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Abstract

To understand the formation and growth of supermassive black holes (SMBHs) and their coevolution with host
galaxies, it is essential to know the impact of environment on the activity of active galactic nuclei (AGNs). We
present new Chandra X-ray observations of nuclear emission from member galaxies in the Antlia cluster, the
nearest non-cool core and the nearest merging galaxy cluster, residing at D = 35.2 Mpc. Its inner region, centered
on two dominant galaxies NGC 3268 and NGC 3258, has been mapped with three deep Chandra ACIS-I pointings.
Nuclear X-ray sources are detected in 7 484 (8. 3%) early-type galaxies (ETG) and 2/8 (25%) late-type galaxies
with a median detection limit of 8 x 10°® ergs~'. All nuclear X-ray sources but one have a corresponding radio
continuum source detected by MeerKAT at the L band. Nuclear X-ray sources detected in early-type galaxies are
considered the genuine X-ray counterpart of low-luminosity AGN. When restricted to a detection limit of
log(Lx/erg s~') > 38.9 and a stellar mass of 10 < log(M,/M.) < 11.6, six of 11 ETGs are found to contain an
X-ray AGN in Antlia, exceeding the AGN occupation fraction of 7/39 (18.0%) and 2/12 (16.7%) in the more
relaxed, cool core clusters, Virgo and Fornax, respectively, and rivaling that of the AMUSE-Field ETG of
27/49 (55.1%). Furthermore, more than half of the X-ray AGN in Antlia is hosted by its younger subcluster,
centered on NGC 3258. We believe that this is because SMBH activity is enhanced in a dynamically young cluster
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compared to relatively relaxed clusters.

Unified Astronomy Thesaurus concepts: X-ray active galactic nuclei (2035); Low-luminosity active galactic

nuclei (2033)

1. Introduction

Nuclear X-ray emission provides an unambiguous diagnostic
of the activity of supermassive black holes (SMBH). Its
correlation with black hole mass and its host galaxy is
fundamental to understanding the relation between SMBH
and the host galaxy properties, such as the Mgy—o and Mgy—Lx
relations (Kormendy & Ho 2013; Gaspari et al. 2019). The sub-
arcsec spatial resolution of Chandra has made it possible to
detect nuclear X-ray emission down to ~10°® erg s~', enabling
the study of active galactic nuclei (AGNs) in a large number of
low-mass quiescent galaxies. The AGN Multiwavelength

15 Clay Fellow.
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Survey of Early-Type Galaxies in the Virgo Cluster
(AMUSE-Virgo) has studied the nuclear X-ray emission of
100 elliptical, lenticular, and dwarf elliptical galaxies in Virgo,
a well-known cool core cluster with a sharply increasing X-ray
surface brightness profile toward its center. It was found that
24%-34% of the Virgo early-type galaxies (ETG) host X-ray
AGN. Also, it provided evidence of downsizing: black holes
with lower mass radiate closer to their Eddington limits than
their higher mass counterparts (Gallo et al. 2008, 2010). A
study of another cool core cluster, Fornax (Lee et al. 2019),
reports a level of nuclear activity similar to Virgo, with
27% + 10% ETG hosting AGN.

The environment plays a key role in galaxy evolution.
Relaxed cool core clusters are dominated by red, elliptical
galaxies, due to a number of quenching mechanisms, including
ram pressure stripping (e.g., Gunn & Gott 1972; Dressler 1980).
The dependence of the nuclear X-ray activity on the large-scale
environment can provide insight into the mechanisms that
govern the feeding and feedback of SMBHs. AMUSE-Field is
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a Chandra large program targeted on 103 nearby field and
group ETG for a comparison with AMUSE-Virgo. In this
paper, “the Field” stands for the AMUSE-Field, which refers to
heterogeneous environments from galaxy groups to isolated
fields. Miller et al. (2012) report that the AMUSE-Field sample
displays a higher X-ray AGN occupation fraction 45% =4 7%
and a higher nuclear X-ray luminosity at a given black hole
mass than the Virgo sample. Lee et al. (2019) have further
confirmed that the AMUSE-Field is also more active than
Fornax. Environments like the Virgo and Fornax clusters may
have suppressed black hole accretion and quenched star
formation by cutting off the fuel supply via ram pressure
stripping (Ricarte et al. 2020). However, the intrinsic properties
of various galaxy clusters can be different. For example,
member galaxies in dynamically young, merging clusters as
well as high redshift protoclusters, often have enhanced star
formation and contain abundant cold gas comparable to field
galaxies (Cava et al. 2017; Noble et al. 2017; Stroe et al. 2017).
The difference of black hole activity in a variety of nearby
clusters can cast light on the environmental dependence of
black hole activity.

The Antlia cluster (Abell S0636) is the third nearest cluster
after Virgo and Fornax at a distance of 35.2 Mpc (1” = 170 pc)
(Dirsch et al. 2003). It is a Bautz—Morgan type III cluster. Antlia
has an Roo'® of 887 kpc and Magy of 7.9 x 10" M., (Wong
et al. 2016). Its size and halo mass are similar to those of the
Virgo cluster with Ryp9=974.1 5.7 kpc and Mpo9 = 1.05 +
0.02 x 1014M@ (Simionescu et al. 2017) and the Fornax cluster
with  Rago~700kpec and Mooy~ 7 x 10" M, (Drinkwater
et al. 2001). Meanwhile, the global temperature of Antlia is
2keV (Wong et al. 2016), which falls between that of Virgo of
2.3keV (e.g., Urban et al. 2011) and Fornax of <1.5keV (e.g.,
Jones et al. 1997; Su et al. 2017a). Antlia is likely the
dynamically youngest of these three galaxy clusters. The main
cluster of Antlia, centered on the brightest cluster galaxy
NGC 3268, is in the process of merging with a subcluster
associated with the bright elliptical galaxy NGC 3258, which is
22’ (225 kpce) to the southwest of NGC 3268. ASCA, Suzaku,
and XMM-Newton observations have revealed that its
intracluster medium displays relatively uniform surface bright-
ness and temperature distributions at the cluster center, in
contrast to typical cool core clusters with a sharp surface
brightness peak and a steep temperature gradient (Nakazawa
et al. 2000; Wong et al. 2016). The galaxy density of Antlia is
1.7 times higher than Virgo and 1.4 times higher than Fornax
(Ferguson & Sandage 1990). Also, the ratio of the velocity
dispersion between infalling galaxies to virialized galaxies
Oinfant/ Ovir in Antlia is 2.31 (Hess et al. 2015), higher than that
of Virgo of 1.64 and the predicted virialized population ratio of
1.4 (Conselice et al. 2001), suggesting that the Antlia cluster is
less virialized. CO (2—1) and HT observations reveal that many
of Antlia’s member galaxies, both star-forming and passive,
contain large reservoirs of molecular and atomic gas, unlike
galaxies in more relaxed clusters (Hess et al. 2015; Cairns et al.
2019).

To study the nuclear X-ray activity in Antlia, we observed
the central region with three Chandra ACIS-I pointings (PI:
Y. Su), with an exposure of ~70ks each and 223.9 ks in total.
As shown in Figure 1, the three AMUSE-Antlia fields focused

16 R, is the radius within which the enclosed matter density is A times the
critical density of the universe. R, is conventionally taken as an approximate
of the virial radius of a cluster.
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on: NGC 3268, NGC 3258, and the southeast of NGC 3268.
The field between NGC 3268 and NGC 3258 was strategically
avoided due to the projection of a background cluster at
7=0.41. There are 92 galaxies covered by observations that
have stellar masses M, in the range of 10'-10"' M., 84 of
which are ETG while eight are late-type galaxies (LTG).

This paper is structured as follows. Data preparation and
methods are presented in Section 2. The results of the nuclear
X-ray source detection are shown in Section 3. Section 4
compares the AGN occupation fraction and X-ray luminosity
function (XLF) of ETG in Antlia with AMUSE-Virgo,
AMUSE-Field, and Fornax ETG AGN. Our findings are
discussed in Section 5 and summarized in Section 6.

2. Data Preparation

We reprocessed the Chandra level-1 data and the calibration
files according to the standard procedure of CIAO v4.14
(Fruscione et al. 2006). To calibrate the astrometry of each
field, we chose the longest-exposed image as the reference
image and matched the centroid of commonly detected point
sources with the CIAO tool reproject_aspect. We
checked the lightcurves for flares. Counts maps, exposure
maps, and point-spread function (PSF) maps were generated for
each observation in three energy bands: 0.5-2 (S band),
2-8 (H band), and 0.5-8 (F band) keV. The maps of multiple
observations of the same field were then merged.

We followed the source detection procedures described in
Hou et al. (2017) and Jin et al. (2019). The original X-ray point
source list was generated by the CIAO tool wavdetect. To
correct for the source centroids, we iterated over the source
position within the 90% PSF. The position uncertainty (PU) at
68% confidence level was calculated according to the empirical
relation among PU, off-axis angle (OAA, unit in arcminutes),
and source counts (C) (Kim et al. 2007, Equation (14)),

logPU = 0.1140AA — 0.460log C
— 0.240, 0.000 < log C < 2.123,
0.1030AA — 0.195log C
— 0.803, 2.123 < log C < 3.300. (1)

To filter out spurious sources due to background fluctua-
tions, we calculated the binomial no-source probability Pg
(Weisskopf et al. 2007) and removed those sources with
Pg > 0.01. Finally, a crossmatching method (Hong et al. 2009)
was applied to identify the same source detected in different
energy bands. We only kept X-ray sources located within 8
from the aimpoint to ensure that they are covered by all
observations with the same aimpoint but different roll angles.
The resultant source catalog and a more detailed data
processing and source detection method will be fully presented
in a separate publication (Z. Hu et al., in preparation).

To identify AGN, we searched for optical nuclei coincident with
any X-ray pointlike source emission. The AMUSE-Antlia footprint
contains 92 member galaxies, according to the member galaxy
catalog based on the optical observation using the 4 m Blanco
telescope at CTIO (Calder6n et al. 2020). We calculated the stellar
masses using the mass—luminosity relation (Bell et al. 2003). We
measured the g — r band color index and r-band luminosity L, of
each galaxy from the CTIO image. The stellar mass was then
determined as log(M /L) = —0.306 + 1.097 (g — r). We
compared the galaxy positions with those in the Two Micron
All Sky Survey Extended Source Catalog (XSC; Skrutskie et al.
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Figure 1. DSS J band image of the central region of the Antlia cluster, 10’ ~ 102 kpc. The fields of the Chandra observations presented in this study are marked in
white. Green circles indicate the detected nuclear X-ray sources. NGC 3268 and NGC 3258 are marked with a red “x” and a blue “x,” respectively.

2006). We adopted the XSC coordinates if the galaxy falls within
1” of any XSC records. Then we identified AGN by looking for
any X-ray point source that is located within the minimum of 1” or
3 PU from the optical nuclei of any member galaxy. The Digital
Sky Survey (DSS) J-band image of the Antlia central region is
shown in Figure 1, where 10’ ~ 102 kpc. The field of view (FoV)
of Chandra ACIS-I observations presented in this study are
highlighted with white solid boxes. The positions of detected
nuclear X-ray point sources are marked as green circles.

In addition, we compared the nuclear X-ray sources with
their corresponding MeerKAT radio continuum image (see
Figure 2). The MeerKAT observations (SCI-20210212-KH-01;
PI: K. Hess) were carried out in the L band, spanning the
856-1712 MHz frequency range and covering a region out to
1.4 times the virial radius of the cluster. A forthcoming
publication will present a detailed analysis of the MeerKAT
spectropolarimetry data. The radio continuum image has an rms
noise of about 6.5 pJy/beam and an angular resolution of 7”
with an astrometric uncertainty of 175.

3. Results
3.1. Nuclear X-Ray Emission

We find nine pointlike X-ray sources located at the optical
nuclei of the member galaxies. As discussed in Gallo et al.
(2008), these sources are generally considered AGN, although
some of them could be X-ray binaries (XRB). Seven of the nine
host galaxies are ETG, while the other two are LTG—a blue
compact dwarf (BCD), Antlia 98, and a spiral galaxy,
Antlia 88.

The galaxy and nuclear X-ray source properties are
summarized in Table 1. The CTIO r band, Chandra X-ray,
and MeerKAT radio images of each galaxy in which a nuclear

X-ray source is detected are shown in Figure 2. The estimated
black hole masses range from 3 x 10°-5 x 10’ M, with an
uncertainty of 0.3-0.4 dex, according to the fundamental plane
(Appendix A).

No nuclear X-ray source is detected in NGC 3258, the
dominant elliptical galaxy of the southern subgroup that is
merging with the northern group centered on NGC 3268. The
X-ray emission at NGC 3258 is quite extended, which can lead
to spurious detection.'” We fit the spectrum of the central
region to an absorbed power-law model and obtained a power-
law index of about 4, which is about twice the typical spectral
index of an AGN.'® It is not considered an AGN due to its
extended shape and soft spectrum.

The AGN detection in ETG can be contaminated by low-
mass X-ray binaries (LMXBs). The distribution of LMXBs
follow the stellar mass distribution, which can be traced by a
Sérsic profile (Sersic 1968). The projected stellar mass inside
the 1” nuclear source matching radius accounts for ~3% of the
total, assuming a mean effective radius of ~9”. We adopt the
LMXB X-ray luminosity function (Zhang et al. 2012) to
estimate the number of LMXBs over the detection limit. We
expect ~0.4 X-ray nuclear sources to be LXMB, which is small
compared to the seven X-ray nuclear sources detected in ETG
in AMUSE-Antlia.

17" At the first stage of the X-ray source detection process, there are two X-ray
point sources detected close to the center of NGC 3258: one is in the S band
that offsets by 0”77 from the center, the other is in the H and F bands and
offsets by 1766. These two sources are more likely to be false detections
caused by the diffuse emission.

'8 The spectra can also be fitted with an absorbed thermal glasma model
(apec in XSPEC), with a galactic absorption of Ny ~ 2.8 x 10 lem™2 and a
plasma temperature of 0.8 keV.
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Figure 2. Multiwavelength images of the galaxies that host nuclear X-ray sources, 10” ~ 1.7 kpc. For each galaxy, from left to right, are images of CTIO r band,
Chandra X-ray in the energy band of 0.5-8 keV, and broad bandwidth L-band radio continuum image from MeerKAT. The X-ray image is binned into twice the
original pixel size. The name of each galaxy at the upper right corner of the CTIO r image is adopted from Ferguson & Sandage (1990). The NGC name is also shown
if available. The cyan circle centered on each X-ray source has a radius of 50% PSF. All galaxies have a corresponding radio source except Antlia 105.

3.2. The Nuclear X-Ray Source in a BCD

BCD galaxies resemble galaxies in the infant universe, a
critical stage for the formation of black holes and the establish-
ment of the M—o relation. An X-ray and a radio source are found
overlapping with one BCD, Antlia 98. The membership of the
galaxy to the Antlia cluster is confirmed by Smith Castelli et al.
(2008). It is classified as a BCD based on optical and Ha
observations (Ferguson & Sandage 1990; Smith Castelli et al.
2008; Vaduvescu et al. 2014). Vaduvescu et al. (2014) find two
noncentral star-forming knots in Antlia 98. The spatial relation-
ship between the X-ray source and the two star-forming knots is
unclear, as this source is close to the edge of the FoV, where the
50% PSF is sizable, with a positional uncertainty of 4”. The
directly measured photon flux is Fys grev=(2.2£0.7) X
10"®phem 2s™", which corresponds to an X-ray luminosity of
Los_gxev = (1.1 £0.3) x 10* erg s™!, and an H-band luminosity

of Lr_joxev = (7.7 £2.3) x 10 erg s assuming a power-law
photon index of 1.8 and a galactic absorption of Ng=1 x
10*' cm 2. The 128 GHz flux measured from a MeerKAT
observation is (8.4 =+ 1.5) x 107> Jy, corresponding to a star
formation rate of SFR = (7.8 +1.3) x 10> M, yrfl (Kennicutt
& Evans 2012). Considering the galaxy stellar mass of
M,=(52+12)x 108 M., the specific star formation rate is
SFR/M, = (1.5+£0.2) x 10" yr~!, which is relatively small
compared to other BCDs (Hunter et al. 2010).

We investigate whether this source is an XRB or an SMBH.
Lehmer et al. (2010) notice a tight correlation among the
2-10keV hard band X-ray luminosity of XRB, stellar mass,
and SFR, which is L, jgxev=aM, + BSFR, where o =
(9.05 &+ 0.37) x 10® erg s~! M;l and B = (1.62 + 0.22) x
10% erg s ' M_' yr. For Antlia 98, we obtain a 2-10keV
X-ray luminosity of (6.0 & 0.3) x 10*” erg s~ for the expected
XRB-dominated X-ray emission. This falls short of the



THE ASTROPHYSICAL JOURNAL, 956:104 (11pp), 2023 October 20 Hu et al.
Table 1
Nuclear X-Ray Source and Host Galaxy Properties

FS90 NGC RA. Decl. Morph. log Lx log M,

(deg) (deg) (ergs™) M)
@ @ ® (€] ) ©) M
82 157.09246 —35.49791 E 38.86192 9.2
88 157.11674 —35.51491 L 41.53409! 9.3
98 157.14249 —35.46079 L 39.05%318 8.7
105 3257 157.19617 —35.65797 E 38.927012 10.4
125 3260 157.27638 —35.59513 E 39.035010 10.6
168 3267 157.45242 —35.32195 E 39.077589 10.5
184 3269 157.48765 —35.22433 E 39.147018 10.8
185 3268 157.50272 —35.32545 E 40.7575%3 11.6
226 3273 157.62125 —35.61017 E 39.27+008 10.8

Note. (1) Galaxy name according to Ferguson & Sandage (1990). (2) NGC name of the galaxy. (3 and 4) Right ascension and decl. at equinox J2000. (5) The

morphological type of the galaxy,
from the g — r mass—luminosity relation, with an uncertainty of ~0.2 dex.

detected X-ray luminosity but is consistent within the 3o
uncertainty. The ratio of the X-ray and radio intensities can also
cast light on its origin. We follow the correlation given by
Terashima & Wilson (2003),

Ry — vL,(5 GHz) ‘ ?)
Lx(2 — 10)keV

We derive the source 5 GHz luminosity of (6.1+1.1) x
10** erg s—' from its 1.28 GHz luminosity based on an assumed
power-law spectrum S o< v~ %7 (Condon et al. 2002). We obtain
log Rx ~ —4.1. This source is too luminous in the radio to be a
stellar-mass XRB, which typically have log Rx < —5.3. There-
fore, the source detected at the center of Antlia 98 is a
promising AGN candidate. Future on-axis observation is
required to determine its nature.

3.3. X-Ray Stacking of Undetected Galaxies

To probe the AGN population below the detection limit, we
performed a stacking analysis for member galaxies lacking
X-ray detected AGN. Among the 83 candidate galaxies, we
exclude NGC 3258 due to the diffuse nature of its X-ray
emission. Based on the PSF and stellar mass M,, we categorize
the galaxies into four groups: small-PSF low-mass subset
(SPLM), small-PSF intermediate-mass subset (SPIM), inter-
mediate-PSF low-mass subset (IPLM), and intermediate-PSF
intermediate-mass subset (IPIM). The boundary of small and
intermediate 90% PSF is 4”, while that of the low and
intermediate mass is log(M,/My) = 8.5. There are 20, 11, 30,
and 21 galaxies in the SPLM, SPIM, IPLM, and IPIM subsets,
respectively. We stack the counts maps of galaxies in each
subset, and extract the net counts within a nuclear region 2" in
radius, for which we chose an annulus with an inner radius of
4” and an outer radius of 5” as the background. We use the
CIAO tool aprates to compute the net counts and
uncertainties for each subset. No signal is detected in the LM
subset for either PSF. Taking Ny =1 x 10*' cm ?and I' = 1.8,
the 30 upper limits on the unabsorbed O 5-8keV lununosrty for
SPLM and IPLM are 3.3 x 10¥ ergs ' and 3.0 x 10*” ergs™",
respectively. However, X-ray emission is detected for the
subsets of more massive galaxies. A detection with a signal-to-
noise ratio (S/N) of 3.1 is obtained for SPIM. There are 22 net
counts, with 41 and 44 counts in the source and background

“E” and “L” stands for ETG and LTG. (6) X-ray luminosity in the 0.5-8 keV energy band. (7) Stellar mass of the galaxy, derived

apertures, respectlvely, corresponding to a photon flux of
(1.7+0.6) x 10~ gh cm , and an unabsorbed luminosity
of (8.0 +2.6) x 10%7 erg s*1 For the IPIM subset, we obtain
an S/N of 2.1 and an unabsorbed luminosity of
(4.0 4 1.8) x 10°” erg s~ '. Fainter nuclear X-ray sources are
likely missed due to the hmited sensitivity.

4. Black Hole Activity in ETGs
4.1. Nuclear X-Ray Luminosity Function

We compare the ETG AGN X-ray luminosity functions
(XLF) of the Antlia cluster, as well as the Virgo cluster (Gallo
et al. 2010), the Fornax cluster (Lee et al. 2019), and the
AMUSE-Field (Miller et al. 2012) in Figure 3. The detection
limits of these surveys are different. The median and
completeness sensitivities of AMUSE-Antlia footprint are
log(Lx/erg s™) = 38.9 and log(Lx/ergs~!) = 39.0 in the
0.5-8 keV passband, which are the shallowest among all the
samples. The AMUSE-Field, AMUSE-Virgo, and Fornax
survey are dominated by snapshots, which means that the
target galaxies are at the aimpoint. For the snapshots, the
detection limit mainly depends on the effective exposure time,
while in the AMUSE-Antlia fields, the detection limit also
depends on the off-axis angle. The completeness sensitivities
for AMUSE-Field, AMUSE-Virgo, and Fornax snapshots are
38.3, 38.6, and 38.7 dex, respectively. To compare all AGN
presented in those studies, while taking into account the
sensitivity difference, we set the median sensitivity of
AMUSE-Antlia at the beginning of the second bin. Thus, all
the samples are comparable, except for the faintest bin.

AGN detection can be biased by the Eddington ratio
incompleteness (Gallo et al. 2010; Miller et al. 2012). For
example, Gallo et al. (2010) emphasize that the nuclear SMBH
activity does not increase with the host stellar mass, if the
sample is Eddington complete. On the other hand, for any
luminosity-limited survey, it is impossible to reach the same
Eddington-scaled luminosity across an extensive range of black
hole masses. It is, therefore, more likely to detect SMBH
activity in more massive galaxies, due to their higher
luminosity and possibly higher black hole masses. The stellar
mass distributions of the four samples are different, as shown in
the right panel of Figure 3. There are more low-mass galaxies
in the Antlia sample than any other, while the AMUSE-Field
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Figure 3. Left panel: ETG XLF for AMUSE-Antlia (black error bar), AMUSE-Field (green error bar), AMUSE-Virgo (yellow error bar), and Fornax sample (pink
error bar). The leftmost luminosity bin is under the median sensitivity of AMUSE-Antlia, so we focus on the right three bins. We present the 90% upper limit as a
downward arrow for the non-detection of the third bin of Antlia XLF. The y-axis is logLx number density divided by the total stellar mass of galaxies My in each
sample. Right panel: the stellar mass distributions of the four samples. Also, we plot the standard ETG stellar mass function (Moffett et al. 2016) with the blue long-
dashed line. Below a certain detection limit, high-mass galaxies can have more AGN detections due to Eddington incompleteness, so for the left panel we divide the
XLF by Mr. Generally speaking, the AGN XLF in Antlia is consistent with the Field, while both are much higher than Virgo and Fornax.

sample contains more high-mass galaxies. We apply the
Kolmogorov—Smirnov test (K-S test) to examine if any two
samples are from the same distribution. The results of the K-S
test indicate significant differences in the stellar mass
distributions between each pair of samples. The p-values for
the comparisons between the sample pairs Antlia and Virgo,
Antlia and Field, Antlia and Fornax, Virgo and Field, Virgo
and Fornax, and Field and Fornax are 1.1 x 10716, 2.5 % 1076,
12x 107", 142 x 107%, 7.4 x 107, and 1.7 x 10>, respec-
tively. Also, we compare these samples with the standard ETG
stellar mass distribution (Moffett et al. 2016) of the Galaxy and
Mass Assembly survey phase two (GAMA-II) survey down to
a completeness limit of log(M,/M;) = 8. The p-value for
Fornax is 0.33 and therefore the Fornax sample is consistent
with the standard ETG distribution. Other samples deviate
significantly from the standard distribution.

To compare samples with different stellar mass distributions,
we divide the number of galaxies by the total stellar mass of all
ETG in each sample, the total stellar masses Mt for Antlia,
Field, Virgo, and Fornax are 1.0, 5.1, 6.0, and 2.1, in units of
10'2M,,. The intrinsic X-ray luminosities are converted to
0.5-8 keV assuming a power-law photon index I'=1.8, the
median value of AGN spectra in the local 50 Mpc volume (She
et al. 2017). Also, we apply the same luminosity bins to all
data. The lowest luminosity bin is lower than the median
sensitivity of most samples, so we focus on the other three bins.
No Fornax ETG is detected in the two most luminous bins. No
Antlia ETG AGN is detected at log(Lx/erg s—') = 39.7-40.5,
while only one AGN with log(Lx/ergs~!) = 40.75 + 0.02
falls in the log(Lx/ergs~!) = 40.5-41.1 bin. The high
luminosity bin is somewhat arbitrary, especially given the
small Antlia source population. To compare the luminous end
of AMUSE-Antlia with AMUSE-Virgo and AMUSE-Field, we
calculated the expected AGN detections in these samples for
the stellar mass of AMUSE-Antlia and took the number of the
XLF of the two other samples. The AMUSE-Field XLF gives
~1.2 and ~0.6 AGN in the log(Lx/erg s~!) = 39.7-40.5 and
log(Lx/erg s~!) = 40.5-41.3 bins. AMUSE-Virgo XLF
implies ~0.2 AGN in these same two bins. As a result, one
real Antlia AGN detection at the luminous end is between the
expected ~0.4 AGN based on the AMUSE-Virgo XLF and

~1.8 AGN on the AMUSE-Field XLF, although the large
uncertainty should be noted. For the less luminous bin of
log(Lx/erg s~') = 38.9-39.7, the number of Antlia AGN
found relative to the total stellar mass is comparable with that
of AMUSE-Field, and much higher than AMUSE-Virgo. Even
though the luminous end of AMUSE-Antlia XLF is hard to
constrain due to the small number of AGN, we conclude that
the nuclear SMBH activity is higher in a dynamically active
environment like the Antlia cluster and the Field, but lower in a
more relaxed environment, like Virgo and Fornax.

4.2. Occupation Fraction

We compare the black hole activity in ETG of different
samples through their AGN occupation fractions. Two Antlia
sources hosted by LTG—Antlia 88 and Antlia 98—are excluded.
Unlike AMUSE-Virgo, AMUSE-Field, and Fornax, in which
most galaxies have ~5 ks on-axis snapshots, galaxies in the three
AMUSE-Antlia fields have been observed at a variety of detection
limits. To ensure a fair comparison, we restrict our study to
nuclear X-ray sources of log(Lx/erg s~!) > 38.9 in the energy
band of 0.5-8 keV. The luminosity threshold is chosen as the least
luminous nuclear X-ray source of AMUSE-Antlia since it has the
highest detection limit. The 0.3—10keV nuclear source luminos-
ities of AMUSE-Virgo and AMUSE-Field are given in Gallo et al.
(2010) and Miller et al. (2012), respectively. We convert them to
0.5-8 keV by assuming a single power law with a photon index of
I'=2, as used in the two works. Furthermore, since galaxies in
these four samples have distinct stellar mass functions, we
categorize them into four equally sized stellar mass bins, which
range from log(M, /M) = 8-11.6.

The occupation rate f,.. is defined as the number of AGN
over the galaxy population. To calculate the uncertainties in the
occupation rate, we adopt the posterior PDF based on Bayesian
analysis (Sun et al. 2023, Equation (2)),

P (foecINzal, Nagn)
o [ P, Mol s NPV, 3)
where Ng, is the number of galaxies. Nagn is the detected

number of AGN and A stands for its expectation value. On the
right side of Equation (3), the joint likelihood can be written as
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Figure 4. The occupation fraction of AMUSE-Antlia, AMUSE-Field,
AMUSE-Virgo, and Fornax in four mass bins. The data are restricted to
nuclear X-ray sources with log(Lx/erg s~') > 38.9 in the 0.5-8 keV band and
logarithmic galaxy stellar masses of 8-8.9, 8.9-9.8, 9.8-10.7, and 10.7-11.6.

The occupation fractions of Antlia and Field samples are higher than Virgo and
Fornax.

two parts,
P (Ngal, NacNIfoee» A) = P (Nga1) P (Nagn| ). “4)

The number of galaxies Ny, is known, which gives
P(Ngal) =1. Now, A :fochgal’ and P(\) = () _fochgal)s
where ¢ is the Dirac function, so f,.. can be omitted from the
expression. Then, Equation (3) reduces to

P (fyoe!Ngats Nagn) o< P (Nagnl ). Q)
P(Nagn| ) follows the binomial distribution, where

P (Nagn|N)
Ngga!

B NagN!(Ngal — Nagn)!

Thus, we can get the PDF of the occupation rate in order to
calculate uncertainties.

The occupation rate is likely biased high for AMUSE-Field
and that of AMUSE-Antlia may have been underestimated due
to the Eddington incompleteness. When restricted to the same
X-ray luminosity limit of log(Lx/ergs™') > 38.9, and the
same stellar mass range of 10 < log(M, /M) < 11.6, we find
that the ETG AGN occupation fraction is 55713% in Antlia.
This fraction is 5577% for the Field, 1878% for Virgo, and
l7f}(1)% for Fornax. This finding indicates that the black hole
activity is enhanced in Antlia, relative to Virgo or Fornax.
Also, we compare their occupation fractions in four mass bins
in Figure 4. The number of AGN with log(Lx/erg s~') > 38.9
in 0.5-8 keV energy band and the number of galaxies in each
bin are listed in Table 2. We do not include the lowest mass bin
for Fornax and Virgo due to their very small numbers of
galaxies. In the two massive bins, the occupation fractions of
Antlia and Field are higher than Virgo and Fornax.

To fully normalize the impact of different M, distributions,
we use a weighted bootstrap method, which gives a posterior
probability for each item when bootstrapping. We apply the
same method on AMUSE-Antlia, AMUSE-Field, AMUSE-
Virgo, and Fornax, setting the GAMA-II survey ETG stellar
mass function (Moffett et al. 2016) as the standard. The details

fO]Z/zGN (1 - focc )Ngal_NAGN. (6)

Hu et al.
10 —— Normalized Antlia
Normalized Virgo
2 8; Normalized Fornax
2 —— Normalized Field
o
O 61
>
=
S 4
©
Q
)
1
o 2
0_

o 10 20 30 40 50 60 70
Occupation Fraction (%)

Figure 5. The PDFs of the weighted bootstrap replications. Note that the Field
refers to the AMUSE-Field sample. As a result, the outcome occupation
fraction of the AMUSE-Antlia, AMUSE-Field, AMUSE-Virgo, and Fornax
samples are 45% =+ 10%, 38% + 6%, 13% + 4%, and 20% =+ 8%, respec-
tively. In conclusion, the AGN activity is similar in AMUSE-Antlia and
AMUSE-Field samples, but both are higher than AMUSE-Virgo and Fornax.

Table 2
ETG AGN and Host Galaxy Population of Different Samples

Sample Tiny M, Small M, Medium M, Large M,

NacN/Neai NacN/Ngal Nacn/Neai Nacn/Ngai
M @) (3) (C)) 5)
Antlia 0/25 (0%) 1/16 (6.3%) 3/8 (37.5%) 3/5 (60%)
Field 1/23 (4.3%) 0/17 (0%) 8/21 (38.1%) 20/30 (66.7%)
Virgo 0/5 (0%) 0/45 (0%) 4/33 (12.1%) 3/10 (30%)
Fornax 0/0 (0%) 0/8 (0%) 3/14 (21.4%) 0/5 (0%)

Note. (1) Sample name. (2)-(5) Number of ETG AGN with
log(Lx/erg s™") > 38.9 in the 0.5-8 keV energy band, number of ETG and
its occupation fraction in four stellar mass bins. Tiny M,, small M,, medium
M,, and large M, correspond to the logarithmic galaxy stellar masses of 8-8.9,
8.9-9.8, 9.8-10.7, and 10.7-11.6, as shown in Figure 4.

of the technique are described in Appendix B. As a result, the
new occupation fractions of the normalized samples are
45% £+ 10%, 38% + 6%, 13% +4%, and 20% +8% for
AMUSE-Antlia, AMUSE-Field, AMUSE-Virgo, and Fornax,
respectively, as shown in Figure 5. In conclusion, the AGN
activity of Antlia and Field are similar, while both are higher
than Virgo and Fornax.

5. Discussion

We find that the black hole activity of AMUSE-Antlia is
similar to that of AMUSE-Field, and higher than AMUSE-
Virgo and Fornax. Note that the AMUSE-Field includes
systems from various different environments. Among the
AMUSE-Field galaxies with known group membership status,
78% are group galaxies, while 22% are non-group members.
However, the black hole activity for the group and non-group
members is nearly identical (Miller et al. 2012, Section 5).
Overall, we consider the AMUSE-Field sample represents a
non-cluster environment. In this context, an intriguing question
arises: what is responsible for the enhanced black hole activity
in the Antlia cluster, which exceeds the other two clusters and
reaches the activity level of non-cluster galaxies?
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We find five AGN (three ETG AGN and two LTG AGN) in
the NGC 3258 field, which exceeds the three AGN found in the
NGC 3268 field and one in the southeast field. Hess et al.
(2015) note that the NGC 3258 subcluster is the younger
structure in the Antlia cluster, based on a larger velocity
dispersion of galaxies around NGC 3258 and abundant H1 gas
content. Pedersen et al. (1997) also conclude that the intragroup
gas of NGC 3258 has low metallicity based on the study of its
X-ray halo.

The AGN activity is enhanced in Antlia, compared to Virgo
and Fornax, while within Antlia, the youngest subcluster has
the highest AGN activity. A picture starts to emerge that a
dynamically young environment is responsible for trigger-
ing AGN.

Cold gas can fuel AGN accretion. Thus, it is natural to link
the cold gas content with AGN activity. Antlia is found to
retain a large population of gas-rich galaxies. However, these
gas-rich galaxies in Antlia are not strongly linked with AGN.
Hess et al. (2015) present a 4.4 deg” HI mosaic survey that
fully covers the three AMUSE-Antlia fields with the Karoo
Array Telescope (KAT-7). Four LTGs within the AMUSE-
Antlia footprint (Antlia 93, Antlia 98, Antlia 120, and Antlia
212) have HI detections. Only the BCD, Antlia 98, contains a
nuclear X-ray source (see Section 3.2 for details). In addition,
Cairns et al. (2019) use the Atacama Pathfinder Experiment
telescope (APEX) to study the CO (2—1) content as an H, tracer
of 72 Antlia galaxies, 20 of which are in the AMUSE-Antlia
fields. As a result, four ETG (Antlia 72, Antlia 111, Antlia 222,
and Antlia 224) have CO (2-1) detections. However, none of
them is paired with a nuclear X-ray source. Also, seven out of
the nine nuclear X-ray sources hosting galaxies in AMUSE-
Antlia have APEX observations, but none of them is confirmed
to contain CO. The non-detection of cold gas is not a result of
depletion by black hole accretion. Taking the maximum
Eddington ratio of 10™* as suggested in Miller et al. (2012)
for the low-luminosity AGN (LLAGN) in the AMUSE-Virgo
and AMUSE-Field surveys (see the left panel of Figure 5 in
Miller et al. 2012), the accretion rate of an AGN is expected to
be ~10~* M. yr~'. Antlia contains HI gas and molecular gas
with My~ 1.5 x 10'° M, (Hess et al. 2015, Table 2) and
Mot ~9 x 10° M, (Cairns et al. 2019, Table 2), and the
depletion timescale would be 10'%yr, greatly exceeding the
Hubble time. The lack of correlation between cold gas content
and AGN activity may be due to the limited detection
sensitivity.

It is also possible to maintain LLAGN without cold gas. A
promising mechanism is the radiatively inefficient accretion
flow, such as the advection-dominated accretion flow (ADAF)
model (e.g., Netzer 2013, chap. 4.4; Yuan & Narayan 2014). In
this model, the accretion flow can be very hot, even reaching
the virial temperature. ADAFs inefficiently convert the
gravitational energy to radiative electromagnetic energy
because much of the energy is advected into the black hole,
thus producing LLAGN. In this scenario, nuclear X-ray sources
are not necessarily expected to be associated with cold gas.

The enhanced AGN activity may be related to the role of ram
pressure stripping. Ram pressure stripping can induce a loss of
angular momentum of the gas, causing gas, cold and hot, to
flow toward the center and trigger AGN. For example,
Poggianti et al. (2017) study seven jellyfish galaxies with clear
ram pressure stripping morphology and find six of them host
AGN. The infall of the NGC 3258 subcluster is likely to have
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caused ram pressure stripping. There is also clear evidence for
ram stripping in Fornax (e.g., Jones et al. 1997; Su et al.
2017b, 2017; Serra et al. 2023) and Virgo (e.g., Forman et al.
1979; Boselli et al. 2014; Su et al. 2019; Junais et al. 2022).
However, these two clusters may be experiencing different
stages of ram pressure stripping compared to Antlia. All three
clusters contain molecular gas (Virgo; e.g., Kenney &
Young 1989, Fornax: Kleiner et al. 2021), while only Antlia
has sufficient HIgas and both Virgo (e.g., Kenney &
Young 1989; di Serego Alighieri et al. 2007; Oosterloo et al.
2010) and Fornax (Loni et al. 2021) are H Ideficient. Boselli
et al. (2014) suggest that the molecular gas is not stripped as
efficiently as the atomic gas. Therefore, Antlia is likely to be in
an early stage of ram pressure stripping, in which its gaseous
supply is yet completely removed.

6. Summary and Conclusions

In this work, we present a study of the nuclear X-ray sources of
member galaxies in the Antlia cluster using deep Chandra
observations. We also include optical data from CTIO and radio
observations from MeerKAT. The detection rate of nuclear X-ray
sources is 7/84 (8.3%) for ETG and 2/8 (25%) for LTG. All
nuclear X-ray sources, but one, have radio counterparts from broad
bandwidth MeerKAT L-band observation. These sources in ETG,
which typically lack star formation, are considered to be AGN.
According to the fundamental plane (Appendix A), the estimated
black hole masses range from 3 x 10°=5 x 10’ M., with an error
of 0.3-0.4 dex. We perform a stacking analysis for galaxies in
which nuclear X-ray sources are not individually detected, yielding
a detection of Ly s g ey = (8.0 +2.6) x 10%’ erg s ! with an S /N
3.1, which implies the existence of low-luminosity nuclear X-ray
activity below our detection limit. For low-mass galaxies with
log(M,./M;) < 8.5, we obtain a 30 upper limit on their nuclear
X-ray luminosity of Ly s g ey = 3.3 x 10°" erg s

The Antlia cluster, as a non-cool core cluster with an
ongoing merger, presents a typical dynamically young
environment, in sharp contrast with the relatively relaxed, cool
core clusters, Virgo and Fornax. These three nearest clusters
provide an ideal laboratory for studying the environmental
effect on the black hole activity. When restricted to the same
X-ray luminosity limit of log(Lx/ergs~') > 38.9, and the
same stellar mass range of 10 < log(M,/M;) < 11.6, we find
that the ETG AGN occupation fraction is 55713% in Antlia.
This fraction is 5577% for the Field, 1875% for Virgo, and
17+13% for Fornax. This finding indicates that the black hole
activity is enhanced in Antlia, relative to Virgo or Fornax,
consistent with the study of their AGN XLF.

An early stage of ram pressure stripping may be responsible
for the enhanced AGN activities in a dynamically young
environment, such as the non-cool core cluster, Antlia,
particularly its young subcluster NGC 3258. There is more
cold gas in Antlia member galaxies, especially in the young
NGC 3258 subcluster, than in other clusters, but we do not find
a direct link between the detected cold gas and the AGN-
hosting ETG, which may be due to the limited detection
sensitivity. Meanwhile, the LLAGN may be maintained by the
accretion of hot gas.
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Appendix A
The Fundamental Plane

The fundamental plane indicates the correlation among radio
flux, X-ray flux, and black hole mass, as shown in Giiltekin
et al. (2019, Equation (8)):

p=055=+ 0224 (1.09 + 0.DR + (—0.5971HX, (A1)

where p = log(Mpy/10% M), R = log(Lr/10%® ergs™!) at
5GHz, and X = log(Lx/10* erg s~!) in 2-10keV.
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Figure 6. The fundamental plane correlation of AGN mass, 5 GHz radio
luminosity, and 2-10 keV hard X-ray luminosity. The nine Antlia galaxies
hosting nuclear X-ray sources are shown as the black dots with 1o error. Antlia
105 does not have a significant radio source, so here we use 3 times the rms
background level as the radio term to calculate the black hole mass and present
it with an open circle. The yellow dotted, green dashed, and purple dashed—
dotted lines indicate black hole mass log(Mpy/M:) from 6-8. As a result, if the
galaxies do host AGN, the black hole masses fall in a reasonable range
of 6 < log(Mpu/Mo) < 8.
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We measure the 1.28 GHz radio source flux by fitting each
source image with a two-dimensional Gaussian distribution
using the Python package photutils (Bradley et al. 2021).
We convert the flux to 5 GHz assuming a power-law spectrum
Socv 7 (Condon et al. 2002), where S is the measured flux
and v is the frequency. As shown in Figure 6, the nine galaxies
with nuclear X-ray sources and radio emission have black hole
mass 6 < log(Mpu/M;:) < 8, which is typical for AGN.

Appendix B
The Weighted Bootstrap Method

Bootstrap is a kind of Bayesian method assuming a static
posterior probability of 1/n for each individual value, where n
is the size of the sample (Efron 1979; Rubin 1981). The AGN
occupation fraction is defined as the ratio of AGN numbers to
the galaxy population. For the purpose of comparing the AGN
occupation fractions of samples with different stellar mass
distributions, we set the bootstrap posterior probability to
normalize the replicated sample to the local spheroidal stellar
mass distribution (Moffett et al. 2016). We refer to this method
as the weighted bootstrap method.

1. A mathematical description. Suppose that we have an
observed sample with size n, let x = (x;, x5, ---,x,) and x;
denotes the ith item. Consider a set of bins b = (by, ba, --- ,b,,)
with size m, where b is chosen to ensure that each bin
corresponds to at least one x; and each x; falls in bin b;, say:

b; — %Ab <x < b+ %Ab, where Ab is the bin width. A

statistic f estimates a parameter f based on a distribution ®(x).
To normalize x to $(x), so that the statistic f can be applied to
x, a posterior probability P; for each x; is given as
x B)/N, -

Zi:] Pi = ls

where N; is the number of x elements that fall in b;. Thus, a
posterior probability set P=(Py, P,, ---,P,) is constructed,
corresponding to x.

A weighted bootstrap replication generates a random sample
of size n from x with a weight factor in P. Applying f to one
replicated sample gives one estimate of parameter f. After many
replications, the distribution of the replicated items approaches
®(x). Finally, the result of f on x is calculated from all possible
bootstrap estimations of f.

2. Realization. We aim to compare the AGN occupation
fractions of three samples, AMUSE-Virgo, AMUSE-Field, and
AMUSE-Antlia. We implement this weighted bootstrap
method to correct for their different stellar mass distributions
(see the right panel of Figure 3), which can strongly bias the
occupation fraction.

Before the statistical procedure, we first restrict the stellar
mass to the range of 9 < log(M,./My) < 11.7. Also, we keep
AGNs with 0.5-8keV X-ray luminosity log(Lx/erg s™!) >
38.9, which is the median detection limit of AMUSE-Antlia,
the highest among the four samples. With these constraints, the
occupation fractions of AMUSE-Antlia, AMUSE-Field,
AMUSE-Virgo, and Fornax are 26f§%, 42:“2%, 12f;{%, and
1173 %, respectively.
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Figure 7. The posterior probability P; of the weighted bootstrap method
according to Equation (B1). The sum of the posterior probability is less than 1
because there are multiple galaxies in one bin. Each marker represents a galaxy
hosting an AGN and its corresponding stellar mass. The five AMUSE-Antlia
AGN with host stellar masses around 10.7 dex have higher posterior
probabilities, which contributes to the increase of the resulting occupation
fraction.

The Schechter function (Schechter 1976) describes the
probability density function for each galaxy in mass space.

d(logM)d log M = In(10)p*100eM/M")(a+1)

x exp(—1010tM/Mq 1og M,  (B2)
where ¢* is the normalization constant, M™ is the characteristic
mass of the knee in the mass function, and « is the slope at the
low-mass end. We adopt the parameters log(M*/My) =
10.74 £ 0.026, a=-05254+0.029 and ¢ =3670+
200 dex ' Mpc > of the local spheroidal stellar mass distribu-
tion, according to GAMA-II (Moffett et al. 2016).

We then calculate the occupation fraction of AMUSE-Antlia
by normalizing the stellar mass distribution to the Schechter
function with the weighted bootstrap method. For convenience,
x stands for the observed AMUSE-Antlia sample with n
galaxies, and x; indicates the stellar mass of the ith member
galaxy. There are 12 stellar mass bins in b, the first 10 bins
have bin widths of 0.2 dex, while the last two have widths of
0.3 dex. We generate weighted bootstrap replications with a
posterior probability P;, according to Equation (B1), as plotted
in Figure 7. After 100,000 replications, the mean stellar
distribution fits ®(x) well. The statistic f calculating the
occupation fraction is applied to each replication. Finally, the
weighted bootstrapped distribution of f on x is shown in
Figure 5.

The same process is also applied to AMUSE-Field,
AMUSE-Virgo, and Fornax. As a result, the new occupation
fractions of the normalized samples are 45% + 10%,
38% =+ 6%, 13% + 4%, and 20% =+ 8% for normalized Antlia,
Field, Virgo, and Fornax, respectively. Here, the bootstrapped
occupation fraction of AMUSE-Antlia is much higher than the
original value. This is due to five of seven AMUSE-Antlia
AGN being hosted by ETG with stellar masses around
10.7 dex, which is the knee, the peak of Schechter function.
Due to their higher posterior probability, these five items
significantly contributed to the substantial increase in the
outcome. Similarly, Lee et al. (2019) normalize the stellar mass
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distributions of AMUSE-Virgo and AMUSE-Field samples to
Fornax, and find that Virgo and Fornax have similar AGN
activity, both lower than AMUSE-Field, consistent with our
findings. In conclusion, the AGN activity of Antlia and
AMUSE-Field are quite similar, both of which are much higher
than the AGN activity in Virgo and Fornax.
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