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ABSTRACT

In order to better characterize the upper end of the galaxy stellar mass range, the MUSE Most Massive Galaxies (M3G) Survey
targeted the most massive galaxies (M > 10'> M) found in the densest known clusters of galaxies at z ~ 0.046. The sample is
composed by 25 early-type galaxies: 14 BCGs, of which 3 are in the densest region of the Shapley Super Cluster (SSC), and 11
massive satellites in the SSC. In the present work we aim at deriving the spatial distribution and kinematics of the gas, and discussing
its ionisation mechanism and origin in the optical wavelength range with MUSE data. We fit the continuum of the spectra using an
extensive library of single stellar population models and model the emission lines employing up to three Gaussian functions. In the
M3G sample, ionized-gas was detected in five BCGs, of which one is in the densest region of the SSC, and six massive satellites
in the SSC. Among these objects, [O1] and [N 1] were detected in three BCGs and one satellite. The gas is centrally concentrated
in almost all objects, except for two BCGs that show filaments and two massive satellites with extended emission. Moreover, the
emission line profiles of three BCGs present red/blueshifted components. The presence of dust was revealed by analysing Balmer
line ratios obtaining a mean E(B — V) of 0.2-0.3. The emission-line diagnostic diagrams show predominately LINER line ratios with
little contamination from star formation. In the M3G sample, the gas was detected in 80% of fast rotators and 35% of slow rotators.
The orientations of stellar and gaseous rotations are aligned with respect to each other for 60% of satellites and 25% of BCGs. The
presence of misalignments points to an external origin of the gas for three BCGs and two satellites. On the other hand, some of these
systems are characterized by triaxial and prolate-like stellar rotation that could support an internal origin of the gas even in case of
misalignments.

Key words. galaxies: kinematics and dynamics — galaxies: elliptical and lenticular, cD — galaxies: ISM — galaxies: clusters: general

1. Introduction

The most massive early-type galaxies (ETGs) are rare objects in
the local Universe and they represent the end point of the galaxy
mass assembly. Most of them are giant ellipticals or lenticulars
that stopped forming stars at z ~ 2 (Thomas et al.|2005} [Mc-
Dermid et al.|2015)), but at lower z continued their evolution via
dry mergers and minor accretion events of satellite systems (van
Dokkum et al|2008; Thomas et al|2014), as also indicated by
simulations (e.g., Oser et al|2012; [Laporte et al.|2013; Wellons
et al.|2015}|Cooke et al.[2019) and current analysis of stellar pop-
ulations with integral-field spectroscopy (e.g./Greene et al.|[2015|
2019; [Edwards et al.|2020). According to present numerical sim-
ulations, these systems are likely the result of dissipation-less
equal-mass mergers (Lokas et al.|2014; [Ebrova & Lokas|[2015
Tsatsi et al.|2017; ILi et al.|2018)). After z ~ 2, massive ETGs
grew from one major merger event around z ~ 1, while BCGs
are more likely to be built by more than one minor merger. In
the local Universe, massive ETGs are characterized by low star
formation rates (Ford & Bregman|2013)), typically devoid of in-
terstellar medium but with a large amount of X-ray emitting hot
gas in their halo (Ellis & O’Sullivan/2006; Kormendy et al.|2009;
Goulding et al.|2016)). Most of them are located in dense environ-

ments, also as brightest members of groups or clusters (BCGs),
while few of them are groupless (Ma et al|[2014). The galaxy
population with stellar mass M, > 2 x 10'! My, is dominated by
slow rotators (Cappellari et al.[2013; |Veale et al.|2017)).

The gas content of massive ETGs is poorly constrained given
that for decades these objects were thought to be characterized
by a negligible amount of gas and the study of their evolution
was mainly focused on stellar properties. Recently, the MAS-
SIVE survey (Ma et al|[2014) provided interesting insights on
the gas distribution and properties in galaxies (isolated or in
groups) more massive than 10''> Mg within 108 Mpc. In par-
ticular, |Davis et al.| (2016) showed that 10% of those objects
have cold gas, which is at least a factor of two less then among
less massive ETGs (Young et al.|[2011). |Goulding et al.| (2016)
presented hot-gas properties of 33 early-type systems exploit-
ing archival Chandra X-ray observations. Warm ionised-gas was
detected in 80% of massive fast rotators but only in 28% of mas-
sive slow rotators. In most of these massive galaxies this gas is
centrally concentrated (~ 61%), in some cases is extended and
shows clear rotation (~ 29%) or patchy distribution (~ 3%). Its
origin is driven by various physical processes as external accre-
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Table 1. Details of the galaxies with gas.

A&A proofs: manuscript no. paper_AA

Galaxy ~ Class r Mg,  EB-V) 1° PA, PA, PA, APAy  APAg
[10°Mo]  [mag] [°] (] (] [°] [°]
) @ 6 @ G ©® 0 ®) ©) (10) (1)
PGCO15524 1 50 290  0.321 2 257+30 1165126 1729+75 908 1472
PGC046860 3 49  02% 0.0566 1 (..) 56.0+1.8 57.6+10  (.)  (.)
PGCO047177 3 226 67 00542 2 107.4+23 953+20 98413 121 90
PGC047197 3 226  O.I% 0.0501 1 (..) 2424297 118421 aligned ~90
PGC047202 2 226 45 0.0503 1 (..) 166428 1722425 () ()
PGCO047273 3 226 65 00502 1 287+23 968+23 93622 681 649
PGC047590 3 129 1.0 00549 1 1029+38 469+297 132438 560 295
PGC049940 1 41 3.9 00663 3 544+08 514%91 517+19 3.0 2.7
PGC065588 1 66 1.3 00333 1 1029+08 136.1+23 62111 332 408
PGCO073000 1 66 448 00145 3  439%23  666+50 160.8+03 227 1169
PGC097958 3 226  0.5% 0.0649 1 () 454+15 473203 aligned ~0

Notes. Col(1): galaxy name. Col.(2): 1 = BCG, 2 = BCG in the SSC, 3 = “satellite” in the SSC. Col.(3): richness of the cluster from [Laine et al.
(2003). Col.(4): mass of the gas from Ha flux. Values with * are upper limits. Col.(5): foreground Galactic extinction from|Schlegel et al.| (1998)).
Col.(6): number of Gaussian components employed to model the emission lines. Col.(7): gas kinematic position angle. Col.(8): stellar kinematic
position angle from [Krajnovi¢ et al.| (2018). Col.(9): PA of the isophotal major axis from |[Krajnovi¢ et al.| (2018). Col.(10): absolute difference
between column 6 and 7. Aligned = from a visual inspection, PA, is nearly aligned to PA,. Col.(11): absolute difference between column 6 and 8.
For those galaxies with the “aligned” keyword in Col.(9), we report a rough estimation.

tion, cooling from the hot halo or AGN-driven outflow (Pandya
et al.[2017).

In contrast, more studies focused on probing the gas content
of BCGs, mostly due to their unique status within clusters. A
small fraction of BCGs presents optical emission lines (~ 15%)
and the presence of the gas is not correlated with the galaxy
mass and cluster velocity dispersion (Edwards et al.|2007). They
are characterized by various ionised-gas morphologies: centrally
concentrated, extended or filamentary (McDonald et al.[2012).
Recent gas accretion and star formation events are usually re-
lated to the X-ray cooling core status (Bildfell et al.|2008} [Ed-
wards et al.|2020)). Indeed, most of BCGs at the center of the so
called cooling flows (CF, |Fabian|1994; |Peterson & Fabian|20006)
clusters show optical emission lines (Edwards et al.|2007} |Cav-
agnolo et al.[2008; Tremblay et al.|2015)). This points to a close
link between the central regions of BCGs and the galaxy cluster
halo. In particular, the origin of Ha filaments observed within
BCGs is strongly related to soft X-ray emission (McDonald et al.
2010). The CF mechanism is balanced by AGN feedback that
slows and eventually reheats the cooling gas in the cores of clus-
ters, driving the evolution of these objects (Hamer et al.|[2016]
Gaspari et al.[2018)) given that CFs can explain only some of the
star formation activity in BCGs (Groenewald & Loubser|2014).

Both massive ETGs and BCGs show low-ionization nuclear
emission-line regions (LINERs) line ratios rather than ionisa-
tion from star-formation (Von Der Linden et al.|[2007; [Loubser
& Soechting| 2013} [Pandya et al|[2017) that rarely character-
izes these objects. Moreover, most of ETGs present reservoirs
of diffuse ionized gas (DIG, [Papaderos et al.|2013) over kpc
scales with low-ionization emission-line regions (LIERS) ratios
(Belfiore et al.|[2016; |Gomes et al.|2016). The DIG is likely to
be mainly ionised by hot post-Asymptotic Giant Branch (AGB)
stars (Byler et al.[2019).

In this work, we present the optical emission line analysis
of the ETGs of the MUSE Most Massive Galaxies (M3G; PI:
Emsellem; see |KrajnoviC et al.|[2018]) observed with the Multi-
Unit Spectroscopic Explorer (MUSE; Bacon et al.[2010). These
galaxies are located in the densest known nearby clusters and
suitable to better characterize the upper end of the galaxy stellar
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mass range (M, > 10'> My). This work provides key informa-
tion on the gas properties of both massive satellites, for which the
gas content is poorly constrained, and for BGCs of rich nearby
clusters.

The paper is organised as follows. In Section [2] we present
the M3G sample, previous results, and the data reduction of the
MUSE spectra. In Section 3] we describe the spectral fitting pro-
cedure and in Section[d we present the spatially resolved gas dis-
tribution, kinematics, fluxes and extinction. We report the pres-
ence of misalignments between the orientation of the gaseous
and stellar rotation in Section [5] and we study the ionisation
mechanism by exploiting the flux emission line ratios in Sec-
tion[6] Finally, we discuss the different possible scenarios about
the origin of the gas in each object in Section [/| and we draw
conclusions in Section[8]

2. M3G sample and data reduction

The M3G survey is composed of 25 massive ETG that were
selected such that one MUSE pointing would cover approxi-
mately 2 R, (based on 2MASS R, values), with M, < —-25.7
mag in the 2MASS K;-band which ensures that their masses
are M, > 10'> Mg. They are characterized by a redshift range
0.037 < z < 0.054, with a mean of z = 0.046. The galaxies are
divided in two subsamples. The first one comprises 14 galaxies
selected to be the BCGs in clusters richer than the Virgo Cluster.
The other 11 are located in the core of the Shapley Super Cluster
(SSC), centered around the three BCGs (from the BCG subsam-
ple) in the Abell (Abell et al.|[1989) clusters that make the core
of the SSC (Abell 3562, Abell 3558 and Abell 3556). About half
of these galaxies are characterized by rotation around the ma-
jor axis and stellar kinematic misalignment angles close to 90°
(Krajnovic et al.[2018]).

Unfortunately, the telluric sky lines fall in the wavelength
range including He, [N 1] and/or [Su] lines, depending on the
redshift of each galaxy. As a consequence, an accurate (as much
as possible) telluric correction is crucial to properly measure the
weak emission lines. We produced again the reduced datacubes
as in |[Krajnovi€ et al.| (2018)) with the standard data reduction
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Fig. 1. MUSE continuum-subtracted spectra (black solid line) with best-fitting model (red solid line) obtained adopting first (green lines),
blueshifted and second (blue lines), redshifted (orange lines) and, broad (purple line) components for [N 1], He and [Su] lines. The Gaussian
components of the same line are characterized by the same pattern. The residuals are defined as the difference between the observed and model
spectrum. They are shifted to an arbitrary zero point for viewing convenience. The galaxy name is reported within each panel.

MUSE pipeline (Weilbacher et al.[2020) except applying the sky
telluric line correction step. The resulting datacubes were char-
acterized by prominent telluric lines that were in turn removed
with MoLEcFIT (Smette et al.[[2015)). This software computes a
theoretical absorption model based on a radiative transfer code
and an atmospheric molecular line database. The telluric spectra
obtained with moLEcFIT were then divided by each spectrum in
the datacube.

This analysis was aimed at obtaining a better telluric correc-
tion. Indeed, due to the lack of dedicated observations of telluric
stars, [Krajnovi€ et al.| (2018) conducted the telluric correction
with the standard pipeline using standard stars. The residuals
resulted from that correction were still strong and may signifi-
cantly influence the measurements of weak emission lines. On
the contrary, the residuals from mMoLEcFIT procedure, while not
completely absent, are weak and do not show a specific structure
(i.e. mimicking emission-lines) allowing to clearly detect even
the weakest emission lines in most of spectra.

The cubes were Voronoi binned (Cappellari & Copin/[2003),
as described in[Krajnovic et al.|(2018)), by considering the signal-
to-noise ratio (S/N) between 5500 and 5700 A. The target S/N
was set to 50 for all galaxies. The galaxy spectra were dered-
dened by correcting for Galactic extinction employing E(B — V)

values calculated from [Schlegel et al.| (1998) maps (see Table|[T)),
the extinction law from |O’Donnell (1994) and Ry = 3.1.

3. Fitting procedure
3.1. Stellar continuum

The stellar continuum was fitted with the Penalized Pixel Fitting
(pPXF, |Cappellari & Emsellem|2004; (Cappellari|2017)) method.
We employed the MILES simple stellar population models
(Vazdekis et al[2010) built with an Unimodal IMF (with slope
1.3, equivalent to a Salpeter IMF) and Padova isochrones (Gi-
rardi et al. 2000)), and convolved to the MUSE Line Spread Func-
tion (LSF) provided by (Guérou et al.| (2017). The LOSVD was
parametrized by Gauss-Hermite polynomials (Gerhard [1993;
van der Marel & Franx|1993) with the mean velocity V, velocity
dispersion o, and the higher order moments /3 and h4. Differ-
ently from [Krajnovi¢ et al| (2018) who used a stellar optimal
template (i.e., the linear combination of templates obtained from
a pPXF fit on the spectrum resulted from the sum of all spectra
within one effective radius) to fit each spectrum, we employed
the entire library on each galaxy spectrum in order not to bias the
flux emission line measurement. We exclusively included mul-
tiplicative polynomials in the fitting process to account for flux
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calibration-related variations. Additive polynomials would risk
biasing lines like HB leading to the use of e.g., very young tem-
plates.

3.2. Emission lines

We developed a procedure (see Sections. [3.2.1] and 3.2.2) to
properly fit both separated and blended lines with one or more
velocity components. To model them we employed Gaussian
functions convolved to the MUSE LSF (Guérou et al.[2017)). For
some galaxies the emission line profiles were simply fitted with
a single Gaussian, while in other cases multiple Gaussians were

required (see Sec.[3.2.1).

3.2.1. Emission lines with one component

The stellar LOSVD obtained from pPXF fit was provided as in-
put to Gas and Absorption Line Fitting (GANDALF, Sarzi et al.
2017) algorithm in order to model the emission lines with Gaus-
sian functions. This procedure simultaneously fits stellar con-
tinuum and emission lines, allowing to properly detect even the
weakest emission lines. At this stage, the reddening correction
was not applied but multiplicative polynomials of the fourth or-
der were used to adjust the continuum and correct bad flux cali-
bration in the telluric spectral range not to overestimate the emis-
sion line flux.

In order to identify which galaxies presented gas emis-
sion, we firstly fitted all the M3G Voronoi binned cubes with
this technique. Gas emission lines were detected in 11 galax-
ies (see Table [I). More details about the detection thresh-
old can be found in Sec. .1l These objects show a vari-
ety of emission line morphologies: (i) weak, (ii) strong and
narrow or (iii) strong and broad emission lines. This proce-
dure was successful for PGC 047197, PGC 047273, PGC097958
(satellites in Abell 3558), PGC 046860 and PGC 047590 (satel-
lites in Abell 3556 and Abell 3562, respectively), PGC 047202
and PGC 065588 (BCGs of Abell 3558 and Abell 3716, respec-
tively). All of the emission lines of these galaxies were well
modeled with one Gaussian function only.

3.2.2. Emission lines with more than one component

The fitting procedure described in Section [3.2.1] was not suc-
cessful for most of spectra with blended emission lines charac-
terized by more than one velocity component. This was the case
of the emission lines in the central regions of PGC 015524 (BCG
of Abell 0496), PGC 049940 (BCG of Abell 1836), PGC 073000
(BCG of Abell 4059) and PGC 047177 (satellite in Abell 3558).

Hereafter, we will refer to the gas velocity components that
are rotating (regularly or affected by filaments) and in general
narrower with respect to the others as “first” components. We
will refer to the gas velocity components that are red/blueshifted
with respect to the “first” one as “red/blueshifted” components,
and to the broad line region (BLR, v ~ 1000 km s~") Her compo-
nents as “broad” components. Only in the case of PGC 047177,
we will refer to the broader component as “second” component,
since it is not red/blueshifted with respect to the first one.

Since the emission lines with multiple components were all
confined close to the galaxy center, we defined a circular spa-
tial region that encloses all the spectra with multiple component
line profiles. These spectra were fitted with a sum of Gaussian
functions, after having subtracted the PPXF continuum. To carry
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out this analysis we developed a procedure based on MPFIT IDI_E]
routine (Markwardt/2009). The spectra outside the circular re-
gion were fitted with the procedure described in Section [3.2.1]
in order to properly detect the weakest emissions by simultane-
ously fitting stellar continuum and emission lines.

This new procedure allows (i) to fit up to three Gaussian
components for each line, (ii) to tie the kinematics and flux ra-
tios between lines, (iii) to fix the line velocities of the nuclear
bins (within the PSF) to the one of the central bin if required,
(iv) to measure the kinematics of a single line or doublet (e.g.,
Hp and [S 1], respectively) and then keep it fixed during the fit of
other lines to reduce the degeneration of parameters for blended
lines (e.g., Ha and forbidden lines, respectively), (v) to limit the
range of variation of the values of all parameters in the fit, that
is crucial to deal with possible exchange of Gaussian compo-
nents during the fit of blended lines. We have tied the inten-
sity ratios between the [0 m]14959 and [O m]45007, [N1]A5197
and [N1]45200, [O1]16300 and [O1]16364, [Nu]16548 and
[N 11]16583lines (see |Osterbrock & Ferland [2006), while keep-
ing the ratio between the Balmer lines free to allow for the red-
dening correction. In order to reduce the degeneracy between
parameters but still assure a good fit, the number of Gaussian
components was kept as low as possible. More than one com-
ponent was employed only in the case of complex non-Gaussian
line profiles highlighted by large residuals (and high y?/d.o.f.
values) resulting from the one-component fit. The fit was visu-
ally inspected in case of strongly blended lines for which a y?-
based selection of the number of Gaussians could lead to fits that
are not physically justified.

Fig.[I]shows some examples of the results obtained from the
fitting procedure applied in the central circular region and in the
following, we describe the adopted assumptions and number of
Gaussian components employed for each galaxy.

PGC 015524 Most of the ionised-gas emission lines within ~
5" from the center were fitted with two Gaussian components
(see Fig. E]) while the [N1] and [O1] emission lines were prop-
erly fitted with one component only. The second component is
blueshifted with respect to the first one of about 100 kms~!. Due
to degeneracy between parameters in blended lines, we forced
each blueshifted component to have the same velocity and ve-
locity dispersion for all the emission lines and in bins within the
PSF we imposed the same velocities of the central bin.

PGC 047177 The ionized-gas emission lines were fitted with
two components (see Fig. [I) while [N1] with only one Gaus-
sian component (no [O1] was detected). In this case, the broader
Gaussian component is not actually red/blueshifted (see Fig[A.5]
in the Appendix A), so we will refer to it as “second” compo-
nent. The velocity and velocity dispersion of Balmer and for-
bidden lines were fitted independently. To break the degeneracy
between parameters, in the bins with two velocity components,
firstly the [Su] lines were fitted and then their kinematics were
imposed to other forbidden lines during the fit. It was not pos-
sible to apply the same procedure to Balmer lines by previously
fitting HB because the HB second component was not detected in
almost all cases, probably due to extinction or some degeneracy
between absorption and emission.

! Interactive Data Language is distributed by Harris Geospatial Solu-
tions.
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Fig. 2. Spatially resolved maps of stellar velocities, [N 1] flux, kinematics and A/N for the 5 BGCs with detected gas. Here the first component
only is shown for those galaxies with emission lines with more than one component (those marked with 1 in the upper right corner of the flux
maps of the gas). Left to right: stellar velocities in kms™!, [N 1] flux in log 1072 erg s™! cm™ arcsec™2, velocities in kms~!, velocity dispersions
in kms™!' and A/N ratio. The maximum and minimum values adopted in the colorbar are reported in each panel between square brackets. Black
and red contours are isophotes in steps of one magnitude. We enhanced the outermost isophote of the gas maps with red colour in order to make
the spatial region of the gas immediately visible on the stellar velocity panel. Up fo down: Spatially resolved maps of PGC 015524, PGC 047202,
PGC 049940, PGC 065588, and PGC 073000.

PGC 049940 This galaxy shows very broad emission lines in the nal bins but detected also in the innermost ones thanks to the
nuclear region, associated with the putative supermassive black good S/N ratio, makes this fit not so straightforward. The fit
hole (3.61 x 10° M, Dalla Bonta et al.2009). In addition, the of the Ha and [N u] blended lines was quite challenging in the
presence of a redshifted component, well visible in more exter- nuclear region where, in addition to first components, one red-
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shifted component for each line plus a broad Ha component (see
Fig. [T)) were employed. The fit was less degenerate in the outer
bins where the broad Ha component disappears. In the nuclear
bins, the [Su] lines were fitted and their kinematics were fixed
during the fit of the other forbidden lines. HB was not exploitable
for this aim since it was strongly extincted, probably due to the
dust filament close to the nucleus, also visible in HST images.

PGC 073000 Most of the line profiles within 2 are character-
ized by three velocity components (see Fig.[I). The first (and ro-
tating) one is the more spatially extended, the second one is blue-
shifted while the third one redshifted with respect to the first one.
While the velocity dispersion of the blueshifted component was
similar to the one of the first component (~ 150 kms™"), the red-
shifted component was significantly broader (~ 250 kms~') and
spatially confined to the central region. Due to the complexity of
the fit and degeneracy between parameters in blended lines, we
forced each velocity component to have the same velocity and
velocity dispersion for all the emission lines. The three velocity
components were strongly blended in the bins within a region
comparable in size of the PSF (~ 1”) while more separated in
the outer central region. HB was not exploitable to reduce the
degeneracy of parameters, since the redshifted component was
not detected for most of bins.

4. Results
4.1. Extraction

The values of the parameters of each emission line were ex-
tracted in order to build spatially resolved maps of fluxes, ve-
locity, velocity dispersion and amplitude-to-noise ratio (A/N).
Fig. 2] and [3] show the stellar velocity maps along with the maps
pertaining to [N 1] emission, while the maps of all the detected
emission lines are shown in the Appendix [A]

The A/N provides us with an estimate of the accuracy with
which one can measure the line parameters. Indeed, it strongly
depends on how much the line sticks out with respect to the noise
in the continuum or telluric residuals. As already mentioned be-
fore, the telluric residuals fall in the spectral range of [N ], Ha
and/or [St] lines, depending on the redshift. After the fit, the
A/N of these lines was re-calculated by considering the noise
in the spectral range of the lines. As a result, we derived lower
A/N values with respect to those obtained from the GANDALF
fit for those bins in which the telluric residuals were at the same
level of the emission line signal. The bins with A/N lower than
3 were discarded and considered as telluric residuals rather than
actual emission lines. The same A/N threshold was considered
also for the other emission lines. Finally, the errors associated
to the parameters were computed with MonteCarlo simulations
fitting (for each bin) 200 spectra with additional random noise
and considering the o of the Gaussian distribution of values of
parameters obtained from the fit.

4.2. Gas distribution and kinematics

In this section we describe the spatially resolved maps shown in
Fig.2Jand[3]and Appendix [A] We subtracted the stellar systemic
velocity from the velocity maps of the gas.

As already pointed out in Section [3.2] PGC015524,
PGC 047177, PGC 049940, PGC 073000 present lines with more
than one velocity component, while PGC 046860, PGC 047197,

PGC 047202, PGC 047273, PGC047590, PGC 065588 and
PGC 097958 lines with one detected velocity component only.

The peak of the emission flux corresponds nearly or ex-
actly to the photometric center in all the galaxies. Only for
PGC 015524 and PGC 073000, there is no clear emission peak
but a more extended high flux spatial region, probably due to the
perturbed gas distribution.

Considering the M3G sample, ~28% of BCGs and ~ 64% of
massive satellites of the SSC contain ionised-gas. [O1] and [N1]
were detected only in the 4 galaxies with multi-component line
profiles. Overall, the strongest and most spatially extended emis-
sion is the one coming from [N 1] lines (see Fig.[2| and E]), that
are indeed the only ones detected in PGC 046860, PGC 047197
and PGC 097958.

In case of multiple velocity components, most of the flux is
emitted from the first one. The ionised-gas of the first component
is centrally concentrated in three of the BCGs (PGC 047202,
PGC 049940 and PGC 065588) while extended with outward fil-
aments in the remaining two (PGC 015524 and PGC 073000).
In particular, the filaments of PGC 015524 are stretched towards
the North-East direction with respect to the center and their mor-
phology is the same for all emission lines, even if with different
spatial extents. [O 1] and [N 1] follow the ionised-gas distribution,
even if they are less spatially extended. PGC 073000 presents
one thick filament in the East direction clearly visible in the [N 1]
and [S ] lines, while barely detectable in Balmer and [O 1] lines
and not at all present in [O 1] and [N 1] spatial maps. Moreover, a
“swelling” appears in the south-west direction in all of the maps.

The gas is centrally concentrated in most of satellites
(PGC 046860, PGC 047177, PGC 047197, PGC 047590 and
PGC 097958). In PGC 047273, the gas appears to be distributed
in a strongly tilted polar disk settled close to the minor axis. In
the outskirts the disk-like structure bends in opposite directions
towards the major axis plane, especially in the [Om] and [S ]
spatially resolved maps. [N 11] and Ha emissions are not spatially
extended outwards as others due to the strong telluric residuals
still present after the correction which prevented us from consid-
ering the most external bins as reliable. The A/N spatial distri-
bution is peculiar with lower values in the center that gets higher
along and within the disk and decrease again outwards.

Concerning the velocity field of the BCGs, the gas of the first
component is regularly rotating in PGC 049940 and PGC 065588
while not showing rotation in PGC 047202. The velocity struc-
ture in PGC 015524 does not appear as a simple rotation pat-
tern, not an unexpected feature considering the filamentary ap-
pearance of its distribution. In PGC 073000, a more structured
velocity pattern appears, while still far from being regular. The
velocity dispersion has a clear peak in the center of PGC 065588
(up to about 500 km s™1), while it reaches values of about 300,
250 kms~!'for PGC 047202 and PGC 049940, respectively, not
showing a clear nuclear raise. In the case of PGC 015524, the ve-
locity dispersion presents a peak in the nucleus (~ 200 kms™")
and is lower within the filaments (less than 100 kms™!) with re-
spect to their edges (~ 150 kms™!), suggesting that the gas is
moving along the filaments generating more turbulent motions
at their edges. The gas velocity dispersion map of PGC 073000
shows elevated values near the center (~ 250 kms™!) and an-
other rise in the south-west region (~ 150 kms™'). It is low in
the filament (less than 100 km s~!) suggesting that this object is
in a later and more relaxed stage of gas accretion with respect to
that in PGC 015524.

In satellites, the gas is clearly rotating in PGC 047590, it
seems to be in rotation in PGC 097958 and PGC 047197, while
it does not show any rotation in PGC 046860 . These 4 galaxies
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Fig. 4. Left to right: spatially resolved extinction maps of PGC 015524, PGC 047177, PGC 049940 and PGC073000 derived from the first line
components. Their spatial extent is constrained by the detection of the Hf line. The median errors fo the extinction are 0.10, 0.18, 0.15, and 0.10,

respectively.

present a central peak in gas velocity dispersion (~ 300 kms™).
The gas rotation in PGC 047177 is slightly perturbed, especially
in the inner 2”. Looking at forbidden lines, the velocity disper-
sion is lower in the central region and increases going outwards.
Finally, the polar gas disk in PGC 047273 rotates nearly around
the major axis and the velocity slightly decreases in the outer
regions where the disk is probably bending towards the major
axis plane. The velocity dispersion is higher in the center (~ 300
kms™!) and decreases outwards (less than 100 kms™!) as ex-
pected in a disk structure.

Overall, the emission from the red/blueshifted components
is more centrally concentrated with respect to the one from
the first component. The blueshifted component of PGC 015524
(Fig.[A.2) is less spatially extended than the first one suggesting
that the ionization source is located close to the centre. It shows
a shallow velocity gradient that is not coupled to the one of the
first component in that spatial region and high velocity disper-
sion values especially in the center that suggests the presence of
biconical outflows (Veilleux et al.|2005). The second component
of PGC 047177 (Fig. [A.5) is more confined with respect to the
first one, it is characterized by a large velocity dispersion (~ 400
km s~! for [N 1]) and a slightly negative velocity going outwards.
The redshifted (of ~ 300 km s~ !with respected to the first one)
component of PGC 049940 (Fig. is characterized by a ve-
locity dispersion rising in the center up to nearly 500 kms~! and
may be associated with an AGN-driven in/outflow of gas. It is
more centrally concentrated than the first one even if the spatial
scales are comparable. The broad (oo ~ 1000 kms~') compo-
nent (Fig. [A.12)) results from the BLR of the host galaxy. The
blueshifted component of PGC 073000 (Fig. [A.T5) may be in-
terpreted as a large scale (up to nearly 4 kpc) outflow of gas at
about 200 kms~!. The velocity dispersion increases going out-
wards where the gas velocity is slowing down. On the contrary,
the redshifted component (Fig.[A.T6) is less extended (~ 1 Kpc),
broader and is approaching us at about 400 kms™'.

4.3. lonised gas masses

We estimated the masses of the gas by using the same approach
as in (Sarzi et al./[2006). We assumed a case B recombination,
a temperature of T = 10* K, an electron density of n, = 10°
cm™3, and Vi distances (D) from NED obtained with Hy = 70
km s~! Mpc~! (except the distance to PGC 097958 which is from
Hyperleda). Since our targets do not exhibit significant ongoing
star formation, we assumed a constant ionised gas density and
use |[Kim)| (1989, page 665) formula to estimate the masses
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10 Mpc)
F(Ha) 103 cm™
X
10~ erg s cm~2 Te

The masses were derived by considering the total flux of
He for each galaxy and the Vi distance reported in NED (for
PGC 097958 from HyperLeda). For PGC 046860, PGC 047197
and PGC 097958 we provide an upper limit for the mass by sum-
ming the residuals of each bin around Her (50A) after having sub-
tracted the stellar continuum. The resulting values are reported
in Tab.[1l

Concerning actual estimates, the amount of gas spans a range
of 10° - 5 x 10° M,. Galaxies with filaments (PGC 015524
and PGCO073000) or spatially extended gas (PGC 047273
and PGC047177) clearly contain more gas than ones with
a more centrally concentrated gas distribution (PGC 047202,
PGC 047590 and PGC 049940). The upper limits for the mass
of the gas are of the order of 10* Mg. Except for PGC 015524
and PGC 073000, the amount of ionised-gas in our galaxies is
of the same order of the gas contained in MASSIVE galaxies
(Pandya et al.|2017), even if not directly comparable since we
used Ha rather than HG flux.

M (M) = 2.8 X 102(

4.4. Reddening

We inspected the dust content exploiting the flux ratio between
first components of Balmer lines. We used the Calzetti extinction
law (Calzetti et al.[2000) to derive the flux attenuation as a func-
tion of the wavelength at any value of E(B — V). We assumed for
the Balmer decrement a case B recombination with a predicted
Ha/Hg ratio of 2.86 (Osterbrock|/1989).

The reddening correction was performed on PGC 015524,
PGC 047177, PGC 049940 and PGC 073000. The Balmer decre-
ment was safely measured in those bins with A/N of Hf larger
than 3. It was not possible to inspect the dust content in the other
sample galaxies since HB was not detected at all. In Fig. [4] are
shown the E(B — V) spatially resolved maps.

As can be seen, in all of these objects some extinction is
present. PGC 015524 shows E(B — V) values up to 0.3 that are
lower on average with respect to ones found by (Loubser &
Soechting|2013). Notably, the E(B — V) is a bit higher in fila-
ments. The extinction map of PGC 047177 reveals the presence
of some dust in the center with E(B — V) lower in the south-
east than in the north-west spatial bins. Interestingly, the region
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with higher extinction corresponds to the spatial extent of a dip
in the velocity dispersion values visible both in Ha and forbid-
den emission and discrepant velocities with respect to the back-
ground gas structure (see the velocity maps). This could point to
the presence of a small central gas and dust disk which counter-
rotates with respect to the stars and gas at larger scales, even if it
is a marginal feature given the shallow difference (~ 50 kms™)
in the central velocities. PGC 049940 is characterised by high
values of E(B — V) close to the nucleus. From HST/ACS images
it is possible to see that there is a optically thick dust filament
in the central part of the BCG. PGC 073000 shows an average
value of E(B — V) of about 0.2 even if it raises up to 0.4 close to
the center and in the south-east region, corresponding to a X-ray
arm (Choi et al.|[2004).

5. Stellar vs gas orientation

We derived the global kinematic position angle of the gas (PA,)
and compared it to the one of the stars (PA,) provided by Kra-
jnovic et al| (2018). We measured PA, from the spatially re-
solved velocity map of the [N 1]26583 emission line (of the first
[N 1J26583 component in the case of line profiles with multiple
components) employing the procedure fit_kinematic_p
(see Krajnovi€ et al.[[2006, appendix C) and obtained the results
reported in Tab. [T} All the PA, were measured from North to
East.

This analysis was not successful for PGC 046860,
PGCO047197 and PGC097958 since the spatial extent of
the gas is limited to a few central bins. From a visual inspection,
we inferred that in PGC 047197 and PGC 097958 the gas is
rotating in a small (1" of diameter) nuclear disk and that PA,
is nearly aligned to PA;. As a consequence, we added these
two galaxies to the subsample of objects with no kinematic
misalignments. In PGC 047197, we are considering the PA;
measured within 4” from the center, since the kinematics is
quite complex outwards (see Fig. [3). The gas in PGC 046860
and PGC 047202 does not exhibit a regular rotation pattern, thus
it is not possible to define a PA,.

PGC 047177 presents discrepant velocities in the inner 2”
with respect to the outer gas. This did not influence the anal-
ysis since the inner gas is nearly “counter-rotating” with re-
spect to the outer gas with PA, nearly aligned with PA. PAg of
PGC 047273, PGC047590, PGC 049940 and PGC 065588 was
straightforwardly derived since the gas is regularly rotating. On
the other hand, the rotation in PGC 073000 is slightly disturbed
by the presence of a thick filament. Nevertheless, it was possi-
ble to robustly derive the PA,. In PGC 015524, the filaments are
more elongated and heavily affect the rotation of the gas. To ad-
dress this issue and obtain a reliable PA, only the central spatial
region (within 8" of radius) was considered in the procedure and
the filaments were discarded.

Overall, five satellites and four BCGs are characterized by
rotating gas. The orientations of stellar and gaseous rotations are
aligned with respect to each other in 3/5 satellites (PGC 047177,
PGC 047197, PGC097958) and their PA, and PA, are aligned
to the major axis of isophotes, except for PGC 047197 (with
a difference between PA; and PA of the isophotal major axis
APAg, ~ 90°, see Table[l). On the contrary, the gas rotation in
PGC 047273 and PGC 047590 show misalignments of the same
amount with respect to both the stellar rotation and isophotal
major axis.

2 https://www-astro.physics.ox.ac.uk/ mxc/software/

Concerning the BCGs, the ones with more extended and
misaligned gas are those with filaments (PGC015524 and
PGC 073000). For PGC 015524, PA, is strongly misaligned with
respect to PAs (APAg ~ 90°), while it is only slightly misaligned
with respect to the PA of the major axis if one considers the
clockwise APAg,. In PGC 073000 the stellar and gas kinemat-
ics are slightly misaligned considering the errors, while they are
strongly misaligned with respect to the isophotal orientation. On
the other hand, PGC 065588 and PGC 049940 show small and
no misalignments, respectively, both between PA, and PAs, and
PA, and isophotal PA.

As can be seen, the sample is heterogeneous and too small
to draw conclusions about the incidence of misalignments in this
kind of objects. Moreover, BCGs and massive satellites should
not be gathered in the same sample given that they are charac-
terized by different (even if similar in some aspects) formation
histories. Nevertheless, it has to be pointed out that the orien-
tations of stellar and gaseous rotations are aligned for 60% of
satellites and 25% of BCGs. Only 20% of satellites present PA,
significantly misaligned with respect to the isophotal major axis,
while this is true for 75% of BCGs.

We used the values of the specific angular momentum (A4,),
which will be presented in a future paper (Krajnovic et al. in
prep), to correlate the gas properties by splitting the M3G sam-
ple in fast and slow rotators. In the M3G sample there are 20
slow rotators and 5 fast rotators (all among satellites). The sam-
ple of fast rotators is not so large to derive statistically signifi-
cant information (due to the mass selection of the sample), but
overall the gas was detected in 80% of fast rotators and 35% of
slow rotators. These fractions are very similar to the ones found
in the MASSIVE survey (80% and 28%, respectively, Pandya
et al.[2017). The fraction of slow rotators with gas is larger with
respect to the one in the MASSIVE sample probably because
the M3G sample comprises several BCGs that could easily have
accreted gas during their frequent mergers (more than large el-
lipticals, Edwards & Patton/2012}; Jimmy et al.|2013)) or cooling
episodes when the halo gas can be accreted to the centre of the
galaxy (Gaspari et al.[2018;[McDonald et al.|2018;|Olivares et al.
2019).

In the subsample composed of galaxies with rotating
gas, there are 3 fast rotators (PGC 047177, PGC 047273 and
PGC 097958) and 6 slow rotators (other objects). Slow rotators
have stronger misalignments (4/6 ~ 67% versus 2/2 = 100%
misalignments in MASSIVE), while fast rotators are predomi-
nantly aligned (1/3 = 33% versus 3/4 = 75% misalignments in
MASSIVE).

6. lonisation mechanism

In order to get a first insight into the ionisation mechanism, we
analysed the emission line flux ratios of all velocity compo-
nents separately. We built BPT diagrams (Baldwin et al.|[1981}
Veilleux & Osterbrock||1987) by considering [Nu]/Ha ([Nu]-
BPT), [Su]/Ha ([S u]-BPT) and [O1]/Ha ([O1]-BPT) flux ratios
of 3 BCGs (PGC 015524, PGC 049940, PGC 073000) and one
SSC satellite (PGC 047177) for which both HB and [O m]15007
were detected. For PGC 047202, PGC 047273, PGC 047590 and
PGC 065588 it was possible to analyse [N 11]/Ha ratios only. Fi-
nally, only the [N 1] line was clearly detected in PGC 046860,
PGC 047197 and PGC 097958 and this prevented us from study-
ing their ionisation mechanism.

The ionisation in massive ETGs on kpc scales is commonly
due to photoionization from hot underlying evolved stars and
shocks, while in the nuclear region also low-luminosity AGN
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Fig. 5. BPT diagrams of PGC 073000. Left to right: [Nu]-BPT, [Su]-BPT and [O1]-BPT diagrams. Up to down: BPT diagrams of the first,
blueshifted and redshifted components. The solid curves define the theoretical upper bound for pure star formation (Kewley et al|[2001), the
dashed curve in [N 11]-BPT defines the upper bound for star-formation dominated bins (Kauffmann et al.|2003) and the dashed lines in [S u]-BPT
and [O1]-BPT divide Seyfert galaxies from LINERs (Kewley et al.[[2006). In the bottom-left corner of each diagram the median +3¢ errors are
reported. Seyfert-type ionization is marked in blue, LI(N)ER regions in the [S n]-BPTs and [O1]-BPTs are displayed in green, SF-dominated bins
in red, while composite regions between Kewley et al.|(2001) and |[Kauffmann et al.|(2003)) curves in [N n]-BPTs are marked in light blue.

may contribute (Pandya et al.|2017). Thanks to spatially resolved
spectroscopy, extended LIER emissions have been discovered
(e.g., Belfiore et al.|2016)) and are ascrible to ionizing photons
from post-Asymptotic Giant Branch (pAGB) stars (Sarzi et al.
200065 Johansson et al.[2016).

The BPT diagrams are shown in Fig. 5 and Fig. [6] Proba-
bly due to extinction, in PGC 047177 and PGC 049940 the sec-
ond component was not detected in HB and [O m] line profiles,
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and we built the BPT diagrams only for their first components.
The flux line ratios of these two galaxies are enclosed in the
LINER region. Overall, the gas in PGC 049940 extends up to
2” from the center but only the nuclear bins (within 0”8 of ra-
dius that corresponds to 0.6 kpc) are considered in the BPTs
because HB was not detected in the outer ones while the bins
of PGC 047177 considered in the BPT are enclosed within 2”
of radius (that corresponds to 1.9 kpc). Notably, PGC 049940
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Fig. 6. As in Fig.|5| Up to down: BPT diagrams of the first and blueshifted component of PGC 015524, and first components of PGC 047177 and

PGC 049940.
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shows higher [O mi]/HB and [N n]/Ha ratios but nearly the same
[S u]/Ha ratio as PGC 047177.

PGC 073000 and PGC 015524 are characterized by spatially
extended emission up to about 10” and 5”, corresponding to
6.8 and 5.0 kpc, respectively, plus filaments elongated until 18”.
The BPT diagrams of the first component of both galaxies show
predominately LINER line ratio with little contamination from
star formation (similarly to Loubser & Soechting|2013|and [Mc-
Donald et al.|[2012 for PGC 015524) in the [S u]-BPT, even if
this is not visible in the [Nu]-BPT diagram. The absence of
a significant gradient in [Nu]/He ratio and the low ratio be-
tween [Om]/HB allow us to conclude that the gas ionisation is
primarily not due to the central AGN. All of the line ratios of
red/blueshifted components fall in the LINER region (see Fig.[3]
and[6).

Generally speaking, within the nuclear region the LINER
line ratios could be related to shocks produced by the out-
flows (presumably observed in our galaxies) along with emis-
sion from the AGN accretion disk (Molina et al.|2018) or un-
derlying old stellar population. PGC 049940 can be classified as
type-1 LINER(Hermosa Muioz et al.|[2020) due to the presence
of a broad Ha emission in the nucleus coming from the BLR.
In this case we concluded that the AGN contribution to ioni-
sation is strong in the nucleus. On the contrary, PGC 015524,
PGC 047177 and PGC 073000 can be classified as type-2 LINER
(Cazzoli et al.|[2018) due to the absence of a BLR Ha emis-
sion. It has to be pointed out that the broad Ha emission may
not be detected in ground-based data especially in presence of
additional components that may hide it and hamper the spec-
troscopic classification. This is not the case of PGC 047177 that
presents, even in the nucleus, a weak second component for each
line, and PGC 073000 with line profile asymmetries unequivo-
cally ascribable to red/blueshifted additional components. The
superb S/N in these spectra allows to clearly distinguish differ-
ent components in most of blended line profiles. In these two
galaxies both shock fronts and evolved stellar populations may
provide their contribution to the ionisation. The fit of the nuclear
spectra of PGC 015524 is more uncertain since Ha and [N]
lines are strongly blended. Nevertheless, the nuclear line pro-
files are clearly bent towards shorter wavelengths and employing
a blueshifted component for each line allowed to successfully
fit them. This component is broader in the nucleus (about 480
kms™!) than outside (about 250 kms™'), but still not so broad
to arise from the BLR and so this emission-line components are
likely to be excited by radiative shocks.

The LIER (out of the nucleus) line ratios may arise from a
mixed contribution of evolved stellar populations (Hsieh et al.
2017) that are quite common in these kind of objects, and shocks
due to galactic-scale outflows.

Concerning the spatially extended first components of
PGC 015524, PGC 047177, and PGC 073000, the ionisation
mechanism could be ascribable to a mixed contribution from
the underlying evolved stellar populations and shallow shocks.
(Byler et al.|2019) predicted the LIER-like emission in ETGs
from hot post-AGB stars based on a self-consistent stellar and
photoionization models. Looking at their [S 1] and [O1]- BPT di-
agrams, LIER predictions for old stellar populations (older than
10 Gyr) fall slightly below (0.5 dex) with respect to the line ra-
tios of PGC 015524, PGC 047177, and PGC 073000.

The velocity dispersion is a suitable shock diagnostic (Ho
et al.[2014) for outer regions where there is no AGN contribu-
tion (D’ Agostino et al[2019). Indeed, the gas that was ionized
by shocks presents both high flux ratios and high velocity dis-
persion between 150 and 500 kms~!. This is exactly the case of
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red/blueshifted components revealed in our galaxies, especially
for PGC 047177 and PGC 049940. Consistently with the pres-
ence of shocks, [01]126300, 6364 and [N1]115197, 5200 emis-
sion were detected. This gas is often situated in extended and
partially ionized regions produced by the hard radiation field
of the shock. In PGC 015524 and PGC 073000, [O1] and [N1]
show the same kinematics and similar spatial distribution of the
ionised-gas, even if they are less spatially extended outward (es-
pecially the [N 1]). In particular, [O 1] and [N 1] have a filamentary
distribution in PGC 015524, while in PGC 073000 they are more
concentrated in the center and in the west direction in correspon-
dence to the X-ray arm.

For PGCO047202, PGCO047273, PGCO047590 and
PGC 065588 that are characterized by too weak HB or no
[O ] emission, the log [N u]/He ratios are reported in Fig.
This ratio is a good indicator of gas excitation state caused by
an AGN. Indeed, it saturates at high metallicity (Kewley et al.
2006) and, as a consequence, ratios larger than ~ 0.6 points
to an AGN contribution (rather than star formation) to the
excitation (Osterbrock & Ferland|[2006; [Hamer et al.|2016) even
if it does not have a decisive discriminating power. Moreover,
star formation is characterized by softer radiation field with
respect to AGN, which has a harder radiation producing a higher
ionization state and higher log [N n]/He ratios.

For PGC 047273 and PGC 047590, the ratio varies within the
resolved maps (up to about 0.3 and 0.4, respectively, see Fig.[7)
but it definitely remains under 0.6, ruling out AGN/LINER con-
tamination. The same considerations can be applied to the BCG
of SSC (PGC 047202), even if there is a stronger spatial varia-
tion. PGC 065588 is characterized by higher ratios (on average
above 0.4 and up to 0.8 for some bins) even if there is not a clear
radial variation. In case of contamination by an AGN one would
expect high ratios more localized in the center while the spatial
distribution of ratios points to a composite LINER and star for-
mation contribution. Nevertheless, log [N 1]/Ha values are not
sufficient to determine the ionisation mechanism since a number
of processes could play a role, like AGN, star formation, shocks
from internal or external sources (faster shocks easily result in
higher line ratios), photoionization by hot gas, and collisional
heating.

For those galaxies with both Ha and [N 1] lines detected we
built the WHAN diagram (Cid Fernandes et al.[2011; [Sanchez
et al|[2020) that relates the equivalent width of Ha and the
[N 11]/Ha ratio. For those galaxies with emission lines with more
than one component, we considered for this analysis the first
one. The WHAN diagram provides more information on the ion-
isation mechanism for those galaxies for which it is not pos-
sible to built the BPT diagram. Moreover, it allows to sepa-
rate weakly active galactic nuclei and passive galaxies ionized
by the underlying evolved stellar population that fall both on
the LI(N)ER region of the BPT diagram. As can be noticed in
Fig.[8] for all galaxies the data points are enclosed in the region
of the diagram corresponding to “retired” galaxies, i.e. objects
that stopped forming stars and with gas ionized by hot low-mass
evolved stars. This points out an important contribution to the
ionisation from the underlying evolved stellar population.

The determination of the relative contributions to ionisation
due to shocks, underlying stellar population or AGN in LINERs
requires the employment of photoionization models in order to
interpret the emission line ratios. Moreover, an analysis of UV
and/or IR spectroscopic data would help (see Kewley et al.|2019
for a review). This is beyond the scope of this paper.
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7. The origin of the gas

The M3G sample was built to select the most massive galax-
ies in the local Universe without putting constraints on gas con-
tent and, as a consequence, the sub-sample of galaxies with gas
is extremely heterogeneous but illustrative at the highest galaxy
masses. In the following, we exploit the previously derived gas
properties to infer hints concerning the origin of the gas and
give an explanation to the observed distribution and kinematics.
Moreover, the comparison between the orientations of stellar and
gaseous rotations (see Section[5) along with the specific angular
momentum information provide us with crucial clues on the ori-
gin of the gas given that slow rotators are more likely to show
misalignments because of past merging activity.

7.1. Galaxies with extended gas and filaments

PGC 015524 and PGC 073000 show extended emission with fil-
amentary structures.

In PGC 015524, the gas stretches in filaments with similar
distribution suggesting a common origin, even if the filaments
are less extended for [N1] and [O1]. McDonald et al. (2012)
carried out a long-slit spectroscopic analysis along the filaments
and proposed that the gas clouds would have reached the clus-
ter center through gravitational free fall. Contrary to this sce-
nario, changes in the sign of the line-of-sight velocity are clearly
visible in our spatially resolved maps of He, [N1], and [S],
rather pointing to the so called “rising bubble”’mechanism (e.g.,
Reynolds et al.|[2005)). Nevertheless, there are no clear bubbles
which should form the filamentary structures (Dunn & Fabian
2006). Moreover, the galaxy has a cooling flow (Edwards et al.
2007) visible in X-ray gas emission and [Dunn & Fabian| (2006)
stated that there should be some heating mechanism at work
based on the cooling times as confirmed by McDonald et al.
(2018)). Using deep Chandra observations, [Hogan et al.| (2017)
found that the extended Her emission is associated to the cooler
X-ray component in a two-temperature thermal model of the
ICM. This suggests that the gas originates from a direct cool-
ing of the hot phase. From our analysis, we found that there is a
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strong misalignment (91°) between the gas and stellar kinemat-
ics, supporting an external accretion of the gas.

In PGC 073000, ionized-gas, [O 1] and [N 1] are kinematically
aligned and share similar distributions pointing to a common ori-
gin. Moreover all the line profiles are characterised by three gas
components with different velocities (for an example see Fig[I)
suggesting that ionized-gas, [O1] and [N1] are subjected to the
same processes (e.g., outflows) within the galaxy. All spatially
resolved maps show a second flux peak, in addition to the cen-
tral one, in the west direction in correspondence to an X-ray
arm (Choi et al.|2004). The gas and stellar rotations are nearly
aligned with respect to each other while they are not with respect
to isophotal PA (117°). The gas seems to be associated with the
stellar component that rotates around the major axis (prolate-
like). In such a configuration, the gas could have been acquired
by chance along that axis, or be associated with the stellar com-
ponent from the formation of the galaxy. The fact that the veloc-
ity map is actually quite disturbed suggests that this gas could
indeed be infalling and settling into this principal plane due to
the gravitational torques. The thick filament, that is visible in the
[N 1], [Su], and Ho maps only, presents no changes in the sign
of the velocity, pointing to a later stage of accretion with respect
to PGC 015524. Furthermore, this galaxy has a cooling flow in
action (Edwards et alJ2007) and the filament may be formed by
gravitational free fall of cold gas. Finally, PGC 073000 hosts ra-
dio emission towards the north direction (McDonald et al.[2010)
that may be related to some perturbations visible in the gas dis-
tribution.

7.2. Galaxies with centrally concentrated gas

In three BCGs (PGC 047202, PGC 065588 and PGC 049940)
and four SSC satellites (PGC046860, PGC047197,
PGC 047590 and PGC097958) the gas is confined in the
central region in a compact ionised-gas disks in rotation, except
for PGC 046860 and PGC 047202 in which the gas is not
rotating.

The rotation of the gaseous disk in PGC 049940 is aligned to
the stellar one. PGC 047197 and PGC 097958 are ascribable to
the same category, even if the putative alignment is more uncer-
tain given that this information was derived from visual inspec-
tion of few bins. This small amount of gas contained in objects
with oblate-like regular rotation (PGC 046860, PGC 047197 and
PGC 049940) may originate from internal stellar gas loss, even
if simulations showed that it could also come from mergers (van
de Voort et al.[2015). In particular, this could be the case of
PGC 047197 which shows prolate-like rotation (Krajnovic et al.
2018)).

On the contrary, in PGC 065588 and PGC 047590 the rota-
tion of the gas is not aligned to the one of stars suggesting a
possible external origin of the gas. On the other hand, an in-
ternal origin is still plausible given that they are characterised
by prolate-like stellar rotation (Krajnovic et al.|2018)). Indeed,
the gas lost from the stars, that belong to various orbital fami-
lies, can end up in a configuration different from the ones of the
stars through several cooling cycles and its present configura-
tion could just be a consequence of it being released by stars on
different orbits. This could also be the case of PGC 047197.
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7.3. Peculiar gas distributions and kinematics

PGC 047177 and PGC 047273 present peculiar features in the
gas distribution and kinematics so that it is more difficult to spec-
ulate on the origin of their gas.

In PGC 047177, PA; and PA; are aligned with respect to each
other and their rotation axis are aligned to the isophotal major
axis. Nevertheless, the He distribution is a bit filamentary and
patchy as the [Nu] and [Su] ones that show a similar pattern
even if they are more compact. More peculiar, the velocity field
shows a change of the sign, of the order of 50 km s~!. in the
inner spatial region. A counter-rotation is not visible in the stel-
lar velocity map and, unfortunately, there are no high-resolution
HST images. As a matter of fact, in a regular and fast rotator as
PGC 047177 this is quite rare. Nevertheless, the presence of nu-
clear dust (see Sec.[.4) could be interpreted as the smoking gun
for a gas disk, with the same spatial scale, that was recently ac-
quired in multiple phase accretion process and settled in a differ-
ent orientation. This interpretation has to be taken with caution
since the evidence is marginal.

PGC 047273 is characterized by an oblate-like regular rota-
tion but presents a large amount of ionized-gas with a rotation
axis that is strongly misaligned with respect to the stellar one.
The presence of misalignment between stars and gas points to
an external origin of the gas. After the accretion, the gas settled
in a sort of polar disk which is, however, not exactly along the
galaxy minor axis. This could suggest that PGC 047273 is a tri-
axial galaxy observed under a special orientation. In a triaxial
galaxy that would be a stable configuration, but in an axisym-
metric one it would be less stable. Fig.[A.§shows all the detected
emission-lines for this galaxy, some with more extended cover-
age of the gas distribution. From these lines it can be noticed that
in the outskirts the disk is visibly “precessing” and bending to-
wards the major axis of the galaxy. This suggests that the galaxy
might be oblate axisymmetric and the accreted gas disk is in the
process of setting in the principal plane of the galaxy.

8. Conclusions and future work

We analysed the gas content of massive (M > 10'> My) ETGs
in the M3G survey by exploiting MUSE data. Ionised-gas was
detected in 11 galaxies along with [O1] and [N1] in 4 of them.
Our main results can be summarised as follows:

o In the M3G sample, ~28% of BCGs and ~ 64% of mas-
sive satellites of the SSC contain ionised-gas. Among them,
[O1] and [N1] were detected in three BCGs and one satel-
lite. These four objects present multi-component line pro-
files, with red/blueshifted and broad components.

o The gas distributions and kinematics are extremely hetero-
geneous in these objects. The gas is centrally concentrated
in almost all objects, except for two BCGs (PGC 015524 and
PGC 073000) that show filaments and two massive satellites
with extended emission (PGC 047177 and PGC047273).
The peak of the gas emission corresponds to the photo-
metric center for all galaxies (except for PGC 015524 and
PGC 073000 with perturbed gas distribution in the nuclear
region).

e Dust was probed in such old and massive objects by
analysing the extinction with Balmer ratios. We revealed
mean E(B — V) of 0.2-0.3 values with few peaks up to 0.7
corresponding to optically thick dust filaments visible also
in HST images.
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o The orientations of stellar and gaseous rotations are aligned
for 60% of satellites and 25% of BCGs. 75% of BCGs and
20% of satellites are characterized by a PAg significantly
misaligned with respect to the isophotal PA. Overall, the gas
was detected in 80% of fast rotators and 35% of slow rota-
tors, similarly to the MASSIVE survey galaxies.

e From the analysis of [Nu]-BPT and [Su]-BPT we con-
clude that PGC 015524, PGC047177, PGC 049940 and
PGCO073000 are characterised by LI(N)ER line ratios,
although PGC 015524 and PGC073000 may show pos-
sible contamination from star formation. We classi-
fied PGC 049940 as type-1 LINER while PGC015524,
PGC 047177 and PGC 073000 as type-2 LINER. High ve-
locity dispersions up to 600 kms~! were detected for the
red/blueshifted components in the nuclear region, pointing
to the presence of shock excitation. Extended gas in the
red/blueshifted of PGC 015524, PGC 047177, PGC 049940
and PGC 073000 are probably mainly ionised by the under-
lying evolved stars (pAGBs) with additional shock contribu-
tion, given the high [O1]/Ha and [Su]/He ratios, the pres-
ence of [O1] and [N 1] emission and the high velocity disper-
sion.

e The presence of misalignments between PA, and PA; may
point to an external origin of the gas for PGC 015524,
PGC 047273, PGC 047590, PGC 065588 and PGC 073000
(three BCGs and two SSC satellites). On the other hand, it
has to be pointed out that PGC 047197, PGC 047590, and
PGC 065588 are characterized by prolate-like stellar rotation
and the gas could have been originated internally and settled
in different configuration with respect to stars.

e The presence of discrepant velocities with respect to the
background gas structure in the inner 2” of PGC 047177
would need to be inspected with HST images, that are not
present in the archive. The puzzling case of the “precess-
ing” polar disk of PGC 047273 would require further analy-
sis concerning stellar populations and star formation history
to better characterize the evolution of this massive galaxy.

Future work comprises the determination of the relative con-
tributions to ionisation due to shocks, underlying stellar popu-
lation or AGN in LINERs. It has to be pointed out that optical
diagnostics and photoionization models are not ideal for separat-
ing excitation sources if shocks are present, since shocks models
are located in the same BPT region as the ones of AGNs (Kewley
et al.[2019). In this sense, the analysis of IR and/or UV spectro-
scopic data would appreciably help to separate the contributions
to ionisation. Moreover, the study of stellar populations will pro-
vide decisive insights into the formation histories of these ETGs,
confirming or reconsidering the discussion in Section[7]about the
origin of the gas.

Acknowledgements. 1P acknowledges the Leibniz Institute For Astrophysics
Potsdam for the hospitality and financial support while this paper was in
progress. IP is supported also by Fondazione Ing. Aldo Gini of the Uni-
versity of Padova. We are grateful to Lutz Wisotzki, Tanya Urrutia and the
MUSE GTO collaboration for the valuable comments. DK and MdB acknowl-
edge financial support through the grant GZ: KR 4548/2-1 of the Deutsche
Forschungsgemeinschaft. JB acknowledges support by Fundagdo para a Cién-
cia e a Tecnologia (FCT) through the research grants UID/FIS/04434/2019,
UIDB/04434/2020, UIDP/04434/2020 and through the Investigador FCT Con-
tract No. IF/01654/2014/CP1215/CT0003. PMW received support through
BMBF Verbundforschung (project MUSE-NFM, grant 05A17BAA). WK was
supported by DFG grant Ko 857/33-1. This research is based on MUSE data
of the MUSE GTO collaboration and data from the NASA/IPAC Extragalactic
Database (http://ned.ipac.caltech.edu/).

References

Abell, G. O., Corwin, Harold G., J., & Olowin, R. P. 1989, ApJS, 70, 1

Bacon, R., Accardo, M., Adjali, L., et al. 2010, 7735, 773508

Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5

Belfiore, F., Maiolino, R., Maraston, C., et al. 2016, MNRAS, 461, 3111

Bildfell, C., Hoekstra, H., Babul, A., & Mahdavi, A. 2008, MNRAS, 389, 1637

Byler, N., Dalcanton, J. J., Conroy, C., et al. 2019, AJ, 158, 2

Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 533, 682

Cappellari, M. 2017, MNRAS, 466, 798

Cappellari, M. & Copin, Y. 2003, MNRAS, 342, 345

Cappellari, M. & Emsellem, E. 2004, PASP, 116, 138

Cappellari, M., McDermid, R. M., Alatalo, K., et al. 2013, MNRAS, 432, 1862

Cavagnolo, K. W., Donahue, M., Voit, G. M., & Sun, M. 2008, ApJ, 683, L107

Cazzoli, S., Mdrquez, 1., Masegosa, J., et al. 2018, MNRAS, 480, 1106

Choi, Y.-Y., Reynolds, C. S., Heinz, S., et al. 2004, ApJ, 606, 185

Cid Fernandes, R., Stasinska, G., Mateus, A., & Vale Asari, N. 2011, MNRAS,
413, 1687

Cooke, K. C., Kartaltepe, J. S., Tyler, K. D., et al. 2019, ApJ, 881, 150

D’Agostino, J. J., Kewley, L. J., Groves, B. A., et al. 2019, MNRAS, 487, 4153

Dalla Bonta, E., Ferrarese, L., Corsini, E. M., et al. 2009, ApJ, 690, 537

Davis, T. A., Greene, J., Ma, C.-P, et al. 2016, MNRAS, 455, 214

Dunn, R. J. H. & Fabian, A. C. 2006, MNRAS, 373, 959

Ebrova, I. & Lokas, E. L. 2015, ApJ, 813, 10

Edwards, L. O. V., Hudson, M. J., Balogh, M. L., & Smith, R. J. 2007, MNRAS,
379, 100

Edwards, L. O. V. & Patton, D. R. 2012, MNRAS, 425, 287

Edwards, L. O. V., Salinas, M., Stanley, S., et al. 2020, MNRAS, 491, 2617

Ellis, S. C. & O’Sullivan, E. 2006, MNRAS, 367, 627

Fabian, A. C. 1994, ARA&A, 32, 277

Ford, H. A. & Bregman, J. N. 2013, ApJ, 770, 137

Gaspari, M., McDonald, M., Hamer, S. L., et al. 2018, ApJ, 854, 167

Gerhard, O. E. 1993, MNRAS, 265, 213

Girardi, L., Bressan, A., Bertelli, G., & Chiosi, C. 2000, A&AS, 141, 371

Gomes, J. M., Papaderos, P., Kehrig, C., et al. 2016, A&A, 588, A68

Goulding, A. D., Greene, J. E., Ma, C.-P,, et al. 2016, ApJ, 826, 167

Greene, J. E., Janish, R., Ma, C.-P,, et al. 2015, ApJ, 807, 11

Greene, J. E., Veale, M., Ma, C.-P, et al. 2019, ApJ, 874, 66

Groenewald, D. N. & Loubser, S. 1. 2014, MNRAS, 444, 808

Guérou, A., Krajnovié, D., Epinat, B., et al. 2017, A&A, 608, A5

Hamer, S. L., Edge, A. C., Swinbank, A. M, et al. 2016, MNRAS, 460, 1758

Hermosa Muiloz, L., Cazzoli, S., Méarquez, 1., & Masegosa, J. 2020, A&A, 635,
A50

Ho, I. T., Kewley, L. J., Dopita, M. A, et al. 2014, MNRAS, 444, 3894

Hogan, M. T., McNamara, B. R., Pulido, F,, et al. 2017, ApJ, 837, 51

Hsieh, B. C., Lin, L., Lin, J. H., et al. 2017, ApJ, 851, L24

Jimmy, Tran, K.-V., Brough, S., et al. 2013, ApJ, 778, 171

Johansson, J., Woods, T. E., Gilfanov, M., et al. 2016, MNRAS, 461, 4505

Kauffmann, G., Heckman, T. M., Tremonti, C., et al. 2003, MNRAS, 346, 1055

Kewley, L. J., Dopita, M. A., Sutherland, R. S., Heisler, C. A., & Trevena, J.
2001, ApJ, 556, 121

Kewley, L. J., Groves, B., Kauffmann, G., & Heckman, T. 2006, MNRAS, 372,
961

Kewley, L. J., Nicholls, D. C., & Sutherland, R. S. 2019, ARA&A, 57, 511

Kim, D.-W. 1989, ApJ, 346, 653

Kormendy, J., Fisher, D. B., Cornell, M. E., & Bender, R. 2009, ApJS, 182, 216

Krajnovié, D., Cappellari, M., de Zeeuw, P. T., & Copin, Y. 2006, MNRAS, 366,
787

Krajnovié, D., Emsellem, E., den Brok, M., et al. 2018, MNRAS, 477, 5327

Laine, S., van der Marel, R. P., Lauer, T. R., et al. 2003, AJ, 125, 478

Laporte, C. F. P,, White, S. D. M., Naab, T., & Gao, L. 2013, MNRAS, 435, 901

Li, H., Mao, S., Emsellem, E., et al. 2018, MNRAS, 473, 1489

tokas, E. L., Ebrova, 1., Del Pino, A., & Semczuk, M. 2014, MNRAS, 445, L6

Loubser, S. I. & Soechting, I. K. 2013, MNRAS, 431, 2933

Ma, C.-P,, Greene, J. E., McConnell, N., et al. 2014, ApJ, 795, 158

Markwardt, C. B. 2009, in Astronomical Society of the Pacific Conference Se-
ries, Vol. 411, Astronomical Data Analysis Software and Systems X VIII, ed.
D. A. Bohlender, D. Durand, & P. Dowler, 251

McDermid, R. M., Alatalo, K., Blitz, L., et al. 2015, MNRAS, 448, 3484

McDonald, M., Gaspari, M., McNamara, B. R., & Tremblay, G. R. 2018, ApJ,
858, 45

McDonald, M., Veilleux, S., & Rupke, D. S. N. 2012, ApJ, 746, 153

McDonald, M., Veilleux, S., Rupke, D. S. N., & Mushotzky, R. 2010, ApJ, 721,
1262

Molina, M., Eracleous, M., Barth, A. J., et al. 2018, ApJ, 864, 90

O’Donnell, J. E. 1994, ApJ, 422, 158

Olivares, V., Salome, P., Combes, F., et al. 2019, A&A, 631, A22

Oser, L., Naab, T., Ostriker, J. P., & Johansson, P. H. 2012, ApJ, 744, 63

Osterbrock, D. E. 1989, Astrophysics of gaseous nebulae and active galactic nu-
clei

Article number, page 15 of 32


http://ned.ipac.caltech.edu/

A&A proofs: manuscript no. paper_AA

Osterbrock, D. E. & Ferland, G. J. 2006, Astrophysics of gaseous nebulae and
active galactic nuclei

Pandya, V., Greene, J. E., Ma, C.-P,, et al. 2017, ApJ, 837, 40

Papaderos, P., Gomes, J. M., Vilchez, J. M., et al. 2013, A&A, 555, L1

Peterson, J. R. & Fabian, A. C. 2006, Phys. Rep., 427, 1

Reynolds, C. S., McKernan, B., Fabian, A. C., Stone, J. M., & Vernaleo, J. C.
2005, MNRAS, 357, 242

Sanchez, S. F., Walcher, C. J., Lopez-Coba, C., et al. 2020, arXiv e-prints,
arXiv:2009.00424

Sarzi, M., Falcon-Barroso, J., Davies, R. L., et al. 2006, MNRAS, 366, 1151

Sarzi, M., Falc6n-Barroso, J., Davies, R. L., et al. 2017, GANDALF: Gas AND
Absorption Line Fitting

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, AplJ, 500, 525

Smette, A., Sana, H., Noll, S., et al. 2015, A&A, 576, A77

Stasiniska, G., Cid Fernandes, R., Mateus, A., Sodré, L., & Asari, N. V. 2006,
MNRAS, 371, 972

Thomas, D., Maraston, C., Bender, R., & Mendes de Oliveira, C. 2005, ApJ, 621,
673

Thomas, J., Saglia, R. P, Bender, R., Erwin, P., & Fabricius, M. 2014, ApJ, 782,
39

Tremblay, G. R., O’Dea, C. P., Baum, S. A., et al. 2015, MNRAS, 451, 3768

Tsatsi, A., Lyubenova, M., van de Ven, G., et al. 2017, A&A, 606, A62

van de Voort, F., Davis, T. A., Kere$, D., et al. 2015, MNRAS, 451, 3269

van der Marel, R. P. & Franx, M. 1993, ApJ, 407, 525

van Dokkum, P. G., Franx, M., Kriek, M., et al. 2008, ApJ, 677, L5

Vazdekis, A., Sinchez-Blazquez, P., Falcén-Barroso, J., et al. 2010, MNRAS,
404, 1639

Veale, M., Ma, C.-P.,, Thomas, J., et al. 2017, MNRAS, 464, 356

Veilleux, S., Cecil, G., & Bland-Hawthorn, J. 2005, ARA&A, 43, 769

Veilleux, S. & Osterbrock, D. E. 1987, ApJS, 63, 295

Von Der Linden, A., Best, P. N., Kauffmann, G., & White, S. D. M. 2007, MN-
RAS, 379, 867

Weilbacher, P. M., Palsa, R., Streicher, O., et al. 2020, arXiv e-prints,
arXiv:2006.08638

Wellons, S., Torrey, P., Ma, C.-P, et al. 2015, MNRAS, 449, 361

Young, L. M., Bureau, M., Davis, T. A., et al. 2011, MNRAS, 414, 940

Article number, page 16 of 32


http://arxiv.org/abs/2009.00424
http://arxiv.org/abs/2006.08638

Pagotto et al.: Optical emission lines in the most massive nearby galaxies

Appendix A: Maps for the gas kinematics, fluxes,
and A/N of the M3G galaxies

We show the 2D spatially resolved maps of the gaseous fluxes,
kinematics and A/N, extracted in Section and described and
commented in Section 4.2
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arcsec

PGC015524: first component

Fig. A.1. Spatially resolved maps of the first gas velocity component of PGC 015524. Left to right: flux in log 1072 erg s~! cm™2 arcsec™2, velocities
and velocity dispersions in kms™', and A/N ratio. The maximum and minimum values in the colorbar are reported in each panel between square
brackets. Black dashed contours are isophotes in steps of one magnitude. Up to down: Spatially resolved maps of HB, [O m]A5007 ([Om]2),
[N1]15200 ([N1]2), [0 1]16300 ([O1]), He, [N1]26583 ([N 1]2), [Su]A6716 ([Su]) and [S m]A6731 ([S n]2).

Article number, page 18 of 32



Pagotto et al.: Optical emission lines in the most massive nearby galaxies

5 10 -10 -5 o
aresec

PGC015524: blueshifted component

Fig. A.2. As in Fig. but for the blueshifted component of PGC 015524. Up to down: Spatially resolved maps of HB, [Om1]2, He, [Nu]2 and
[Su] and [Sm]2.
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Fig. A.3. As in Fig.[A.1]but for PGC 046860. Spatially resolved map of [Nu]2.
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Fig. A4. As in Figbut for the first gas velocity component of PGC 047177. Up to down: Spatially resolved maps of HB, [Om]2, [O1], Ha,
[N ]2 and [Su] and [S u]2.
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PGC047177: second comﬁonent

Fig. A.5. As in Figbut for the second velocity component of PGC 047177. Up to down: Spatially resolved maps of He, [N1]2 and [Su] and

[Sm]2.
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Fig. A.6. As in Fig. but for PGC 047197. Spatially resolved map of [N 11]2.
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Fig. A.7. As in Fig. but for PGC 047202. Up to down: Spatially resolved maps of HB, [O m1]2, Ha, [Nu]2 and [S 1] and [S u]2.
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Fig. A.8. As in Fig. but for PGC 047273. Up to down: Spatially resolved maps of HB, [O m1]2, Ha, [N1]2 and [S 1] and [S u]2.
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Fig. A.9. As in Fig. but for PGC 047590. Up to down: Spatially resolved maps of He and [N u]2.
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PGC049940: first comgonent

Fig. A.10. As in Fig. but for the first velocity component of PGC 049940. Up to down: Spatially resolved maps of HB, [Om]2, [O1], He,
[N ]2 and [Su] and [S u]2.
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PGC049940: redshifted component

Fig. A.11. As in Fig. but for the redshifted component of PGC 049940. Up to down: Spatially resolved maps of He, [Nu]2 and [Su] and
[Su]2.

arcsec arcsec

PGC049940: broad component

Fig. A.12. As in Fig.[A1]but for the broad Ha component of PGC 049940.
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Fig. A.13. Asin Fig.but for PGC 065588. Up to down: Spatially resolved maps of [O ]2, He, [Nu]2 and [Su] and [S 1]2.
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PGC073000: first comﬁonent

Fig. A.14. As in Fig. but for the first velocity component of PGC 073000. Up to down: Spatially resolved maps of HB, [O m]2, [N1]2, [O1],
Ha, [Nu]2 and [S 1] and [S u]2.
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PGC073000: blueshifted component

Fig. A.15. As in Fig. but for the blueshifted component of PGC 073000. Up to down: Spatially resolved maps of HB, [Om]2, [N1]2, [O1], He,
[N1u]2 and [Su] and [Su]2.
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PGCO073000: redshifted component

Fig. A.16. As in Fig. but for the redshifted component of PGC 073000. Up to down: Spatially resolved maps of HB, [Om]2, [O1], Ha, [N 1]2

and [Su] and [S 1]2.
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Fig. A.17. As in Fig. but for PGC 097958. Spatially resolved map of [N m]2.
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