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ABSTRACT

To better understand the mechanism or mechanisms thatdes@N activity today, we measure the X-ray
AGN fraction in a new sample of nearby clusters and examimneihwaries with galaxy properties, projected
cluster-centric radius, and cluster velocity dispersidfe present new wide-fiel@handra X-ray Observatory
observations of Abell 85, Abell 754 and the background elugtbell 89B out to their virial radii. Out of
seventeen X-ray sources associated with galaxies in tHasters, we classify seven as X-ray AGN with
Lx g > 10*ergs™. Only two of these would be classified as AGN based on theicalgpectra. We combine
these observations with archival data to create a sample-rafy>XAGN from sixz < 0.08 clusters and find
that 3431% of Mg < —20 galaxies host X-ray AGN withy g > 10*ergs?. We find that more X-ray AGN
are detected in more luminous galaxies and attribute thiarger spheriods in more luminous galaxies and
increased sensitivity to lower Eddington-rate accretiammf black holes in those spheroids. At a given X-ray
luminosity limit, more massive black holes can be accrelrsg efficiently, yet still be detected. If interactions
between galaxies are the principal drivers of AGN activibien the AGN fraction should be higher in lower
velocity dispersion clusters and the outskirts of clusteiswever, the tendency of the most massive and early-
type galaxies to lie in the centers of the richest clustetddtdilute such trends. While we find no variation in
the AGN fraction with projected cluster-centric radius, eefind that the AGN fraction increases significantly
from 2.673,3% in rich clusters to 1@:§3% in those with lower velocity dispersions.

Subject headingsgalaxies: active — galaxies: clusters: general — galadesieral — X-rays: galaxies —
X-rays: galaxies: clusters — X-rays: general

1. INTRODUCTION (~ 35—-45%) contain low-ionization nuclear emission-regions

What is the principal driver of Active Galactic Nuclei (LINERS; Ho etal. 1997), many of which may be ionized by
(AGN) in the nearby Universe? Major mergers between gas- € accretion disk of a low-luminosity AGN (Ho et al. 1993).
rich galaxies are largely accepted as the dominant fueling These élliptical galaxies comprise a higher fraction of the
mechanism (e.g., Barnes & Hernquist 1992) for the luminous 92/2xy populations in the high surface density regionsat th
quasar population. Galaxy harassment, where dynamical in-CENters of clusters (Dressler 1980), and in particular tbetm
stabilities driven by high-speed fly-by interactions eéfittly luminous elliptical galaxiesMr < —22) that are much more
channel gas to the centers of galaxies, has also been invokeg€ntrally concentrated (Thomas & Katgert 2006). Toward the
as a mechanism for fueling AGN (Moore et al. 1996; Lake CUtSKirts of clusters, progressively higher fractions ofp
et al. 1998). In both scenarios, higher AGN fractions are pre Starburst and starforming galaxies are found (e.g., Deessl
dicted for environments where gas-rich galaxies are likely 1980; Fisher et al. 1998). Therefore, a relation between AGN

interact with one another. Although galaxy densities agnhi ~ and early-type galaxies could dilute or even reverse tireige
such interactions are not favored in the centers of rich-clus Predicted by gas-rich mergers or galaxy harassment.

ters, whose galaxies are less (cold) gas-rich than theirteou To gain leverage on these issues, it is critical to improve
parts in the field (e.g., Giovanelli & Haynes 1985) and where ON the range of environments probed by past studies. We are
the large relative velocities betweens galaxies inhibitsa ~ cOntinuing a program that measures the AGN fraction with
mergers. Higher fractions of AGN are expected for lower ve- €NVironment, probing cluster environments for these ir
locity dispersion structures. The AGN fraction at the oitsk ~ Signatures of AGN fueling mechanisms. To identify the AGN
of clusters should also be larger as a higher fraction of gas-We Use X-ray observations. Galaxy studies in the nearby Uni-
rich galaxies are found toward the outskirts of clusters and Verse (€.9., Grimm et al. 2003; Kim & Fabbiano 2004; Sun
infalling structures with lower velocity dispersions magtn €t @l- 2007) indicate that contributions from the other ptied

yet have virialized. Some of this picture has been supportedSOUrces of luminous X-ray emission besides an AGN, namely
by numerous studies of clusters that identified AGN by their XTay binaries and the hot |nter§tella[1med|um (ISM), only
optical spectra observed a substantial decrease in thegrumb €XC€€d X-ray luminosities of 10*ergs? for the most mas-

of cluster AGN relative to the field (Gisler 1978). Specifigal  SIV€ Or massively star-forming galaxies. Thus, AGN can be

Dressler et al. (1985) measured a decrease from 5% to 1% ifdentified down to relatively low X-ray luminosities by con-
AGN residing in bright galaxies. sidering galactic parameters such as their optical lunityos

On the other hand, a large fraction of elliptical galaxies @nd star formation rate. In addition, X-ray observations ca
identify AGN that lack obvious spectral signatures in visi-

1 Department of Astronomy, The Ohio State University, 4055R¥er- ble wavelength spectra. Such signatures could potentally
son Laboratory 140 W. 18th Avenue, Columbus, OH 43210-1178A; absent due to selection effects (e.g., optical dilutionowf-|
sivakoff@astronomy.ohio-state.edu _ luminosity AGN, Martini et al. 2002; Moran et al. 2002),
N0 ward Gbservatory, aniversity of Arizona, 933 N ChemeARM.  opscuration (e.g., Matt 2002), or different accretion mode

ucson, - , N . . . .
3 Camegie Observatories, 813 Santa Barbara St., Pasadér@l101- (e.g., radiatively inefficient accretion flows that do nobfr

1292, USA duce emission lines, Yuan & Narayan 2004).
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In the most detailed study of X-ray AGN in clusters to

date, Martini et al. (2006, hereafter M06) studied eight-low chand aACISTﬁ*%'-El oNLoGs
redshift (006 < z < 0.31) galaxy clusters and found that andr "I OBSERVATION
~ 5% of brllght Q\_/IlR < =20) cluster galaxies contain AGN with Field OBSID Date T Ly tim
Lx g > 10*ergs?, whereLy g is the broad (B-8keV) band (ks) (10¥ergs?)
X-ray luminosity. Most of these X-ray identified AGN lacked 1) 2 (3) 4 (5)
obvious AGN spectral S|gnatures2 in V|_sl|ble wavelength spec Abell 85-C 0904 2000-08-19 38.4 o
tra. In this sample, thex g > 10*2ergs? X-ray AGN were Abell 85-SE 4881 2004-09-03 9.8 &
centrally concentrated (Martini et al. 2007, hereafter MO7 Abell 85-S 4882 2004-09-03 9.6 )
When fainter X-ray AGN withLx g > 10*'ergs? were in- ADell8SSW 4883 200400 96 2
cluded, no central concentration was found, although they  xjq85-w 4885 2004-09-03 9.6 2
had limited sensitivity to radial variations in their moristnt Abell 85-NE 4886 2004-09-03 9.6 iyl
clusters. While the increase in AGN fraction of bright X-ray Abell 85-N 4887 2004-09-04 10.1 e
AGN is more consistent with the increased concentration of ~ Abell85-NW 4888 = 2004-09-04 ~ 9.6 A

X L ; X : Abell 754-C 0507 1999-10-30 29.8 a
bright elliptical galaxies outlined above as opposed taljore Abell 754-SE 6793 2006-01-18 9.9 P
tions from galaxy interactions, it is somewhat surprisihgtt Abell 754-S 6794 2006-01-27 9.9 6
the lower luminosity AGN are not also centrally concentdate Abell 754-SW 6795 2006-01-28 9.6 A
under such a model. Abell 754-E 6796 2006-01-18 9.6 iyl

) . : Abell 754-W 6797 2006-01-25 10.0 5

While X-ray AGN fractions in nearby clusters have been Abell 754-NE 6798 2006-01-28 10.0 6
previously measured, past observations have concentated Abell 754-N 6799 2006-01-28 9.6 !
the cores of clusters. In Martini et al. (2007, hereafter )07 Abell 754-NW___ 6800 _2006-02-15 10.2 9
90% of the galaxies were within.Brao, Whererygg is the o '\IldOtTE- —tdChéf)Kg%ACIS-t! Ot;SDegftlog L(;Jgt- C(gl)U(r)nbns are: 1)

H H R H H He leld targeted, servation andradata, servation

phy3|cal radius within V.VhICh the mean denSIty of a viriatize date; (4)gUsabIe exposure; (5) Estimate of tt®&-80keV luminos-
cluster exceeds the critical density at that redshift bya fa ity limit of the observation for @ = 0.055 galaxy.

tor of 200. The outskirts of clusters, and their differentien

ronment, are relatively unexplored. This highlights th&uea _ _

for X-ray observations that can identify X-ray AGN beyond Outthis paper we assume thatthe cosmological parameeers ar
the cores of clusters. Nearby clusters allow the most sen-(Qwm,24,h) = (0.3,0.7,0.7), whereHy = 100hkms™*Mpc ™.
sitive measurements at both visible and X-ray wavelengths.All absolute magnitudes and luminosities are presented in
But such observations must be made over wide fields-of-viewtheir rest-frame.

(FOVs) to cover the entire cluster. With its superb spagalr

olution, theChandra X-ray Observatorig ideal for detecting 2. CHANDRAOBSERVATIONS

a central AGN; however, its widest FOV (using the ACIS-I 2 1. Data Reduction

. A , ;
detectors) is only~ 17 x 17'. For nearby clusters, this does For both Abell 85 (Figure 1) and Abell 754 (Figure 2), our

not provide adequate coverage outig. A / .
To attain the best measurements on the radial distribufion o Wide-fieldChandraACIS-I observations consist of & 40ks
central archival field flanked by eight new,10ks fields. We

AGN for comparison to the opposing predictions, we under- | ; ;

took wide-fieldChandraobservations of twa ~ 0.06 clus- ISt these observations in Table 1. : :
ters, Abell 85 and Abell 754. In X-rays, both Abell 85 (Kemp-  WWe reduced all data as uniformly as possible usingo

ner et al. 2002; Durret et al. 2005) and Abell 754 (e.g., Marke 3-4 With CALDB 3.3.0.1 and NASAgTOOLS 6.C°. Since
vitch et al. 2003) show evidence of recent mergers of multi- (Nese observations represent a combination of archival and
ple components; both clusters show evidence of cold fronts"€W observations spanning over 6 years, there were minor
in their intracluster medium (ICM). In particular, Abell 23 differences in their reduction. For Observations 0577,4)94
often used as a prototype of a major cluster - cluster merger2nd 4881-4888, the frame times wer@$, while for Obser-
with the peak of its X-ray emission well offset from the major Vations 6793-6800, the frame times wer@ 8 Both Obser-
galaxy clumps identified by optical data (Zabludoff & Zarit- vation 0577 and 0944 were telemetered and cleaned in Faint

sky 1995), while there is no such offset in Abell 85, where _mode. The new observations were telemetered and cleaned

; : Very-Faint mode, which leads to a reduced background.
smaller structures appear to be falling on to the major compo ' VETY~F ' ; ar
nent of Abell 85 (Durret et al. 1998). Both clusters already OPServation 0577 was operated-dl0" C, while the remain-

have detailed optical spectroscopy (Christlein & Zablfidof N9 observations were operated-dt20°C. Thus for Obser-

2003, hereafter CZ03) that established cluster membership\";jmﬁn 0577, no ﬁorrehctions weref madeﬁfoy time degenr?ence
and measured other spectral properties. We present the anaf’ the gain or the charge-transter inefficiency and photon

ysis of these observations in § 2. We add these clusters anqnergies were determined using the gain file acisD1999-09-
Abell 89B, an additional cluster in the Abell 85 FOV, to three +692iNN000S.fits. The other observations were all cortecte

clusters from the MOG study to form a samplezgf 0.08 clus-  [©F the time dependence of the gain and the charge-transfer
tersin § 3. In § 4, we detail the identification of sources as Inefficiency with their photon energies determined using th
X-ray AGN and spectroscopically identified AGN, and com- 9&in file acisD2000-01-29gain_ctiNO006.fits. For Observa-
pare their properties (photometric and radial distriba}ito tion 0577 and 0944, we recreated bad pixel files using the

the underlying cluster population. We present the depereien newest tools to detect hot pixels and cosmic ray afterglows.

of AGN fraction on velocity dispersion and redshiftin § 5. Fi  For all observations, we only consider events with ASCA
nally, we discuss our conclusions in § 6. All errors preseénte 9rades of 0, 2, 3, 4, and 6 detected by ACIS-I. Known as-

indicate the double-sidedrIconfidence interval Throth' sided 90% confidence intervals, which are slightly large®@yM07).

) . 2 See http://asc.harvard.edu/ciaol.
1 We note that previous error bars on the AGN fraction preskaiegle- 3 See http://heasarc.gsfc.nasa.gov/docs/softwarefiftéas
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FiG. 1.— Adaptively smoothe@handramosaic of Abell 85 with individualChandraFOVs indicated. An arcsinh scaling has been applied to lirtdooth
point sources and intracluster gas. Inner and outer cieslesised to display the 1 Mpc radius angh, respectively, for both the Abell 85 (center) and Abell 89B
(east). Diamonds indicate galaxies detected as X-ray AGNewgquares indicated X-ray detected galaxies that areaortidered X-ray AGN.

pect offsets were applied for each observation. All observa sociated with the clusters. On these figures we also display
tions were corrected for quantum efficiency degradation andthe radii corresponding to 1 Mpc amgho. Abell 85 has nearly
had exposure maps determined & KkeV. We excluded bad complete coverage to 1 Mpc and partial coverage out to just
pixels, bad columns, and columns adjacent to bad columns obeyondr,g. Although the coverage for Abell 754 is similar,
chip node boundaries. there are more holes due to the unmatched roll angles of the
Since we use local backgrounds and small extraction re-observations. The Abell 85 fields also provide coverage for
gions to analyze point sources, this analysis is not vergisen two other nearby large-scale structures, Abell 89B and Abel
tive to the periods of high background (“background flares”) 89C (Durret et al. 1998). We include Abell 89B in this analy-
thatChandramay encounter. To avoid periods with extreme sis, the less distant and richer of the two structures.@han-
flaring, we excluded times where the blank-sky rate was moredra data covers most of Abell 89B to itgyo radius (Figure 3).
than three times the expected blank-sky rate derived frdm ca Abell 89C is not included as our sampleMk < —20 galaxies
ibrated blank-sky backgrounds. We only removedl4 ks is incomplete at its redshifiz(~ 0.096) and we were unable
from Observation 0507. Final flare-filtered live exposure to self-consistently identify group members using the inéftls

times for the five observations are listed in Table 1. and positions of candidate members (See § 3).
In Figures 1 and 2, we display the adaptively smoothed,
exposure-correctedhandraX-ray image of both fields using 2.2. Source Detection and Analysis

aminimum signal-to-noise ratio (S/N) per smoothingbeam of - 4 each observation, we applied the wavelet detection al-
3. The FOVs of the individual observations are overlaid.FBot gorithm (CIAO WAVDETECT program) with scales ranging

clusters have ICM in the central archival field; howeveryonl
a little diffuse gas extends into the flanking fields. Thewre ar
point sources seen in these images; however, most are una

from 1 to 64 pixels in steps of/2 factors, requiring a source
detection threshold of 16 to identify discrete X-ray sources
hat are potential X-ray AGN in these clusters. Source detec
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FiG. 2.— Adaptively smoothe@handramosaic of Abell 754. Overlays follow the same convention&igsre 1.

tion was not performed in regions with an exposure of less dius, we expecf< 0.08 and< 0.09 false associations in the
than 10% of the total for the observation. The numbers of to- Abell 85 and Abell 754 FOVs, respectively, due to statidtica
tal detected X-ray sources are 350 and 365 in Abell 85 andfluctuations above our source detection threshold. By tepla
Abell 754, respectively, with only a few sources multiply-de ing the source detection threshold with the average number
tected where the FOVs overlap. Our source detection thresh-of real X-ray sources per pixel, we can calculate the num-
old corresponds tg; 4 falsely detected X-ray sources (due to ber of false associations due to random overlap. We estimate
a statistical fluctuation) for each observation. < 0.7 and< 0.9 false associations in the Abell 85 and Abell
There are two potential ways an X-ray source could be in- 754 FOVs, respectively, from randomly overlapping sources
correctly associated with an optical source: First, an@sso Since X-ray AGN must be at the galaxy centers of cluster
ated X-ray detection could be a false detection. Second, thenembers, we apply a stricter requiremeat?” offset from
positions from an X-ray detected source and an optical coun-the 2MASS galaxy position) in § 4 to classify a source as an
terpart could randomly overlap. The magnitude of both ef- X-ray AGN. Thus, we estimate the expected number of opti-
fects depends on the number of optical sources and the matcheal galaxies falsely identified as X-ray AGN3$0.2 per clus-
ing radius used to associate X-ray and optical sources.eTher ter FOV. In addition, this expected number drops by a factor
are 172, 21, and 270 optical members of Abell 85, Abell 89B, of two if we only consider galaxies withlr < —20.
and Abell 754, respectively, from CZ03 in tidandraFOVs, We used the coordinate list generatedviywDETECT and
and 50, 4, and 10 additional members from other sources. Wethe positions of optical galaxies from CZ03 to identify X¢ra
first considered a very generou$ tatching radius for iden-  detections within % of optical counterparts. Due to the sen-
tifying potential X-ray emitting galaxies. This radius &rdge sitivity of the flanking field observations, we only consieér
due to a~ 3” uncertainty in the position of optical sources detections and optical galaxies in regions where the local e
from fiber positioning (CZ03) and potential poor localizati posure was at least half of the maximum exposure; this elim-
of the X-ray position due to low-count X-ray data. At thisra- inates the edges of the ACIS-I chips and the gaps between
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TABLE 2
X-RAY PROPERTIES OFABELL 85, ABELL 89B, & ABELL 754 GALAXIES
ID CXOU XID CZ2003 ID 2MASX ID Offset Net Counts Lx B
1) 2 (3) (4) (%) (6) (7)
A85-1  J004130.2091546 85A 993[6] J00413032915459 10 (0//3) 16033;;% 4.2¢ §j2{
A85-2  J004142.9092621 85A 993[13] J00414362926219 ('8 (0'4) 210t L 05t {
A85-3  J004146.7092313 85A 993[12] J00414680923129 ('8 (0//3) 767 g3 0.2¢ 81
A85-4  J004244.7093312 85A 993[86] J00424470933162 34 (1//1) 5.8° gzg 0.67 8}*
A85-5  J004311.5093816 85A 993[47] J0043116@938163 (/5 (0/'4) 300" ég 5.2¢ %g
A89B-1 J004242.6091731 85A 993[80] J00424198917312 17 (12) 7.0t 7 155 &
A89B-2 J004254.8091349 85A 993[81] J00425466913493 23 (1”4) 130° ig 3.2t 9;9
A89B-3 J004300.6091346 85A 993[57] J00430063913463 (/9 (0/'6) 640" 33 14.3* 3;8
A89B-4 J004302.7092151 85A 993[59] J00430270921513  0'5 (1//3) 3.0t 3;5 0.67 35;8
A89B-5 J004314.6092144 85A 993[60] J00431448921453 16 (0/'6) 8.6} %é 1.8 %g
A754-1 J090802:4095937 754A 494[25]  J09080240959378 O/5 (0/'1) 169703}%rge 389.7j§§§08a
A754-2 J090852.2093149 754A_494[100] J090852a%31507 19 (0//9) 388" & 1.2+ 03
A754-3  J090919:2094159 754A 494[9] J09091928941591 02 (0/'4) 135F gzg 0.4F 83
A754-4  J090926:3092247 754A _494[93]  J09092633922471 06 (0/'3) 404* 78 4.0 87
A754-5 J090939.6094321 754A_494[106] J0909394m043233 J0 (11) 212* 78 0.67 85
A754-6  J090956:8095409 754A 393[55]  J09095683954093 /8 (0/'4) 324F gzg 3.5¢ 83
A754-7 J091017:3093707 754A _494[76]  J09101737937068 12 (0/'4) 146° §§ 1.4* §§

NoOTE. — X-ray Measurements. Columns are: (1) ID used in this pa@@rX-ray object ID; (3) ID from CZ03; (4)
2MASS Extended Source Catalog ID of counterpart; (5) Otiettveen X-ray and near-IR position with the an estimate
of the I statistical uncertainty of the X-ray position in the paterges; (6) Net X-ray counts detected in observed frame
0.3-80keV band with exact Gehrel's errors Gehrels (1986); (7)a}-tuminosity in rest frame .8—-80keV band in
units of 1dergs™. The X-ray luminosity was calculated assumin@ & 1.7 power-law with corrections for Galactic
absorption and the enclosed fraction of the PSF used tocgxira counts.
aX-ray analysis affected by pileup. The luminosity correntfactor of~ 2.4 is uncertain to~ 60%.

FIG. 3.— Second Palomar Observatory Sky Survey (Red) imageiezht
on the BCG of Abell 89B. Overlays follow the same conventiasg-igure 1,
with small circles indicatindir < —20 cluster members in tféhandraFOV.

Extended Source Catalog (Skrutskie et al. 2006), and recal-
culated the offset between the X-ray detection and the galax
center. Using Kim et al. (2007), we have estimated the X-
ray positional uncertainty @) due towAvDETECT. Our first
criteria for an X-ray AGN is that the offset between the X-
ray detection and the galaxy is less thdh 2onsistent with
that used in M06. Since all three detections that fail this cr
terion have~ 1" positional uncertainty, they are still likely
associated with the identified galaxies. We have excluded a
detection consistent with the brightest cluster galaxy @&C

of Abell 85, as this detection also corresponds to the peak in
the X-ray flux from ICM. We also note that a detection corre-
sponding to an Abell 85 member that is likely an X-ray AGN
with Lx g ~ 1.2 x 10*'ergs? (2MASX J00415019-0925469)
was excluded since it fell in a chip gap of Observation 0904
and the photometry is therefore highly uncertain.

For all detections in Table 2, we used ACIS Extract 3.131to
create source extraction regions enclosing 90% of the flux in
the X-ray PSF and to determine a masking radius that encir-
cled 97% of the flux. For most of the sources, whose photons
had median energies of 0.6-26 keV, we determined the re-
gions assuming the PSF a#497keV. Since the events for
A754-6 had a median energy of4.7 keV, we used the PSF
determined at $1keV. For each source, we created back-

them. To determine cluster membership, we adopted the ve-ground regions just beyond the masking radius with an area

locity range in Christlein & Zabludoff (2003) for Abell 85 dn

five times that of the source extraction region. Column (6) of

Abell 754. For Abell 89B, we determined its cluster proper- Table 2 indicates the net counts for each source in tBe 0
ties ourselves (see & 3). We found no additional matches wher8.0keV band, with proper Poisson errors (Gehrels 1986). To
we added additional cluster members from the NASA/IPAC estimate the rest-frame®-80keV X-ray luminosity, column
Extragalactic Database (NED). In Table 2, we list the 17 de- (7), we folded a power-law spectrum with= 1.7 absorbed by
tections that correspond to a galaxy in Abell 85, Abell 89B, o the Galactic column (3 x 10?%n? for Abell 85 and Abell
Abell 754. These galaxies are also indicated in Figures 1 and89B; 44 x 10?%n? for Abell 754) through the spectral re-

2. We label the sources in RA order by cluster and list their sponse at the location of each source. We set the model nor-
X-ray position and optical counterpart from CZ03. For each malization usingxsPEC to match the observed net counts,
optical counterpart, we adopted the 2MASS position in the corrected for the mean redshift of the cluster and the eedlos
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TABLE 3
CLUSTERPROPERTIES

Cluster ac dc z 2,2 o roopo Reference
@ @) 3 4 ®) (6) M ®
Abell 85 00:41:50.4 —-09:18:11 0.0554 0.0448,0.0658 993 ( 85) 2.4 1
Abell 89B  00:42:54.6 -09:13:50 0.077 0.0692,0.0850 474 (155) 1.1 2
Abell 3125 03:25:17.9 -53:29:37 0.0616 0.0530,0.0700 475( 94) 1.1 3
Abell 3128 03:30:43.8 -52:31:30 0.0595 0.0435,0.0755 906 ( 74) 2.1 3
Abell 754  09:09:18.0 -09:41:17 0.0546 0.0446,0.0632 953 ( 64) 2.3 1
Abell 644  08:17:25.6 -07:30:45 0.0701 0.0531,0.0871 952(382) 2.2 3

REFERENCES— (1) CZ03; (2) this paper; (3) M07;
NoTE. — Sample ofz < 0.08 clusters with X-ray identified AGN. Columns are: (1) Cerstame;
(2 and 3) RA and DEC of the cluster center for epoch J2000; édisRift; (5) Redshift range of cluster

members; (6) Velocity dispersion and uncertainty (90%);rgéo in Mpc; (8) Reference for velocity
information.

fraction of the flux in the source extraction region. Abell 85 and Abell 754, we adopted the peak of the ICM as
We note that A754-1 is bright enough that it suffers from the cluster position. The BCG of Abell 85 is coincident with
events lost to pileup. Atv 0.55 counts per frame, pileup this peak. In Abell 754, the third brightest galaxy Rrband),
can be relatively minor and require only a small correction A754-3, is embedded in the ICM 46" away from this posi-
or pileup can be more severe and require a larger correc-tion. This galaxy is located near one of the concentratidns o
tion. Since there is no readout-streak and the source isshap Abell 754 member galaxies.
like the PSF, the branch with less pileup is more likely cor- We list the mean cluster redshift, redshift range of clus-
rect. Therefore, the luminosity in Table 2 has been cor- ter members, and velocity dispersion, with 90% confidence
rected assuming that our spectral model has been affectedimit, in columns (4)—(6). We adopted the values of CZ03
by pileup with a typical grade-migration parameters= 0.5 for Abell 85 and Abell 754; however, we increased their
(Davis 2001). We estimate that the correction factordt.4 1o uncertainties in velocity dispersion by a factor of 1.6 to
is accurate to a factor of 60%. If the source is more ex- match our confidence limits. For Abell 89B, the Christlein &
tremely effected by pileup, this will only increase its X¢yra  Zabludoff (2003) data suggested that its members were in the
luminosity. 0.06 < z< 0.09 range. We calculated membership via the bi-
By combining the luminosities and counts from Table 2 weight estimator for center and scale, following M07, addin
with our exposure maps, we estimated the limiting X-ray lu- additional nearby galaxies with velocity data in the NED to
minosity for each observation. This is listed in Table 1 as- the CZ03 sample. We iteratively determined 29 galaxies were
suming a redshift o= 0.055 near that of Abell 85 and Abell  within 50 of the cluster mean velocity and tihgyo, assuming
754. For the more distant Abell 89B, the limiting luminosity the BCG was the center of the cluster. Of the 29 galaxies,
is a factor of two higher. For consistency with M06, we have our FOV overlapped with 25. We used the jackknife of the
calculated this number corresponding to five counts on-axis biweight estimator to determine the 90% confidence limit for
However, we caution that this limit is optimistic over an en- the velocity dispersion. The symmetric confidence limit.(eq
tire ACIS-1 FOV for two reasons. First, atdkeV the spatial 22 of Beers et al. 1990) was chosen for consistency with MO6;
structure to the quantum efficiency degradation leads to 15%MO07.
lower exposure at approximately’16ff-axis in the latest ob- To characterize the extent of the clusters and best com-
servations. More importantly, the larger off-axis PSF nsake pare the spatial distributions of cluster AGN, we deterrdine
detection of weak sources more difficult. Kim & Fabbiano ther,go of each cluster following equation Al of Treu et al.
(2003) show that at’5and 10 off-axis, 70% completeness (2003). These are listed in column (7).
can be expected for 7 and 11 counts sources respectively. We
estimate that completeness limits over the entire ACISVFO 4 GALAXY PROPERTIES OF X-RAY SOURCES
are about a factor of four higher than reported in Table 1 of

MO06 and Table 2 of this work. This means that the AGN frac- 4.1. X-ray AGN Identification

tion above 16'ergs® may be underestimated; however, we  Near the luminosity limits of these observations, there are
estimate that this is a smaller effect than the current eluer three potentia| sources of X-ray emission: X-ray binarfex,

to the small numbers of AGN. ISM, and a central AGN (e.g., Sivakoff et al. 2003, 2004).
< X-ray binaries with low-mass companions (LMXBs) are sen-
3. 25 0.08 CLUSTER SAMPLE sitive to the total stellar mass of a galaxy, while X-ray biaa

We required a sample large enough to statistically testwith high-mass companions (HMXBs) are sensitive to recent
which galaxy and cluster properties lead to X-ray AGN ac- star formation (Grimm et al. 2003; Kim & Fabbiano 2004).
tivity. This is especially important as not all detecteda¢r  From a sample of fourteen nearby galaxies, Kim & Fabbiano
sources will be X-ray AGN. To supplement the sample of 17 (2004) derived a (linear) relation between the total X-ray |
potential X-ray AGN in Abell 85, Abell 89B, and Abell 754, minosity of LMXBs within the galaxy and thB-band orKs-
we have also included three otteeg 0.08 clusters with X-ray ~ band luminosity. We prefer the latter relation lisband is
identified AGN, Abell 644, Abell 3125, and Abell 3128 (M06; a better tracer of stellar mass, and the relation has a smalle
MO07). We list the cluster properties in Table 3, adopting the dispersion;

MO7 values for the latter three clusters.
In columns (2) and (3) , we list the cluster positions. For Lxg = (2.040.8) x 10?%ergs®/Lk k200, (1)
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where Lk k200 is the Ks-band luminosity within theKs =

20magarcsédsophote, assuminifle k, = 3.33. We caution OPTICAL/NEAR-lTéO\I\B/ll,;EI\LllITUDES OEX-RAY
that most of these galaxies in this archival sample were orig GALAXIES
inally targeted due to their X-ray properties. These galax-
ies are roughly divided into X-ray bright galaxies, galaxie ID mR MR Mgok2o Ref.
with significantly higher X-ray to optical flux ratios thatear (1) @ ©) @ 0O
QOminated by the diffuse gas, and X-ray faint galaxies!>gala A85-12 14.32 -2281 -2514 1
ies with lower X-ray to optical flux ratios that are dominated AB5-2 14.43 -2270 -2543 1
by the X-ray binaries. The X-ray bright galaxies should be ﬁggf‘ ﬁg? :g%% :gjgg i
relatively free from a bias on the total LMXB X-ray lumi- A85-52 1503 -2022 -2475 1
nosities in yhese systems. As stgdylng LMXBs was ofter) the A89B-1  14.18 -2308 -2581 1
primary science driver for targeting the X-ray faint gakes| AB9B-2 1503 -2371 -2637 1
these galaxies were often selected based on their X-ray lumi BB E ear 2288 sl
nosities or X-ray to optical flux ratios. Due to such selettio ASOB-5 1409 -2203 -2519 1
criteria, X-ray faint galaxies whose X-ray luminositieg &o- A754- 1440 -2279 -2569 1
wards the lower-end of the intrinsic relation between X-ray A754-2 1460 -2254 -2530 1
luminosity from LMXBs and stellar mass are less likely to be ﬁggiz 11:"35 :gggg :gggg i
targeted by observers. Thus, the above relation may owerest A754-5 1428 -2287 -2560 1
mate the intrinsic relation. To estimate the X-ray luminpsi A754-¢¢  15.84 -2133 -2410 1
from HMXBs, the star-formation rate (SFR) is needed. As- ﬁ;iggla 11§>7§’7i"> —gi-ég —gg-gg %
suming al’ = 1.7 X-ray spectrum, we can convert the relation A31252  14.93 —9239 2562 5
found in Grimm et al. (2003) to bx g, such that A3125-3 1524 -2208 -2543 2
SFR A3125-4 1516 -2217 —2542 2
- 0 -1 A3125-3 1597 -2136 -24.54 2
Lxg=10x10' Moyri 9% (2) A3125-6 14.97 -2236 -2418 3
_ . o A3128-1 1524 -2201 2
Since the ISM is thought to have a stellar origin, a rough A3128-2 17.17 -2008 2
correspondence with stellar mass is expected; however, at a A3128-3 1621 -2104 -2416 4
iven stellar mass there is a wide-range of ISM luminosities AS128-F 1481 2243 2609 2
g | ( g i A3128-5 1565 -2160 —24.62 5
and the relation to stellar mass is known to be non-linear. We A3128-6 16.82 -2043 -2322 2
adopt the Sun et al. (2007) relation A3128-7  15.01 -2223 -2577 2
A3128-8 1528 -2197 -26.02 2
_ Lkt A3128-¢ 16.41 -2083 -2376 2
logLx s=39.40+(1.63+0.13)log( —7— ], (3) A3128-10 14.60 -2265 -26.33 2
10t AB44-2  16.63 -2194 —2480 2
AB44-2 1590 -2123 -24.22 2

where the soft (3—-20keV) band X-ray luminositylx s is
calculated assuming an ISM spectral model &rgy o iS
the total K-band luminosity. This relation is derived in-
cluding the effects of upper limits for non-detections oé th

ISM. For the galaxies in our cluster sample, we have esti-

mated thatk_w ~ 1.23Lk_ k20 and that the_x g foral' = 1.7
power-law is~ 1.9 times thel.x s for kT = 0.7keV gas with
0.8 solar abundance when requiring that the observad 0

8.0keV count-rates match. Note that applying just a luminos-

ity cut of Ly g = 10*ergs? to identify AGN can be contami-
nated by galaxies without AGN if eithék_ - > 2.5 x 10 or
SFR> 10Mg yr L.

In Table 4, we list the optical/near-IR magnitudes for galax
ies in our sample of clusters. In column (2), we list the ob-

REFERENCES — (1) CZ03; (2) M06; (3) Lauberts
& Valentijn 1989; (4) Caldwell & Rose 1997; (5) Katgert
etal. 1998

NOTE. — Optical/Near-IR Measurements of X-ray
Identified Galaxies in Six < 0.08 Clusters. Columns
are: (1) ID from this paper or M06; (2) Observ&band
magnitude; (3) Extinction corrected rest-frame absdRite
band magnitude; (4) Extinction corrected rest-frame ab-
soluteKs-band magnitude within this = 20 mag arcséc
isophote; (5) Reference fé&t-band magnitude
a Galaxy selected as X-ray AGN.

isophote (Skrutskie et al. 2006). The correction for barsdpa
shifting and stellar evolution to thi€-band magnitudes are
larger (0.24-0.32) than those applied to Réand magni-

servedR-band magnitude. We list the references for these tudes. While we do not have robustly measured SFR for these

magnitudes in column (5). The absoliReband magnitude,
including extinction correction®g = 2.64E(B-V); Schlegel
et al. 1998), are listed in column (3), assuming a distance co

galaxies, we place rough limits on the SFR in § 4.3.
In Figure 4, we plot the X-ray luminosity versus tkg-
band luminosity for galaxies in our cluster sample. Themsrro

responding to the mean redshift of each cluster. As in Mar- for the X-ray luminosity are calculated from the errors ie th

tini et al. (2006), we applied corrections for bandpasstshif

count-rates alone, except for A754-1 whose errors ariga fro

ing and stellar evolution based on a simple stellar popula- uncertainty in the pileup correction. To estimate the r&ar-

tion model with solar metallicity and formation redshift of
z= 3 (Bruzual & Charlot 2003). At these redshifts the cor-
rections to theR-band magnitudes are small (0.06-0.08). All
X-ray sources are in galaxies witflir < —20. For compar-
ison, we note that the knee of local galaxy luminosity func-
tions occurs aMj =-21.15 (CZ03). In column (4), we list
the absoluteKs-band magnitude with extinction corrections
(Ak, = 0.28 E(B-V); Majewski et al. 2003), where we have
used the 2MASS magnitude within th& = 20 magarcséc

luminosity for the two galaxies that were not in the 2MASS
Extended Source Catalog, we used the relation between the
standard aperturs magnitude in the Point Source Catalog
and theKs-band isophotal magnitude for the other galaxies.
These two galaxies are indicated with their lardashecerror

bars. Galaxies with X-ray luminosities newly measured by
this paper are indicated with filled symbols in Figure 4. We
overlay the ¥ ranges of the Kim & Fabbiano (2004) and Sun
et al. (2007) relations after correcting the latter to isotath
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FiG. 4.— Broad band X-ray luminosity,x g, versus the near-IR luminos-

ity enclosed in thé&Ks = 20 mag arcse?cisophote,LKsiKzo, for X-ray detected
galaxies in the cluster sample from Table 3. Therdnge of X-ray emission

TABLE 5
OPTICAL SPECTRALPROPERTIES OFX-RAY GALAXIES
ID EWI[OII EW O II] EW Hg
(1) (2 (3) 4
A85-1 3788+231 8488+3.20 461+5.04
A85-2 -0.214+0.69 0154+0.32 -041+0.18
A85-3 153+1.11 002+0.51 -0.294+0.31
A85-4 406+ 253 0214+0.25 -0.08+0.28
A85-5 1084+1.04 -0.36+048 -0.34+0.27
A89B-1 -0.49+0.59 0144+0.51 -0.034+0.22
A89B-2 3304190 -0.29+0.28 0004 0.25
A89B-3 12941.03 -0.15+024 -0.59+0.19
A89B-4 4294+1.79 140+0.66 -0.09+0.26
A89B-5 2199+245 2547+165 -0.11+0.63
A754-1 341+206 -0.18+0.30 -0.25+0.26
A754-2 424+238 -0.23+0.30 -0.344+0.22
A754-3 -0.30+0.64 -0.10+0.16 -0.39+0.13
A754-4 1514+1.20 0364+0.46 -0.22+0.19
A754-5 -0.42+0.60 0284+0.32 -0.10+0.15
A754-6 1036+1.42 1105+1.37 020+ 0.55

expected from LMXBsdottedline, Kim & Fabbiano 2004) and diffuse gas
(dash-dottedine, Sun et al. 2007) are displayed. Galaxies that Have

brighter than 1&'ergs® and more than & away from the sum of the upper
limits for LMXBs and diffuse gasdolid line are considered X-ray AGN and
are marked by stars. Filled and open symbols indicate gaddrbm this pa-
per and Martini et al. (2006), respectively. Two of the gaaxrom M06 had
no 2MASS Extended Source Catalog counterpart and haveastiingg  ,,

and larger errorsthick dottedbars). The most luminous X-ray source, A754-
1, has been corrected for pileup, which is uncertain-t60%.

optical luminosities andlx g assuming d" = 1.7 power-law.
Thesolidline indicates the sum of the upper limits from both
relations.

We classify a galaxy as an X-ray AGN if the following con-
ditions are metLy g > 10*'ergs?, Lx g more than & higher
than the sum of thed upper limits to the Kim & Fabbiano

NoTE. — Optical Spectral Properties of X-ray Identified
Galaxies in Abell 85, Abell 89B, and Abell 754. Columns
are: (1) ID from this paper; (2) Equivalent width of [ID]
emission; (3) Equivalent width of [®lI] emission; (4)
Equivalent width of B emission without correction for ab-
sorption. Abell 754-7 is not included due to its spectrum
having low signal-to-noise.

sion, some AGNSs have ultrasoft spectra, that corresponds to
steep power-law photon indiceB,> 3 (Puchnarewicz et al.
1992). This highlights the need for deep enough obsention
where spectral modeling can be done to detect the iron L-
shell hump characteristic of diffuse gas (e.g., Sun et &720
Since most of our X-ray detected galaxies have less than 50
counts, spatial decomposition of the X-ray emission would

(2004) and Sun et al. (2007) relations, and an optical coun-also not be useful for the vast majority of galaxies in our sam

terpart within 2. These galaxies are indicated by a note in

ple.

Table 4 and with a star in Figure 4. One source is marginally Based on Kim & Fabbiano (2003), we estimate that the

above the sum of the.3s upper limits to the Kim & Fab-
biano (2004) and Sun et al. (2007) relations, A89B-5; aléoth
sources are above the sum of théupper limits of the re-
lations. Since our X-ray luminosity is derived for a point-
source, and not the entire galaxy, we note that the totakgala
X-ray luminosity will be even larger than that in Figure 4 if
there is a contribution from the extended emission of the dis
tribution of LMXBs or ISM. Thus, the only likely contami-
nating sources in this sample of X-ray AGN are galaxies with
SFR> 10M yrt. We argue below that such contamination

does not seem likely for our sample. We also note that A3128-

3 is an X-ray AGN if we do not impose an X-ray luminosity

cut, i.e., it has a close optical counterpart, is above the sl

the LMXB and ISM relations, but hds, g < 10*ergs?.
Although one could consider adding additional require-

ments to classify a source as an X-ray AGN based on its X-

ray data, in particular estimates of its spectrum (e.gaubh
hardness ratios or quantiles) and spatial decompositittn in

a point source and extended galactic emission, the qudlity o

the data for the lower luminosity sources is insufficientsEi

only 20% of the X-ray detected galaxies have more than 50

counts. There would be little to no discriminating power for

completeness limits over the entire ACIS-I FOV is approx-
imately four times the X-ray luminosity in Table 1 of M0O6
and Table 2 of this work. This suggests that the central
observation of Abell 85 and Abell 754 are incomplete at
Lx s < 5x 10°ergs?, while the flanking field observations
are incomplete foky g < 2 x 10*ergst. Since Abell 89B

is in flanking field observations of Abell 85 and is more dis-
tant, it is incomplete foLx g < 4 x 10*ergs®. Abell 644
and Abell 3128 are incomplete fai g < 10" ergs?, while
Abell 3125 is incomplete fory g < 2 x 10*ergs?. Although
there is a gap between4@rgs? and the completeness limits
in some areas of the clusters, we estimate that the complete-
ness in this gap is above 50%. Since only one X-ray AGN is
detected in the gap betweég g > 10*ergs? and its com-
pleteness limit, AB9B-5, we estimate that we are not likely t
be missing more than one or two X-ray AGN due to incom-
pleteness.

4.2. Spectroscopically Identified AGN in Abell 85, Abell
89B, and Abell 754

In addition to measuring the redshifts of galaxies in Abell

the vast majority of our sample. Second, it is unclear that 85, Abell 89B, and Abell 754, the spectroscopy described in

a spectral selection using hardness ratios or quantilep-is a
propriate. MO06 found that the spectroscopically identified
AGNSs were those least consistent with unobscufed,1.7,

power-law emission. While one might hope to discriminate

the soft emission of diffuse gas from harder power-law emis-

CZ03 and Christlein & Zabludoff (2005) yielded measure-
ments of the equivalent widths of the [Q A\3727 doublet,
[O 1] A5007, and K A\4861 emission lines. The last is not
corrected for any K absorption. These emission lines can be
indicative of ionization from an AGN and/or current, unob-
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scured star-formation. These values are listed in Tabler5 fo only A3125-5 and A3128-2 have measurable I[Demis-
X-ray detected galaxies. We used our spectroscopic measuresion (M06); however, the implied Skds;; for both sources
ments to check for AGN identifiable by their optical spectra is small € 1M yr™). For galaxies in Abell 85, Abell 89B,
among our X-ray detected galaxies in Abell 85, Abell 89B, and Abell 754, we estimates , assumingd—R = 1, which
and Abell 754. The spectroscopic identification of AGN in is appropriate for cluster X-ray sources with [ emission

our other clusters was previously discussed in MO6. (M06). Among the galaxies with@3detections of [QI], two
Only three of the X-ray detected galaxies, A85-1, A89B- have SFRy; > 5Mqyr™, A85-1 (26M,yr) and A89B-
5, and A754-6, show emission lines detected>ado. All 5 (7TMgyrY). A85-1 is an Shc galaxy (Paturel et al. 2003)

three galaxies, which are classified as X-ray AGN, have sig-whose peculiar velocity3.2 times the velocity dispersion of
nificant detections of [@] and [Olll]; however, none ofthem  apell 85) suggests it is an infalling galaxy towards the edge
have H3 emission. To conservatively correct for potential ab- of the Abell 85 despite its small projected cluster-centii
sorption, we have added the emission-correctgdadsorp- tance (015r,00). A89B-5 is also a late type-galaxy (S?; Pa-
tion equivalent widths of 5 A found for post-starburst gadsx  turel et al. 2003) at the edge of Abell 89B.18r,q0). If the

in the Sloan Digital Sky Survey (C. Tremonti, private commu- [O I1] equivalent widths of A85-1 and A89B-5 were indicative
nication) to all measurements ofdiBoth A85-1 and AB9B-  of their SFR, then approximately 60% and 40% of their X-ray

5 are spectroscopically classified as AGN via thell|QH 3 emission could come from HMXBs. However, our identifica-
versus [QI]/H 3 diagnostic (Rola et al. 1997; Lamareille etal. tion of both as spectroscopic AGN suggests theiti[Qikely
2004), includes a considerable AGN component. This would lead to
[Om] 0.14 an overestimate of their Skd3;; and implied HMXB X-ray
I +0.83. 4 i i
< H3 > [O]/H3-145 (4) luminosity.

o For galaxies without @ detections of [QI], we conserva-
No other galaxies in th€handraFOVs of these clusters are . - '
spectroscopically identified as AGN with our emission line {R//ely adopted three times the measurement error ofiJO

; ; : e e have excluded A754-7 because its spectra had low signal-
data. Since A85-1 has been previously identified as a_S_eyferEo_noise Only one remaining galaxy Ead a large impﬁed
galaxy (Durret et al. 2005) and A89B-5 has been classified aSSFRo”] " A89B-2 (< 8.8M, yrl). AB9B-2 was already ex

_ .. _ y - . ® . - -
a QS0 by SDSS (Adelma_n Mc_Carthy etal. 2007), theiriden cluded as an X-ray AGN due to the expected X-ray emission
tifications as spectroscopically identified AGN appear secu from diffuse gas and the large offset between the X-ray and
A(I}r:\ja?\?/ltlor:hto th ga:jaﬁlest v;e |d|en_t|fy ﬁs SngtrOSCOp'p optical positions; however, HMXBs could account for 30%
, two other X-ray detected galaxies have been previ- ¢y, q o emission from A89B-2. From the combined de-
ously identified as AGN based on their optical spectral prop- tections an%l limits on the SFR from [I, we conclude that

erties. A85-2 was identified as a Seyfert 2 (Hewitt & Bur- L : ;
bidge 1991); however, we note that the redshift associatedtjhneogff;;ee?,rﬁézirofr? T;ggotg :3 enn(i}fylz)el,ll)r/)t(?rg)e/ A%slelonsmte fo

with this identification (0.0453) does not match our mea- ; P
. ; i Since [Oll] emission can be obscured, one must also con-
sured redshift of the galaxy (0.0564). AB5-3 was identified sider wavelengths where obscuration is less of an issuéeln t

2§hae?n'gg\le?a§|ed2885t)he Il?irgtlﬁ t/gé?z[%' do‘ ArgtSI(-)3(|:voerrne- not far-infrared (FIR), reradiating dust reveals obscured &ig
identified as X-rav AGN because their low X-rav luminosi- ation. If one considers the far-infrared SFR relation (Ken
Y y nicutt 1998), corrected to the Infrared Astronomy Satellit

. 1oy . : Y
ties Lx s < 10%ergs?) were consistent with emission from (IRAS bands (Calzetti et al. 2000), the obscured SFR can be
their LMXB populations. These sources illustrate that al- estimated from

though current X-ray observations allow identificationa#/t
luminosity AGN, some lower-luminosity AGN are still being SFRer ~ 7.9 x 10744 Ler Mg yr (6)
missed. Another famous example is that the X-ray emission ergs?! ’

from the core and jet of M87 (e.g., Marshall etal. 2002) would \yherel g is calculated from the luminosity distand®,, and
not be luminous enough to be classified as an X-ray AGN with the thelRAS60 and 10Qum fluxes in Janskys,

our criteria.
Lrr = 47D? 1.26 x 104(2.58Fs0+ Fi00). 7)

4.3. Star Formation Rates onl tthe X q d galaxi q
Since HMXBs associated with star formation may also lead ASS)i{W ;ncé }0;5 4:%ayb0?;]e§(tﬁa€aAg);\lst%rre A8e§(1:tether§e are

to X-ray emission, it is important to evaluate whether an X- 4qotactions at both 60 and 1Q6n, while A754-6 is only de-
ray detected galaxy has a high SFR. We use optical speCieciag at 6oum. Their predicted SFR of about 9 and
troscopy to constrain the current SFR through thél J@quiv- < 16Myyr, respectively imply approximately 20% and
alent width. Rough limits on the SFR for X-ray galaxies can < 50% of their X-ray emission could come from HMXBs.

be estimated from detections and limits based on the Irdrare :
. h - The hard median X-ray energy of A754-6 suggests that what-
Astronomy SatellitdRASFaint Source Catalog (Moshir et al. ever source is emittingyx-raygsyis obscured: a%gobscured AGN

1990). For Abell 85, Abell 89B, Abell 754, and Abell 644 P :

. T ' ' ' would also reradiate in the FIR. Although some star fornratio

Eﬁlc\j}%sﬂué%sndagr? elltm;}s Ig%'g) tgg EIF;oAC;\v\a/illﬁblzkt)(l) igr?gryainmight be ongoing in these two sources, their identificati®n a
! ) X-ray AGN appears secure.

the current SFR. . : -
. Given the typical minimum fluxes of detected sources,
In the absence of an AGN component, thell[[3equivalent Feo ~ 0.2Jy andFigo ~ 1Jy in thelRASFaint Source Cata-

width can be used to esti_r?zate the SFR that is u_rl10bscured, log (Moshir et al. 1990), rough upper limits to the SiRof
SFRoip =88x 10 Lgo EW[OI]Meyr™,  (5)  about< 11, < 11, < 13, < 14, < 18, and< 22My yr ! can
whereLg ¢ is the B-band luminosity in solar luminosities be set for FIR undetected galaxies in Abell 754, Abell 85,
(Kennicutt 1992; Barbaro & Poggianti 1997). Among X- Abell 3128, Abell 3125, Abell 644, and Abell 89B, respec-
ray sources in Abell 644, Abell 3125, and Abell 3128, tively. Since a SFR of 10Myr™ could account for X-ray
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luminosities from HMXBs of 18tergs?, current SFR limits From the combined constraints on star formation in our X-

from IRASare too shallow to rule out a 100% HMXB origin ray detected galaxies, we conclude that star formation tis no

of the X-ray emission for three of the X-ray AGN, A89B-5, likely to be responsible for the X-ray emission used to iden-

A644-2, and A3128-9. tify our X-ray AGN. We also conclude that there is not strong
In galaxies without a radio AGN, the radio emission at fre- evidence for more than a few highly star-forming galaxies

quencies below tens of GHz can be a direct probe of the(SFR> 10M, yr™?) in these clusters.

current star formation of massive statd & 5SM©®, Condon

1992); 4.4. AGN Fraction and Host Galaxy Magnitude
SFRu, ~ Lghz For Ly g > 10*ergs? and Mg < —20, the X-ray identi-
He ™~ \WHZ L fied AGN fraction,fa(Mg < —20;Lx g > 10*1), summing over

08 —oq7-L galaxies in eightz < 0.3 clusters was 2.2%, anth(Mgr <

{5_3 10 () s s a0 () ] ®  —213iLxs > 10") = 9.8% (M06). Sun et al. (2007) found
GHz GHz fa(Mg < —21.3;Lx g > 10*1) ~ 5% for 001 < z < 0.05 clus-

ters. This presents an indication that the optical lumityosi

The X-ray detected galaxies that have NVSS counterparts aréf @ host galaxy affects whether an X-ray AGN is detected
A85-1 (75mJy), A89B-3 (646mJy), A754-1 (15§ mJy) at these X-ray luminosities. In determining these AGN frac-

A754-2 (32mJy), A754-3 (BmJy), A754-4 (7B mJy), and tions, both samples did not eliminate luminous X-ray gaaxi
A754-7 (812mJ3'/). Three of the sources. A754-1. A754- Whose emission could actually be due to diffuse gas. This may

; ffect the Sun et al. (2007) X-ray AGN sample more, as half
4, and A754-7, have multiple NVSS components and have? . .
been identified as narrow-angle tail radio AGN (Zhao et al. °f them were in BCGs, while none of the M06 X-ray AGN
1989). As such, they are not suitable for placing limits on Were: In the following section, we explore the magnitude de-

the SFR and the extended radio sources unambiguously reve endenc? of, for gal?xies in our sample, after applying the
the presence of AGN. Since the NVSS counterparts to A89B- Lx/ Lk relations to select X-ray AGN.

3and A754-2 are offset by 1@ and 36’1 , respectively, they We calculated the extinction-corrected, absolMte and

too are unlikely to be due to star formation. In fact, cata- M.kzo rest-frame magnitudes for all available cluster galax-
log results from the higher resolution 1.4 GHz FIRST survey [€S; @sin 8 2.2 and Table 4. Based on all cluster galaxies with
(White et al. 1997) indicates that the A89B-3 is a narrow- P0th magnitudes, we find the distribution of rest-frame col-
angle tail radio AGN, while no FIRST data for A754-2 are ©'SMr—Mk, is consistent with a Gaussian distribution cen-
available. Only two of the sources have radio emission that!€'ed on 2.82 with a dispersion of 0.26. Since we were un-

could arise from the core of a radio jet or galactic star forma_aPle to determine if the BCG of Abell 85 contained an X-
tion, A85-1 and A754-3. If the radio emission from A85-1 '@y AGN, we removed it from the sample. In the top panels

arises from star-formation, its SER; ~ 12M yrt. How- of Figure 5, we compare th¥lr (leff) and My, (right) dis-
ever, the joint radio and FIR detection allows calculatipitey ~ tributions of galaxies with AGNdashedl and without AGN

q parameter (e.g., Condon et al. 1991; Yun et al. 2001). With (S0lid). The distributions are clearly different; KS tests in-
q=1.717+0.096, A85-1 is well away from the typical value dicate the probabilities they are the same a@-110™* and

of q=2.34 for star forming galaxies (Yun et al. 2001), indica- 217 >T 1(? * respectgﬁly. In the _bo(tjtor;_ panels (;]f F'gll”e.S’ we
tive of a radio excess with a likely AGN origin. This suggests diSPlayfa(Lx.s >10") in magnitude bins. For the galaxiesin
its SFR would be lower than what we measure. Given its APell 644 and Abell 3125, we applied a correctiend.9 and

additional classification as a spectroscopic AGN, its ifient 14 respectively; see Table 6) to the number of galaxies at a

cation as an X-ray AGN seems robust against the effects ofdiven magnitude to account for their incomplete membership

star formation. A754-3, whose detection could be consisten Information (M07). This was necessary because membership

with 11 M., yrt of star formation, was not classified as an X- S incomplete at these optical magnitudes, but any X-ray de-
ray AGN due to its low X-ray luminosity that could be due to tected optical source was always targeted for spectrosicopy

; ; ; MQ7. The spectroscopic measurements for Abell 85, Abell
LMXBs or diffuse gas. Since A754-3 is an early-type galaxy
(E-S0; Paturel et al. 2003) at the center of Abell 754, théorad 8|QB' and Adbell 734 are 100% Coong)plete”_ai < 16, but com-
emission appears more likely to arise from a low-luminosity Pleteness does drop to 20-50% bymg = 18 (CZ03). We

AGN than from star-formation. If star-formation is ongojng  "Ot€ thatMiz = =20 corresponds tay ~ 17.5 for Abell 898
X-ray emission from HMXBs could also be responsible for @ndmy ~ 16.9 for Abell 85 and Abell 754. Since these mea-
the X-ray emission. surements were made prior to our analysis of the X-ray data,

With a detection limit of 25mJy, the 1.4 GHz NRAO VLA the spectroscopic completeness should be largely indepénd

Sky Survey (NVSS) can place tighter constraints on the cur- Of the X-ray properties of galaxies; any completeness cerre

rent SER than the FIR. For sources undetected in the Nvsstion would equally correct the numerator and denominator in
upper limits to the SFR of about 3.9 < 40 < 6.5 and the fractions involved. Although one might be concerned tha

< 7.9M, yr! can be set for galaxies in Abell 754, Abell 85 AGN with emission lines are more likely to have a measured

Abell 644, and Abell 89B, respectively; Abell 3125 and Abell €dshift, we note that only a small fractior, 20% of X-ray

3128 are too far south to have been included in the survey.AGN have such emission lines. Any correction for such an
These limits are low enough to rule out a strong HMXB origin’ €fect would be smaller than the current error bars on AGN
of the X-ray emission among our sample of X-ray AGN unde- fractions, which are limited by the small numbers of AGN.

} 0 ] 0 ) We further note that we found no X-ray source matched to a
Eicg?,z)b?&GN A&Sés KA§85%5)<(;§)A723968 {51(502;} %), ABA44-1 photometric object without a redshift that would be coresist

with Mg < —20.
4 Only one narrow-angle tail candidate in Abell 754, PGC 0Z57d un- Since it is difficult to construct a clear situation where the
detected in our X-ray observations (Zhao et al. 1989). X-ray completeness depends on the optical/near-IR host mag

wherelLgy; is the radio luminosity measured at frequency
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FiIG. 5.— (Top) The cumulative fraction of galaxies witdgshedine) and without §olidline) X-ray AGN as a function ofMr < —20 (left) andM k20 < —23.0
(right) for galaxies in the cluster sample from Table Bofton) The fraction of galaxies with an X-ray AGNa, in bins of approximately 50 galaxies. In both
panels, thelottedline indicates the fraction summing over klk < —20 galaxies in the sample,éEé:%%. It is clear that more luminous galaxies are more likely
to contain X-ray AGN.

0.1000

0.0100

Praise

for point sources, while the predicted luminosities were fo
entire galaxies, we needed to determine and apply a correc-
tion factor. Comparisons of the point-source counts and the
counts within theKs = 20 mag arcsédsophote for the X-ray
detected galaxies not classified as X-ray AGN indicated that
the average luminosity of the entire galaxy was 1.5 times tha
for a point source. We applied this correction to the pre-

0.0010 o e A dicted luminosities and then converted to an expected num-
* ber of counts for each realization assuming an exposure time
appropriate for the flanking field observations. This expéct
number of counts was used to create a simulated output num-
ber of counts assuming random deviations drawn from Pois-
son distributions with the expected number of counts as its
mean. The output number of counts and its error were then
converted back into luminosity,x g mc, and we performed
the same (luminosity) selection criteria to identify a smuas
an X-ray AGN:Lx gmc > 10" ergs? andLy g mc more than
1o higher than the sum of the upper limits to the Kim & Fab-
biano (2004) and Sun et al. (2007) relations. Thus, for each
cluster galaxy we could calculate the probability that arseu
nitude of the galaxy, we do not expect that sources not de-was misidentified as an X-ray AGNaise (Figure 6).
tected as X-ray AGN due to X-ray incompleteness are the For My, > —24.8, prase < 0.02 and drops as host galaxy
cause of this discrepancy. To explicitly test this, we cdnsi  gptical luminosity decreases due to thérg s minimum
ered two sets of X-ray AGN at brighter luminosities, X-ray - x.ray luminosity for X-ray AGN classification. Faik, <
AGN with Lx g > 4 x 10*'ergs™ over the entire sample, and 52 Praise < 0.01, and roughly drops as host galaxy optical
X-ray AGN with Lx g > 2 x 10* ergs* when removing all  juminosity increases. This is due to the X-ray AGN selec-
AB9B galaxies from consideration. In both case, we still find tion criteria set by the X-ray emission expected from LMXBs
that the optical/near-IR magnitudes of galaxies with anthwi  and gas. The roughly diagonal line upMx_ > —24.8 cor-
out X-ray AGN are drawn from different distributions using responds to a minimum of 5 counts. Similar rough diagonal
the KS test. lines at increasing galaxy optical luminosity correspotmls
Since the X-ray emission from LMXBs and diffuse gas also an increasing minimum number of counts that satisfy our cri-
increases with optical/near-IR magnitude, one concernat t  teria. As the exposure times are made larger, as in our dentra
the higher fractions of X-ray AGN at brighter magnitudes is field observations, the values @fyse drop at a giverMy..
due to normal X-ray emitting galaxies that are misidentiied  Therefore, calculations based on Figure 6 represent thé mos
X-ray AGN. To address this, we have performed Monte Carlo conservative, i.e., highest, estimate of the number ofcsesur
simulations to determine how severely our AGN sample could in our entire sample that are falsely identified as X-ray AGN
be contaminated by the combination of X-ray emission from due to their LMXB and diffuse gas emission. By summing
LMXBs and diffuse gas. the probabilities, we estimate that there ard.1 such false
We performed 1®realizations of the X-ray to near-IR lu-  sources. Approximately 0.3, 0.6, and 0.2 falsely indentifie
minosity relations for both LMXBs (eq. 1) and diffuse gas sources are predicted for the three brightest bins, reispeégt
(eq. 3, with proper corrections), assuming that the regbrte in each of the bottom panels of Figure 5. This would reduce
errors in the relations follow Gaussian statistics. Witaach their fractions by< 0.005, 0.010, and 0.003, which is much
realization, we combined the two simulated relations te pre |ess than the current error bars. In addition, we note than ev
dict the X-ray luminosity from LMXBs and diffuse gas for  after removing the three AGN closest to the expected refatio
each cluster galaxy. Since our measured luminosities were

0.0001 L. +d#
=23

-25 -26 =27
My, .20 (mag)

-24

FIG. 6.— Probability a cluster galaxy would be falsely identifies an X-
ray AGN as a function oMkg2o. For the vast majority of cluster galaxies
the probability that X-ray emission from LMXBs and diffusaggwould be
misclassified as an X-ray AGN is small. The total number cfdl identified
AGN over the entire sample is 1.1.
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TABLE 6
AGN FRACTION
Cluster —Nxaen (MR < —20) — — Membersir < -20) — fa
Name  Lxg> 10" Lxg>10% Confirmed Corrected Lxg > 10"  Lxpg>10%
(1) (2 3 4) (5) (6) ]

Abell 85 2 0 109 109 @18:%%2 0.000i§;§§3
Abell 89B 2 1 22 22 (I)91t8;8Sg 0.045t8;838
Abell 3125 3 0 20 28 (107:8:82?% 0'000:8:888
Abell 3128 4 1 67 67 @60:8:8%? 001598%%
Abell 754 3 1 171 171 18:8:8%2 0.006i8;888
Abell 644 2 1 19 75 2755017 00135017
Average 0.031ﬁ§j§§ 0~009:§2§§g
Sum 17 4 408 472 034555 0.0087550

NoTE. — AGN fractions forMgr < —20 galaxies in six < 0.08 clusters. Columns are: (1) Cluster Name; (2)
Number of X-ray AGN withLx g > 10* ergs?; (3) Number of X-ray AGN withLx g > 10*2ergs?; (4) Number
of Mg < —20 galaxies with spectroscopically confirmed redshiftdimiChandraFOV; (5) Number oMgr < —20
galaxies withinChandraFOV, corrected for preferential spectroscopic targettfigl-ray detections; (6) X-ray
AGN fraction withLy g > 10* ergs™; (7) X-ray AGN fraction withLx g > 10*2ergs?;

-24

-25
My, .20 (mag)

=27

FIG. 7.— (Top Approximate Eddington-normalized accretion ratgsyg,
of detected X-ray AGN as a function ®kk20. We assume a bolometric
correction to the X-ray luminosity, BC = 10. Since we assurakdalaxies
are spheroids, their black hole mass may be lower and thealized accre-
tion rates may be higher at a givéfy k20. Thesolid line indicates the limit
set byLx g > 10" ergs™. Thedashedine indicates the limit set to exclude
potential contributions from LMXBs and diffuse gas. The ogiag AGN
fraction with host galaxy luminosity, Figure 5, is likely euo a selection
bias where lower Eddington accretion efficient sources ahg detectable in
more luminous galaxies, which are more likely to have morssive black
holes. Botton) The histogram oMk 2o cluster member galaxies is shown
for reference.

combining LMXBs and diffuse gas, the KS test still indicates
that theMg (left) andM_ (right) distributions of galaxies with

and without AGN are not drawn from the same distributions.

magnitudes in Figure Sight) correspond to about % 10
—2x 10M,. A similar trend has been observed for radio-
loud AGN, where the fraction of radio-loud AGN increases
with stellar massf o« M2® up to~ 102M, (Best et al. 2005).
On the other hand, the fraction of strodd@® 111] > 10"L,),
optically identified AGN drops fromv 12% at 18'M, to

~ 2% at 16°M, and 16°M, (Kauffmann et al. 2003b). The
physically relevant question that these trends raise ighane
AGN are more likely to reside in more luminous (massive)
host galaxies.

In the case of our X-ray AGN, much of the signal may ac-
tually be due to a physical selection bias. For each of our X-
ray AGN, we can roughly estimate the accretion rate relative
to the Eddington value, divided by the bolometric corregtio
nedd/BC, fromLy g. As near-IR lightis a better tracer of mass
and subject to less extinction than visible light, we coter
the detected near-IR luminosity to a black hole mass (Madrcon
& Hunt 2003) under the assumption that all the luminosity
is from a bulge component, Idggy = 8.21+ 1.13(logL, w)-
Since these sources are likely to have a range of disk contri-
butions to their luminosities our derivegqq/BC are under-
estimated; however, our results are still illustrativethdlugh
BC is uncertain, especially if the mechanism for low and high
luminosity X-ray AGN differ, we assume BC = 10 and dis-
play, nedasc=10 in Figure 7. This assumption is reasonable
given derived values of BC at these X-ray luminosities (in
the 2-10keV band; Vasudevan & Fabian 2007). The detected
sources cover ranges of <110° < neqapc=10 < 3 x 1073,

We conclude that misidentified X-ray emission from LMXBs Given our requirement thdty g > 10" ergs?, we can cal-
and diffuse gas are not responsible for X-ray detected AGN cylate the minimumMyegapc=10- It is clear that at higher lumi-

being more likely to be found in more luminous galaxies.
Our results that X-ray detected AGN are more likely to
be found in more luminous galaxies ftg are consistent
with results from the XMM detections of AGN in the Abell
901/902 superclustez ¢ 0.17 Gilmour et al. 2007). Both
show a nearly constant fraction of X-ray AGN ef 1% for
-215 < Mg < -20 galaxies. For brighter galaxies, this in-
creases to a maximum e$ 10-20%. We can usMlk, k2o

nosities, X-ray AGN at lowefgqqgc-10can, and are, detected.
Similar results are also seen in Abell 901/902 (Gilmour et al
2007); theirngqq are ~ 5 higher because they adopted the
R-band host-galaxy luminosity black hole mass relation of
McLure & Dunlop (2002). Calculated AGN fractions will
only be independent of the galaxy luminosity function when
they are sensitive to the samgyq.
Since more massive galaxies tend to be more centrally con-

to derive galactic stellar masses for these galaxies. If wecentrated (e.g., Kauffmann et al. 2003a), indicative of a&mo
use Bruzual & Charlot (2003), assuming their Padova 1994 dominant bulge component, OYEddsc=10 are likely to rep-

evolutionary tracks for a 13 Gyr, solar abundance single ste
lar population with the Chabrier (2003) initial mass fuoctj
and correct the isophotal magnitude to a total magnitude, th

resent larger underestimates at lower near-IR lumingsitie
than at higher luminosities. Thus, the disparity between th
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FiG. 8.— (Top The cumulative fraction ofr < —20 galaxies with@ashedine) and without §olid line) X-ray AGN as a function of cluster-centric distance,
Dcc, in Mpc (left) and units ofryg (right) for galaxies in the cluster sample from Table Bofton) The fraction of galaxies with an X-ray AGNp,, in bins of
approximately 50 galaxies. Thipttedline indicates the fraction for thelr < =20 sample. The radial distributions of galaxies with anchaiit an X-ray AGN

are comparable, consistent with MO7 resultslfgrs > 10* ergs* and Ruderman & Ebeling (2005) resullts for disturbed clsster

Neddpc=10 probed by a given X-ray luminosity at lower and
higher near-IR luminosities is even larger than that sutgges
by Figure 7.

There are two implication of this selection bias. Firststhi
bias makes it essential that comparisons of AGN fractions
make the same assumptions in both their X-ray luminosity
and optical magnitude cuts, and that host galaxy morphology
(spheroid mass) may also be important. More importantly,
nedd/BC is @ more physical measure of AGN activity than the
X-ray luminosity. The true fraction dflgr < —20 galaxies that
host X-ray AGN withngqq/BC > 107 will be larger than the , ,
~ 3% we measure. 04 06

4.5. Radial Distribution of AGN Dee/ 200

One of the goals of the new observations of Abell 85 and Fic. 9.— Radial velocities of clustevMr < —20 galaxies relative to the
Abell 754 was to measure the spatial distribution of X-ray mean velocity of each cluster and normalized by the clusttaoity disper-
detected AGN. Along with Abell 89B, these three clusters sion as a functlon of _cluster-centrlc distan@yc, in units qf 200 Dla—

. . monds indicate galaxies detected as X-ray AGN. Filled diaatsoindicate
have partial coverage out to rzgo. Although the radlal COV- |, 5> 10"ergs’. The two-dimensional distributions of galaxies with and
erage of the other three clusters is smaller, we include themwithout an X-ray AGN are comparable.
in our measurement of the radial distribution. T@kandra
observations of Abell 644 and Abell 3128 have coverage out
to ~ 0.4r,00, While the one of Abell 3125 extends farther to well within our current noise level. In addition, we do notdin
~ 0.7r,00. Since we never include galaxies outside of the any radial dependence in the smaller samples of AGN where
ChandraFOVs, including all six clusters will improve the sta- We are completetx g > 4 x 10*ergs™ in the entire sample
tistical determination of the AGN fraction with radius, fier or Ly g > 2 x 10*ergs? when removing all A89B galaxies
ularly for smaller radii. from consideration.

In the top panels of Figure 8, we compare the (projected) In M07, the spatial distribution dfy g > 10" ergs? X-ray

0.0 0.2 0.8 1.0

spatial distributions ofg < —20 galaxies with AGNdashedl

and without AGN 6olid). We consider the distributions as a
function of physical distanced(ft) and distance scaled tggo
(right). In the bottom panels of Figure 8, we displgy(Mg <
—20;Lx g > 10%) in spatial bins, correcting for membership
completeness. For this sample of galaxies, the spatial-dist
butions of galaxies with X-ray AGN are the same as galaxies
without X-ray AGN.

AGN was also consistent with the other cluster members. We
do note that our and their distribution are not independent a
they share Abell 644, Abell 3125, and 3128. There are too few
X-ray AGN with Lx g > 10*?ergs? in our sample to test their
result that the more X-ray luminous AGN are more centrally
concentrated.

One concern is that galaxies with a small projected distance
may actually be infalling galaxies at large physical dises

As X-ray incompleteness is only a minor issue at the edgesclose to the line-of-sight to the cluster. In Figure 9, wet phe

of the flanking field observations of Abell 85 and Abell 754 infall velocity relative to the mean cluster velocity sahley
and the single observation of Abell 3125, we do not believe it the cluster velocity dispersion against the projectecadist
is masking an increased contribution of AGN at the outskirts scaled tarpgo for Mg < =20 galaxies with AGN ¢ircles) and
of clusters. The upper error bars presented in any single binwithout AGN (diamond$. Although there are two AGN with
in the bottom panels of Figure 8 correspond to missing-3 large infall velocities at small projected distances, A8&nd
sources in a given bin. Since the edges of the flanking fieldsA644-2, a two-dimensional KS test (Press et al. 1992) indi-
cover a wide range of cluster-centric distances, any ngssin cates that the galaxies with and without AGN are not likely to
sources should be spread over multiple bins. Thus, theteffecbe drawn from samples with different two dimensional distri
from missing only one or two sources over the entire sample isbutions.
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If AGN are fueled by galaxy-galaxy interactions, one ex-
pects AGN should be more prevalent in the outskirts of clus-
ters. However, a significant fraction of early type galaxies
which tend to lie in the centers of richest clusters, are kmow
to harbor low-luminosity AGN and LINERs. A relation be-
tween AGN and early-type galaxies could dilute or even re-

SIVAKOFF ET AL.

sion, in the paragraphs below. With the narrow redshift eang
but wide velocity dispersion range, we have a greater gbilit
to break the degeneracy between the two that was present in
MO7.

5.1. AGN Fraction and Redshift

verse the trends predicted by gas-rich mergers or galaxy ha- Since our sample spans a narrow redshift range, we con-
rassment. In addition, our detected X-ray AGN are detectedsider other samples to test whether there is any redshift evo

more often in more luminous host galaxies. Since more mas-

sive galaxies tend to be early-type galaxies, any obsewmed r
dial trend due to low-luminosity AGN and LINERs should be
larger than it is intrinsically. The combination of all tleref-
fects could explain why the radial distribution of X-ray AGN
is not markedly different from that of all galaxies in our sam
ple. Another potential explanation is that radial-avenggi
over the substructure in the cluster masks any underlyipg si
nal. Finally, there could actually be no preferred radiakich
bution for X-ray AGN.

5. AGN FRACTION AND CLUSTER PROPERTIES

MO7 found some evidence that the AGN fraction varies
with the properties of the host cluster. When summing over
galaxies, theirfa(Mg < —20;Lx g > 10*1) is 2.2%; however
their cluster-averageda (Mg < —20;Lx g > 10*) is 4.9%.
Compared to the cluster-by-clustdg(Mgr < —20;Lx g >
10*), ax?=17.8 for 7 degrees of freedom (dof) indicates that
cluster variations of the AGN fraction are significant. They
find weak evidence that the AGN fraction is higher at lower
redshift, in lower velocity-dispersion clusters, in clers with
substantial substructure, and in clusters with a smakietion
of Butcher-Oemler galaxies. However, they caution that cor
relations between several of these parameters precludt-ide
fication of which cluster property or properties most strigng
influence the AGN fraction.

In Table 6 we summarize the AGN fractions for each cluster
in our sample. We first list the number of X-ray AGN more lu-
minous than 1#ergs? (column 2) and 1ffergs? (column
3). We then list the number of spectroscopically confirmed,

lution of the X-ray AGN fraction. To compare the AGN frac-
tions we determine to those in M07, the overlapping clusters
Abell 644, Abell 3125, and Abell 3128 must be removed from
MO7. The remaining five clusters form al® < z < 0.32
sample. In this sample, the AGN fractions summing over
galaxies,fa(Mg < =20;Lx g > 10*1) = 1.47249% andfa (Mg <
-20;Lx g > 10%?) = 0.8:24%, are consistent with the cluster-
averaged AGN fractiorfia (Mg < —20;Lx g > 10%%) = 1.2:32%
and fa(Mg < —20;Lx g > 10%?) = 0.9'94%. One might then
conclude that the AGN fraction at lower redshifts is indeed
higher based orfa(Mr < —20;Lx g > 10*), as suggested
in MO7; however, MO7 also note that most of the higher
redshift sample is not X-ray complete down to*1€rgs?.
At Lxpg > 10*ergs?, where the sample should be com-
plete, there is no evidence for redshift evolutionfy(Mg <
—20;Lx g > 10*?). We also compare our AGN fraction to that
of the Q01 < z < 0.05 sample of Sun et al. (2007). We mea-
surefa(Mg < —21.3;Lx g > 10*1) = 6.7*2:3%, while Sun et al.
(2007) find fa(Mg < =21.3;Lx g > 10*) = 55'24%. Thus,
we believe that there is no measurable redshift evolution in
the X-ray AGN fraction forz < 0.3 in the current samples.
As the Sun et al. (2007) sample is of more nearby clusters, it
samples a more centrally concentrated population of gadaxi
than the sample in this paper. Due to the combination of our
errors being limited by small numbers of AGN and our re-
sult that there is no preferred radial distribution of AGNist
mismatch is not likely to play a large role in this conclusion
Recently, a large fraction of luminous X-ray AGNzr- 0.6
clusters was measured (Eastman et al. 2007). Due to the
redshift of these clusters and the sensitivity of the oleserv

Mg < =20 members in each cluster (column 4). Since sometions, fractions were measured for hard0@21Q0) band X-

of the galaxies within MO6 clusters were preferentially- tar

geted for spectroscopy based on X-ray detections, and com+ A(MR < —20;Lx 1 > 10%2) = 2.8"150%

pleteness for membership of two of the clusters (Abell 644

and Abell 3125) is not 100%, we also list a corrected number

of Mg < —20 galaxies members in each cluster (column 5).
We use these numbers to calculate the X-ray AGN fraction
above 16tergs? (column 6) and 1t ergs? (column 7). As

in MO7, we also calculate the cluster-by-cluster averag®lAG
fractions, and the AGN fraction assuming it is independent
of cluster properties. We find that the AGN fractions sum-
ming over galaxiesfa (Mg < —20;Lx g > 10*1) =3.1*+1% and
fa(Mr < —20;Lx g > 10%?) = 0.9'5.8%, are consistent with the
cluster-averaged AGN fractiorfa (Mg < —20;Lx g > 10*) =
3.4'31% andfa (Mg < —20;Lx g > 10*?) = 0.8'37%. Compar-

ing fa(Mg < —20;Lx g > 10*}) of each cluster to the cluster-
averaged AGN fraction, thg? = 4.8 for 5 dof. We note that

ray luminosities Lx 4 above 16?and 183ergs?. They find

10 fA(MR < _ZO;LX,H >
10%) = 2.0:3%%, and that these fractions were 20 times
that of z~ 0.2 clusters, which is much larger than the ex-
pected increases, factors of 1.5 and 3.3, from the measured
evolution of the field AGN space density (Ueda et al. 2003).
The largest statistical uncertainty came from the lower red
shift sample. Although we note that there are issues left to
explore regarding the evolution of the AGN fraction in clus-
ters (e.g., tha ~ 0.6 clusters are not necessarily the progen-
itors of thez ~ 0.2 clusters;Mj is ~ 0.4 brighter atz ~ 0.6
than atz ~ 0.2), we can add the results of Abell 85, Abell
89B, and Abell 754 to Martini et al. (2007) to refine the es-
timate forz ~ 0.2 clusters. In the hard-band, A754-1-s
9.9 x 10*?ergs? before pileup corrections. These corrections
are likely to make it more luminous than*f@rg s*. No other

these numbers have not been corrected for the one or twg®GN inthese clusters hax 1 > 1042‘”93;1- Thusgolr7z~0.2
sources that may be missed due to X-ray incompleteness. Thiglusters, we findia (Mg < =20;Lx 1 > 10*?) =0.18'31{% and
change is minimal as the upper error bars due to the smallfa(Mg < =20;Lx y > 10%%) = 0.12'338%. These fractions are

number of X-ray AGN correspond to missing2—3 sources
for any given cluster, and 5 sources for the entire sample.
With our current data for Abell 85, Abell 89, and Abell 754,

consistent with the fractions reported in Eastman et aD720
but with smaller confidence intervals. We note that the in-
creased spatial coverage provided by the clusters in this pa

we choose to concentrate on the relation between AGN frac-per also provides a better match to the more distant clysters

tion and two cluster properties, redshift and velocity disp

which are sampled out to their projectego.
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level. A similar trend appears in the Abell 901/902 super-

o257 T T T T T cluster Gilmour et al. (2007). There, X-ray AGN prefer to
- be in regions with group-like environments (mainly based on
o > 500 km s™ ' m []} g g p y
0.201 T 7] galaxy density), as compared to field-like or cluster-likgie
i ronments. An anticorrelation between optical AGN fraction
0.15F IF | and velocity dispersion (Popesso & Biviano 2006) and a cor-
- ; relation between radio AGN fraction and larger environmen-
o0k — 1T Ik e A tal densities (Best et al. 2005) have also been observed. We
[ do not expect that this result is sensitive to the varying ra-
005k - L] dial coverage between individual clusters. First, we fonod
[l SO R Y 5 A g radial dependence in the AGN fraction at these luminosities
s : e § Second, the discrepancy between the fractions is even more
200 600 BOO 1000 1200 significant if we exclude Abell 644 and Abell 3128, the two
o(km/s) clusters with the least complete radial coverage.
Smaller X-ray AGN fractions than that found in our low
FiG. 10.— (Leff) The fraction ofMg < —20 galaxies with X-ray AGN{a, velocity dispersion clusters are measured in less dense en-

versus cluster velocity dispersion in the cluster sampbenfiTable 3. The vironments. Shen et al. (2007) 0n|y found one X-ray AGN

dottedline indicates the fraction summing over Mk < —20 galaxies in the _ p . .
sample. Righ) Values offa summing over galaxies in clusters with veloc- (OUt of 50Mg < =20 gaIaX|es) Ina sample of e|ght\‘ 0.06

ity dispersions under and over 500 kthare indicated with large symbols.  poor groups § < 500 kms_l), fa(Mr < —20;Lx g > 1041) =
The clusters with the lowest velocity dispersion have trghést fractions, 0 020*8.81«3« where the majority of these groups had smaller
consistent with a preference for X-ray AGN in the regionshvatgroup-like ) 00La .
environments from the Abell 901/902 supercluster (Gilmeual. 2007). VEIOC”y dBperS'p” than Abell 895 and Ab?” 3_125' The
X-ray AGN fraction of early-type field galaxies in the Ex-
tended Chandra Deep Field-South has also been measured
5.2. AGN Fraction and Velocity Dispersion (Lehmer et al. 2007). They finth (Mg < —20;Lx g > 10°1) =

The lack of a radial dependence of X-ray AGN fraction 0-066:3034 (B. Lehmer 2006, private communication). We
in our sample may be due to the true absence of a trendnote that the X-ray AGN fraction for alMg < -20 galax-
or the masking of the expected increasing trend with radiusi€s drops by a factor of- 2 compared to the fraction for
by several other factors, including our increased seriitiv  just early-type galaxies in nearby clusters (T. Arnold ef al
to AGN in massive galaxies, which tend to lie in cluster in preparation). Since late-type galaxies are more prevale
cores, and the significant population of known low-lumirpsi  in the field than in clusters, one expects the field X-ray AGN
AGNI/LINERS in early-type galaxies, which are also more nu- fraction for all galaxies to drop more rapidly compared te th
merous in cluster cores. Any trend might also have been di-~ 7% measured for early-type galaxies. . _
luted by our averaging over any substructures at a given ra- We note that any additional obscuration associated with
dius. With better AGN statistics, it may be possible to con- gas-rich galaxies will be more prevalent where the fraction
sider whether the AGN fraction increases in group-like sub- Of late-type galaxies is higher. The effect of missing AGN
structures in the cluster relative to the cluster core, arttest ~ due to obscuration will be strongest in the field and weakest
of the hypothesis that mergers drive AGN today. For now, in the highest velocity dispersion clusters. Thus, obsma
we employ another test of the effect of environment on AGN s unlikely to explain the apparent prevalence of X-ray AGN
fraction and thus of the merger scenario: is there a changdn fich groups and poor clusters. o )
in X-ray AGN fraction as the velocity dispersions of cluster The likelihood of galaxy mergers increases with increasing
increase? galaxy density and decreasing relative velocity. Compéoed

We displayfa(Mg < —20;Lx s > 10" as a function of clus- ~ P0or groups and the field, the galaxy densities of rich groups
ter velocity-dispersion for ouz < 0.08 cluster sample in Fig- ~ are higher. Compared to galaxies in clusters, the relatve v
ure 10. In our sample, comparing the AGN fraction of each locities of galaxies in rich groups are lower. Thus, itis siot-
cluster to the cluster-averaged AGN fraction does not iaigic ~ Prising that AGN may form preferentially in group-like envi
a strong variation. However, we find a correlation between ronments. Alarger sample of groups and clusters, partigula
AGN fraction and velocity dispersion. Clusters with lowerv  those with velocity dispersions of poor clusters or richups
locity dispersion have largei (Mg < —20;Lx g > 10*%) in our ato ~ 500knys, are needed to determine the preferred envi-
data. In particular, the two clusters with the highest AGatkr ronment for AGN and use this information to determine how
tion, Abell 89B and Abell 3125 have velocity dispersions of they are fueled. Larger datasets of comparably selecteayX-r
~ 500kms?, more typical of rich groups. In theght panelof ~ AGN in the field would also be valuable.
Figure 10, we compare the combined fractions of the two low
velocity dispersion clustersia(Mg < —20;Lx g > 10*;0 < 6. CONCLUSIONS
500) = 01003382, to the four higher velocity dispersion clus-  To better understand the factors that may drive the evaiutio
ters, fa(Mr < —20;Lx g > 10*%; 0 > 500) = 00263332, Using of AGN today, we measure the AGN fraction in a new sample
the binomial theorem to calculate the confidence intervals o of nearby rich clusters, compare it to more distant samples,
the fractions (e.g., Gehrels 1986), we find that the probabil and examine how it varies with environment. We present new
ity the two above fractions overlap is very smail, 0.3%. wide-field ChandraObservations of AGN in Abell 85 and
However, this could overestimate the significance of the re- Abell 754. Seventeen X-ray sources associated with galax-
sult as there are fifteen different combinations of two @ust  ies in Abell 85, Abell 89B, and Abell 754 are detected. Using
groups we could make from our cluster sample. Therefore, Lx/Lk, relations we classify seven of these galaxies as X-ray
we conservatively estimate that the AGN fraction is higher AGN with Ly g > 10*'ergs?. Only two of these X-ray AGN
in lower velocity dispersion clusters at the95% confidence  are classified as AGN based on their optical spectra. Two of
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the X-ray galaxies not classified as X-ray AGN have been pre-
viously spectroscopically identified as AGN. These sources
are examples of the additional AGN we expect are present in
these clusters below our luminosity threshold.

We add detections of X-ray AGN in three othe 0.08
clusters, Abell 644, Abell 3125, and Abell 3128 to create
a sample of sixteen X-ray AGN. We find that481% of
Mg < —20 galaxies host X-ray AGN withy g > 10*ergs?.
These results are consistent with the5% fractions from
MO06; MO7. When compared to other samples (e.g., MO7, Sun
et al. 2007) at the same rest-frame X-ray luminosity and ab-
solute magnitude limits, there is no evidence for an evagvin
X-ray AGN fraction forz < 0.3.

Our three most important results are as follows:

e X-ray AGN are detected more often in more lumi-
nous host galaxiesThis observed trend of X-ray AGN
fraction highlights the importance of using the same X-
ray luminosity and absolute magnitude cuts when com-
paring fractions. This trend is due at least partially to
a physical selection effect. Two galaxies can have the
same accretion rate relative to the Eddington limit, but
the galaxy with the more massive black hole will have
a higher X-ray luminosity. More luminous host galax-
ies tend to have more massive black holes for a combi-
nation of two reasons. First, the mass of a black hole

SIVAKOFF ET AL.

e There is increasing evidence for higher AGN frac-
tions in low velocity dispersion clusters. We find
that the fraction of X-ray AGN is larger (at the 95%
confidence level) in lower velocity dispersion clus-
ters or large groups (10$3%) than in richer clus-
ters (26'39%). Combined with results for the Abell
901/902 supercluster (Gilmour et al. 2007), poor groups
(Shen et al. 2007), and the field (Lehmer et al. 2007),
one can form a picture where X-ray AGN in the lo-
cal Universe are preferentially found in rich group en-
vironments. If gas-rich mergers between galaxies are
the principal driver of AGN, then there should be more
AGN in groups, where the galaxies tend to have higher
gas fractions and smaller relative velocities than in
richer clusters, but galaxy densities are higher than in
the field. Because the most massive and early type
galaxies tend to lie in the richest clusters, and these
galaxies often harbor detectable LINERs that may be
low-luminosity AGN, any increase in AGN fraction due
to galaxy-galaxy interactions could be even larger than
what we measure. Finally, we note that obscuration of
X-ray AGN in gas-rich galaxies is not likely to be re-
sponsible for this trend, as more gas-rich galaxies are
expected in lower density environments.

These issues can be addressed through larger samples of X-

scales with the mass of a bulge component, and at aray AGN for clusters, groups, and the field. For clustersighe

given bulge-to-disk ratio, a more luminous galaxy will

are a couple of key properties that need to be better sampled:

have a more massive bulge. Second, more luminousan increased number of lower velocity dispersion clustacs a

host galaxies are more likely to be dominated by their
spheroid. Thus, it is not surprising that at a given X-
ray luminosity one can detect less efficient X-ray AGN
in more luminous galaxies. We require an understand-
ing of the distribution of accretion rates relative to the
Eddington limit in X-ray AGN to determine whether
X-ray AGN are more likely to reside in more luminous
host galaxies for reasons beyond this physical selection
effect.

We do not find an excess fraction of X-ray AGN

in the outskirts of clusters. The radial distribution

of X-ray AGN appears to follow the same distribution
as cluster members without X-ray AGN. Ruderman &
Ebeling (2005) also found a relatively flat distribution
of X-ray sources around massive, disturbed clusters.
The expectation from the major-merger or galaxy ha-
rassment pictures for AGN fueling is that more AGN
should be found in the outskirts of clusters. Acting
against this expectation is our increased sensitivity to
AGN in the most luminous spheroids, as well as the sig-
nificant fraction of early type galaxies known to harbor
low-luminosity AGN and LINERs. Thus, the tendency
of the most massive and early-type galaxies to lie in the
centers of richest clusters could dilute or even reverse
AGN trends due to galaxy interactions. For instance,
Ruderman & Ebeling (2005) also found that massive,
relaxed clusters had an excess number of X-ray AGN
in their central 06 Mpc and near their virial radius. The
lack of any trend in our results could arise from the
combination of effects listed above, radial-averaging
over the substructure in the cluster, or that there is actu-
ally no preferred radial distribution for X-ray AGN.

a larger number of disturbed and relaxed clusters observed
out to their virial radius. Such samples would directly aadr
the radial distribution of X-ray AGN and whether there is a
preferred host environment. Specifically, such data woeld b
valuable to resolve the potential inconsistency betwean ou
second and third highlighted results, which may be due to
small number statistics in the outskirts of clusters or our a
eraging over the substructure in clusters. In additiorgdar
numbers of X-ray AGN will constrain the underlying Edding-
ton accretion efficiency distribution and (host luminosig-
pendent?) AGN fraction by convolving these properties with
the galaxy luminosity function and comparing to the obsérve
AGN fractions. These constraints in turn can be tested again
AGN fueling mechanisms.
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