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ABSTRACT

We present a study of the cold molecular versus ionized gas distribution in three nearby Seyfert galaxies: NGC 6860, Mrk 915,
and MCG -01-24-012. To constrain the cold molecular flux distribution at ~0.5—-0.8" (~150—-400 pc) scales, we used data from the
CO(2-1) emission line, obtained with the Atacama Large Millimeter/submillimeter Array (ALMA). For the ionized gas, we used
Hubble Space Telescope (HST) narrowband images, centered on the [O 111]144959,5007 emission lines. Within the inner kiloparsec
of the three galaxies, we observe gaps in the CO emission in regions co-spatial with the [O11T] flux distribution, similarly to what has
recently been observed in other active galaxies. Of our original sample of 13 nearby active galactic nucleus (AGN) sources, 12 objects
present the same trend. This indicates that CO molecules might be partially dissociated by AGN radiation or that there is a deficit of
cold molecular gas on nuclear scales driven by ionized gas outflows and/or jets. If so, this represents a form of AGN feedback that
is not captured when only outflow kinematic properties, such as mass outflow rates, are considered. We also discuss how part of the
molecular gas might still be present in hotter H, phases, as has already been observed in other objects.

Key words. ISM: jets and outflows — galaxies: active — galaxies: individual: NGC 6860 — galaxies: individual: Mrk 915 —

galaxies: individual: MCG -01-24-012 — galaxies: Seyfert

1. Introduction

Evaluating the impact of active galactic nuclei (AGNs) on the
interstellar medium (ISM) is crucial to understand their role in
the evolution of galaxies. This interaction happens through the
coupling of the energy released by AGN via radiation, winds,
and jets, as a product of the matter accreted to the central
black hole (Heckman & Best 2014). However, to better gauge
the AGN impact on the gas, we need to consider that different
gas phases are present in the ISM, with all of them potentially
being affected by the AGN to some degree (Cicone et al. 2018).
In this work, we focus on two of them: the ionized and the cold
molecular phase.

The [0111]214959,5007 emission lines doublet (hereafter,
[Oma]) has been widely used to gauge the AGN feedback
on the ionized gas. The disturbed content manifests itself as
large line widths (reaching values >10° kms™') or broad emis-
sion line components (e.g., Riffel et al. 2024; Sun et al. 2017;
Karouzos et al. 2016; Fischer et al. 2013; Liu et al. 2013). These
forbidden lines require a high-energy photon source — such
as an AGN or young and massive stars — and is an indica-
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tor of low-density gas tracer (Wylezalek & Zakamska 2016),
with average gas temperatures and densities in AGN hosts of
Toas ~ 10*K (e.g., Revalski et al. 2021; Riffel et al. 2021) and
Ngas ~ 103 cm™3 (e.g., Davies et al. 2020; Revalski et al. 2022).
For some AGN sources, narrowband imaging observations show
[O111] emission with bipolar morphologies (elongated in oppo-
site and aligned directions) in regions photo-ionized by the AGN
(e.g., Storchi-Bergmann et al. 1992, 2018; Schmitt et al. 2003;
Wilson et al. 1993; Rodriguez-Ardila et al. 2017). This morphol-
ogy is thought to result from the AGN ionization axis being
more aligned with the plane of the sky, plus the dust in the
galaxy disk and the torus blocking the light along the line of
sight (Storchi-Bergmann et al. 2018). Later long-slit and inte-
gral field observations revealed the presence of outflows in these
bipolar regions, with kinematically disturbed gas being detected
up to an extent that is ~20—50% (on average) of the extent of
the total photoionized region (e.g., Dall’ Agnol de Oliveira et al.
2021; Fischer et al. 2018).

New stars are formed from the collapse of dense
molecular clouds with Tg<100K and ng,>10°cm™
(Saintonge & Catinella 2022; Bolatto et al. 2013). These dense
clouds are a subset of the total cold molecular gas content
— dominated by H, molecules — that condensed from the
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atomic gas present in the galaxies’ disks (Schinnerer & Leroy
2024). To trace the total cold molecular mass and its spatial
distribution, we can use emission lines from CO molecules,
such as the CO(2-1) transition (230.538 GHz rest frequency).
In the last decade, these CO lines have been successfully used
to identify AGN-driven disturbances — from jets and/or winds
— in the molecular phase (e.g., Dall’Agnol de Oliveira et al.
2023; Ramos Almeida et al. 2022; Garcia-Bernete et al. 2021;
Slater et al. 2019; Finlez et al. 2018).

By comparing the flux distribution of both gas phases, we
can look for signs of how each gas phase interacts with the
released AGN energy. For this, we need to resolve the gas
on scales of 100pc (~0.5”, for nearby sources). This can be
achieved with observations of the CO lines taken with the Ata-
cama Large Millimeter/submillimeter Array (ALMA) observa-
tory, and Hubble Space Telescope (HST) narrowband imaging
for the [O 111] lines. We have gathered such data for three nearby
Seyfert galaxies: NGC 6860, Mrk 915, and MCG-01-24-012.
The study is divided into two parts.

In this paper, we investigate the relationship between the
cold molecular and ionized gas flux distributions. The mod-
eling of the CO kinematics will be done in a companion
paper Dall’Agnol de Oliveira et al. (2025, hereafter Paper II).
In Sect. 2, we describe the sample, while the observations and
reduction of the ALMA data are discussed in Sect. 3, with some
details added in Appendices A and B. The analysis and results
are detailed in Sects. 4 and 5, leaving the discussions and con-
clusions to Sects. 6 and 7.

2. Sample

The three nearby Seyfert galaxies studied in this paper —
NGC 6860, Mrk915, and MCG-01-24-012 — are part of an
ALMA set of proposals (2012.1.00474.S, 2015.1.00086.S,
2018.1.00211.S) that aimed to analyze in detail the cold molec-
ular gas in 13 local active galaxies, and that we call the “original
sample”. These objects were selected for having signs of distur-
bance in the ionized phase, including collimated outflows and/or
the presence of nuclear spirals associated with inflows. The
other ten galaxies from this project have been studied in group
(Ramakrishnan et al. 2019) or individual studies by different
authors (Finlez et al. 2018; Slater et al. 2019; Salvestrini et al.
2020; Dall’Agnol de Oliveira et al. 2021; Rosario et al. 2019;
Feruglio et al. 2020; Shimizu et al. 2019). Here, we complete
the analysis by studying the three remaining sources together
and comparing the results with the other objects from the sam-
ple. They are presented in the color-composite images in Fig. 1,
generated from archival DECam (Dark Energy Camera) images
obtained from DESI (Dark Energy Spectroscopic Instrument)
Legacy Imaging Surveys (see Appendix A).

Table 1 shows some basic properties of the sample. The red-
shifts (z) correspond to the galaxies’ systemic velocities (vgys)
and were obtained from kinematic 2D disk models fit to data
in the regions dominated by rotation (Paper II). These redshifts
were used to obtain the luminosity distances (Dy) and the angu-
lar scales, by assuming a Hy = 70km s7l, O = 0.3, and
Qp = 0.7 cosmology.

These Seyfert galaxies, with 0.014 <z<0.025, have total
AGN luminosities of 10%¢ < Lagny <10%3ergs™! and super-
massive black hole masses of 107! < Mgy < 1034 M, and their
galaxy hosts have total stellar masses of 10%° < M, <10'3 M,
(all references on Table 1). They are classified as Seyfert type
1.5, 1.9, or 2, according to the strength of the broad line region
(BRL) component of the HB line (Osterbrock 1977).
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3. Observations
3.1. ALMA

The three galaxies were observed with ALMA in Cycle 6 (ID:
2018.1.00211.S, PI: Ramakrishnan, V.). One of the spectral win-
dows (SPWs) was centered on the CO(2—1) emission line. In
addition, three other SPWs were centered on the nearby contin-
uum. These were used to image the nuclear continuum and to
subtract the underlying continuum from the line profiles. The
total observing times on source for NGC 6860, Mrk 915, and
MCG-01-24-012 were 33.9, 16.2, and 29.9 min, respectively.
Table 2 shows other relevant information about the observations.

We used the pipeline scripts provided by ALMA archive
to reprocess the archival data using the CASA software
(CASA Team 2022). Using this script, we performed typical
reduction steps, including cross-calibration, flagging, and band-
pass calibration. For the imaging, we used the tclean CASA’s
task with the Briggs weighting scheme (Briggs 1995), which is
controlled by the “robustness” parameter: a value of —2 is close
to the uniform weighting, where the angular resolution is max-
imized at the expense of the sensitivity, with the opposite being
true for a value of 2 (natural weighting).

For NGC 6860 and MCGO01-24-012, we used a robustness
parameter of 0 and 0.5, respectively. To improve the signal-to-
noise ratio (S/N) of the Mrk 915, we used a robustness value of
2 to recover of the CO emission of Mrk 915 over a larger region
inside the field of view (FoV). With the same goal, we also
applied a Gaussian “uv taper” of 0.5” to partially fill holes in the
uv space. As was expected, this weighting scheme resulted in a
poorer angular resolution in Mrk 915 compared to the other two
objects, as is shown by the full width at half maximum (FWHM)
of the beam in the table. The final spatial resolution is ~0.5-0.8"
(~150—-400pc), from the mean FWHMye,,. The angular sam-
plings (spaxel sizes) of the cubes are 0.076”, 0.16”, and 0.087"”
for NGC 6860, Mrk 915, and MCG -01-24-012, respectively.

To increase the S/N, the data cubes of the three objects were
binned in pairs of two channels, with the resulting data cube hav-
ing a channel width of Av~ 10.2kms~!. Table 2 also shows the
corresponding o s NOise per channel at the center of the FoV.
It corresponds to the standard deviation of the flux density in
line-free regions prior to the primary beam correction (sensitiv-
ity over the FoV, a product from the data reduction). Through-
out the paper, we used a 2D version oys(x,y) = 0ms/PB(x, y),
where PB(x, y) is the primary beam map, which better replicates
the increase in the noise toward the image edges.

An overall picture of the resulting reduced data is presented
in Fig. 2. The maps of total CO(2—1) flux and the millimeter con-
tinuum flux density are shown in the left and middle columns,
while the integrated CO(2—1) profile is shown in the right col-
umn. The continuum maps display an overall point-like spatial
distribution, with only Mrk 915 showing a small elongation to
the northwest.

The right ascensions (RAs) and declinations (DECs) in
Table 1 correspond to the spatial coordinates of the peak of
the ALMA 1.3mm (230 GHz) continuum (middle column of
Fig. 2, and marked as a cross in the other maps). We use
this peak as the location of the AGN based on the correla-
tion between 1 mm luminosity (Ljmm) With the 2-10keV X-
ray luminosity (L;-joxev) and the black hole mass (Mpy) in a
plane (Ruffa et al. 2024). Comparing only with the X-ray con-
tinuum, there is a tighter correlation with Lj p, and Lyjg—150kev
than L, joxev (Kawamuro et al. 2022). Nonetheless, the pre-
cise origin of the 1 mm emission is still uncertain and possi-
bly not unique (Salvestrini et al. 2020; Kawamuro et al. 2023;
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Table 1. Basic properties of the sample.

Name RA, Dec Z Dy Scale Type log(M.) log(Mgy) log(LagN)
hh:mm:ss.ss dd:mm:ss.ss Mpc  pc/”’ Mg Mg ergs™!
&) @) 3 @ O (0) Q) ®) &)
NGC 6860 20:08:46.89 —-61:05:59.77 0.01477 64.0 301 1.5¢ 10.3¢ 7.3-8.3°  43.6-43.8%"
Mrk 915 22:36:46.50 —12:32:42.80  0.02415 105 487 1.5/1.9° 10.04 7.3-8.4°  44.1-44.39h
MCG-01-24-012  09:20:46.26 —08:03:21.97 0.01972 85.7 400 1.9/2¢ 9.644  7.2+03/ 44.3-448%

Notes. (1) Galaxy name; (2) RA and Dec coordinates of the ALMA millimeter continuum peak (in the ICRS frame); (3) Redshift, corre-
sponding to the systemic velocity (in the LSRK frame); (4) Luminosity distance; (5) Angular scale; (6) Seyfert type; (7) AGN total luminos-
ity; (8) Stellar mass; (9) Black hole mass; The range of values in Mpy and Lagn arises from the different measurements that we collected
from the literature, with the exceptions calculated by us described below in the notes. In particular for Lagn, the ranges are partially due to an
observed intrinsic X-Ray variability. ¢: Lipari et al. (1993), with detected variability on the Ho BRL shape and UV continuum between 1989 and
1991. »: Goodrich (1995), Bennert et al. (2006), Trippe et al. (2010). ¢: Véron-Cetty & Véron (2006), Onori et al. (2017), La Franca et al. (2015).
: Hernandez-Yévenes et al. (2024), from Wide-field Infrared Survey Explorer (WISE) photometry, using W1 and the W1 — W2 color for M/L cor-
rections. ¢: Bennert et al. (2006), range from different methods, including the Mpy—o-, relation and from Lgy, 4. /: La Franca et al. (2015), from
Pag BRL line. ¢: Bennert et al. (2006), from Ls 4 - k. Obtained by us using the Duras et al. (2020, 0.37 dex) correction with L, jokev values from
Ballo et al. (2017, Mrk 915) and Winter et al. (2009, NGC 6860). ': Middei et al. (2021), from L,_jokey. /: La Franca et al. (2015), from Li4_195kev.

NGC 6860 Mrk 915 MCG-01-24-012

-

33.2arcsec ~ 10kpc
—_—

20.5 arcsec ~ 10kpc
e—

25.0 arcsec ~ 10kpc
e ——

Fig. 1. Color-composite images of NGC 6860, Mrk 915, and MCG -01-24-012, generated with g — r — i — z filters from the archival Dark Energy
Camera images. North is up and east is left, as in all other figures in the paper. The rectangles correspond to the FoV of the maps in Fig. 2. The
central gray rectangle in the left image masks an artifact present in the i- and z-band images of NGC 6860. In Appendix A, we describe how these
figures were generated.

Shablovinskaya et al. 2024), with some of the proposed expla-
nations for the nuclear emission being small-scale jets and
advection-dominated accretion flows (Ruffa et al. 2024). At the
ALMA and HST spatial resolutions used here, the positions are
expected to be coincident.

3.2. Archival data

For the ionized gas distribution, we used HST FR533N narrow-
band images (ID: 8598, Schmitt et al. 2003), which cover the
[0111]214959,5007 emission line region. To isolate the emis-
sion from the [O1I1] lines, F547M continuum images (from the
same observation proposal) were subtracted from the narrow-
band [O 1] ones. As is described in the Appendix B, the con-
tinuum image was multiplied by a constant factor (K.) before
being subtracted from the narrowband [OIII] image. This fac-

tor was obtained interactively, by selecting the larger K. value
that does not introduce negative regions (“depressions”) in the
subtracted image. However, we note that the F547M filter has
a passband that partially covers the [O1II] line profiles, which
may induce over-subtraction of the line in some regions, partic-
ularly for NGC 6860 (see the Appendix B). The sky background
of the resulting continuum-subtracted [OIII] images was sub-
tracted, after fitting a 2D plane in regions dominated by noise.
A visual inspection of the HST images indicated that they
were spatially misaligned relative to the remaining images.
Therefore, we modified their CRPIX/CRVAL header key val-
ues, such that the HST continuum peak matched the ALMA
millimeter continuum peak. The CRPIX/CRVAL values for
HST [O111] images were set equal to those of their respective
F547M continuum images, which were aligned before. Compar-
ing the resulting position of stars in the field in the HST and
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Fig. 2. Overview of the final reduced ALMA data, showing one object per row. Left: CO(2—1) moment M, corresponding to the integrated flux.
Center: ALMA millimeter continuum flux density near the CO spectral region, with M, outline here with a bluish-green contour. Right: CO(2—-1)
spectral profile, integrated over the whole FoV (only spaxels not masked on the M, map), showing the flux density vs. rest velocity (or observed
frequency, in the top). The coordinates are relative to the galactic nucleus (black cross marks), assumed to be located at the ALMA millimeter
continuum peak (see Table 1). The gray ellipses represent the ALMA beam resolution of the observation.

DECam images, we expect a maximum error in astrometry of
~0.1".

All HST images were collected from the Mikulski Archive
for Space Telescopes (MAST), selecting pipeline drizzled prod-
ucts. The reprocessing discussed above was applied to these
images. The DECam images are from Data Release 10 (DR10)
of the DESI Legacy Imaging Surveys.

For MCG -01-24-012 and Mrk 915, we also collected Very
Large Array (VLA) archival 8.46 GHz (3.54 cm) radio images
(Schmitt et al. 2001, proposal ID: AA226). The VLA images
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were downloaded from the NASA Extragalactic Database, with-
out further modifications.

4. Analysis
4.1. Structure maps

To highlight morphological stellar features in the host galaxies,
we constructed structure maps using images of the sources, as
is shown in Fig. 3. With such a technique, structures with scales
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Table 2. Information about ALMA observations, data reduction, and the total molecular mass.

Name FWHM;e.am  Resolution O rms Robustness S, Avco@-1),ot L,CO(I—O),tot Mol 1ot
arcsec? pc mJy beam™! Jykms™! 10’ Kkms™'pc? 10" M,
@ @) 3 “) &) (6 0] ®)
NGC 6860 0.41 x 0.56 150 0.69 0 47.18 £0.05 9.7-15 8-60
Mrk 915 0.78 x 0.88 400 0.53 24 4.99 +0.02 2.8-4.2 2-20
MCG-01-24-012 047 x 0.6 210 0.44 0.5 31.22 £ 0.03 11-17 9-70

Notes. (1) Galaxy name; (2) ALMA synthesized beam (FWHM of the minor X major axis); (3) Mean spatial resolution (from the mean of
FWHMean); (4) Noise at the FoV center, for a Av~ 10.2kms™' channel width; (5) Robustness parameter of the Briggs weighting; (6) Total
CO(2-1) flux; (7) Total CO(1-0) luminosity (for r,; = 0.8—1.2); (8) Total cold molecular gas mass (@co = 0.8—4.3 M, [Kkms™' pc2]7"). ¢: with

an additional 0.5 " uv taper.

on the order of the point spread function (~500 pc) are enhanced
(Pogge & Martini 2002).

Following Simdes Lopes et al. (2007), these structure maps
(S) were obtained using (Pogge & Martini 2002)

I !
5= [1 ® P] eF.
where [ is the original image, and P is the point spread func-
tion. To obtain the PSF, we modeled the flux distributions
of field stars with Moffat profiles (e.g., Trujillo et al. 2001).
The fitting and convolution procedures were performed using
ASTROPY.MODELING and ASTROPY.CONVOLVE.

Dashed lines in Fig. 3 mark the location of spiral arms,
rings, and bars, all identified by visual inspection. We obtained
the structure maps using DECam i-band images (covering
710—-860 nm) because we wanted to highlight stellar bars, and
the light from such structures is dominated by the contribution
from old stars, whose emission peak is seen at longer wave-
lengths.

ey

4.2. Molecular gas mass

The total velocity-integrated flux (S,Avcop-1)) and the derived
CO(2—1) luminosity (LICO(Z—I)) and molecular mass (M,,) are
presented in Table 2. The CO flux — in each spaxel — was derived
from the Gaussian profiles fit to the CO profile, with a maxi-
mum of two components being needed to reproduce each profile
(Paper II). The corresponding uncertainties were obtained fol-
lowing Lenz & Ayres (1992) and are propagated when integrated
over a region and/or including more than one component. The
corresponding luminosities (L’CO(2_ 1y)> in units of Kkm s~ pc2,
were obtained using Equation (1) from Solomon et al. (1997).
We converted the resulting values to CO(1—-0) luminosities by
using the ratio of rp; = LE?O(Z—I)/L/CO(I—O) = 0.8—1.2, observed in
nearby galaxies (Braine & Combes 1992).

The molecular mass can then be calculated using the con-
version factor aco = Mol /L'coa—())' To cover different cloud
physical conditions, we assumed a large range of values: aco =
My, /Loy = 0.8-4.3 Mg [Kkm s~'pc2]~!. The upper limit
value in the above acg corresponds to the average in the Milky
Way inner disk, while the lower limit is the average in ultralumi-
nous infrared galaxies (Bolatto et al. 2013).

In addition to the large uncertainties in the CO-to-H, con-
version, we note that the total CO(2—1) luminosities used in the
calculation may be systematically underestimated. This happens
because interferometric observations filter out large-scale emis-
sion, causing low-surface brightness CO(2—1) emission to be
missed. This issue is sometimes referred to as the “missing flux

problem”. As a consequence, our total CO fluxes and Mmoot
measurements can be considered lower limit values.

To illustrate this, we can compare our total flux measure-
ments with values obtained using single-dish telescopes.
For NGC6860, Strongetal. (2004) obtained CO(2-1)
observations with the Swedish-ESO Submillimetre Tele-
scope (SEST, with FWHMpe,, of 22”), resulting in
L&O(271)=23x107Kkms‘1pc‘2 (value corrected to con-
sider the same cosmology parameters assume here). This
value is a factor of ~2 larger than our measurement of
Liopopy~11.8x 10" Kkms™ pc™.  Similarly, ~ Koss et al.
(2021) presented observations of our objects from the Ata-
cama Pathfinder Experiment telescope (APEX, FWHMyeam of
27", with CO(2—-1) luminosity values that are larger than our
measurements by a factor of ~3 for NGC 6860 and MCG -01-
24-012, and ~6 for Mrk915. In addition, CO emission from
regions beyond the FoV of our ALMA observations may also
contribute to the single dish measurements. For comparison,
the FWHMp,m, of these SEST and APEX observations are,
respectively, ~1.3 and 1.7 times larger than our observations’
FoV (~17” radius, at one quarter of the sensitivity of the FoV
center).

5. Results: CO versus [O ] relation

In the central kiloparsec, the flux distributions of the [O I11] and
the CO(2—1) are spatially anticorrelated in our sample. This is
shown by the contours comparing the CO(2—-1) and [O 1] flux
distributions in Fig. 4. Also displayed is the 3.6 cm radio emis-
sion available for Mrk 915 and MCG -01-24-012.

In NGC 6860, the CO(2—1) emission is observed along the
stellar ring and the bar (inside a r ~ 4 kpc projected radius from
the nucleus), corresponding to a total cold molecular gas mass of
Minolor ~ 8 — 60 X 107 M. We notice that, close to the nucleus
(r ~500pc), the CO emission presents an hourglass shape: the
projected emission shows a narrowing width as it approaches
the nucleus, decreasing from ~400—-500 pc to ~250 pc in width
(lower left map of Fig. 4). Interestingly, the [O 11T] bipolar emis-
sion — extending in the east-west direction — seems to fill the
region where the CO flux distribution is narrower, with the [O II1]
contours forming a “bowl shape” at the base of the emission.

In Mrk 915, the cold molecular gas is observed along the two
central spiral arms, totalizing M) 0t ~ 2 —20 X 107 M. Unlike
the other two Seyferts, the [O111] ionized gas in Mrk 915 does
not present a bipolar morphology, in the sense of the [O 1]
being elongated in opposite and aligned directions (lower mid-
dle panel in Fig. 4). Instead, it is spatially elongated in two
directions: north (position angle (PA) ~ 5°) and southwest of the

A48, page 5 of 10
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NGC 6860 ‘ Mrk 915

Spiral arm
Stellar ring
Stellar bar M

A6 (arcsec)

Aa (arcsec) Aa (arcsec) Aa (arcsec)

Fig. 3. Structure maps, with dashed lines and curves highlighting spiral arms (in orange), stellar rings (sky-blue), and bars (yellow). The lines
were drawn by visual inspection of the top structure maps, obtained for the archival DECam i-band images, where structures with spatial scales of

~500 pc are enhanced.

[onn CO(2-1) —— 3.6cm Stellar bar ~ ~ Spiralarm ~ ~ Stellar ring

Mrk 915 -

10F

(=]

A6 (arcsec)

|
[

—-10 }

A6 (arcsec)
o

Aa (arcsec) Aa (arcsec) Aa (arcsec)

Fig. 4. Contours showing the flux distribution from the CO(2—-1) cold molecular gas (M, in bluish-green), [O I11] ionized gas (reddish-purple), and
the 3.6 cm radio (blue), with a zoom-in of the nuclear 3" x 3" region (bottom panels). The dashed yellow, orange, and sky-blue lines correspond
to stellar bar, spiral arm, and stellar ring structures, respectively (identified in Fig. 4). Colored ellipses represent the beam resolutions of each
contour image, using the same color as the tracer. Contours are evenly spaced logarithmically. There are: 10 CO(2—1) contour levels in the ranges
(0.508, 47.8), (0.620, 28.0), and (0.359, 93.5) Jy kms~!, for NGC 6860, Mrk 915, and MCG -01-24-012, respectively; 10 [O 111] levels in the ranges
(107183, 107164) (107182, 107157), and (10783, 107'62) erg s~! cm™2 A, in the same order; and 4 radio levels in the ranges (10.2, 1202) and (10.35,

713) mJy, for Mrk 915 and MCG -01-24-012.
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nucleus (PA ~210-235°). Also extended to the southwest of the
nucleus, there is a weak 3.6 cm radio source that could indicate
the projected direction of a young radio-jet axis, although fur-
ther observations are needed to better resolve and confirm the
jet. Additionally, to verify a young-source origin for the emis-
sion, it is necessary to calculate the radio spectral index, which
depends on the availability of multiband radio observations (e.g.,
Kukreti et al. 2023). Nonetheless, except in the nucleus, we still
observe a spatial anticorrelation between CO and [O m1] flux dis-
tributions.

In MCG -01-24-012, most of M0t ~9 — 70 x 10’ Mg cold
molecular mass, traced by CO emission, is detected in the stel-
lar ring and the area within it. Within this region, the observed
CO flux distribution is not only concentrated near the bar (as in
NGC 6860), but more spread out. Within the inner 2.5” ~1kpc
radius, the strongest CO emission is distributed in the north-
south direction, with a small twist to the northeast at larger radii
(right panel in Fig. 4). This distribution is approximately perpen-
dicular to that of the [O TIT] bipolar emission, which has PA ~75°
(Schmitt et al. 2003). We also note that the 3.6 cm radio emis-
sion has a small elongation to the west (PA ~ 89°, Schmitt et al.
2001), approximately aligned with the [O IIT] ionization axis.

6. Discussions

A strong spatial anticorrelation between the cold molecu-
lar and ionized gas and/or the radio jet has already been
observed in other active galaxies (e.g., Garcia-Bernete et al.
2021; Audibert et al. 2023; Alonso-Herrero et al. 2018). We
found the same trend for the three sources studied here:
NGC 6860, Mrk 915, and MCG -01-24-012.

Of the remaining 10 objects in our original sample (there
were 13 sources in total), 6 have been the subject of indi-
vidual studies comparing the CO versus jets and/or ionized
gas emissions, and 5 of them — all showing extended bipolar
ionized cones/jets — follow the above anticorrelation trend:
NGC3281 (Dall’Agnol de Oliveiraet al. 2023), NGC 3393
(Finlez et al. 2018), ESO428-G14 (Feruglioetal. 2020),
NGC 2110 (Rosario et al. 2019), and NGC 5728 (Shimizu et al.
2019). In NGC 1566, there is a CO deficit in the nucleus
(Slater et al. 2019), where ionized gas emission is unresolved
under ~50pc, (daSilvaetal. 2017). For the remaining 4
objects, we performed a visual inspection using CO and
ionized gas images from different studies. We identified a
CO gap (Ramakrishnan etal. 2019; Salvestrini et al. 2020)
associated with the bipolar ionization cone in NGC 1386
(Rodriguez-Ardila et al. 2017, ~100pc to the north of the
nucleus), NGC 7213 (Schnorr-Miiller et al. 2014, ~300pc to
the southwest), and NGC 3081 (Schnorr-Miiller et al. 2016,
southwest to northeast direction, under a ~600 pc radius). In
NGC 1667, a local CO deficit is visible (Ramakrishnan et al.
2019) where the ionized gas emission is slightly elon-
gated (~400pc to the east) and where it is more disturbed
(Schnorr-Miiller et al. 2017, southeast to northwest direction).
Overall, we found some degree of spatial anticorrelation
between CO and ionized gas and/or jets in 12 out of 13 objects
from the original sample.

To understand the cause behind this, we can first focus on
the three sources presented here. A possible scenario is that part
of the molecular gas is being dissociated by AGN radiation,
winds, and/or jets. This assumes that the [O1IT] extended emis-
sion traces the AGN ionization axis, which is corroborated by the
bipolar [O111] flux distribution in NGC 6860 and MCG -01-24-
012. Also, Mrk 915 and MCG -01-24-012 show weak off-nuclear

3.6 cm radio emission, which extends in one of the directions in
which the [O IIT] emission is elongated.

In favor of this, in NGC 2110, Kawamuro et al. (2020) also
observed an anticorrelation between the flux distribution of the
CO and the Fe-Ka 6.4 keV fluorescent line, which needs ioniza-
tion from hard X-ray photons to be produced. This reinforces
the scenario that the CO or/and H, may be depleted due to the
high-energy photons from the AGN. A similar conclusion may
be drawn for NGC 5728, where the X-ray emission containing
highly ionized lines is observed in the region devoid of CO
gas (Trindade Falcao et al. 2024). However, the presence of cold
scattering material may indicate that part of the molecular gas
could still be present along the ionization axis (see below).

We emphasize that an observed spatial anticorrelation
between CO emission and ionized gas is not definitive evidence
that molecular gas is being destroyed. For example, the AGN
radiation could be ionizing the gas located in (or the ionized
outflow could be expanding to) regions already devoid of cold
molecules. Besides that, even if we follow the hypothesis that
CO emission gaps are a consequence of CO molecules being
partially destroyed, H, molecules might still survive in these
depleted regions.

For example, in NGC 2110, emission from the hot H, 1-0
S(1) line' is detected in a CO(2—1) lacuna (Rosario et al. 2019).
A similar scenario is observed in the Seyfert galaxies NGC 5643
(Alonso-Herrero et al. 2018; Davies et al. 2014) and ESO 428-
G14 (Feruglio et al. 2020), both on CO(2—-1) and H, 1-0 S(1)
transitions. Another example is NGC 5728, with emission from
the warm H, 0—0 S(3) line? being observed throughout the ion-
ization cone, where there is a CO deficit (Davies et al. 2024).
Other warm H, 0-0 S(1), S(5) (Davies et al. 2024) and hot
H, 1-0 S(1) lines (Shimizu et al. 2019) are also detected in
the gap of the CO in NCG5728. In MCG-05-23-16, warm
H, gas (from multiple transitions) is detected in the CO(2—-1)
cavities, in a region where H, displays higher velocity dis-
persion, likely driven by recent star formation in this case
Esparza-Arredondo et al. (2025).

After comparing mass surface densities on 50 and
200 pc scales in Seyfert galaxies, Garcia-Burillo et al. (2024)
found a decrease in the concentration in both the cold
and hot molecular gas phases for X-ray luminosities above
Lo 10key ~ 10%12 erg s7L. They interpret that the AGN radiation-
driven winds or jets have pushed out the H, gas, since the most
extreme nuclear-scale cold molecular gas deficits are observed
in galaxies with the strongest CO outflows. This is in agreement
with our results, since the X-ray luminosities of our objects are a
factor of ~10 above this threshold (Duras et al. 2020). Nonethe-
less, their deficit in the cold molecular gas is not fully compen-
sated for (filled) by the hot molecular phase emission.

We note that in high-spatial-resolution (50—100pc scale)
observations of star-forming regions, the CO versus Ha distri-
bution shows that the cold molecular gas is also anticorrelated in
areas with recent star formation (Leroy et al. 2021; Kreckel et al.
2018), although there is some overlap in denser areas, as in spi-
ral arms (Larson et al. 2023). The ionizing radiation from the
newly born stars is likely depleting the nearby CO molecular
clouds inside HI regions (traced by He). This is similar to what
is observed in our sources, but for a weaker ionization field.

As a final remark, we point out that the maximum recov-
erable scale of emission in our ALMA observations is ~6”
(~2-3kpc). Emission from larger scales will therefore not be

! Near-infrared rovibrational transition, Ty, ~10° K.
2 Mid-infrared pure rotational transition, Ty, ~ 10*~10° K.
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detected in our data. This could be why we measure a total CO
flux ~2—-6 times lower than in the single-dish observations (see
Section 4.2), which do not suffer from the missing flux problem.
However, this is unlikely to be the reason behind the observed
CO gaps, since they are identified on smaller scales (<1 kpc, see
Fig. 4). Any CO emission present at these scales would have
been detected with the sensitivity of the ALMA data. We there-
fore propose that these CO gaps show a real inhomogeneity in
the CO distribution.

7. Conclusions

We have compared the CO cold molecular gas distributions —
traced by CO(2—1) ALMA observations — with the [OIII] ion-
ized gas distributions — from HST images — of three nearby
Seyfert galaxies and compared them with the results for the orig-
inal sample of 13 active galaxies. The main conclusions are:

— There is a spatial anticorrelation between the cold molec-
ular gas and ionized gas distributions in the three galaxies
studied, observed within the inner kiloparsec. Evidence of
the same trend is presented in other studies in the literature,
including 12 out of 13 nearby AGN sources from our original
sample.

— The anticorrelation can be attributed — in part — to a deple-
tion of the cold molecular gas due to the AGN radiation,
winds, and/or jets. Warmer phases of the molecular gas (e.g.,
infrared H, lines) might fill part of the CO gap region.

Assuming that the observed CO deficit is due to an interaction
between the AGN released energy and the ISM, one can argue
that this is a type of AGN negative feedback not accounted for
when measuring the impact using quantities such as the mass
outflow rate. In our Paper II, we present measurements of this
impact obtained from the analysis of the CO(2—1) kinematics.
However, to fully discriminate how much of the molecular gas is
completely depleted, measurements of the distribution and total
mass of the molecular gas at different temperatures are needed.
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Appendix A: RGB color-composite image

To emphasize stellar structures in the central regions of our
objects, we generated the griz color-composite images using
archival DECam images from DESI. We applied the GET_RGB
function from the DESI Imaging Legacy Surveys viewer
pipeline®. This function implements an algorithm based on
Lupton et al. (2004), with the RGB components obtained from
a scaling of the griz-band filters images: R=(3-i1+2.2-2),
G=(3.4-r) and B=(6-g). To highlight features in the central
regions, we ran the original code, changing the default asinh soft-
ening value (Q) from 20 to 50 (see the result in Fig. 1).

Appendix B: [On] continuum subtraction in
NGC 6860

The [OT11I] maps were obtained by subtracting the FR533N
narrowband image ([O IIT] + continuum) from the medium-band
F547M image (nearby continuum) multiplied by a K, factor:
[O 1] = (FR533N) — K, - (F547M). This factor is interactively
chosen, by maximizing the removal of the continuum contribu-
tion without introducing extended regions with negative values
(continuum oversubtraction). However, this method introduces
negative values in the central pixels of NGC 6860 (upper right
image of Fig. B.1). The problem happens because a small part
of the F547M band covers the [O 1I1]45007 lines when its flux is
stronger or its profile width is wider, resulting in an overestima-
tion of the continuum at the nucleus.

For the final [O11I] image, the optical continuum was better
subtracted using K, = 1.14. To remove the resulting negative val-
ues in the center, we interpolated the flux in this region (lower
right image of Fig. B.1). The resulting [O IIT] contours are simi-
lar to the original data published in Schmitt et al. (2003).

The left image of Fig. B.1 shows the result of choosing a
K. factor that avoids negative flux values at the nucleus. The
[O111] would be more extended following the continuum, up to
the stellar ring. The [O III] observations from Lipari et al. (1993)
show that there is [O IIT] emission in the stellar ring, but their
total exposure time is ~ 2 times longer. Nonetheless, the nuclear
[O 111] morphology is consistent in the three cases of Fig. B.1).

3 github.com/legacysurvey/imagine
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Fig. B.1. The effect on the [O 111] flux distribution (reddish-purple con-
tours) when the HST F547M optical continuum image (in grayscale) is
multiplied by different factors before the subtraction from the FRS33N
image (narrow band filter covering [OII1]). In the left, the continuum
F547M was undersubtracted from [O III] — using a lower multiplicative
factor — to avoid negative values are the center, with the inset showing a
zoom-in in the central region. Notice that the smoothed [O III] contours
follow the extended continuum distribution in this case. On the right, the
continuum was subtracted using a larger factor that resulted in negative
values at the center (upper map). For the final image, the [O III] image
was interpolated to eliminate the negative values (lower map). To show
that the spatial anticorrelation between CO and [O 111] is visible in both
maps, we added a single blueish-green contour, delineating the CO(2-1)
flux distribution. In all zoom-in images, the F547M grayscale range is
different maps to highlight the peak in the F547M image.
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