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ABSTRACT

We present Australia Compact Telescope Array (ATCA) 21 cm observations of the nearby low-excitation radio galaxy (LERG)
NGC 3100. This is the brightest galaxy of a loose group and it hosts a young (~2 Myr) radio source. The ATCA observations
reveal for the first time the presence of neutral hydrogen (HI) gas in absorption in the centre of this radio galaxy, and in emission in
two low-mass galaxies of the group and in a diffuse dark cloud in the proximity of NGC 3100. The sensitivity to low-column density
gas (Nuyr ~ 10" cm™2) allows us to reveal asymmetries in the periphery of most of the HI-detected galaxies, suggesting that tidal
interactions may be ongoing. The diffuse cloud does not show a stellar counterpart down to 27 mag arcsec™> and could be the rem-
nant of these interactions. The analysis of the HI absorption complex in NGC 3100 indicates that the atomic phase of the hydrogen
is distributed in the same way as its molecular phase (observed at arcsecond resolution through several carbon monoxide emission
lines). We suggest that the interactions occurring within the group are causing turbulent cold gas clouds in the intra-group medium to
be slowly accreted towards the centre of NGC 3100. This caused the recent formation of the cold circum-nuclear disc, which is likely

sustaining the young nuclear activity.

Key words. galaxies: individual: NGC 3100 — galaxies: active — galaxies: ISM — galaxies: kinematics and dynamics —

galaxies: groups: general

1. Introduction

One of the most demanding requirements of modern galaxy
formation theories is to reproduce the observed properties of
early-type galaxies (ETGs) in the local Universe. How to pre-
vent over-cooling of gas, why star formation (SF) quenches at
late times, and which processes are responsible for the observed
scaling relations between central super-massive black holes
(SMBHs) and stellar bulges are only some of the subjects of
long-standing debate (e.g. D’Onofrio et al. 2021).

Active galactic nuclei (AGNs) and their associated energetic
output (i.e. feedback) are widely believed to play a crucial role
in shaping galaxies over cosmic time (e.g. Harrison et al. 2018).
One of the two main forms of AGN feedback is the so-called
kinetic- (or jet-) mode feedback, where the bulk of the energy
generated from the SMBH accretion process is channelled into
collimated outflows of non-thermal plasma (i.e. the radio jets).
The jets play an important role in heating the surrounding inter-
stellar medium (ISM), possibly suppressing SF and maintaining

* The reduced HI datacube is only available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
675/A59

the ETGs as passive, ‘red and dead’ spheroids (e.g. Choi et al.
2015). However, the many details of how radio jets are pow-
ered and interact with their surroundings are still not fully under-
stood (e.g. Harrison et al. 2018; Hardcastle 2018).

Important insights into this subject can come from sys-
tematic investigations of a particular class of AGN known as
low-excitation radio galaxies (LERGs). LERGs are by num-
ber the dominant radio galaxy population in the local Universe
(e.g. Hardcastle et al. 2007), predominantly hosted by red, mas-
sive (M, > 10 My) ETGs (e.g. Best & Heckman 2012;
Miraghaei & Best 2017). These AGN eject most of the energy
through collimated radio jets, inducing kinetic feedback into the
ISM. Detailed, spatially resolved studies of nearby LERGs are
key to probing the formation and evolution of massive ETGs
in relation to the fuelling/feedback cycles associated with their
nuclear activity.

ETGs are typically devoid of cold (T < 10>K) gas in their
centres. However, over the past decade, significant amounts of
cold molecular gas and dust sufficient to sustain the low accre-
tion rates of LERGS have been found in the central regions of
ETGs (e.g. My, ~ 10’-10'" M; e.g. Ocafia Flaquer et al. 2010;
Prandoni et al. 2010; Ruffa et al. 2019a; Tamhane et al. 2022).
The origin of the observed cold material is still hotly debated:
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it may be either internally generated (for example, through
stellar mass loss or hot halo cooling) or externally accreted
(e.g. through environmental effects such as mergers and tidal
interactions).

In clusters and groups, galaxy encounters, tidal interactions,
and hydrodynamical effects such as ram pressure stripping can
be responsible for directly driving the gas from the intergalactic
medium (IGM) into the centre of galaxies, triggering the nuclear
activity (e.g. Ramos Almeida et al. 2012; Poggianti et al. 2017).
Moreover, these same phenomena inject turbulence in the envi-
ronment, which may also generate cooling of gas in the hot halo
of galaxies and consequent infall onto the central SMBH, either
directly and smoothly (e.g. Negri et al. 2014) or — more real-
istically — after chaotic cooling (as predicted in chaotic cold
accretion (CCA) models; e.g. Gaspari et al. 2015, 2017). Fila-
mentary or blob-like cold gas structures, likely reminiscent of
condensing multi-phase gaseous clouds, have been frequently
observed extending from the hot halo onto the centre of nearby
LERGs in high-density environments, supporting the scenario
described above (e.g. Tremblay et al. 2018; Nagai et al. 2019;
Maccagni et al. 2021; Tamhane et al. 2022). In high-luminosity
radio sources (L 4gn, = 10** W Hz™!), a connection between
the evolution and activity of the SMBH, the fuelling cold gas,
and the surrounding dense environments is suggested by the tight
correlations observed between their hot X-ray-emitting halos,
radio jet powers, and molecular gas masses (e.g. Ineson et al.
2015; Pulido et al. 2018; Babyk et al. 2019).

The incidence of environmental phenomena in less power-
ful radio galaxies (Li4gH; = 102272 W Hz™) is still highly
debated (e.g. Ching et al. 2017). Simulations suggest that these
sources are hosted by less massive dark matter haloes (~10'? M,
Thomas et al. 2021), where the environment of galaxies is typ-
ically less extreme than in clusters. In these galaxies, rotation
is often not negligible, and the role of turbulence in funnelling
the gas onto the SMBH compared to secular processes occur-
ring within the galaxy and minor interactions in the halos is
indeed still unclear (e.g. Sabater et al. 2015; Gaspari et al. 2015;
Davis et al. 2019; Temi et al. 2022). Key answers in this regard
can come from studies of the distribution and kinematics of the
cold gas in LERGs on all scales, from the circum-nuclear to the
circum-galactic environments.

Radio interferometers can carry out these studies in nearby
AGN by observing the neutral atomic hydrogen (HT) gas
at 21 cm wavelengths. HI is often found in the centre of
active galaxies (e.g. Morganti et al. 2001; Maccagni et al. 2017;
Curran & Duchesne 2018); it traces the emission of cold gas in
ETGs beyond the central regions in galaxies and is the most
abundant gas phase in the intergalactic medium, allowing us
to directly probe the presence of interactions between nearby
ETGs (e.g. as shown by the SAURON and ATLAS’P surveys
Oosterloo et al. 2010; Serra et al. 2012).

Diffuse (Nyr ~ 10 cm™2) H1 clouds have been associated
with outflowing gas in several nearby radio AGN through the
detection of high-velocity absorption components against the
radio jets (see Morganti & Oosterloo 2018, for a census). How-
ever, the sensitivity of past radio interferometers limited these
studies to absorption features, which depend strongly on the dis-
tribution of the underlying radio continuum, and are therefore
very limited in determining the full extent of the detected gas
distribution.

The Australia Telescope Compact Array (ATCA) has a wide
field of view (~1 deg?®) — which is crucial for studying the H1
gas from the circum-nuclear to the circum-galactic regions of
nearby AGN —and a combination of short baselines, which make
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it sensitive to the low-column density neutral hydrogen (albeit
at low resolutions, ~30"—90""). Several ATCA H1 observations
made it possible to obtain promising results in the study of the
cold-gas supply mechanism in nearby AGN. For example, in the
LERG NGC 612, Emonts et al. (2008) discovered an enormous
(140-kpc wide) HT disk connected by a prominent low-column
density (<8 x 10" cm™2) bridge with its HI-rich companion
galaxy NGC 619, indicating that a past interaction between the
two galaxies may have channelled large (10° M) amounts of
cold gas into this LERG. Deep ATCA H1 observations have also
showed that the large-scale HI disk of the radio galaxy PKS
1718-649 was likely formed through a gas-rich merger, but that
this event is disconnected to the more recent funnelling of cold
gas into the centre and consequent triggering of the AGN, as sug-
gested by the HI detected in absorption (Maccagni et al. 2014).

The complex nature of SMBH feeding mechanisms and the
wealth of observational evidence that can be derived from a
single object clearly indicate the need to expand these stud-
ies to larger samples of LERGs. Atacama Large Millimeter/
submillimeter Array (ALMA) CO(2-1) observations (e.g.
Ruffa et al. 2019b) have shown that (sub-)kpc molecular gas
disks are very common in LERGs. We are carrying out the
first systematic, spatially resolved, multi-component (stars,
hot/warm/cold gas, dust, and radio jet) study of a small but com-
plete sample of 11 LERGs in the southern sky. A full description
of the sample can be found in Ruffa et al. (2019a). Although
the bulk of this gas is found to be in ordered rotation, low-
amplitude perturbations and/or non-circular motions are ubiqui-
tous (Ruffa et al. 2019b), which likely drive the gas towards the
SMBH. The origin of the circum-nuclear disks in these sources
is still very unclear. Most of them are located in poor environ-
ments (i.e. poor groups, pairs, or even isolated). For this reason,
we exploit the wide field of view of the ATCA and its high sen-
sitivity to diffuse HT to measure the total mass and distribution
of the cold gas that may live in these galaxies and their environ-
ment, and conclusively determine which mechanisms (i.e. exter-
nal, such as interactions, or internal, such as CCA) bring the gas
from the circum-galactic to the circum-nuclear regions, thus sus-
taining their nuclear activity.

We obtained deep ATCA HT observations of all sources in
2020. In this paper, we present the wide-field and high-sensitivity
H Iobservations of the nearby (38 Mpc) source, NGC 3100'. Cou-
pling H1 data with the deep optical image of NGC 3100 taken
in the context of the VST Early-type GAlaxy Survey (VEGAS;
e.g. Capaccioli et al. 2015; Iodice et al. 2021) and the previous
ALMA CO observations (Ruffa et al. 2019a, 2022), we identify
and characterise the processes that brought the cold gas from the
circum-galactic environment into the circum-nuclear regions of
this LERG and likely fuel its nuclear activity.

The paper is structured as follows. In the following section,
we provide a brief description of the main properties of
NGC 3100. In Sect. 3, we describe the ATCA observations and
data reduction. The data analysis is presented in Sects. 4 and 5.
We discuss the results in Sect. 6, before summarising and con-
cluding in Sect. 7.

2. The target: NGC 3100

NGC 3100 is a late SO galaxy -characterised by a
patchy dust distribution and a bright nuclear component

! Throughout this work, we assume a standard ACDM cosmology with
Hy = 70kms™' Mpc™', Q4 = 0.7 and Qy = 0.3. This gives a scale of
182 pc/”, at the redshift of NGC 3100 (z = 0.008; Ruffa et al. 2019a).
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Fig. 1. Multi-wavelength view of the group of NGC 3100 and of its circum-nuclear regions. Left panel: Primary beam-corrected HI contours
overlaid on a r-band image from VEGAS of the NGC 3100 group. The contour levels are 5o~ x 2" Jykm s~!. The lowest contour corresponds to
1.1 x 10" cm™2. Right panel: VEGAS r-band map zoomed onto the inner 15” x 15” (2.5 x 2.5 kpc?). The colour scale is inverted compared to
the left panel. ALMA CO(2-1) integrated intensity contours from Ruffa et al. (2019b), and radio continuum contours from JVLA data at 10 GHz
(Ruffa et al. 2020) are overlaid in blue and red contours, respectively. Contours are drawn at 1, 3, 9, etc. times the 30 rms noise level. The HI

(left panel), CO, and radio continuum (right panel) Gaussian restoring
bottom-right corner of each panel.

(Laurikainen et al. 2006). Itis the brightest galaxy of aloose group
and forms a pair with the barred spiral galaxy NGC 3095 located
ata projected linear distance of ~95 kpc (Fig. 1). Multi-frequency
radio continuum data show that NGC 3100 hosts the core-double
lobe radio source PKS 0958-314 (P 4gu, = 102 W Hz !, e.g.
Ekers et al. 1989; Ruffaetal. 2019a), with a jet power in the
range of 10¥—10* erg s! (Ruffa et al. 2022). The radio source
has a total linear extent of ~1.8 kpc and there are no indications
of radio emission on larger scales (Ruffa et al. 2020). According
to the jet-size—age correlations (e.g. O’Dea & Saikia 2021), the
AGN can be considered to be in an early phase of its evolution
(less than 2 Myr). NGC 3100 was observed with ALMA during
Cycles 3 and 6 and resolved with arcsecond resolution in three
different CO rotational transitions (up to J = 3). The carbon
monoxide is distributed in an edge-on (i = 60°, PA = 220°)
rotating (vy = 345km s7!) disk extending for ~2 kpc in the
centre of the galaxy. The radio jets expand in a direction close
to the plane of the disc. A detailed view of the CO and radio
emission in NGC 3100 is given in the zoom-in panel of Fig. 1.
The 3D kinematic modelling of the molecular gas disk shows
that, overall, the disk is regularly rotating, but several clouds
have non-circular motions (Ruffaetal. 2022). These clouds
likely form both inflow streaming motions and a jet-induced
outflow in the plane of the CO disc, with v = 200 km s~! and
M < 0.12 M, yr~' (Ruffaetal. 2022). In this paper, we show
for the first time that HT gas is present in the central regions of
NGC 3100 and its surrounding large-scale environment, and how
the study of its distribution and kinematics allows us to determine
how the cold gas is supplied to the AGN.

beams are shown in the bottom-left corners. A scale bar is shown in the

3. Observations and data reduction
3.1. 1.4 GHz ATCA observations

The ATCA observations of NGC 3100 were taken in three sep-
arate runs of 12 h each, with different array configurations (see
Table 1 for details). The observations were centred at the HI
frequency of the systemic velocity of the galaxy, 1409.13 MHz.
The Compact Array Broadband Backend (CABB) of the tele-
scope provides a total bandwidth of 64 MHz over 2048 channels
(dual polarisation). At the HI frequency, in the Local Universe,
the channel width is ~6.6 km s~!.

The data were calibrated and cleaned using MIRIAD
(Sault et al. 1995, 2011). A continuum image was produced
using the line-free channels. At the resolution of our observa-
tions (=8"), the continuum is unresolved with a flux density of
Si14cHz, = 491.5 mly. The continuum was subtracted by fit-
ting the visibilities in the line free channels with a first-order
polynomial. We detected HI in emission in the field of view
(~1 deg?) of the observations and in absorption in the cen-
tre, against NGC 3100. We produced two different datacubes
to best retrieve the information from both the HT detected in
emission and in absorption. Table 1 reports a complete list of
parameters of the two datacubes. For the emission, to increase
the signal-to-noise ratio, the final datacube considers visibilities
from only five antennas, thus excluding the longest baselines.
The restoring beam has a size of 66" x41”. To increase the col-
umn density sensitivity, we smoothed the cube to a final PSF
of 99” x 86" and binned three spectral channels together. The
noise of the datacube is 0.89 mJy beam™' at 19.9 km s~! channel
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Table 1. ATCA observations and data products.

Date

Proj. ID

Telescope configurations
Pointing centre (J2000)

12-12-20, 15-01, 10-02-21
C3364
750C,1.5A, EW352
10"00™40.8%, —31939™52s

Bandwidth 64 MHz
Channel width 6.6km s™!
Number of antennas 5(6)

Time on target 12+ 12+ 12 hr
H1 cube weighting 0.5

H1 cube restoring PSF 66""x41”(21”x19")
H1 cube final PSF ® 100" %86 (21”x19”)

0.89 (0.55) mJy beam™!
6.9 x 10" (1.25 x 10') cm™2

H1 cube rms noise
30 column density (3-ch)

Notes. Numbers within parenthesis refer to the datacube used for the
analysis of the HI absorption. ®To increase the column density sensi-
tivity, we smoothed the cube to a final point spread function (PSF), and
binned three channels together, which is why the rms noise is given over
channels of 19.9km s~! in width; see Sect. 3.1.

width. Following the equations given by Meyer et al. (2017), at
the achieved sensitivity, the minimum detectable column density
(3o) is 6.9 x 10'® cm™ and the minimum detectable mass is
6 x 10° M. We used SoFiA (Serra et al. 2015) to determine the
reliable HI emission of each source. By smoothing and clipping,
we convolved the input cube with a set of kernels and detected
emission above 3.5 times the local rms noise level of each ker-
nel. We created the H1 density map and velocity field using the
same software suite. We confirmed the characterisation of the
detections also by visually inspecting the datacube.

The optical depth and, consequently, the column density sen-
sitivity of the HT detected in absorption depends on the noise of
the observations, but also on the flux of the background contin-
uum source. Hence, in absorption it is possible to reach similar
column density sensitivities at higher spatial resolutions than in
emission. Keeping all six antennas of the ATCA, we generated
a datacube with a restoring beam of 21" x 19”” and binned three
channels together. The rms noise level in the absorption datacube
is 0.55 mJy beam™'. Against the 1.4 GHz continuum emission
of NGC 3100, this corresponds to a 30~ column density detec-
tion limit of 1.2 x 10" cm™2, assuming a spin temperature of the
gas Tpin = 100 K and that the HI fully covers the background
continuum spanning over three velocity channels (19.7 km s71).
Taking the background radio-continuum function as the max-
imum extent of the HI detected in absorption, the minimum
detectable mass is 3.4 X 10° M.

3.2. Deep optical images of the NGC 3100 group

New and deep images in the optical g and r bands for the
NGC 3100 group were obtained with OmegaCam at VLT Survey
Telescope (VST) as part of the VST Early-type GAlaxy Survey
(VEGAS; see lodiceetal. 2021) between December 2019
and January 2020. Observations cover a large area
(~1 square degree) around the group, with a pixel scale of
0.21 arcsec pixel ™! (Kuijken 2011). The images were reduced
using the dedicated AstroWISE pipeline (see McFarland et al.
2013; Venholaetal. 2017, 2018, for details.). Data were
acquired in dark time during the ESO run P104 (run ID:
0104.A-0072[B]). These data were analysed to perform the
surface photometry of all group members and constrain the total
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amount of intra-cluster light in this environment, as published
by Ragusa et al. (2023).

Thanks to the long integration time (~3.5 h and ~2.75 h
on source for the g and r filters, respectively), with these new
imaging data we are able to map the light distribution down to
the faint surface brightness levels of y, ~ 28.9 magarcsec™,
i, ~ 27.3 magarcsec™?, in the g and r bands, respectively.
Moreover, the large field of view of OmegaCam allows us to
cover the whole area observed with ATCA (~1.5 degz). The
VEGAS image of the NGC 3100 group in the r band is shown
in Fig. 1, with the contours of the HT detected in emission and
in absorption against the radio emission of NGC 3100 overlaid.
As discussed in Sect. 6.1, combining deep optical images with
the HT density is fundamental in order to detect any faint star-
light counterpart of the gas and, therefore to address the possible
origin of this component.

4. Distribution and kinematics of the cold gas

The ATCA HT observations of NGC 3100 provide an unprece-
dented view of its gas content and environment. For the first
time, HI is revealed in different galaxies of the group of
NGC 3100. The main panel of Fig. 1 shows the distribution of
the HI overlaid on the deep optical image of the NGC 3100
group made by VEGAS. The group of NGC 3100 has 1.18 x
10'% M, of H1 distributed among six satellites within 1.5 deg®
from the bright radio galaxy. In particular, we detect HI gas
associated to the disk of NGC 3095, NGC 3108, ESO 435-28,
EQ J100-3124, and — for the very first time — in two dwarf
galaxies (DwN, DwW), and in a cloud located in the sky area
between NGC 3100 and its companion, NGC 3095 (CI). Most of
the detected HT disks show morphological asymmetries. More-
over, we discover HI absorption against the radio source in
NGC 3100. The main properties of the HI detections are sum-
marised in Table 2.

Previous H1 observations detected gas in some of the sources
of the NGC 3100 group, but never associated to the AGN.
In particular, NGC 3095 is detected in the HI Parkes All Sky
Survey (HIPASS; Meyer et al. 2004; Zwaan et al. 2004). DwN
and the cloud CI are both within the HIPASS PSF (15.5’) and
therefore formally indistinguishable from NGC 3095. ESO 435-
28 was already known to have some HI detected by single-
dish observations (Theureau et al. 1998). ATCA observations a
factor 1.4 less sensitive than the one presented in this paper
and at comparable resolutions previously observed the HI
in NGC 3108 (e.g. Oosterloo et al. 2002; Hau et al. 2008;
Serra et al. 2008). The same observations also discovered HI in
EQ J100-3124, referring to this source as ‘anonymous galaxy’
A1000-31. Our results confirm the H1 mass and systemic veloc-
ity of the latter, while we only partially recover the HI mass of
NGC 3108 reported by Oosterloo et al. (2002; 4.6 x 10° Mo, at
the distance of 53 Mpc). This is likely due to the fact that this
galaxy is ~30" away from NGC 3100 at the edge of the field
of view of our ATCA observations, where the sensitivity of the
primary beam drops below 10%. The HT detection in DwW is
likely also affected by this issue.

The H1 in DwWN and DwW has low column densities (~5 X
10" cm=2) and DwN is the galaxy with the lowest HT mass
detected in emission, of namely Myr = 8 X 107 M. The most
interesting novel discovery is the extended (4’) H1 cloud (CI)
38 kpc away from NGC 3100, between DwN and NGC 3095.
Its HI is very diffuse spanning column densities between 6 x
10" cm™2 and 3 x 10" cm™2. The cloud is detected over three
spatial beams and seven spectral channels, with an average
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Table 2. HI properties of the sources detected in the NGC 3100 group.

Source name Coordinates Usys (HT) w50 w80 Fur Myz
[J2000] [kms™'] [kms!'] [kms™!'] [Jykms™'] [Mo]
NGC 3100 ™ 10:00:40.80,—31:39:52.3 2641 178 397 —-0.056 ® 1.1 x 10°
5.1 x 107 &=
ESO 435-028 10:00:37.93,-31:45:29.1 2979 128 158 2.5 8.6 x 108
NGC 3095 10:00:05.74,-31:33:22.0 2706 338 365 22 7.5 % 10°
EQJ100-3124 10:01:00.42,-31:24:01.2 2820 67.1 101 4.1 1.3x10°
NGC 3108 10:02:27.52,-31:42:41.3 2626 535 547 34 1.1 x10°
DwN 10:00:53.54,-31:34:13.1 2655 86.0 114 0.25 8.0 x 107
DwW 09:58:58.19,—-31:43:28.3 2979 128 158 0.84 8.6 x 108
Cl 10:00:40.58,-31:36:41.7 2401 41.0 59.2 0.29 1.0x 108

Notes. VDetected in absorption. *)Corresponds to an optical depth of T = 0.114. “**'Mass range estimated with different assumptions on the real

extent of the H1 gas detected in absorption; see Sect. 5 for further details.
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Fig. 2. Velocity field of the HI detected in the group of NGC 3100
(whose location is marked by a green cross, vy = 2641km s7h.
Contour levels are as in Fig. 1.

S/N z 3.5 in each channel. The VEGAS observations suggest
that no stellar counterpart is associated with this cloud (further
details are given in Sect. 6.1).

The HT systemic velocities of the gas-rich galaxies (shown
in Table 2) are all within 300km s~ from NGC 3100, confirm-
ing that they all likely belong to the same group. The velocity
field in Fig. 2 shows that NGC 3095 and DwN have velocities
very similar to NGC 3100 (within 60 km s, while the diffuse
cloud is blueshifted by 200 km s~!. In Sect. 6.1, we combine
this information with the deep photometry to understand the for-
mation history of this group and relate it to the gas content of
its members.

5. The H1in NGC 3100 detected in absorption

Figure 3 shows the HI absorption profile of NGC 3100. The
complex has a main broad line peaking close to the systemic
velocity (t = 0.0119) and a second, narrower (full width at zero
intensity FWZI= 73 km s~ redshifted component (Vpeak — Usys ~
+200km s7!). The peak of the line is close to the systemic
velocity (Vpeak — Usys ~ —31km s71), which is indicative of an
absorption line tracing a circum-nuclear disc (e.g. Geréb et al.

0.005

—0.005

—0.010

2500 3000 3500 _ 4000

cz(kms™!)
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Fig. 3. H1 absorption detected in the centre of NGC 3100 (with a PSF of
21”x19"”) against the unresolved radio continuum emission of the AGN
(81461 ~ 490 mlJy). The dashed-dotted vertical line marks the sys-
temic velocity of the source (vgys = 2641km s7'), and the grey shaded
area shows the average noise across in the datacube.

2015; Maccagni et al. 2017). The full-width at half maximum
(w30 = 397km s7!) is within the range of rotational velocities
of NGC 3100, as traced by its circum-nuclear disk of molecu-
lar gas (Ruffa et al. 2019a). Nevertheless, the FWZI of the over-
all absorption complex is 570km s~!, which is greater than
the FWZI of the molecular gas detected in the centre of this
AGN (~430km s'; see e.g. Fig. 5 of Ruffa et al. 2022). The
FWZI of the CO is similar to the full width of the broad com-
ponent of the HI absorption. This suggests that only part but not
all of the H1 absorption is tracing the same neutral atomic phase
of the circum-nuclear disk seen in the CO. Further information
on the distribution of the H1 traced in absorption and its relation
with the molecular gas is given in Sect. 6.2.

In our 1.4 GHz observations, the radio jets and core of
NGC 3100 are unresolved, assuming that the HI completely cov-
ers the background continuum emission (covering factor ¢y = 1),
and that their spin temperature is 100 K; the integrated column
density of the absorption complex is Ny =4.43 x 102 cm™2.
The total mass of the HT traced by the absorption may be esti-
mated as Myr® - Ny, making some assumption as to the
radius of the absorbing clouds (r). An upper limit on the mass
is obtained assuming that the HT is covering the entire PSF
of the observations (21”x19”, ~3.8 x 3.8 kpc) and is My =
5.13x107 M. A lower limit on the mass is derived assuming that
the absorption cannot occur beyond the extent of the radio jets
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as given by their emission at 10 GHz (10", ~1.8 kpc, Ruffa et al.
2020). This implies a total mass of the absorption complex of
Myr = 1.1 x 10° Mo,

6. Discussion
6.1. The Hiin the NGC 3100 group

The novel HT detections in combination with the deep VEGAS
optical observations allow us to identify two new H1-rich dwarf
galaxies in the group of NGC 3100, namely DwN and DwW, and
to detect several asymmetries in the outskirts of the HT disks of
all other sources close to NGC 3100 (i.e. NGC 3095, ESO 425-
28, EQ J00-3124). Here, we investigate the HT and stellar prop-
erties of these sources in relation to the assembly history of the
group. The overlay between the combined g, r colour image from
the VEGAS observations and the HT distribution (Fig. 1) shows
that while the detected HT disks have asymmetries in their out-
skirts, their stellar bodies are not significantly disturbed. This
suggests that the group galaxies did not encounter a recent major
merger, but that weak tidal interactions are likely ongoing.

We also detect diffuse HI emission in the outskirts of
NGC 3100 for the first time (38 kpc away from the centre). The
deep optical imaging shows that no stellar counterpart is present
at the coordinates of the HI cloud, or in its proximity, down to
the surface-brightness magnitude limit of 27.3 mag arcsec™2; see
Fig. 4. Therefore, a dark HI cloud of ~1 x 10° My seems to
be located approximately half-way between NGC 3100 and its
companion NGC 3095. The cloud has an asymmetrical shape
and could be the remnant of a past interaction between these two
galaxies. Nevertheless, even though CI seems to point towards
the northern tail of NGC 3095, it is blueshifted with respect
to this object and also with respect to NGC 3100, by 150 and
300km s~ !, respectively, and no further HI emission is found
between the galaxies (see also Fig. 2, and Table 2).

Further information on the origin of this HI cloud and
on the possible assembly history of the NGC 3100 group
can be obtained from their location in the phase-space dia-
gram (e.g. Jaffé et al. 2015; Rhee etal. 2017). This diagram
relates the projected distance from the centre of the group
(normalised by the virial radius of the group) with the sys-
temic velocity of each galaxy with respect to the group cen-
tre (normalised by its velocity dispersion). Figure 5 shows
the projected phase-space diagram of the NGC 3100 group.
In addition to the HI detections, we show the group mem-
bers identified in the ‘galaxy groups within 3500km s~! cat-
alogue by Kourkchi & Tully (2017), together with the viri-
alised area of the group and the caustic curves defined by
its escape velocity (which depends on its virial mass, radius,
and velocity dispersion, i.e. My;; = 6.6 X 10 My, Ry =
0.53 Mpc, ogowp = 211km s~!, respectively). We highlight
that in the Kourkchi & Tully (2017) catalogue, the centre of
the group is not on NGC 3100 but is shifted towards the north
(RA = 10:00:40.800, Dec = —31:39:52.30, vrag = 2600km s~1).
Moreover, the ATCA observations detect HI in all group mem-
bers visible in the field of view (marked by circles in the figure)
except for in IC 2533 towards the north.

Different simulations (Jaffé et al. 2015; Smith et al. 2015;
Rhee et al. 2017) show that, in the virialised region, we are
more likely to find old members of the group — between
which interactions have already occurred — than recent infallers,
which are typically located between this region and the caustic
lines. This has been observed in denser environments than the
NGC 3100 group, such as the Fornax cluster (Loni et al. 2021)
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Fig. 4. VEGAS image of the north of NGC 3100. The deep photometric
observations show the absence of a galaxy at the location of the H1
cloud detected by the ATCA observations. HI contours are as in Fig. 1.

Table 3. Optical properties of the H1 detections in the NGC 3100 group.

Source Mg [mag] p, [mag]l g—r M.(g,r)
name [x10'° M,]
NGC 3100 11.46 10.68 0.78 21.06, 17.01
ESO 435-028 15.53 15.22  0.31 0.069, 0.057
NGC 3095 11.81 11.28 0.53 5.56,4.49
EQJ100-3124 16.17 15.47 0.7 0.19,0.16
NGC 3108 11.80 1099 0.81 17.02, 13.74
DwN 17.00 16.71 0.29 0.017,0.014
DwW 15.66 1544 0.22 0.044, 0.035

Notes. The mean errors on the magnitudes are 0.05 and 0.04 for the g
and r bands, respectively.

and Virgo (Jaffé et al. 2016). Interestingly, in the loose group of
NGC 3100, most H1 detections are found in the virialised region,
while in clusters and dense groups the HT is typically located
in the region of the recent infallers (Jaffé et al. 2015; Loni et al.
2021). The diagram also suggests that it is not only NGC 3095
that may have interacted with NGC 3100, but also DwN, because
it lies very close to NGC 3100 in the projected phase-space
diagram and has an HT tail pointing towards it (see Fig. 1).
In summary, the analysis of the locations and motions of the
H1 detections within the NGC 3100 group supports a scenario
in which different galaxies recently interacted with NGC 3100,
and the dark HT cloud is possibly the remnant of one of these
interactions, and survived in the intergalactic medium.

As recent minor interactions likely influenced the assembly
history of the centre of the NGC 3100 group, we may ask
ourselves whether these interactions have already removed an
important amount of HI from its members. One way to answer
this question is to compare their H1 content with those of galaxies
that live in poorer environments where sources likely do not expe-
rience any significant event of gas removal, such as mergers and
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Fig. 5. Phase-space diagram of the NGC 3100 group. NGC 3100 is
shown in red, while H I detections are shown in blue, and non-detections
in grey. Triangles indicate group members from the Kourkchi & Tully
(2017) catalogue that are located outside the field of view of ATCA. The
dotted line shows the caustic curve defined by the escape velocity of the
group. Interestingly, most H I detections are located within the virialised
region of the group (dashed-dotted line). The proximity of NGC 3095
and DwN suggests a recent interaction with NGC 3100.

ram pressure stripping; and those of galaxies that live in denser
environments (e.g. clusters, where instead members likely expe-
rience several gas-removal events). Following Loni et al. (2021)
and Molnar et al. (2022), for the comparison with galaxies in
poorer environments, we selected all the field sources in the Local
Universe with HT and stellar contents measured in the Herschel
Reference Survey (excluding the Virgo cluster members) and Void
Galaxy Survey (Boselli et al. 2014; Kreckel et al. 2012, respec-
tively). For galaxies in denser environments, we use the sources
detected in the Virgo cluster (Cortese et al. 2016). The left panel of
Fig. 6 shows a comparison between the H 1 mass fraction (defined
as the ratio between the H I mass and the stellar mass) versus stel-
lar mass for the H 1detections in the NGC 3100 group (see Table 3)
and the galaxies of the comparison sample. The dotted line shows
the GALEX Arecibo SDSS Survey (xGASS; Catinella et al.
2018) scaling relation, that is, the median value of the HI con-
tent for galaxies in the Local Group. We extrapolated the xGASS
trend down to 107 M, (black dashed line), which is consistent with
the HI mass fraction of HRS+VGS galaxies. Given that for the
dark cloud CI there is no corresponding stellar counterpart (and
therefore we cannot estimate a stellar mass), we do not plot this
source in Fig. 6.

The galaxies of the NGC 3100 group do not show any sig-
nificant offset with respect to those of the comparison samples
in the plane of the HI mass fraction versus stellar mass. Over-
all, it appears that members of this group host an amount of
HT consistent with that of galaxies that do not live in dense
environments. To quantify any possible case of HT deficiency,
we also evaluated the deviation from the xXGASS scaling rela-
tions for both our H 1 sources and the galaxies in the comparison
sample. We consider as H I deficient all sources of the NGC 3100
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Fig. 6. H1 vs. stellar mass content of the sources in the NGC 3100 group
and of galaxies in different comparison samples. Left panel: HI fraction
vs. the stellar mass of the galaxies in the NGC 3100 group (red + blue
markers) compared with non-cluster galaxies from VSG+HRS (grey
circles, Kreckel et al. 2012; Boselli et al. 2014). Red and blue colours
show HI-deficient and normal galaxies, respectively. We show the
xGASS scaling relation with a black solid line (Catinella et al. 2018).
The black dashed line is the linear extrapolation of this trend for
M, < 14 x 10° M,. Right panel: Similar to the left panel. Here
we show the comparison between the HI mass fraction of the galaxies
in the NGC 3100 group with that of Virgo cluster galaxies from HRS
(light purple circles). Dark purple circles show the average scaling rela-
tion obtained from Virgo cluster galaxies (Cortese et al. 2016).

group whose offset from the scaling relations is larger than 1o
with respect to the standard deviation of the VGS+HRS sample.
These galaxies are shown in red in Fig. 6. One of the two sources
is NGC 3100, which is 2-3 orders of magnitude offset from the
scaling relation. However, as illustrated in Sect. 5, HI is detected
in absorption in this galaxy, which limits an accurate estimate of
the total gas mass (which may range between 10° and 10”7 My).
Nevertheless, if more HT is present within the stellar body of
NGC 3100, it must have very low column densities given that
it is not detected in emission (Nyr < 10' cm~2), and would
therefore likely not contribute significantly to the total HI mass.
Moreover, NGC 3100 is the most massive ETG of its group, and
its HI content (even if a lower limit) is consistent with what is
expected in massive elliptical galaxies in groups, where often
little HT (if any) is detected (Odekon et al. 2016).

The other group member found to be HI deficient is DwN.
This further supports (along with the disturbed H I morphology
and the indications of the phase-space diagram; see Sect. 4) a
scenario in which this source may have undergone a minor inter-
action with NGC 3100. The other HI-detected dwarf galaxy,
DwW, is not deficient in HI and has a regular HI morphology,
further indicating that this source has not yet entered the viri-
alised region of the group.

The right panel of Fig. 6 shows the HI content in the
NGC 3100 group and the galaxies of the Virgo cluster.
The purple dotted line shows the HI mass fraction scaling
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relation obtained for Virgo galaxies (Cortese etal. 2016).
Besides our H1 deficient galaxies, all group members are above
the Virgo scaling relation. Although a direct comparison with
DwN is hard due to the lack of Virgo galaxies below ~10° Mo,
DwN might have reached a level of HI deficiency similar to that
of Virgo galaxies. The interaction history of this dwarf satellite
may therefore be similar to that of galaxies found in much denser
environments.

In summary, the analysis of the location and HI morpholo-
gies of the sources we detect in the NGC 3100 group suggests
that minor interactions affect the HI disks of most of them.
In particular, it is likely that NGC 3095 and DwN recently
interacted with the NGC 3100, such that part of their gas has
been stripped out, leaving clear HT tails in the outskirts of their
disks. The origin of the dark cloud remains puzzling. On the one
hand, the cloud is located in the field between NGC 3100 and
NGC 3095, but its velocities are blueshifted with respect to both.
On the other hand, DwN is likely H1 depleted and the cloud is
also closer to it in projection than to NGC 3095. Despite the con-
troversial origin of the dark cloud, the HI content and distribu-
tion of the NGC 3100 group indicate that several sources close to
NGC 3100 are rich in cold gas and that minor interactions with
it may have contributed to replenishing this ETG of cold atomic
(and molecular) gas. During the interactions, the dark cloud
may have acquired a sufficient velocity offset (~200km s™')
to survive into the IGM and not be re-accreted (recently) onto
the sources.

6.2. The H1 disk of NGC 3100

From the HT absorption complex of NGC 3100 and the mor-
phology of its radio source, it is possible to infer the overall
distribution of the HI in this AGN. As mentioned in Sect. 5,
an absorption line peaking close to the systemic velocity such
as that detected in NGC 3100 likely traces a rotating disc. The
HT1 detected in absorption may therefore be the part against
the radio continuum of a diffuse disk extending throughout
the entire stellar body of the galaxy, as seen in several nearby
ETGs (Serraetal. 2012; Maccagni et al. 2017). Alternatively,
the HI gas could be concentrated in the innermost regions
of NGC 3100 and form a circum-nuclear disc. This is often
observed in radio AGN embedded in an SO galaxy (see e.g.
PKS 1718-649, Fornax A, Centaurus A, Maccagni et al. 2014,
2021; Struve et al. 2010; Morganti 2010). Such circum-nuclear
disks are typically multi-phase, with the neutral gas showing
kinematics similar to that of the molecular phase (e.g.
Maccagni et al. 2016, 2018; McCoy et al. 2017; Espada et al.
2017). As anticipated in Sect. 2, a circum-nuclear molecular
gas disk has already been detected in NGC 3100 (Ruffa et al.
2019b,a, 2022; see also the right panel of Fig. 1). It is therefore
plausible that the neutral and molecular gas phases also co-exist
in the circum-nuclear regions of NGC3100. As a proof of
concept, we investigated whether or not part of the H I absorption
complex traces the circum-nuclear molecular disc, and if so,
which part. To this aim, we built a toy model of an HI disk
with the same extent, thickness, and velocity curve as the CO
disc (PA = 220°, i = 60°, v;or = 345km s~!; see the bottom right
panel of Fig. 4 in Ruffa et al. 2022). With a procedure illustrated
in detail in Maccagni (2017)?, we overlaid the mock HT disk on
the high-resolution continuum image of NGC 3100 to determine
the appearance of an absorption line complex produced by such
adisc. As the radio continuum is unresolved by the ATCA obser-

2 Using the open-source software MoD_AbS
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vations, we assume that at 1.4 GHz it has the same morphology
and flux distribution as at 5 GHz, where we resolve the radio jets
(see right panel of Fig. 1). This enables us to understand whether
or not the kinematics of a disk with the same properties as the
CO disk would reproduce the kinematics of the HI detected
in absorption, that is, the shape and width of the line. For this
reason, we also normalised the peak of the modelled absorption
line to the observed one and avoid making assumptions as to
the surface brightness distribution of the HI disc. The results
are shown in Fig. 7. The bulk of the HT absorption feature is
clearly well reproduced by the modelled disc, where part of it
intercepts along the line of sight the core and the radio jet. Given
that the radio core is approximately five times brighter than the
jets, the part of the disk in front likely contributes most of the
absorption. This indicates that the HI absorption likely traces
the same circum-nuclear disk seen in emission in the molecular
phase rather than a component at outer distances or a disk with
different orientation. In this configuration, about one-sixth of
the disk is traced by the absorption line. Assuming a uniform
distribution, the total HI mass of the circum-nuclear disk is
therefore 1.1 X 107 M. This value is compatible with the upper
limit estimated in Sect. 5.

Given that the total molecular gas mass is likely in the
range 0.5-3.5 x 108 M, (Ruffaetal. 2022), the H,/HI ratio
in NGC 3100 is ~1-10. This value is similar to what was
found in other nearby LERGs with a dust lane in the centre,
such as NGC 1316 (also known as Fornax A, see e.g.
Morokuma-Matsui et al. 2019; Maccagni et al. 2021), and sug-
gests that the bulk of the mass of the circum-nuclear disk is
cold and is likely being converted from atomic to molecular.
Moreover, as the dust formation and conversion from atomic
to molecular gas are enhanced in interacting galaxies (e.g.
Sanders & Mirabel 1996; Nakanishi et al. 2006; Kaneko et al.
2017), it is possible that the small interactions and consequent
infall of cold gas is enhancing the conversion to molecular gas.

The nature of the redshifted component of the HI absorp-
tion remains puzzling. The modelled circum-nuclear disk shown
in Fig. 7 does not reproduce its velocities. The molecular disk
shows several clouds with small (within the rotational veloc-
ity of the galaxy) deviations from regular rotation, some of
which are outflowing while others may be fuelling the AGN (see
Ruffa et al. 2022). It is possible that the redshifted HI feature
traces the neutral phase of some of these clouds. Given its loca-
tion in front of the radio source and its redshifted velocities, this
feature may trace HI clouds that are directed towards the cen-
tral SMBH and therefore contributing to its fuelling. Another
possibility is that the redshifted feature is tracing HI clouds cur-
rently falling onto the disk as a consequence of the recent minor
interactions between NGC 3100 and its satellites. Observations
of higher sensitivity and resolution are required to discrimi-
nate between the two possibilities. Such observations would also
enable us to connect the HI detected in absorption with that
detected in emission in the outskirts of our target, allowing us
to fully determine its origin and role in powering the nuclear
activity of this galaxy.

7. Summary and future prospects

Deep ATCA 1.4 GHz observations of the NGC 3100 loose group
show, for the first time, that several satellites of NGC 3100
have significant amounts of neutral hydrogen. Most HT disks
have asymmetric morphologies, with low-column-density tails
in their outskirts (Sect. 4 and Fig. 1). This, along with the pro-
jected location of the group members (Sect. 6.1 and Fig. 5),
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Fig. 7. Kinematical model of a circum-nuclear disk reproducing the observed HT absorption line. Left panel: Best-fit HI absorption generated
by a disk in front of the radio continuum, overlaid with the observed line. Residuals are shown in the bottom panel. Right panel: Orientation of
the HT disk generating the line in the left panel in the plane of the sky. The absorbed part of the disk is against the core and the southern jet is
shown in green. The radio continuum is shown in the background. The colour scale shows the rotation velocity of the disk relative to systemic.
The inclination and position angle of the disk best reproducing the observed HT are the same as those of the CO disk resolved by ALMA (see e.g.

the zoomed-in image panel of Fig. 1 or Fig. 7 of Ruffa et al. 2019b).

suggests that recent minor interactions occurred between
NGC 3100 and its two closest satellites (NGC 3095 and DwN)),
likely channelling relatively large amounts of cold gas and dust
in its centre. These interactions must have been weak so as not
to significantly deplete the satellites of gas but only unsettle the
outer regions of their HT disks, as suggested by the H I-to-stellar
mass ratio of their group members (Fig. 6). This scenario is also
supported by the deep optical photometry of the group presented
in this paper (and acquired as part of the VEGAS project), which
shows that the stellar bodies of these galaxies are not disturbed
and tidal stellar streams are not detected (Fig. 4).

We detect a diffuse dark cloud between NGC 3100 and
its companion, NGC 3095. The combination of the ATCA and
VEGAS observations allows us to determine that the cloud does
not have a stellar counterpart (see Fig. 4). This cloud could
be the remnant of an interaction between NGC 3095 or DwN,
and NGC 3100. The dark cloud could also form an HI reser-
voir in the outskirts of NGC 3100 that may replenish its central
regions of cold gas. Deeper and higher resolution observations are
needed to further investigate our hypotheses. The HT absorption
complex detected for the very first time in NGC 3100 indicates
that the circum-nuclear ISM of this LERG has both a molecular
(e.g. Ruffaetal. 2019a) and a neutral component (Sect. 5). In
particular, most of the HT seems to be distributed in the same
circum-nuclear disk as the molecular gas (Sect. 6.2). The red-
shifted component of the HT absorption line may trace H1 clouds
that are deviating from the regular kinematics of the disc. These
could be the neutral counterpart of the molecular gas clouds that
may be fuelling the nuclear activity (Ruffa et al. 2022). Neverthe-
less, the nature of this component remains puzzling and how the
nuclear activity is being sustained remains unclear.

The ATCA observations of the NGC 3100 group combined
with the new deep optical images from VEGAS presented in this
paper allow us to determine that the cold gas at the centre of
NGC 3100 likely originates from minor interactions with its satel-
lites. Clarifying how the gas is then funnelled onto the circum-
nuclear regions and the exact mechanism powering the AGN
requires deeper and higher-resolution HI observations. These
would enable us to connect the H1detected in emission in the out-
skirts of NGC 3100 with that detected in absorption in its centre.
A major step forward in the study of nearby AGN has now
been made thanks to the novel radio interferometer MeerKAT

(Camilo et al. 2018; Mauch et al. 2020). This telescope has a
unique combination of long baselines enabling high-resolution
observations (~10”) over a large field of view (~1.5 deg?). More-
over, the dense core of MeerKAT, along with its 64 antennas,
enables high-resolution observations of the diffuse HI (Nyr ~
10" cm~2), whichis typically found in the circum-nuclear regions
of AGN (as in NGC 3100). For example, MeerKAT L-band obser-
vations revealed for the very first time a massive (2 x 108 M)
low-column-density (NMgr ~ 10'° cm™2) reservoir of HI in the
centre and several filaments in the outskirts of the nearby LERG
Fornax A (NGC 1316; Serra et al. 2019; Kleiner et al. 2021). By
combining the HT information with the molecular and ionised
gas observed in the same central regions of this radio galaxy,
Maccagni et al. (2020, 2021) revealed the co-existence of AGN
feeding and feedback mechanisms involving the multi-phase
circum-nuclear ISM and determined how chaotic cold accretion
may sustain the rapid flickering of the AGN.

Up-coming MeerKAT observations of NGC 3100 will allow
us to further investigate the HI in its group and the nature of
its absorption complex. Similarly to Fornax A, we will be able
to combine the HT and CO observations, and put more solid
constraints on the feeding mechanism of this LERG and the
effects of the expansion of its radio jets. Thanks to the sensitivity
(~3 x 10'"8 cm™) and high resolution (20", Av ~ 1.4km s7")
of MeerKAT, we will likely connect the HI in the centre of
NGC 3100 with that in the outskirts and in the group, and fully
determine the origin of the dark cloud.
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