by a single temperature unrealistie.sthaled
profiles are shown in Fids[4-8.

The scaled temperature, density and entropy profiles are the
fitted with power laws using an orthogonal regression athorias
implemented in thesLoPESpackage| (Akritas & Bershady 1996).
The results of the fitting are shown in Table 3.

U(r)
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Figure 5. Gas density profiles for the same groups as ifFig 4. The data ar
scaled horizontally as in FIg 4 and vertically % /2.
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Figure 6. Gas entropy profiles for the same groups as irLFFig 4. The data ar
scaled horizontally as in F[d 4 and vertically /3.
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Figure 8. Gas cooling time profiles for the same groups as in[fFig 4. The
data are scaled horizontally as in Eig 4 and vertically uiesca

3 RESULTS
3.1 General observations

Examining the scaled profiles, it appears that groups folovd-
ified self-similar scaling, as discussed by Voit & Ponman0&20
Looking closely at the entropy profiles, it is apparent thatre is
no isentropic core, even down to small fractions of the Virga
dius; the entropy profiles follow predictions from modelscobl-
ing of gas without any significant heating to raise the cémna
tropy. This is in contrast to work probing hotter galaxy ¢érs,
e.g. that of Voit & Donahue (2005) who find isentropic corethwi
10 kpe(~ 0.01R500) in 2.2-5.5 keV clusters. The profiles pre-
sented in this paper probe the hot gas in groups to similefifras
of Rs00, but no evidence of isentropic cores is seen. Sanderson et al
(in prep) also find a similar result to that presented hergédaxy
clusters observed witGhandra

3.2 Radio loud versus radio quiet sources

The observed profiles are of a mixture of groups with and witho
current radio activity in the BGG. If radio outbursts areeitting
energy into the IGM, then we might expect these outburstawe h
an effect on the gas properties of the IGM. In order to inged#
this, we divide our sample into two, based on the 1.4 GHz rhdio
minosity (og [Liaoo/ (W Hz~")]) of the central AGN (given in
Table[2). We split our sample at three different radio lursities,
log (L1400) =21, 21.5, and 22, in order to establish if there are any
differences as radio power increases. The scaled dereitypetra-
ture, and entropy profiles for each sample are then fittedpairer
laws as described in SectibnP.3.

Fitting the subsamples, we find that whilst there are some
differences between the gradients of the scaled temperatunl
entropy profiles, the differences are slight, approxinyatei2r.
Whilst this could indicate a possible difference betwees tdm-
perature and entropy profiles of radio loud and radio quietgs,
we cannot rule out that it is due to statistical scatter. b tiis

Figure 7. Gas pressure profiles for the same groups as iflFig 4. The data further, the profiles were co-added and overplotted to st ifiv-

are scaled horizontally as in Fijy 4 and verticallyBy/2.

eraged profiles showed any significant differences. Theagest
profiles are shown in Figl 9 for the; 400 =21.5 cut, and the results
of the fits for all three cuts are shown in Table 4. It can be skan
our data show that there is approximatelgcadifference between
the temperature gradients of the radio loud sample compartbe



Table 4.Fits to our sample split according to the radio power of tha®BG

AGN heating in groups

Sub-sample Temperature Density Entropy
gradient intercept gradient intercept  gradient intercept

Lis00 < 21 0.22£0.07 0.3t0.1 -1.2+0.1 4101 1.1#0.1 3.0+0.2
L1400 > 21 0.28+0.03 0.38:0.05 -1.23:0.07 -4.%#0.1 1.09:0.07 3.10.1
L1400 < 21.5  0.24+0.04 0.38:0.06 -1.16:0.07 -3.9:0.1 1.06:0.08 2.9+0.2
Lisoo > 21.5 0.30£0.01 0.42£0.02 -1.08:0.09 -3.40.2 1.04:0.05 3.02:0.09
Lis00 < 22 0.23+0.04 0.330.07 -1.1#0.07 -3.9:t0.1 1.0#0.08 2.9:0.1
L1400 > 22 0.34+:0.04 0.45:0.06 -1.3t0.1 -4.2:0.2 1.210.09 3.2:0.1

NOTES: The sub-samples were fitted in logarithmic spacegusminorthogonal regression method. Errors aréat two interesting parameters.

radio quiet sample (a gradient of 0-80.01 for the co-added radio
loud sample compared to 028.04 for the co-added radio quiet
sample).The apparent jump in temperature seen at 0.00&500

in the radio quiet sample does not seem to be a feature associ-
ated with all radio-quiet groups, but rather primarily the r esult
of one anomalous system, namely NGC 360Ko significant dif-
ference in gradients is seen between the co-added scaledoad
and radio quiet entropy profiles (gradients of {05 for the ra-
dio loud sample compared to 180.08 for the radio quiet sam-
ple). Further, the radio quiet and radio loud density prefgéow
little difference in gradient-{1.16 £ 0.07 for the radio quiet com-
pared to—1.09 + 0.09 for the radio loud samples).

3.3 Black hole mass and heating

As only a small difference is seen between radio quiet anirad
loud systems, it could be that the effect of an AGN is cumwdati
building up over repeated duty cycles. If this is so, then jgarimg
profiles of groups with more massive central black holes thitise
groups with smaller black holes could provide some insiginice

a larger black hole should theoretically have had more &ocre
cycles than a smaller one, and thus, more cycles of radivitycti
that should have injected more energy into the group.

The relationship between black hole mass and galactic
bulge mass has been investigated by many authors (for egampl
Marconi & Hunt 20083), and whilst such a relationship doesgxi
contains significant amounts of scatter, thus we must eserzu-
tion in interpreting correlations that make use of it.

We obtain K-band luminositiesM ) for the BGGs in our
sample from 2MASS (see also Table 2), and usifg as a proxy
for black hole mass, we divide our sample into two based on the
My of the BGG, and create subsamples fax < —25 and
Mgk > —25. We co-add the scaled temperature, density, and en-
tropy profiles for the subsamples, and fit them as in Seéfi@n 3.
The results of fitting the scaled profiles of the two subsample
shown in Tablgb, and the co-added profiles are presented -

From the plots it can be seen that there is a difference in the
scaled temperature profiles in that groups which host |BBES

BGGS (0.28-0.03 compared with 0.220.02). From TablEl5 it can
be seem that there is a small (approximately) 8ifference be-
tween the entropy profiles of the two subsamples; the fits @o th
binned entropy profiles show approximately @ difference be-
tween the slopes of the entropy profiles (EM407 for the sample
with M < —25and 0.96:0.08 for the sample with/x > —25).
This could be a result of a simple correlation between theyX-r
scaled gradients of the hot gas and the BGG mass, since larger
BGGs would have steeper underlying potential wells whicluldo
lead to steeper temperature gradients if the X-ray gas ecertof
the dark matter. Further, we cannot rule out that any cdioglde-
tween our scaled temperature, density and entropy profisgsha
a result of the size of the host galaxy rather than black h@ssnm

3.4 Using an alternative scaling

In Sectiong 312 ar[d 3.3, the gas profiles have been scaleddoy an
erage temperature obtained from R@SATdata. As we expect the
Chandratemperature profiles to agree with tROSATprofiles at
large distances from the centre of the group, scaling then@iaa
profiles using theROSATtemperature almost guarantees conver-
gence of scaled profiles outside the cores of groups. An grdep
dent temperature scaling would be desirable, to allow aplates
normalisation of profiles and avoid introducing an artificenver-
gence. To this end, we investigate the use of the velocipedison
of the galaxy groupgc as a proxy of the virial temperatufB, .
SinceTy o o2, scaling the entropy profiles by//® should be
equivalent to scaling b§>/*.

We can also improve on the use dfx as a proxy for the
mass of the central black hole. THéx -black hole massN/zx)
relation shows substantial scatter, whilst the : Mgy rela-
tion, whereo is the velocity dispersion of the BGG, is tighter
(Ferrarese & Merritt 2000 and Gebhardt et al. 200@)wever, re-
cent work (Lauer et al/12006) suggests that for BGGs, the :
Mgy relation may not be as well constrained compared to the
My : Mpg relation, where My is the V-band magnitude of
the BGG. This is however a much debated issue, and it has
been suggested that the discrepancy betwedrs i as predicted

(hence those BGGs which should have more massive black holesby the two different methods arises due tal/y, being overesti-

and have undergone more cycles of accretion) have a lowksdsca
temperature within 0.0&s0o than groups with smaller BGGs. This
could arise from both subsamples having the same centraletem
ature but with theL x bright subsample having an higher over-
all group temperature. Fitting the binned profiles, we firat the
temperature gradient for the sample containing groups laitier

mated in BGGs (Batcheldor et all 2006). They argue that in fac
when black hole masses obtained usinga: Mpy relation are
compared to those using allx : o relation, i.e. a near-infra-
red rather than blue magnitude relation, (e.g. Marconi & Hunt
2003), there is no discrepancy, and that the discrepancy ags
due to the unusual colour profiles of BGGs compared to E and

BGGs is steeper than the sample of those groups with smaller SO galaxies.With this in mind, and with no apparant resolution,
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Table 5.Fits to our sample split according to the mass of the centaakthole.

Sub-sample Temperature Density Entropy
gradient intercept gradient intercept  gradient intercept

Mg < —25 0.28:0.03 0.43:0.07 -1.36:0.07 -4.H0.1 1.04:0.07 3.1x0.1

My > —25 0.22+0.02 0.36:0.06 -1.36:t0.08 -4.H0.1 0.96:0.08 3.10.1

NOTES: The sub-samples were fitted in logarithmic spaceguaimorthogonal regression method. Errors aréat two interesting parameters.

we opt to use the tighter : Mgy relation, and scale the entropy
profiles by Rsoo radially, and byo;/ * vertically, and split the sam-
ple into two in two different ways; in Fig11a, as in Sectiof at
log (L1400) = 21.5 and in Fig_Ilb at = 270 km s~ . Values for

o are collated from Hyperlefaand shown in TablE]l2. The sub-
samples for both thég (L1400) ando splits are fitted as before.
We find that the entropy profiles in theg (L1400) split show no
significant differences between the profiles, whilstdteplit shows
that systems with higher values efhave steeper entropy profiles
than those with lower values (gradients of #2201 compared to
0.784+0.05), suggesting that the effect seen in Se¢fioh 3.3 is real

3.5 Effects of AGN activity on individual systems

As has been discussed in Sectibn$ 3.2and 3.3, when complaging
sample as a whole, there appears to be some marginal diféeren

Table 6. Correlation coefficients for logarithmic temperature,repy and
density gradients ankbg (L1400). The final column indicates whether the
correlation is significant at the 95% confidence level, ian the null hy-
pothesis (that there is no correlation) be rejected witly anb% level of
uncertainty.

Quantity R Significant?
dlogT/dlog R 0.50 Y1
dlog S/dlog R 0.56 Y!
dlogn/dlogR -023 N

NOTES: ! The correlation disappears when the sources with powerful
radio jets are removed from the sample (see text).

Table 7. Correlation coefficients for radio luminosity, X-ray tennatire,
andM g of the systems in our sample. Correlations marked Wiilne those

between the gas properties of the groups with radio loud BGGs for which a correlation significant at 95% was found.

and those with radio quiet BGGs. The fact that the differeisce
marginal could indicate that a real effect is being dilutgcdalier-
aging together groups with different radio properties. st this
we correlate the logarithmic gradients of scaled tempegzaien-
tropy and density profiles of individual groups witbg (L1400)
of the BGG. The PearsoR correlation coefficients are shown in
Table[®, and plots of the various quantities that have beereco
lated are shown in Fif,12. We find significant correlatiortsveen
L1400 and both the temperature and entropy gradients.

Quantity Lis00 Tx Mg
L1400 - 0.51 -0.14
Tx - - 0.46

in temperature profiles found in Sect{on]3.3 may arise frazetr
potential wells in the systems with larger BGGs.

Since our sample contains three systems with extensive jet- 3 g TheLx : Tx relation

fed radio lobes, it is interesting to examine whether thgstesns
might be entirely responsible for the rather weak corretetiwe

see. These three systems (NGC 383, NGC 741, NGC 4261) haveles appear to fall below thé x

jets which transport the AGN energy out to large radii whére t
gas density may be too low to allow the energy to be radiated in
less than a Hubble time. This could lead to steepening of éeap
ture and entropy profiles in these systems. We find that iftiheet
groups with large radio galaxies are excluded from the santy
correlations are no longer significant. Hence our data dor@ot
quire any effect on the gas from AGN beyond that arising in the
three large jet systems.

We further correlatd.,400 Of the BGG, with the global X-ray
temperature7’x, as measured bROSAT, and with Mk, the K-
band magnitude of the BGG (Taljle B.5 and Eig. 13). We also find
that L1400 correlates witi'x . This correlation suggests that either
the radio source does heat the IGM, or alternatively, thatteeh
group, with a strong temperature and entropy gradient i®roon-
ducive to triggering an AGN outflow of the scale of the largest
dio galaxies, than a cooler group. There appears to be nifisagn
correlation betweet.1400 and M or M andTx, indicating that
the effect is not due to larger galaxies hosting larger radibursts
and being found in hotter groups. This suggests that therdifice

L http://fleda.univ-lyonl.fr

Croston et al. [ (2005) find that groups which host radio galax-
: Tx relation for groups (c.f.
Osmond & Ponman (2004)), which they interpret as evidence fo
AGN heating of galaxy groups. We use the temperatures anid lum
nosities extracted in Sectibn 2.B.1 to producelan: T'x relation

for the inner regions of groups as sampled by@andradata; the
corresponding.x : T'x relation is shown in Fig.]3a.

From Fig.[3, there does appear to be some difference in the
distribution of radio loud and radio quiet points around thean
Lx : Tx relation, and to test this, we measure the perpendicu-
lar distance for each group from the meAr : Tx fit, and as
above, compare the distribution of distances for the raaliol land
radio quiet systems. A K-S test indicates that there is a 2086@e
that the observed scatter around the mean relation woidd Byi
chance if the radio loud and radio quiet sub-samples canm fro
the same population/{=0.46, P=0.20), implying that the effect is
marginally significant. However, we are dealing with only sh&-
tems, and so both effects need to be explored with a largguleam

If the difference in distributions around the mean relati®n
real, then fixing the gradient of the relation to that obtdifrem the
fit to the entire sample allows an estimate of the temperatfiset
between the radio loud sample and the radio quiet samplede-be
termined. We find that the temperature offaéf’ = 0.2+ 0.1 keV.

If this temperature offset is entirely due to the impact of\Geat-
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Figure 9. Co-added, self-similarly scaled temperature, densityericbpy
profiles (from top to bottom), of the sample split accordingthe radio
power of the BGG. The closed points indicate groups with BGG&sh that
L1400 >21.5, and the open points comprise the rest of the sampleeThe
is very little difference between the density and entropyfifes of groups
containing radio loud BGGs and those containing radio qB®Gs, but
that there is a significant € difference between the gradients of the tem-
perature profiles.

ing within 0.05Rs00, then an estimate of the energy required to
produce this offset can be obtained.

The energy inputAFE required to produce a temperature
change ofAT is given by:

AE = NEAT (7
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(from top to bottom) of the sample split into two subsampbesed onV/ .
The solid points represent the subsample for whi€ly <-25, whereas the
open points represent the subsample whidie >-25. There appears to be
a difference between the temperature profiles of the twossnpkes.

where N is the total number of particles within05R500 and k
is the Boltzmann constant. Assuming that the average radt q
profile is roughly equivalent to an unheated group, we uselé¢ne
sity profile shown in Fi§Bb, and AT = 0.2 keV to estimateA E
for a 1 keV system. We find thax E ~ 2.6 x 10° erg. Assuming
an AGN lifetime of 107 yrs, this gives an energy injection rate of
~ 8 x 10" erg s~'. We comment below on the plausibility of this
injection rate.

We further compare the marginal effect found in @leandra
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Figure 11. Entropy profiles for the sample split and binned according to
log (L1400) (top) and the galaxy velocity dispersiom, (bottom).In the
top plot, the open points represent those groups in whictog (L1400) <
21.5 and the black points are those where the BGG radio power is
greater than this limit. In the bottom plot, the open points represent
those systems wherer < 270 km s—!, and the black points are the
systems wherec > 270 kms~!. The profiles are scaled radially by
Rs00 and vertically bycr4G/3. We see very little difference between the en-
tropy profiles of radio loud versus radio quiet groups, witgi®ups whose
BGGs have large black holes have steeper entropy profilagtibae groups
whose BGGs have smaller black holes.

data with the result af Croston et al. (2005), to ascertaietivr
any AGN heating is taking place within the core, compareduts o
side the core. To do this, we examine the mean residudl$ ¢f
the radio loud and radio quiet subsamples compared to tteetfiet
radio quiet sample. For tHROSATsample of Croston et al. (2005),
we use the best fitting least squares fit to tk@iradio quiet sample
in order to have a reasonable comparison of radio power with o
log (L1400) = 21.5 cut. We find that in th&ROSATdata, the mean
residual for the radio quiet group 8T7¢=0.06+0.1 keV, com-
pared to the value for the radio loud sampt€r;=1.6+0.5 keV.
The corresponding quantitie={") for the Chandra data are
3Tre=0.0740.1 keV and-Tr,=0.2+0.1 keV. The mean residual
is much larger for the radio loud sample in R®SATdata than in
theChandradata, implying that more significant AGN heating may
be taking place outside the region being probed her6.( Rsoo).
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Figure 12.The logarithmic density, temperature and entropy gradiplut-
ted against.1400. There exists some correlation between the radio power
and the entropy and temperature gradients, but not withethsity gradient.

4 DISCUSSION

To summarise the key results above, we find modest diffeeence
between the gas properties of the cores of radio loud grooips ¢
pared to radio quiet groups; radio loud groups appear to have
slightly steeper temperature profiles, and there are maligisig-
nificant correlations between the temperature and entrogyient

of groups and the radio power of their BGGs, though this mesgar
from the three strong jet sources in our sample. We also fiat th
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Figure 13. Plots of T'x againstLi400 (top), Mk againstLisoo (Middle)
and Ty againstM g (bottom). OnlyT'x and L1400 are significantly cor-
related.

when the sample is split according by a proxy of the black hole
mass (eitheM k or o), steeper temperature and entropy gradients
are found for those groups whose central galaxies havevaiges
of Mk or o, compared to those groups whévEx or o are lower.
Considering the effect of active radio galaxies on the sgalela-
tions, we find evidence for a small offset in the; : T'x relation
between radio loud and radio quiet groups, but this is muciilem
than the offset seen on larger spatial scales by Croston(20al5).
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In light of these results, we now discuss the three possible
explanations for any observed correlations that were hygtdd in
Sectiorf 1.

e The radio source modifies the X-ray properties through
heating or displacement of the gasFrom the images presented
in Section 2.2 and the work of other authors, it is appareat th
the radio source can displace gas, creating cavities in thayX
emission. The entropy profiles when split on radio power impl
that no extra energy is being injected into the core by ctinr@n
dio source heating, although systems which exhibit powgets
may be transporting extra energy to regions outside the, emie
causing a steepening of the entropy gradient outside ttee Elamv-
ever, splitting the sample using proxies of black hole maggests
that there may be a cumulative effect of repeated AGN outburs
It is not clear whether the cumulative effect is from repdad&N
outbursts, or due to energy injection from the stellar conéd the
galaxy.

e The observed X-ray properties provide suitable conditions
for radio source triggering. If this were the case, then it would
be expected that the immediate gaseous environments antiyrr
radio active sources would be different from the environtmei
currently radio quiet sources. It can be seen from[Fig 9 that t
profiles of radio loud and radio quiet groups are rather siménd
from Figs[4EB the scatter between individual profiles is dardpan
any systematic differences seen in the averaged profileangs
structural differences conducive to the production of aoradurce
would have to be most significant in the core of the group,esinc
that is where the black hole resides, the similar profilestferadio
loud and radio quiet groups argue against this hypothesis.

e There exists some third parameter that correlates with
both radio source activity and position on theLx : Tx rela-
tion. From Fig[I3b, it could be the case thitx may play some
role, as the mean magnitude for the radio loud sample doesteee
be larger than the mean magnitude for the radio quiet sarfipis.
could be a result of a cuspier potential caused by a largeraten
galaxy.

The evidence suggests that our first and third hypotheses
could, together, help explain the correlations found hereist
the second hypothesis seems unlikely, since any systedifidc
ences between radio loud and radio quiet groups found ar, sma
and can be attributed to either statistical scatter, or tnalshum-
ber of sources with physically large sizes that transpogtgnout
to larger radii. The fact that there are no strong differenbe-
tween radio-loud and radio-quiet groups implies that inegahra-
dio sources do not inject enough energy into the centrabregof
their host groups to cause observable heating effectsedétis any
heating going on on these scales, it must just be enough dodml
cooling.

To investigate whether AGN output is indeed sufficient to
balance cooling, we consider the case of NGC 383 (3C 31). This
source has been well studied and is one of the few in our sam-
ple that has an estimated total jet power. We define the apadin
dius as the radius at which the cooling time is equal to the-Hub
ble time, which for NGC 383 isv 25 kpc. Within this radius,
Lyor ~ 5 x 10*! ergs~!. The total jet energy flux at 1Rpc is
~ 9x10* erg s~ (Laing & Bridle|2002). Further, in Sectién 3.6,
we calculated that the average temperature offset betvieerat
dio loud sample and the radio quiet sample-i3.2 keV. Overl0”
years, an energy injection rate-of8 x 10*? erg s~! is required to
produce the offset in the NGC 383 group. This is about an asfler
magnitude less than the maximum AGN energy input rate, do tha
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even a less luminous AGN, where the AGN energy flux would not
be as high, could provide sufficient energy to both countemac
diative cooling, and raise the temperature of the groups @igrees
well with the conclusions aof Hardcastle et al. (2002).

Further, the large scale radio morphology of NGC 383 and
the fact that the bolometric luminosity of the cool core isamu
less than the radio source power implies that an outburst asc
that in NGC 383 could transport much of the energy contained i
the radio source out to larger radii, where it could alsoctftae
hot gas, explaining the Croston et al. (2005) results. Hewehe
radio morphology of NGC 383 is very different to most of thbeat
radio outbursts in this sample, and its long jets and pluneg ne
transporting energy to regions outside the core of the gwaitiput
affecting the innermost regions. Radio outbursts on smatlales
may affect the IGM closer to the BGG.

5 CONCLUSIONS

We have presented azimuthally averaged profiles of the piepe
of the central hot gas, and dnx : Tx relationwithin 0.05R500
for 15 galaxy groups with varying degrees of AGN activity.

The slightly steeper temperature profiles seen in radio loud
groups could be related to the size of the BGG — a larger BGG
would have a steeper potential well associated with it, @t a
steeper gradient — or it could be that systems with radio-lGN
have cooled more than those without radio-loud AGN, andthis
cooling gas that fuels the radio source. However, our sasipke
is small, and the properties of the gas and how they correllke
the AGN activity need to be investigated on a wider scalegusin
a larger sample which probes a wider range of temperaturs an
scales of AGN activity. Alternatively, the effect could seifrom
the contribution of a few radio sources with large physidaés.
These sources may have little effect on the gas close to tiesofo
the group, depositing their energy at larger radii, at thiside edge
of the regions probed here, causing the gas profiles of that h
groups to appear to be marginally steeper over our radigkran

The steepening of the entropy gradients in systems witletarg
values of Mx and o (indicating larger black holes) compared to
those with smaller values df/x ando could be evidence for re-
peated cycles of AGN activity having an impact on the hot gas i
groups. However, it is unclear whether the effect has to lwave
curred via AGN heating, rather than via other forms of enénggc-
tion from the galaxy. As both AGN and galaxy growth are linked
disentangling one effect from the other may be difficult,tigar
larly as AGN life-cycles are also poorly understood. Worleds
to be done here in both comparing the gas properties of graups
different stages of their evolution, and on the life-cyadsAGN
hosted by BGGs.

TheLx : Tx relations show that any effect that AGN are hav-
ing on the gas primarily occurs at larger radii; it could batthithin
the region probed bZhandra, AGN only act to counteract radia-
tive cooling. The difference between the radio loud andaagiiet
subsamples is smaller than the difference found by Crogtah e
(2005), suggesting that ongoing large scale outbursts asithose
in NGC 383 and NGC 4261 could be transferring energy out to
large radii, and may have a stronger effect outside the edrdst
the effects of repeated outbursts are more likely to shownupe
core. However, more X-ray work is needed here to further @rob
and constrain the gas properties at larger radii.

We conclude that it appears that radio loud AGN do not ir-
reversibly raise the entropy in the core of their host galgeoups.

Rather, it seems that the feedback mechanisms at work nesytt

ical central AGN generating just sufficient energy to baéaoaol-

ing in the core of the group. Repeated outbursts may have some
longer lasting effect on the gas, which may contribute toilaim

ity breaking, although detailed studies extending to largdii are
required to investigate this. This cumulative effect magetplace
primarily via rather rare large outbursts, which dump epergt-

side the cooling radius via radio jets.
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