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ABSTRACT

By combining the 2—degree Field Galaxy Redshift Survey withNRAO VLA Sky Survey
at 1.4 GHz, the environments of radio loud AGN in the nearbyenrse are investigated us-
ing both local projected galaxy densities and a friendsfrgfrds group finding algorithm.
Radio—loud AGN are preferentially located in galaxy groapd poor-to—moderate richness
galaxy clusters. The AGN fraction appears to depend mooagly on the large—scale envi-
ronment (group, cluster, etc) in which a galaxy is locatexhtbn its more local environment,
except at the lowest galaxy surface densities where peadlgtivo radio—loud AGN are found.
The ratio of absorption—line to emission—line AGN changesrdatically with environment,
with essentially all radio—loud AGN in rich environment®gling no emission lines. This re-
sult could be connected with the lack of cool gas in clustéavgas, and may have important
consequences for analyses of optically—selected AGN,wdie invariably selected on emis-
sion line properties. The local galaxy surface density efadhsorption—line AGN is strongly
correlated with radio luminosity, implying that the radiaminosities may be significantly
boosted in dense environments due to confinement by the thatlinster gas.

The environments of a radio—selected sample of star formaigxies are also investi-
gated to provide an independent test of optical studiesnéwith those studies, the fraction
of star forming galaxies is found to decrease strongly wiitréasing local galaxy surface
density; this correlation extends across the whole rangglaixy surface densities, with no
evidence for the density threshold found in some opticalistu
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1 INTRODUCTION this suppression of the star formation rate is not only iestl to
the extreme cluster environments, but begins at much lowér e
ronmental densities. Hashimoto et al. (1998) showed tleattban
star formation rate shows a continuous correlation witallgalaxy
density, both inside and outside of clusters, using the Las-C
panas Redshift Survey. Lewis et al (2002; hereafter LewR)-s
ied the fields around 17 clusters within the 2dFGRS, and found
that the mean star formation rate of galaxies is relativelystant
for projected galaxy surface densities below 1 galaxy peass
Mpc, but that at higher surface densities star formatiomésdas-
ingly suppressed, down to essentially zero at 50 galaxiesquere
Mpc. A similar study using SDSS data broadly supports these ¢
clusions although with a weaker break (Gomez et al. 20083-he
after Gom03), and a study of SDSS field galaxies (Mateus &&o6d
2003; hereafter MS03) is also in agreement at high surfanside
ties, but suggests that the star formation rate remainstisent®
the local galaxy density even in more rarefied environments.
Regardless of the precise dependence at lower surface densi
ties, environmental effects clearly function down to astelagalaxy
* Email: pnb@roe.ac.uk per square Mpc, which is below both the mean galaxy surfage de

The advent of large galaxy redshift surveys, especiallptdegree
Field Galaxy Redshift Survey (2dFGRS; Colless et al. 200M) a
the Sloan Digital Sky Survey (SDSS; York et al. 2000; Stonght
et al. 2002) have revolutionised our understanding of tliecef
of local environment upon the evolution of galaxies. Untierd-
ing how galaxy properties, such as luminosities, morphemgtar
formation rates and nuclear activity, depend upon the enwient
that a galaxy inhabits can place important constraints otetsamf
galaxy formation and evolution, and allow the intrinsic pedies
of the galaxies to be separated from those that have beamaiye
induced (‘naturessnurture’).

It has been known for many years that star formation rates are
strongly suppressed in the central regions of galaxy dlsigeg.
Dressler et al 1985), even if account is taken of the diffedisr
tribution of morphological types in cluster environmensscam-
pared with the field. The large redshift surveys have shovan th
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sity at the virial radius of relatively rich clusters andttbégalaxy
groups. Therefore, the physical processes that lead toteisch-
ing of star formation are not intrinsic to cluster enviromge(e.qg.
ram—pressure stripping of the interstellar medium by theches-
ter gas; Gunn & Gott 1972), but also occur in smaller strestur
(cf. Martinez et al. 2002, who find that star formation is tiished
even within galaxy groups of madsg ~ 102 inthe 2dFGRS). The
combination of this environmental dependence and the loipildf
galaxies into groups and clusters with cosmic time may beofne
the drivers behind the decline in the mean cosmic star foomat
rate since redshifts ~ 1 (Madau et al. 1998).

An alternative handle on galaxy activity and environmental
influence comes through studies of active galactic nucl&iNA It
is now apparent that essentially all massive galaxies im#&agby
Universe host a supermassive black hole at their centressavh
mass is roughly proportional to the spheroidal mass of thaxga
(e.g. see review by Kormendy & Gebhardt 2001). This sugdleats
the build-up of the central black hole and that of its hosagglare
fundamentally linked; the similarity of the cosmic evobrtiof the
mean global star formation rate to that of the rate at whichiga
accreted onto black holes (as estimated from the radio lositin
function; Dunlop 1998), at least out to redshifts- 1-2 where both
are well-determined, provides further evidence for thisektigat-
ing how the incidence of AGN activity depends upon local emvi
ment can provide valuable insight into the origin of thisection,
and also into the physical processes that trigger AGN aytivi

To produce a powerful AGN the necessary ingredients are a
massive black hole, a supply of fuel, and a transport meshato
connect the two. If AGN activity is driven predominantly Hyet
availability of the cold gas (the same factor that drives &ba-
mation activity) then AGN activity, like star formation, ahid be
greatly suppressed in cluster environments. If insteagtbkabil-
ity of AGN activity is solely a function of the central blaclole,
independent of the local environment of the galaxy, the AGx-f
tion would simply trace the distribution of galaxy bulgedtetna-
tively, at least for the most powerful AGN it has frequentigeln
proposed that galaxy interactions or mergers may triggeAtAN
activity (e.g. Hutchings & Campbell 1983, Heckman et al. 4,98
1986), providing both a supply of gas and a mechanism for ngpvi
it to the central regions of the galaxy. In this case the deépeoe
of AGN activity on environment on group— or cluster—scalesiid
be less clear—cut, with AGN favouring those environmentghich
conditions are optimal for galaxy interactions and mergers

Studies of the environmental dependence of AGN activity
have a long and chequered history. Dressler et al. (198%)edrg
that AGN activity was suppressed in clusters, finding th&y o
of cluster galaxies showed AGN activity compared to 5% ofifiel

galaxies in their sampIEHowever, the redshift range of their clus-
ter and field samples were very different, and the field sammphe
tained many higher redshift AGN which were only bright enoug
to make it into their sample because of the magnitude bapstin
fect of the AGN itself. Biviano et al. (1997) find that if a ceation

is applied for this magnitude bias then the lower inciderfc&@N
activity in clusters is consistent with being due solely lte dif-
ference in the morphological mix between cluster and fieltte€r

T Note that the fraction of galaxies which host AGN is very defent upon
both the depth of the observations and the details of thetrgpeiefinition
of an AGN: Ho et al. (1997) classify as many as 43% of the gataii their
survey of nearby bright® < 12.5) galaxies as active.

et al. (2001) similarly find little evidence for an environmal de-
pendence of AGN fraction.

Using the 2dFGRS and the SDSS it is possible to go beyond
a binary comparison of cluster against field and investigateen-
vironmental dependence of AGN activity in much greateritleta
has been done for star formation activity. Kauffmann et 0@
robustly selected a sample of AGN from the SDSS survey, by-mod
elling the underlying stellar continuum to obtain accuragasure-
ments of the Balmer emission lines, and then using emissien |
ratio diagnostics to separate the AGN from star forming xjata
Kauffmann et al (in prep; private communication) find thagsé
AGN, especially those with strong emission lines, are lessa-c
mon in regions of high galaxy surface density. However, &fill
et al (2003), also using the SDSS, found that the fractioratdbg
ies hosting AGN remains roughly constant across all enviremts
from cluster cores to the rarefied field.

The contradiction between these two sets of results ineficat
that selection of active galaxies by optical emission lisageither
straightforward nor uncontroversial. In addition, rec€htandra X-
ray observations of galaxy clusters have identified a paioulaf
X-ray active cluster galaxies which would not be selectedchise
galaxies on the basis of either their optical or emissioa prop-
erties (e.g. Martini et al. 2002), and radio studies (Mife©Owen
2002) have similarly found a population of dust—obscureiivac
and star—forming galaxies towards the central regions utets.
Therefore, selecting active galaxies by means other trengmis-
sion line properties may provide more robust results, aridcei-
tainly provide a valuable test of the results currently bederived
from the SDSS. An efficient way to do this is to use radio-loud
AGN: these are straightforward to locate and study, andcblaagea
deep radio surveys are already available. It must be bornerid,
however, that only 10-20% of AGN are radio loud (e.g. Hooper
et al. 1995), and these may represent a biased subset of tNe AG
population as a whole.

The environments of powerful radio sources have been widely
studied at low redshifts (e.g. Prestage & Peacock 1988¢&Hillly
1991; Miller et al. 2002) and appear to favour galaxy groups a
weak clusters; they tend to avoid the densest environmenepe
in the few cases where they are in the special location ofgbein
hosted by the central dominant galaxy of a cluster. To dateigh,
these studies have been both limited to the most powerfuib rad
sources and, generally, based upon galaxy number couististat
or cross—correlation analyses, with little or no specipse red-
shiftinformation (the Miller et al. study is the exceptiarthis, pro-
viding redshifts for a handful of galaxies in the20 arcmin radius
region around each of 25 low redshift radio sources). By amng
the 2dFGRS with a deep large—area radio survey such as th©ONRA
VLA Sky Survey (NVSS; Condon et al. 1998) it is possible toreve
come both of these deficiencies, studying the spectrosaibpic
determined large—scale environments of ‘typical’ radiold AGN
within the 2dFGRS, and comparing these to those of the galaxy
population in general. This is the goal of the current paper.

In Section 2, the galaxy and radio source samples used in the
analysis are defined. The methods used to derive the prepeitti
these galaxies are described in Section 3. The results adrvie
ronmental analysis are described in Section 4, and thesdisre
cussed in Section 5. Section 6 summarises the results. gihoot
the paper, the values adopted for the cosmological parasnate
Q =0.3, Q4 = 0.7, andHy = 65kms 'Mpc~?.
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2 GALAXY SAMPLES AND PROPERTIES
2.1 2dFGRS galaxy sample

The primary galaxy sample for this study is drawn from the 2dF
Galaxy Redshift Survey, described by Colless et al. (200hg
2dFGRS obtained spectra througt2.1 arcsec diameter fibres for
nearly a quarter of a million galaxies brighter than a nomina
extinction-corrected magnitude limit f; = 19.45, in two decli-
nation strips (one equatorial and the other close to théggalactic
pole; these are hereafter referred to as the NGP and SGP rip
spectively) and a number of random 2—degree diameter fietds.
this paper, analysis was restricted to those galaxies withhie
redshifts (quality> 3; cf. Colless et al. 2001) which lie within the
NGP or SGP strip.

A cutin redshift was made to select those galaxies whictray i
the redshift rang8.02 < z < 0.1. At redshifts belows ~ 0.02 the
physical size of the 2dFGRS survey region is too small tostive
gate the large—scale galaxy environments, whilst the umgokshift
cut was set by the depth of the 2dFGRS survey, as discussaal. bel
The absolute B—hand magnitudes of these galaxies werda@du
using the average K—correction for 2dFGRS galaxies deried
Madgwick et al. (2002)K p(z) =~ 1.9242.72%. Only those galax-
ies with absolute magnitudégs < —19 (thatis,Lg > 0.25L%;
cf Norberg et al 2002) were retained for subsequent analysts
absolute magnitude limit corresponds roughly to the appamag-
nitude limit of the survey at a redshift ~ 0.1. Thus, the combi-
nation of absolute magnitude and redshift cuts largely rasany
redshift biases from the sample.

This produced a sample of 56143 galaxies. However, not all
of these galaxies are appropriate for environmental aisalfer
example because they lie close to the boundaries of theysuwe
in regions of low spectroscopic completeness. This wassasde
for each galaxy individually during the process of local ieon-
ment estimation through the 10th nearest neighbour mettsodis-
cussed in Section 3.1: about 10% of the galaxies were rejéam
the sample during this analysis, due to their locationseNlwat re-
moval of these galaxies will not bias any of the results ofitaper,
firstly because these are largely a random subset of gahakieh
happen to lie near the boundaries of the survey, and sectedly
cause in any case these same cuts are applied to all of théesamp
under study.

By this process, a basis catalogue of 50684 galaxies with red
shifts 0.02 < z < 0.10 and absolute magnitudéez < —19
was derived, for each of which good estimates of the locabgal
density can be made.

2.2 Radio source sample

From this basis catalogue, subsamples of radio galaxiesaare
structed using the radio source sample of Sadler et al. (2G02-
after Sad02). These authors cross-correlated an earligioneof
the 2dFGRS, which contained almost 30% of the final 2dFGRS
catalogue, with the radio sources in the NRAO VLA Sky Survey
(Condon et al. 1998), which is a 1.4 GHz survey to a limiting flu
density of about 2.5 mJy covering the entirety of the sky moft
—40 degrees declination. Sad02 identified all of the singtepm
nent radio sources which lay within 15 arcseconds of a galatty

a redshift in the 2dFGRS catalogue, and also added to thipleam
a small number of double or multiple component radio soufaes
which an examination of a radio—optical overlay indicateldost
galaxy within the 2dFGRS catalogue. For each of the 912 eandi
date radio source matches, they examined the optical emiasid
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absorption line spectrum of the host galaxy, to classifysierce
as:

(i) ‘star-forming’ galaxies (SFTF), where the spectrum is dominated
by strong narrow Balmer emission lines.

(i) AGN, separated into three subclasses: absorptioa-ditipti-
cals galaxies (Aa), absorption line galaxies with weak LRNtke
emission lines (Aae), and galaxies with spectra dominayeakb-
ular emission lines such as [Oll] or [Oll1] (Ae).

(iii) sources whose classifications are likely (SF?, Aa?? Aeae?)
or completely uncertain (???).

These classifications were made by visual examination dffke-
tra, and their reliability was checked against Principlerponent

Analyses and emission line diagnostic diagrams (Sa@OZ).

For the current analysis, stricter criteria need to be appli
to these radio sources, in order to prevent false identidicat
from unduly influencing the results. Firstly, following tipeoce-
dure of Sad02, the radio source sample is limited to onlyelras
dio sources with radio—optical offsets below 10 arcsecondin
the case of resolved or multi—-component radio sources waitiel
radio—optical offsets, only where the visual examinatiboves the
identification to be secure. This restricts the size of treraly sam-
ple to 757 radio sources, of which up to 10% may be chance co-
incidences (Sad02). The radio source sample is furtherigtest
to include only those galaxies in the final 2dFGRS sample con-
structed above, namely by restricting it to the redshifgein02 <
z < 0.10, to galaxies with absolute magnitudéfz < —19, and
to galaxies for which local environments were able to becalc
lated, as discussed above. A final restriction was made todac
only radio sources with radio luminositiesabove 102'W Hz~!
at 1.4 GHz rest—frame. This provided a final sample of 272 ra-
dio sources with optical counterparts. Of these, the ptapoof
chance coincidences 5 5%. This is reduced from the 10% in the
original sample because of the various cuts applied to ttee da-
pecially the restriction to the most luminous optical géaxthis is
because the probability of an optical galaxy being a powesfdio
source is an increasing function of optical luminosity (&gdler
et al. 1989), and so the removal of the lowest optical lumtgos
galaxies removes a significant fraction of the chance algmm
but very few of the genuine sources.

Itis important that the star forming and AGN radio source-sub
samples are cleanly selected from these 272 radio soure@gli
assuming that all sources classified by Sad02 as ‘SF?’ can be
adopted as star forming galaxies, and all ‘Ae?’, ‘Aa?’ andéeA’
as AGN, may lead to some mis-classification which could sfison
bias the results. The radio luminosity was therefore usgddeide
a second handle on the source classification. The majoritgvof

I star forming galaxies emit at radio wavelengths, predontlpadue
to the synchrotron emission of particles accelerated iresigva shocks.
The radio luminosity is roughly correlated with the starmfation rate: a
1.4 GHz radio luminosity 01022 WHz~! corresponds to a star formation
rate of orders M, yr—! (e.g. Condon 1992 and references therein; Carilli
2001).

8 Note that because the 2dFGRS spectra are uncalibratedoit ssible
to classify the galaxies in a more robust way, such as decsimpthe stel-
lar continuum to investigate the presence of a young stpbaulation, or
modelling and subtracting the stellar continuum to preseliar absorp-
tion lines from affecting the emission line properties €auffmann et al.
2003).

9 Aradio spectral index oft = 0.8 (for S, < v~ <) was adopted for the
K—corrections in calculating the rest—frame radio lumities.
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luminosity radio sources are star forming while at high Inosii-
ties AGN dominate (e.g. Sad02; Miller & Owen 2002; Macha&ki
Godlowski 2000). The transition between the two classesad-g
ual and the exact location at which it occurs is still a matter
debate with Sad02 favourinky; 4 cr, ~ 102*WHz~! and Miller
& Owen favouring the lower value af0*?-"W Hz~". This differ-
ence may arise because the Miller & Owen study concentrat@s u
cluster environments and, as discussed in the introdycttanfor-
mation activity is known to be suppressed there, decrealsengro-
portion of star forming galaxies.

A luminosity of L1 4 cnz ~ 102®WHz ! is here adopted
for the transition point. The subsample of star forming gials is
taken to include all of these galaxies securely classifie&ag02
as star forming galaxies (‘SF’), plus those galaxies clesbias
likely star forming galaxies (‘SF?’) which also have a ratlio
minosity below this transition value (that is, likely starifing
galaxies based upon their emission lines, and also moréy like
to be star forming based upon their radio luminosities). &4
dio sources satisfy these criteria, with 1.4 GHz radio Iuwsities
ranging from3 x 10%! to 4 x 102*WHz~!. The AGN subsam-
ple is taken to include those sources securely classifiedG&d A
by Sad02 (classes Aa, Ae, and Aae), together with those esurc
classified as likely AGN (Aa?, Ae?, Aae?) with radio luminrosi
ties above the cut-off; there are 91 sources thus classisiéd=a,
with radio luminosities ranging fromh0?2 to 1.4 x 10>>W Hz 1.
This additional radio luminosity selection may not avoitlrals-
classifications, but does greatly reduce the likelihood hafrt.

It naturally leads to the exclusion of a small subset of pife
good radio sources (‘SF?’ sources with 1.4 GHz radio lunitiess
brighter than10%2® WHz ™!, and ‘Aa?’, ‘Ae?’ and ‘Aae?’ sources
fainter than that luminosity) but their exclusion is unlikéo bias
the results significantly, and it is considered preferabledrk with

a smaller but cleaner sample than to risk including missifizsl
objects.

It is finally important to note that the classification mettudd
Sad02 takes no account of the recent results of Kauffmanh et a
(2003), that many AGN are found to be composite systems which
also contain star formation activity. Since a fibre instratgich as
the 2dF samples a large fraction of the galaxy light, the fetan-
ing component is likely to dominate the emission line prtipsrof
such composite objects, and they are more likely to be fiedsi
as star forming galaxies. There may therefore be some catapos
SF + AGN systems found within the SF class: however, the rel-
atively lower radio luminosities of the SF galaxies (togethvith
the substantially different environmental propertiesnidun this
paper) suggest that such objects are relatively rare. laissible
that many of the 27 objects rejected as having uncertaisitilzes
tions are composite objects.

Two further samples of radio sources were also defined: ) Lu
minous AGN, defined to be the subset of the AGN class which also
hadL1.4 an. > 10*3WHz ™!, and (i) Extended radio sources, de-
fined as the subset of AGN for which the NVSS radio emission was
extended. These two subsamples contain 40 and 25 radioesourc
respectively. 21 of the 25 extended radio sources alsofysdtis
luminous AGN definition, and so the extended radio sources ar
largely, but not entirely, a subset of the luminous AGN class

~
~

2.3 Parent galaxy sample

As discussed above, the Sad02 radio sample was not comstruct
from the entirety of the 2dFGRS survey, but from only the first
~ 30% observed. Ideally the radio source samples defined from

the Sad02 regions should therefore be compared with thenfpare
galaxy sample used by Sad02, and not with the entire 2dFGRS re
gion, since otherwise there is the possibility of introdigcbiases

if the initial regions studied by the 2dFGRS were not fullypne
sentative of the complete survey region. However, the paaa-
logue of Sad02 is not available. Whether the Sad02 parentleam
is biased with respect to the final survey catalogue can kesinv
tigated by comparing the final 2dFGRS galaxy catalogue hi¢h t
subsample of galaxies that were included in the first cateag-
lease of the 2dFGRS (100,000 galaxies, of which the SadOgleam
comprised 70%). Results of the environmental analysesisted

in Section 3 were compared for the final 2dFGRS galaxy sample
and the first 100,000 galaxy subsample. One notable differams
found between the two samples: a significantly smaller peage

of the galaxies in the 100,000 galaxy catalogue are foundehe
highest local densities (richest clusters) than in the fislalase cat-
alogue. Further investigation shows that this differentsea pre-
dominantly because of a single supercluster environmerR{a
13h, Dec -2, z ~ 0.084) which was very poorly covered in the
original data release.

Apart from this one extreme environment, no systematic dif-
ferences were found between the two samples in either |lecedid
ties or group / cluster environments. Therefore, giventthmSad02
parent sample comprises 70% of the 100,000 galaxy release,
and that the 100,000 galaxy release contains no especkatbnee
environments, any biases between the Sad02 parent santple an
the first-release 100,000 galaxy sample are likely to begibtg.
Therefore, the parent galaxy sample adopted for companisitn
the radio source samples comprises the 21085 galaxies frem t
50684-galaxy basis catalogue described above, which wesent
in the first 100,000 galaxy release of the 2dFGRS.

2.4 Morphological sample

The SDSS First Data Release (Abazajian et al. 2003) oveitaps
part with the NGP strip of the 2dFGRS. For those galaxies én th
overlap region, their morphological properties can be stigated
using the SDSS ‘concentration parameter’, C. This paramste
defined as the ratio of the radius enclosing 90% of the galaky |
in the r-band to that containing 50% of the light (cf. Stoughton
et al. 2002): most early-type galaxies have> 2.6 while spirals
and irregulars typically have.0 < C' < 2.6 (Strateva et al. 2001).

For the 50684 galaxies in the final 2dFGRS sample, a search
was made within the SDSS catalogue for any galaxy within 5
arcsec in positional offset{ 10 kpc at redshift 0.1), and within
340km s ! in redshift (four-times the rms deviation of 85 km's
between SDSS and 2dFGRS measured redshifts; cf Norberg et al
2002). The completeness and reliability of this cross-etation
were estimated by varying the size of the acceptable offsets
both velocity and position, and comparing both the total bem
of 2dFGRS-SDSS matches and the number of incidences whereby
two SDSS galaxies are consistent with the 2dFGRS galaxy; it i
estimated that for allowable offsets of 5 arcsec and 340kilse
cross—correlation of the two surveys is about 98% complete a
99.9% reliable.

For all galaxy matches, the concentration parameter C was ca
culated from the SDS&band data, and the galaxy was classified as
either early or late—type. Although this was only possilole5781
galaxies, this is sufficient to determine the morphologioat of
2dFGRS galaxies as a function of environment.

© 1999 RAS, MNRASD0Q, 1-13
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3 ENVIRONMENTAL PARAMETERS

The local environment of each galaxy in the survey was imwvest
gated using two different methods, which are describedaelo

3.1 10th-nearest neighbour estimate

For each galaxy with redshift02 < z < 0.10 and absolute mag-
nitude Mp < —19, the local projected galaxy density was calcu-
lated using an adaptation of the 10th-nearest neighbouoapip
which has been commonly used for this purpose (cf. Dresskdr e
1980, Lew02, GomO03, Miller et al. 2003). Specifically, forcka
galaxy, a redshift shell o£1000 kms™* centred on the redshift of
that galaxy is considered, and the projected distangg) (o the
10th nearest neighbour [also havings < —19] within that red-
shift shell in the basis catalogue is calculated. This distds then
converted into a local projected galaxy density= 10/7r%,.
Several factors deserve deeper consideration in thisrdieter
nation of the surface densities. The first is the adoption fofexl
velocity range of 1000 km's' in the definition of the redshift shell,
to reject foreground and background galaxies. This velaeihge
is well-suited to ‘average’ environments, but in the ri¢helas-
ters the large velocity dispersions may lead this methochtier
estimate the local galaxy density, due to some companidkisgfa
outside of this range. However, this is unavoidable withmaking
the velocity shell so wide as to include unacceptable nusbér
foreground and background galaxies. Lew02 got around tiis-p
lem by limiting their analysis to cluster environments, arsihg a
variable—width velocity shell set to be three times the e&jodis-
persion of each cluster. However, this method does not alval-
ysis of field environments, limiting the range of surface siges
that can be studied, and in addition it may introduce biaséisea
lowest surface densities (see discussion in Section 5i al#er-
native method for investigating the environments of fielthgs
is to convert redshifts into distances and calculate thletliube—
dimensional local density of the galaxies (e.g. see MSGRygver,
peculiar velocities make this method very poor in clustesiren-
ments. Overall the adoption of a fixed velocity range proside
method that works reliably across all environments, witlficent
accuracy for the science goals of this paper. The relighilitthis
technique was further tested by varying both the width of/glec-
ity shell (£500, 1000, 1500 kms') and the number of neighbours
out to which the result was evaluated (5, 10, 15): althougtptio-
jected surface densities of individual galaxies chandwelpverall
sample—average results were broadly unaffected.

A second effect concerns the boundaries of the 2dFGRS cat-

alogue, and the variations in both redshift completenedsaag-
nitude limit of the catalogue as a function of position. Thdshift
survey covers two long strips in declination, each of whicbnly
about 10 degrees wide, meaning that all galaxies lie withite5b
grees of a catalogue boundary, and many lie significantlecido
estimate the effect that this will have on the surface demsitcu-
lation, the following procedure was followed:

(i) For each galaxy, the value ef, was calculated as above. 10000
positions were then randomly chosen within a circle of radiy
centred on that galaxy.

(i) For each of these 10000 positions, the redshift conepless

of the 2dFGRS catalogue was evaluated for galaxies brighéer
the apparent magnitude corresponding to an absolute nagnif
Mp = —19 at the redshift of the galaxy under study. This calcula-
tion was carried out using the redshift completeness, itigitnag-
nitude, andu-masks (see Colless et al. 2001 for details) provided
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by the 2dFGRS team. If a given position lay outside the 2dFGRS
region of study, or within one of the survey holes associatih
bright stars, then the redshift completeness was set tofaetbat
position.

(iii) An average redshift completeness was derived foreHg3000
positions. In this way, for each galaxy the average redsioift-
pleteness for galaxies brighter thafiz < —19 over the region of
sky out to radius';o was estimated.

(iv) Where the average redshift completeness was below 50%,
the value ofr1o was in excess of 5 degrees, the galaxy was removed
from further analysis; these are predominantly galaxiesr riee
boundaries of the survey region. Removal of these galaxiesat

bias any of the results of the paper, since these same cutpplied

to all of the samples under study.

(v) The surface densities calculated for the remaindereftiax-

ies were scaled up by the inverse of their average redshifi- co
pleteness. This correction factor provides a rough firsteoap-
proximation to the correction and, since all applied cdioss are
below a factor of 2, any inaccuracies will have a negligilffect

on the final results.

3.2 Group or cluster membership

The 10th nearest neighbour analysis technique was devehize
time before large spectroscopic catalogues were avajlaiefore-
ground and background field galaxies had to be statisticaiby
tracted. The use of redshift information to remove clearlselated
galaxies greatly improves the reliability of the analysisd there
are clearly many advantages over simple comparisons witlext
ample, cluster-centric radius. However, this techniqilledsscards
some of the information which is available in a complete #jpec
scopic dataset, especially in galaxy groups or clusterh woier
10 members. Using the velocity information available in Pai-
GRS and SDSS catalogues, it is in principle possible to deier
for each individual galaxy its exact environment: is it aolased
galaxy, a member of a small group, on the outskirts of a dluste
within a cluster core, etc?

Catalogues of galaxy groups have been constructed from the
2dFGRS by both Merchan & Zandivarez (2002) and by Norberg
et al. (2003), in both cases using an adapted version dfithrels—
of—friendsapproach first described by Huchra & Geller (1982). The
basis of this approach is as follows. Two galaxies with aruéarg
separation on the sky @fi2, and recession velocities &% and1»
(withamean}V = (V14 V2)/2) are considered to be linked if they
satisfy the following conditions:

0
2sin (%) Hlo < Dy,

Vi—Wa| <V

where Dy, and V4, are the transverse and radial linking lengths re-
spectively. For a survey of fixed apparent magnitude limitthie
standard Huchra & Geller formalism the linking lengths, and

11, vary with recession velocity in order to compensate the ghan
in the sampling of the galaxy luminosity function with dista,
and thus to provide equal sensitivity to groups across dhits.
The linking lengths scale d3;, = Do R andVi, = Vi R, whereDg
andVj are the linking lengths at some fiducial recession velocity
Vi, andR is a scaling factor given by:

2 oMM

—1/3
R=|2—— ,
S ¢<M>dM]

@)
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where My, and M2 are the absolute magnitudes of the faintest
galaxy visible at distances a&f;/ Ho andV/H, respectively, and
¢(M) is the galaxy luminosity function of the sample.

In the present analysis, such a scaling factor is in priecipl
unnecessary because the adoption of a fixed absolute magnitu
limit (M < —19, as discussed above) removes this distance de-
pendence of the luminosity function sampling (d;., and M2
are both equal te-19, making R unity). However, the 2dFGRS
has a slightly varying magnitude limit, and the spectrogcopm-
pleteness varies with position on the sky. These do reqoineat)
correction (cf. Merchan & Zandivarez 2002), and can be aoctzd
for by redefining the scaling factor as

1 +02}*1/3
2 b

where C, and C» are the redshift completeness for magnitudes
brighter than the apparent magnitude corresponding o= —19

for the redshift of the galaxies in question, at the locafiothe
2dFGRS of two galaxies whose linkage is being considereds&h
redshift completeness values can be evaluated using tisaifted
completeness, limiting magnitude, apemasks provided by the
2dFGRS team (see Colless et al. 2001 for details).

The transverse linking lengtt);,, is set by defining groups
to be those regions with a mean galaxy density contiagp in
excess of 80 (cf. Merchan & Zandivarez 2002; Ramella, Pi&an
Geller 1997). This relates tb, through the expression

(/leim
— o0

Taking the Schechter fit to the luminosity function of 2dFGRS
galaxies ¢* = 4.6 x 10*Mpc™3, o = —1.21, M} = —20.59,

for Hy = 65kms 'Mpc™!; Norberg et al. 2002), for an absolute
magnitude limit ofM g = —19, a fiducial transverse linking length
of Dy = 1.25 Mpc is derived.

Regarding the velocity linking length;z,, this needs to be
larger than the equivalent distance linking length becauesai-
liar velocities smear galaxies out along the distance agsdis-
cussed by Nolthenius & White (1987), there is a problem if the
standard Huchra & Geller approach of scaling the velocitkitig
length with distance according to Equation 1 is applied tweys
sampling to moderate redshifts: if a fiducial velocity lingilength
is chosen which is large enough to cope with peculiar motions
nearby galaxies, then when this is scaled with distanceidkéyu
becomes so large that distant groups are seriously cordgisenity

foreground and background galax“aél’.he current analysis avoids
this problem, since the adoption of a fixed absolute mageitineit
essentially removes the requirement of this scaling. Adt ik re-
quired here is to choose a suitable valu&/ef

Nolthenius & White (1987) find that the balance between re-
taining valid group members and minimising contaminatiamnf

|

s 3
p  4AnDj

ng(M)dM) o

Il For example, Merchan and Zandivarez (2002) determine &fibes
value of V, = 200kms~! (at their fiducial recession velocity’s
1000 kms~1) for their analysis of 2dFGRS groups, by using mock cata-
logues to investigate the reliability and completenessifiérent values.
However, using the scaling of Equation 1, this correspoida tinking
length of about 900 kms for the absolute magnitude limit 3ff 5 = —19
used in this paper. This value is clearly too large, and wiaad to the iden-
tification of many spurious groups. Indeed, since Merchéh Zandivarez
do use this scaling, and study groups out te 0.25, their linking length is
very large at higher redshifts and their group cataloguiédyi to be highly
contaminated beyong ~ 0.07.

non-members is optimised for a velocity linking length ofveeen
1.5 and 2 times the typical velocity dispersion of groupsrdéiiéan
and Zandivarez (2002) and Norberg et al. (2003) have detedni
the average velocity dispersion of galaxy groups in the RE®
be 250 and 225 km's, respectively. Therefore, a fiducial velocity
linking length ofV, = 450 km s was adopted here.

In this way, the friends—of-friends mechanism was used to
link pairs of galaxies and hence build up a catalogue of ggo2p%
of the M < —19 galaxies are found to be isolated galaxies (lower
than the~ 45% fraction that Norberg et al. derived for all 2dFGRS
galaxies, because more massive galaxies are prefergrfbalhd
in groups or clusters), 22% in ‘groups’ of 2 or 3 galaxies, rHer
28% in groups of 4-15 galaxies and 25% in still richer stroesu

A robust estimate of the velocity dispersion of these galaxy
groups was obtained using the ‘gapper’ estimator (Wainer &
Thissen 1976) for groups with less than 15 members and the ‘bi
weight’ estimator for larger groups (cf. Beers, Flynn & Galidt
1990; Girardi et al. 1993). The virial radius and the masshef t
group are then calculated according to the method of Gi&ldi
Giuricin (2000). The median velocity dispersion of groupshwt
or more members is 220 km'$, with a mean radius of 2.3 Mpc
and a mean mass 6fx 10'3 M. All of these values are consistent
with previous determinations of the properties of nearlmugs.

4 RESULTS
4.1 Galaxy Surface Densities

Figure 1 shows the variation with local projected galaxyfaee
density of the fraction of galaxies which host radio sou@esoci-
ated with AGN activity, and the equivalent fraction whictshstar-
forming radio sources. The environmental dependence séttveo
samples is remarkably different.

The star-forming galaxies show a strong correlation with en
vironment in the sense that star formation is suppressedgim h
density environments; this is the result which is well-knaat op-
tical wavelengths, but which is now independently confirmsitig
a radio—based study. There is no evidence for a break in tine-co
lation below~ 1 Mpc™2, as was found by Lew02; the dependence
upon environment continues to the lowest surface denstigsse
results are interpreted in Section 5.1.

The radio—loud AGN fraction shows very little dependence
upon environment, with only the lowest density bin devigtsig-
nificantly from a flat distribution. The surface density binsre
defined to contain roughly equal numbers of AGN, in order to op
timize the signal-to—noise; this also minimises the scatéveen
the data points a little bit, possibly giving a overly flat ppance.
To test this, a Kolmogorov-Smirnov (KS) two—populationttess
applied to the surface density distribution of the AGN as parad
to that of all galaxies. The probability that the AGN are riatdy
drawn randomly from all galaxies is 97% (ie~a2.5¢ result). This
result is largely driven by the lack of AGN at the lowest sugfa
densities: the lowest surface density of galaxies arountiG is
0.08 Mpc 2 whilst over 8% of the 2dFGRS galaxy population have
local galaxy densities below this value. Considering ordiagies
with galaxy surface densities above 0.1 Mpgthe significance of
any difference between the AGN and all galaxies is belew

This apparent lack of any dependence of AGN activity on
galaxy surface density hides a considerable quantity ofinétion
on AGN activity that can be uncovered in more detailed anglys
In Figure 2 this dependence of AGN fraction is shown agaid, an
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Figure 1. The fraction of galaxies within the 2dFGRS catalogue that ar
associated with radio sources securely classified as ethefforming or
AGN, as a function of the local projected galaxy surface ignghe error
bars plotted (here and in subsequent figures) correspoheé grmple Pois-
sonian uncertainty. The frequency of star forming radiorees! is greatly
suppressed in dense environments, whilst AGN activity igghty indepen-
dent of environment, except possibly in the most rarefietnsg [Note: in
this and some subsequent figures, data points of differemples are offset
an equal and opposite small distance along the x—axis fotygla
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Figure 2. The fraction of galaxies within the 2dFGRS catalogue that ar
associated with radio-loud AGN, as a function of the locajj@rted galaxy
surface density, compared to the equivalent fractionsideriag only lu-
minous AGN (those with 1.4 GHz radio luminosities aba@#3W Hz—1)

or only those AGN whose radio emission is extended in the NU&3.
Both luminous AGN and extended AGN are significantly more gwn in
richer environments.

compared to the equivalent fraction for the two subsets afril-
nous AGN'’ and ‘Extended AGN’, described in Section 2.2. The
fraction of galaxies hosting AGN associated with each o$éhivo
classes shows a marked increase with increasing localygdbx
sity; KS tests show them to be inconsistent with flat distidns at
the 99.5 and 99.7% significance levels respectively.

This correlation between AGN luminosity and local environ-
ment is perhaps better illustrated in Figure 3 which showptio-
jected surface density versus the radio luminosity for &lthe
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Figure 3. The local projected galaxy surface density of AGN plottediast
their 1.4 GHz radio luminosity, with the three different dyois showing
the three different AGN classes separately. The absorfitienAGN (Aa

class) have surface densities strongly correlated99.9% significance)
with radio luminosity, while the two emission line AGN class(Ae and
Aae) show no such correlation. Indeed, emission line AGNllagdio lu-

minosities avoid the richest environments. The Aae radiaxies all have
relatively low radio luminosities.
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Figure 4. The fraction of galaxies within the 2dFGRS catalogue that ar
associated with radio-loud AGN as a function of the locajgeted galaxy
surface density, separated into emission—line AGN (Ae aad éasses of
Sad02) and absorption line AGN (Aa class). The absorptioe AGN are
preferentially located in richer environments, whilst gmission line AGN
avoid dense regions.

the 99.6% significance level. However, the most strikingeasp
of this plot is the difference between the properties of tired
classes of AGN. The absorption—line AGN (class Aa) showanstr
correlation between radio luminosity and galaxy surfacesig
(> 99.95% significance, using a Spearmann-Rank correlation test),
but the emission-line AGN (class Ae) have no such corradatio
these AGN cover the full range of radio luminosities, but eom
pletely avoid rich environments, showing the same rangeowf |
galaxy surface densities at all radio luminosities. The Akss

of AGN, which show both absorption features and weak emissio

AGN in the sample, separated into the three AGN classes de-lines, are relatively rare. These occupy the region of tlagrmdim

fined by Sad02. Overall, a Spearmann-Rank correlation nelt i
cates that radio luminosity and surface density are cdaglat

© 1999 RAS, MNRASDOQ, 1-13

where the Aa and Ae classes overlap, namely, they are confined
to regions of relatively low radio luminosity and low galadgn-
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sity. The restriction of the Aae class to low radio lumin@stmay

be because at higher radio luminosities their emissiors mauld
have been stronger (due to the radio luminosity versus @énibse
luminosity correlation for emission line radio sourcesReiwlings

& Saunders 1991), and if these dominated the spectrum the AGN
would have been classified as Ae AGN. Given that the Aae AGN
have surface densities comparable to the Ae class, in thg-ana
ses that follow these two classes are often consideredhimgas
emission—line AGN.

The percentage of galaxies in each of the absorption and emis
sion line AGN classes, as a function of galaxy surface dgnisit
further illustrated in Figure 4: while absorption-line AGhefer
richer environments, emission line AGN avoid them. The auef
density distributions of the two samples differ at the 99 S¢wif-
icance level. It is tempting to ascribe this difference tifedences
in the host galaxies of the AGN: the absorption—line AGN nalist
be hosted by elliptical galaxies, and such galaxies are cmmim
cluster environments, but emission—line AGN could plalydifave
a range of host galaxy types. However, as Figure 5 showsg ther
are no significant differences between the emission and piiimo-
line AGN in terms of their radio and optical luminositiesggest-
ing that there are no fundamental differences in host gegaxia-
ble 1 provides mean values for various properties of thestl:AG
there is only a 0.24 magnitudeS(20) difference in mean host
galaxy absolute magnitude between the Aa and Ae classelst whi
the difference in mean local galaxy surface density is afth&r
level. Possible explanations for the differences betwberetnis-
sion and absorption line AGN, and the consequences of tleese r
sults, are discussed in Section 5.3.

Comparing the properties of the AGN with those of the el-
liptical galaxy sample selected from the SDSS data (Tahl¢hg)
mean local surface densities are similar. Figure 6 showfsabgon
of all elliptical galaxies (statistically constructed finche morpho-
logical mix as a function of environment derived from the SDS
subsample) that host absorption—line AGN as a function tzbgya
surface density. Because of the prevalence of early—tyleaiga in
clusters this distribution is flattened from the equivalieattion in
all galaxies, but it is still evident that absorption-lin&N have a
weak preference for richer environments, even comparelijpti-e
cal galaxies in general.

4.2 Group and Cluster membership

The fractions of galaxies that host radio—loud AGN activaty
radio—selected star formation activity are shown in Figlhiras a
function of the size of group or cluster in which that galaies!
(as determined by the friends—of—friends analysis; seB@BeR.2).
Star forming galaxies prefer to avoid richer environmealthough
this dependence is clearly weaker than that on local envieon
found above. Star forming galaxies are also relatively narigo-
lated galaxies: this latter result is most likely relatedte radio
selection, which picks out only galaxies with relativelyhistar
formation rates¥, 5Mo/yr). AGN are most common in moderate
groups and poor clusters. The fraction of galaxies with A@GNva
ity is lower in relatively isolated environments (1-3 gaés) and
also in the richest clusters-(50 galaxies); a KS test gives a proba-
bility of 99.2% that the AGN are not simply randomly drawnrfro
all galaxies.

By sub-classifying the AGN into emission-line AGN and
absorption-line AGN (cf. Figure 8) it is apparent that thé-fa
off in the AGN fraction in rich environments happens earfiar
emission—line AGN than absorption—line AGN. The formerese
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Figure 5. The B-band absolute magnitude of the AGN plotted against

their 1.4 GHz radio luminosity, with the three different dyols showing
the three different AGN classes separately. Apart from the Alass be-
ing confined to low radio luminosities, there are no staialy significant
differences between the host galaxies of the three classes.
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Figure 6. The fraction of radio-loud absorption—line AGN amongst all

galaxies within the 2dFGRS catalogue, as a function of thallprojected
galaxy surface density, compared against the equivalestiéon amongst
only early-type galaxies (since all the absorption line A®N be hosted
by early—type galaxies). The prevalence of early-typexgesain rich envi-
ronments means that, although with increasing local gatiensity an in-
creasing fraction of galaxies host absorption-line AGMye#ype galaxies
host absorption—line AGN with comparable probabilitiesoas all environ-
ments except in the most rarefied regions.

sentially absent from all clusters of more than 20 galaxids|st
the latter still strongly populate the moderate clusteis%Q galax-
ies) and are only absent from the very richest clusters. A
two—sample test indicates that, overall, the differendevben the
group/ cluster environments of the emission and absorgiioe
AGN is significant at the 90% level, but this difference is cen-
trated in this single ‘moderate cluster’ environment, inicththe
contrast is much more significant (an emission to absorgliioe
AGN ratio of 1:10, compared to approximately 1:1 in poorerien
ronments).

The low fraction of galaxies associated with AGN in relalijve
isolated environments is in agreement with the results eidbal
galaxy surface density analysis, in which a drop in the AGa¢4r

© 1999 RAS, MNRASD0Q, 1-13
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Table 1. The number of objects in various galaxy and AGN samples thegavith the mean values of various properties of thesexgala

Radio source type N z Q9 L1 .4 cHz Mp log10(Surf Dens)
WHz 1 Mpc—2

AGN Class Aa 51 0.073 23.25+0.10 —20.91 +0.10 0.87+0.14

AGN Class Ae 32 0.069 23.14 £0.13 —20.67£0.14 0.01 £0.12

AGN Class Aae 8 0.071 22.86 £0.14 —20.55 + 0.25 0.34 £ 0.24

SF galaxies 154 0.051 22.4540.03 —20.48 £ 0.06 —0.17 £0.07

All galaxies 50684 0.076 — —19.99 + 0.01 0.35 £+ 0.01

All gals (100k sample) 21085 0.075 — —20.00 £0.01 0.26 £ 0.02

Early-types 3746 0.078 — —20.23 +0.01 0.82 £+ 0.02
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Figure 7. The fraction of galaxies which host radio—loud AGN or radio—

selected star forming galaxies as a function of the size efgitoup (as

measured iV p < —19 galaxies) in which the galaxy is located. Iso-

lated galaxies are rarely luminous star forming galaxies,deyond that
star forming galaxies show a weak preference to be in thelassb@roups
possible. AGN are preferentially found in moderate groups joor clus-
ters.
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Figure 8. The fraction of galaxies which host radio—loud AGN as a fiorct
of the size of the group (as measured\if; < —19 galaxies) in which the
galaxy is located, split into subclasses of absorptioa-hGN (Aa class of
Sad02) and emission-line AGN (Ae and Aae classes). The emidie
AGN avoid even moderately rich clusters, while the absorptine AGN
lie preferentially in poor to moderate clusters, but argélr absent from
rich clusters.
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Figure 9. The radial distribution (in terms of projected radius of dagg

from the group/cluster centre divided by the projectedaliradius of that
group/ cluster) of the AGN fraction in both group (7-15 gadesy and clus-
ter (>15 galaxies) environments. For the inner radial bin of thistelr AGN

fraction, the lower data point represents the value afteecting for obvi-
ous brightest cluster galaxies. AGN are preferentiallynfbin the inner
regions of galaxy groups, but in clusters they are foundlatdli, perhaps
even preferentially at larger radii.

tion was also seen at the lowest surface densities. The aigstte
fraction of radio—loud AGN in the richest environments sigethe
group membership analysis is, however, much more pronaunce
than anything in the galaxy surface densities. This appameon-
sistency arises because these two analyses sample eneirtsnom
very different scales, which are not necessarily highlyralated:
for example, a compact group of 10 galaxies can have a higher
galaxy surface density than even the central regions of fasgif
cluster of 50 galaxies, while galaxies in a single rich @ustcan
span a wide range of local environments from very high gataxy
face densities at the cluster centre to much lower on theiotss
This latter point can be investigated by examining the viaria
of the AGN fraction with position in a group or cluster. Figud
shows that in galaxy groups the AGN are predominantly found i
the central regions, whilst for clusters they are found s&@wide
range of radii. It is already known that brightest clustelagis
often host AGN activity, and after correcting for these AGNIg
correction may be even larger than that indicated on thedjqas
only obvious brightest cluster galaxies were removed)etheay
even be a weak preference for AGN to lie at large radii if aotou
is taken that some of the AGN at small projected radii may be at
larger radii in a 3-dimensional analysis.
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It is interesting to compare the variations of AGN fraction i

Figures 1 and 7: the large—scale environment (group, ¢Juste)

of a galaxy seems to be more important than the small-scale en
vironment (local galaxy surface density) in determiningetbter a
galaxy will undergo AGN activity. This result is in contrastthat

of the star formation properties of galaxies, where cofi@ha are
seen with both scales of environment but the stronger aiioel is

with the local galaxy density.

5 DISCUSSION
5.1 Star forming galaxies

For radio-selected star forming galaxies a strong coioglas seen
between the fraction of galaxies which are undergoing stamé-
tion and the density of the local environment, in the senaedtar
formation is suppressed in higher density environmentss T+
sult is equivalent to that which has been found many times be-
fore in optical studies (e.g. Dressler et al. 1985; Balogtalet
1998; Hashimoto et al. 1998; Carter et al. 2001; Lew02; Magt’
et al. 2002; Gom03; MS03). The fraction of star forming galax
ies is also found to be dependent upon the large—scale anwnat
(group/ cluster etc), in a similar way.

Lew02 found evidence for a density threshold at a projected
galaxy surface density ef 1 galaxy per square Mpc, below which
star formation is essentially independent of environm&uamO03
found a similar critical density threshold, although instbiase the
break is less clear and some residual environmental depeade-
mains at lower galaxy densities. No such threshold is se¢hein
current observations. In part this may be related to thetfedtthe
radio selection only picks out the most rapidly star formiadax-
ies: Hashimoto et al. (1998) suggested that galaxies wih leivels
of star formation were very sensitive to local environmesgreout-
side of clusters, whilst those with lower star formationdiswvere
less sensitive. However, this is unlikely to be the only effance
MSO03 also found that the correlation of star formation aistiwith
environment held across the full galaxy density range df gam-
ple (as was also found in previous studies, e.g. Hashimotd. et
1998). MS03 proposed three possible reasons to explairiftee d
ence between their results and those of Lew02 and GomO3lyFirs
MSO03 restrict their analysis to field galaxies and so canexdmed-
shifts into distances and use a volumetric local densitynege, as
compared with the projected surface densities used by Lewm@2
Gom03. Secondly, MS03 sample a magnitude further down the lu
minosity function than Lew02, and nearly two magnitudestti
than Gom03; their sample will therefore include larger fi@ts of
low luminosity star forming galaxies. Thirdly, the Lew02stdts
are based upon regions around clusters of galaxies, witlowrest
densities corresponding to the cluster outskirts, and miasg give
biased results with respect to a true field sample.

clear whether this technique is really appropriate in thdfienvi-

ronments at large cluster radii; the very wide velocity kimet re-
sult may contain large numbers of unrelated galaxies, asrefbre
introduce significant scatter into the surface density messents
in these rarefied environments, washing out any intrinsiceta-

tion.

The results from the radio—selected star—forming galary-sa
ple support the idea that local environment plays a very itand
role in determining the star formation activity of a galaXhis ef-
fect is still observed at very low galaxy densities, whiclygests
that ubiquitous processes such as gas stripping throughirigr-
actions and galaxy harassment are more important than rasa pr
sure and evaporative stripping of gas by a hot intergalaotidium,
which only function in cluster environments.

It is finally worth noting that the population of radio—setet
dusty star-forming galaxies, found in the central regidhdwusters
by Miller & Owen (2002), is clearly not a dominant contribota
since the distribution of star forming galaxies selectetheir radio
emission (unaffected by dust) is comparable to that of afiyie
selected samples.

5.2 AGN Environments

The fraction of galaxies hosting radio—loud AGN is seen tovsh
little dependence upon the local galaxy surface densitg@xin

the very poorest environments. On the other hand, AGN show a
strong preference to be found in galaxy groups or poor dlsiste
and tend to avoid both isolated environments and rich dlsisténis
latter result spectroscopically confirms the indicatiohprevious
imaging studies of the most powerful nearby radio sources (e
Prestage & Peacock 1988; Hill & Lilly 1991), and is also inelin
with the small—scale spectroscopic survey of Miller et 2002)

The AGN fraction appears to be much more strongly depen-
dent upon the large—scale environment of a galaxy (growstet
etc) than upon the small-scale environment evaluated ghrthe
local projected surface density of galaxies. This resuft ima-
portant consequences for understanding AGN activity. &ddud
AGN do not simply trace the distribution of elliptical galex, and
therefore the presence of a supermassive black hole, glthes-
sential, is not the principle driver of AGN activity. Nor ik gen-
eral availability of cold gas the key factor, since the defssrte of
the AGN fraction on environment is radically different fratmat
of the star forming population. There must be an alternatieeh-
anism which in some way controls the triggering of the AGN ac-
tivity. The environmental dependence of the AGN fractiagoistyly
supports the argument that galaxy interactions or mergessde
this mechanism (e.g. Heckman et al. 1986): due to the lowlecve
ity dispersions of galaxy groups, interactions and esfigaizerg-
ers are far more common in these environments than in the rich
virialised environments of cluster cores. The observatiat the
AGN fraction is highest in the central regions of groups (rehthe

The results presented here provide some insight as to which galaxy density is highest) or the outer regions of clustpeshaps

of these factors is truly responsible. The magnitude linfithe
current sample is equivalent to that of Lew02 and, like battvQ2
and Gom03, a projected surface density is used to estimatedal
environment of the galaxies, yet no evidence for a criticalgity
threshold is found. This suggests that neither of these figots is
responsible. More likely, the density threshold in the L2w@udies
arises as a result of restricting the analysis to only chesteiron-
ments. In particular, these authors select companion igalasing
a cut in velocity of three times the velocity dispersion dof ttus-
ters, as opposed to the fixed velocity width adopted hers.nbt

infalling galaxies, or galaxy groups, more likely to undeiigter-
actions) provides further support for this model.

One fundamental issue is whether radio—loud AGN are rep-
resentative of all AGN, in which case the results derivedhiis t
paper would be applicable to all AGN samples, or whether the
radio selection produces some biased subsample. Untiffutlis
understood what causes an AGN to become radio—loud, thi&s que
tion cannot be definitively answered. However, studies efrttost
powerful radio—loud quasars have found no significant défiees
between either the host galaxies or the environments oétbbs
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jects and those of radio—quiet quasars selected to haveathe s
optical luminosities (e.g. McLure et al. 1999; Nolan et @002,
McLure & Dunlop 2001), except that radio—loud quasars are li
ited to the absolute upper end of the black hole mass function
(Myun > 10° M), whilst the radio quiet quasars extend to slightly
lower values {,, > 5 x 108 Mg; e.g. Dunlop et al. 2003). This
suggests that, at least if analysis is restricted to the paserful
AGN, the radio—loud AGN are likely to be a reasonably unhiase
subsample. At lower optical and radio luminosities theatitin is
less clear.

Given that the AGN fraction seems to depend more strongly
on the large—scale than the local environment of their haksby,
it will be interesting to investigate the dependence updhatger
scale. A visual comparison of the AGN and galaxy group/ elust
distributions suggests that the AGN trace the large—sc¢aletare
of the groups and clusters, whilst avoiding the centresefitthest
clusters; the very patchy redshift coverage of the 2dFGRBeat

torus of dusty material partially surrounding the nuclédarvanek
et al. (2001) recently used galaxy number count analyseldw s
that radio galaxies at ~ 0.3 typically live in richer environments
than radio—loud quasars, and suggested that this mightagmss-
lem for unified schemes. Hardcastle (2003) subsequenthyesho
that this was not the case: if the low excitation radio gas»are
removed from the analysis, then there is no significant diffee
between the environments of strong emission line radioxgesa
and those of the radio loud quasars. The entire differendédn
Harvanek et al. (2001) study was driven by the low excitat@an
dio galaxies, essentially all of which are found to resideninch
richer environments than those of the strong emission utor
galaxies and quasars. This result exactly mirrors thaveeiin this
paper, and suggests that these low excitation radio soareesm-
ply higher radio power examples of the radio sources claskifere
as absorption-line AGN; the correlation between radio pamnel
environmental richness found in this paper naturally a@rglavhy

time that the Sad02 radio sample was constructed makes a quanthese high radio power low excitation radio sources typidale

titative analysis infeasible, however. Qualitativelyisitinteresting

to note there are already 9 radio—loud AGN associated wigh th
largest supercluster structure in the 2dFGRS (at RA 13h, Dec
2°, z ~ 0.084, spanning a physical size of about 100 Mpc east—
west), and the very incomplete redshift coverage for thiestlus-

ter when the Sad02 analysis took place suggests that thiserum
will increase significantly. This is reminiscent of the reteesults

of Brand et al. (2003): these authors used the three—dimmasi
distribution of NVSS radio sources, as determined througheg-
troscopic follow—up programme in dedicated sky regionsgiss
cover at least one, and possibly two, 100 Mpc—scale supetstes
at z ~ 0.3 through radio source overdensities. These results sug-
gest that studies of overdensities of radio sources in dee@gs
may prove to be a powerful tool for discovering high redshift
perclusters. In line with the argument above that radicsHAGN

are not a highly biased sample of AGN, it is not only radio sesr
which could be used for this: optical AGN overdensities mksp a
trace these large structures (e.g. Williger et al. 2002nkkiet al.
2003), and especially the peripheral regions of these Géchting

et al. 2002).

5.3 Absorption versus emission line AGN

One of the most striking results to come out of the 2dFGRS-anal
yses is the difference between the properties of the emissiol
absorption line AGN. Despite having comparable host gapazp-
erties and covering a similar range of radio luminositis, énvi-
ronments of these two AGN classes differ dramatically. \n éen-
sity environments there is a roughly equal split betweeogiti®n
and emission line AGN, but in the densest environments &afign
none of the AGN show strong line emission. This is reminiscén
the result of X-ray studies of nearby clusters, which foumat the
majority of the cluster X—ray AGN were associated with passi
elliptical galaxies (Martini et al. 2002)

The difference between emission and absorption—line AGN
may be related to that between ‘normal, strong emission tae
dio galaxies and the class of ‘weak emission line’ or ‘lowitc
tion’ radio galaxies found within high radio power sampleknge
& Longair 1979; Laing et al. 1994). In recent years it has been
argued that low-excitation radio galaxies do not partakehim
orientation—based unified schemes for radio sources (eugh&
1989), in which their stronger emission line counterparts lze-
lieved to be drawn from the same parent population as ramliol-|
quasars, but oriented such that direct quasar light is obddwy a
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in very rich environments.

A key question is what drives this difference between the
emission and absorption line AGN? Are these fundamentatly d
ferent types of AGN, or does the surrounding environmentiinfl
ence the host galaxy to such an extent that different AGNgot@s
are seen? Although fundamental differences in the AGN ptigse
cannot be ruled out, the similarity of the host galaxies ef tivo
different classes makes this hypothesis difficult to explaihilst
the alternative might be plausible through one or both of difo
ferent mechanisms.

Rawlings & Saunders (1991) showed that for the strong emis-
sion line radio sources, there is a tight correlation bemtde jet
power of the radio source and the emission line luminosiaytiel
& Arnaud (1996) showed that radio sources in clusters haymfsi
icantly more luminous radio emission than would be expefrtad
their far—infrared luminosities, and argued that this wesaise the
confining effect of the dense intracluster medium reducesbatic
expansion losses in the radio lobes and therefore boostadi®
synchrotron emission (see Barthel & Arnaud 1996, and ratae
therein). The combination of these two effects suggeststime of
the high radio power absorption line radio sources, in tmseeen-
vironments, may be intrinsically lower jet—power AGN (witbn-
sequently lower expected emission line luminosities) whosa-
tion in a rich cluster has led to boosting of their radio efioiss
giving rise to their comparatively high radio luminosities

At first sight, this idea of boosted radio luminosities inslu
ter environments appears to be in contrast to indicatioaisttiere
is little difference between the radio luminosity functiomside
and outside of clusters (e.g. Ledlow & Owen 1996, and refazen
therein). However, it is important to realise that the rddiminos-
ity function arises through a complicated combination @ tlis-
tribution of galaxy masses (since more luminous galaxiesrare
likely to host radio sources; e.g. Sadler et al. 1989), tiggering
rate of radio sources, and the ultimate luminosities of ehaslio
sources. A comparable radio luminosity function in clusterthat
in the field may be obtained if fewer radio sources of a given
trinsic power are triggered in clusters (as suggested byethats
of this paper), but each such radio source has higher radie lu
nosity. Clearly this issue of radio luminosity boosting ieonhich
requires more detailed study.

An alternative explanation is that the absorption-lineicgad
galaxies show little line emission, not because their AGM/gro
is low, but because there is little gas in their surroundicesable
of producing line emission. As has already been discusseithéo

n
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analysis of star formation activity, a number of differemhypical
mechanisms act to remove cool gas from galaxies in the tyairfi
clusters, including tidal interactions, galaxy harassimem pres-
sure stripping and evaporative stripping of gas by the hetgalac-
tic medium. Radio galaxies in cluster environments areetioee
likely to be gas poor; there must be some cool gas supplyadlail
in order to fuel the central AGN, but this does not need torekte
over the entire galaxy. If there is little cool gas in the gglait
follows directly that the covering fraction of these gasucle will
be low, and only a tiny proportion of the ionising photons &eai
by the AGN will be intercepted, leading to very low emissiorel
luminosities even for a relatively powerful AGN.

e Where AGN are found in poor or moderate richness clusters
they are almost invariably absorption—line AGN, and hava-re
tively high radio luminosities. This likely reflects the kaof cool
gas typically available for ionisation in cluster enviroamts, and
suggests that the radio luminosity of these sources may these
boosted by their dense surrounding environment.

e The substantial drop in the ratio of emission—line to
absorption-line AGN in dense environments implies thatjeay
least, considerable care must be taken in selecting samipA&sN
from their optical emission—line properties. Potentidhgse sam-
ples could miss a large fraction of cluster AGN, in which case
results from AGN environmental studies based upon opgieall

It seems probable that both of these mechanisms are importan selected AGN samples would be unreliable.

at some level. The firstis able to explain the correlatiomien ra-
dio power and environment, whilst the second can explain egy
sentially all AGN in clusters show little or no line emissidroost-
ing of the radio power alone cannot explain why X-ray souiines
clusters also show a lack of line emission (cf. Martini e28102).
As an aside, it is worth noting that at high redshifts, powerédio
sources (with strong emission lines) are often found torlieliis-
ter environments, indicating that the separation betwéesoration
and emission line AGN in rich environments breaks down at ear
lier cosmic epochs. This is likely to be because of the muelatgr
availability of gas at these earlier epochs, even in youngtel en-
vironments.

Finally, this striking change in the ratio of absorption tois-
sion line AGN in rich environments has important consegasnc
for optically—based studies of AGN environments. In thesel-s
ies AGN are selected on their emission-line properties,sani
this result for radio—loud AGN also holds for radio—quiet KRG
simple examination of the optical spectra will miss essdiytiall
of the AGN in rich environments. Detailed modelling of thelst
lar populations of the galaxies, in order to recover weakssion
lines within deep stellar absorption features, can helpifaantly
here (Kauffmann et al, private communication), recoverivepk
emission line AGN. However, if the emission lines are sigaifitly
weaker or absent due to the lack of gas in cluster galaxies, th
optical selection will miss some or many cluster AGN. Thisab
distort any environmental analyses of optically—seleé&t&N, and
may also introduce significant biases into other studies@iAe-
lected by these means.

6 CONCLUSIONS
The results of this paper can be summarised as follows:

e The proportion of radio—selected star forming galaxies de-
creases strongly with increasing local galaxy surfaceitiemsthe
same manner as found in optical studies of star forming gedax
This correlation extends over the full range of galaxy stefden-
sities, with no evidence for a lower density threshold.

e Radio—loud AGN activity shows little dependence on local
galaxy surface density, except at the very lowest surfaosities
where little AGN activity is found. The larger scale envinoant is
more important in determining AGN activity: AGN are prefere
tially found in moderate groups and poor clusters.

e The AGN activity traces neither the distribution of galaxy
bulges nor the availability of cold gas in galaxies, meartimat
an external influence is required to trigger the activitye Fligher
AGN fraction in environments where conditions are optirdifer
galaxy interactions and mergers indicates that theselaly tio be
an important mechanism.

An investigation of the environments of radio—selected AGN
over a much larger area, such as that which will ultimatelypbs-
sible using the SDSS, will permit these environmental Ve
to be studied to a much greater degree, using a radio sample of
sufficient size for more detailed statistical investigatiof AGN
subsamples. In addition, such studies would enable a détedm-
parison between optically and radio selected AGN samphésjg
the key to understanding the potential biases of each method

It is also important to investigate more powerful AGN than
those studied here: the most powerful radio source in the cur
rent study has a 1.4 GHz radio luminosity bft x 10*WHz ™!,
while the most powerful nearby sources have radio lumiressitf
10%6=2"WHz !, much more comparable to those found at higher
redshifts. Studies of these sources would permit an iryestin
of the cosmic evolution of AGN environments, but such powerf
AGN are very rare in the nearby Universe, and a dedicatedhiftds
survey of their environments will be required to achieve thi
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