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ABSTRACT

We present Atacama Large Millimetre/submillimetre Array (ALMA) CO(1-0) observations of the nearby infrared luminous (LIRG)
galaxy pair IRAS 05054+1718 (also known as CGCG 468-002), as well as a new analysis of X-ray data of this source collected
between 2012 and 2021 using the Nuclear Spectroscopic Telescope Array (NuSTAR), Swift, and the XMM-Newton satellites. The
western component of the pair, NEDO1, hosts a Seyfert 1.9 nucleus that is responsible for launching a powerful X-ray ultra-fast outflow
(UFO). Our X-ray spectral analysis suggests that the UFO could be variable or multi-component in velocity, ranging from v/c ~ —0.12
(as seen in Swiff) to v/c ~ —0.23 (as seen in NuSTAR), and constrains its momentum flux to be pr,™ ~ (4 +2) x 10** g cm s72.
The ALMA CO(1-0) observations, obtained with an angular resolution of 2.2”, although targeting mainly NEDO1, also include the
eastern component of the pair, NED02, a less-studied LIRG with no clear evidence of an active galactic nucleus (AGN). We study the
CO(1-0) kinematics in the two galaxies using the 3D-BAROLO code. In both sources we can model the bulk of the CO(1-0) emission
with rotating disks and, after subtracting the best-fit models, we detect compact residual emission at S/N = 15 within ~3 kpc of the
centre. A molecular outflow in NEDO1, if present, cannot be brighter than such residuals, implying an upper limit on its outflow rate

of M™! < 19 + 14 M, yr~! and on its momentum rate of p79' < (2.7 +2.4) x 10’ g cm s™'. Combined with the revised energetics of

the X-ray wind, we derive an upper limit on the momentum rate ratio of p2e!/ pffu}my < 0.67. We discuss these results in the context
of the expectations of AGN feedback models, and we propose that the X-ray disk wind in NEDO1 has not significantly impacted the
molecular gas reservoir (yet), and we can constrain its effect to be much smaller than expectations of AGN ‘energy-driven’ feedback
models. We also consider and discuss the hypothesis of asymmetries of the molecular disk not properly captured by the 3D-BAROLO
code. Our results highlight the challenges in testing the predictions of popular AGN disk-wind feedback theories, even in the presence
of good-quality multi-wavelength observations.

Key words. galaxies: active — Galaxy: evolution — galaxies: individual: IRAS 05054+1718 — galaxies: interactions — galaxies: ISM —
submillimeter: ISM

1. Introduction

Galaxy formation and evolution is a complex process involving
several different physical phenomena acting simultaneously on
different physical and temporal scales. Gas is a key player in this
picture, feeding star formation and the accretion onto the cen-
tral supermassive black hole (SMBH), and is in turn affected by
feedback mechanisms. The feedback can manifest through pow-
erful winds that are able to blow away the gas from the centre of

the galaxy, quenching star formation and starving the BH of fuel
(Veilleux et al. 2020). Active galactic nucleus (AGN) feedback
processes play a fundamental role in galaxy growth and evolu-
tion; they are thought to be at the origin of the Mgy — 0 relation
(King 2010; Silk & Rees 1998) and to prevent the overgrowth of
massive galaxies (Bower et al. 2012; Hopkins et al. 2014).

In the hard X-ray spectrum, hot (T ~ 10°-107 K) ultra-
fast outflows (UFOs) have been observed in ~40% of the
bright nearby local AGN population (Tombesi et al. 2010, 2012;
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Gofford et al. 2013, 2015). These winds, developed from the
AGN accretion disk (<1 pc), are observed through the detec-
tion of blueshifted (velocities up to v ~ 0.3c) absorption lines
associated with highly ionised iron transitions in the hard X-ray
spectrum (Reeves et al. 2003; Tombesi et al. 2010).

Massive galaxy-scale cold (T, ~ 10—100 K) molecular out-
flows with velocities between hundreds of and a few thousand
km s~! have been observed in the last decade (Feruglio et al.
2010; Fischer et al. 2010). These winds can be detected by
P Cygni profiles of the OH molecule in the far-IR regime
(Fischer et al. 2010; Feruglio et al. 2010; Sturm et al. 2011;
Veilleux et al. 2013) as well as blue- and redshifted high-velocity
wings in the CO, HCN, or HCO* profiles using interfero-
metric observations in the millimetre band (Aalto et al. 2012;
Cicone et al. 2012, 2014).

The theoretical model that is usually invoked to explain large-
scale outflows launched by AGNs is the blast-wave scenario
(Silk & Rees 1998; King 2010; Faucher-Giguere & Quataert
2012). According to this model, a nuclear wind arises from
the accretion disk of an AGN and impacts on the interstellar
medium (ISM) producing a forward shock and a reverse shock.
The forward shock propagates through the unperturbed ISM
producing a large-scale outflow. This outflow could be either
energy- or momentum-driven, depending on whether cooling of
the reverse shock is efficient. If it is, the energy is conserved
and outflow propagates adiabatically (energy-driven), showing a

momentum boost with respect to the X-ray wind (pISM/p ™
1; Faucher-Giguere & Quataert 2012). Otherwise, the energy is
radiated away and only momentum is transferred to the ISM
(PSM/pX™ - 1; King 2010).

Which model is most favoured by observations is a highly
debated question. Simultaneous observations of X-ray winds
and large-scale outflows are needed to test their predictions.
The momentum rate versus wind velocity diagram is a widely
used tool to visualise and compare the properties of different
outflows (Feruglio et al. 2015; Tombesi et al. 2015). Smith et al.
(2019) recently summarised the momentum rate versus the
wind velocity for a sample of ten objects with observed
X-ray UFOs and large-scale galactic outflows (see also Fig. 16,
this work). Some of these sources, such as the luminous
quasar PDS 456 (Bischetti et al. 2019) and the ultra-luminous
infrared galaxy (ULIRG') IRAS F11119+3257 (Tombesi et al.
2015; Veilleux et al. 2017), seem to favour the momentum-
driven scenario, while other objects, such as the ULIRG
Mrk 231 (Feruglio et al. 2015) and the Seyfert 1 galaxy IRAS
17020+4544 (Longinotti et al. 2015, 2018), show large-scale
outflows whose momentum rate is boosted compared to the
X-ray wind. Finally, other sources, such as the multiple-lensed
quasar SDSS J1353+1138 (Tozzi et al. 2021), do not appear to
favour either of the AGN feedback models. Overall, as clearly
drawn by Smith et al. (2019), the picture is much more complex
than expected from AGN blast-wave feedback models.

Furthermore, most sources in the sample explored by
Smith et al. (2019) are ULIRGs. These objects have an intense
star formation, whose contribution to feedback processes is hard
to distinguish from the AGN contribution. Testing the prediction
of the blast-wave scenario in galaxies with a more moderate star
formation activity is necessary to overcome this issue. The work
by Sirressi et al. (2019) on the local Seyfert 2 galaxy MCG-03-
58-007, with a star formation rate (SFR) ~20 M, yr™!, was a first
step towards this direction. These authors detected a compact

! ULIRGS are galaxies that are extremely bright in the infrared, i.e.
Lig > 10" Ly, (Sanders et al. 2003).
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H, component that, if interpreted as an outflow, would present a
momentum rate equal to ~40% of that of the X-ray UFO. Our
study on the LIRG and galaxy pair IRAS 05054+1718 (also
known as CGCG 468-002) also fits into this context. The main
target of this work is the western component of the pair (here-
after NEDO1), a local LIRG hosting a Seyfert 1.9 nucleus. The
source shows a moderate SFR of 5-10 M, yr~! (De Looze et al.
2014; Pereira-Santaella et al. 2015) and hosts a powerful X-ray
wind (Ballo et al. 2015), being a suitable candidate to test the
AGN feedback scenario reducing the possible contamination
from star formation-driven outflows.

Our aim is to investigate the presence of a large-scale molec-
ular outflow in NEDOI and in the companion NEDO02, by study-
ing the distribution and the kinematics of the molecular gas.
The latter is the phase of the ISM that is most tightly con-
nected to star formation (Wong & Blitz 2002; Bigiel et al. 2008;
Leroy et al. 2008), as stars form primarily in molecular clouds
(e.g. Lada et al. 2010; André et al. 2014). We use carbon monox-
ide (CO) as a tracer of cold molecular hydrogen (H;), because it
is the second most abundant molecule after H,, and its rotational
transitions are easily observable at submillimetre—millimetre
wavelengths. The lowest J levels of CO can be easily excited at
molecular cloud temperatures (7 ~ 10 K, Omont 2007) and so
the CO(1-0) and CO(2-1) lines can be used to estimate the total
molecular gas mass in galaxies. Since these lines are optically
thick at typical molecular cloud conditions, their luminosity is
not proportional to the H, gas column density, but a CO(1-0)-
to-H, conversion factor (aco) needs to be assumed. The esti-
mate of this value is not straightforward as it depends on the
physical state of the gas and needs to be calibrated using multi-
ple molecular line tracers, which are often difficult to detect in
extragalactic sources. For the Milky Way ISM and for normal
star-forming galaxies, a value of aco = 4.3 My (K km s™! pc?)
is widely accepted (Bolatto et al. 2013). For different ISM envi-
ronments, such as the massive molecular outflows discovered
in local starbursts and AGN host galaxies (see review by
Veilleux et al. 2020), the @co parameter is very poorly con-
strained. In this work we assume that molecular outflows have an
aco = 2.1+1.2 M, (Kkm s~! pc?), which is the value measured
by Cicone et al. (2018) on the molecular outflow of the well-
studied local ULIRG NGC 6240. We use aco = 4.3 + 1.3 M,
(K km s7' pc?), a value typically assumed when treating
the molecular ISM of isolated galaxies like the Milky Way
(Bolatto et al. 2013), to evaluate the molecular mass of the
galaxy disk.

This paper is organised as follows. The selected targets
are presented in Sect. 2. In Sect. 3 we describe the new
high-sensitivity Atacama Large Millimetre/submillimetre Array
(ALMA) CO(1-0) observations used in this work. The anal-
ysis performed on the data is reported in Sect. 4. In Sect. 5
we model the kinematics of the CO(1-0) emission using
the 3D-Based Analysis of Rotating Object via Line Observa-
tions (3D-BAROLO) software for the two targets. In Sects. 6
and 7 we present the observations and the analysis of the new
X-ray datasets, and in Sect. 8 we derive the energetics of the
X-ray wind. The interpretation of the results is discussed in
Sect. 9, where we test different hypothesis in the AGN-driven
feedback scenario. In Sect. 10 we summarise our results and
conclusions.

Throughout the paper we adopt a standard ACDM cosmo-
logical model with Hy = 67.8 km s~ Mpc™!, Q5 = 0.692, and
Q= 0.308 (Planck Collaboration XIII 2016). At the distance
of IRAS 05054+1718 NEDO1 (z = 0.0178, revised in this work),

the physical scale is 0.373 kpc arcsec™.
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Fig. 1. ALMA CO(1-0) map (black contours) overlayed onto the
g-band optical image from the Pan-STARR Survey 1. The ALMA
CO(1-0) emission was averaged over a spectral range corresponding
to v = [-490,+230] km s~! with respect to the systemic redshift of
NEDO1, which includes the CO(1-0) emission from both members of
the galaxy pair. The contours correspond to the (3, 6 , 9, 12, 24, 50)
X orus levels, with orys = 0.2 mJy beam™! being the average rms of
the ALMA CO(1-0) map (not corrected for the primary beam).

2. Target description

The western and eastern pair members, in this work
indicated respectively as NEDO1 and NEDO2 (see also
Pereira-Santaella et al. 2015), have a projected distance of
~29.6"” ~ 11 kpc. Figure 1 shows the ALMA CO(1-0) contours
overlayed onto a g-band image from the Pan-STARR Survey 1
(Chambers et al. 2016). According to Stierwalt et al. (2013), the
system is in an early merger stage after a first encounter between
the two galaxies since their disks are still symmetric, but show
signs of tidal tales.

The western galaxy NEDOI, at z = 0.0178 + 0.0004,
hosts a Seyfert 1.9 nucleus, and it is classified as a LIRG
(log(Lrs-1000um)/Lo) = 10.6,  Pereira-Santaella et al.  2015).
Because of the presence of the AGN, its SFR is not well
constrained in the literature, with values ranging between
5 Mg yr~' (De Looze et al. 2014; Pereira-Santaella et al. 2015)
and ~10 M, yr‘1 (Howell et al. 2010). Based on the ratio
of the SFR to the BH accretion rate (log(SFR/rigy) ~ 2),
obtained from the [NelI]15.56 wm and [O111]A5007 gas velocity
dispersion, the stellar velocity dispersion, and the 8-1000 um
IR-luminosity, Alonso-Herrero et al. (2013) suggested that
NEDOLI is transitioning from a HII-dominated to a Seyfert-
dominated LIRG.

NEDOLI represents an interesting case study for the effects of
AGN feedback on galaxies. Ballo et al. (2015) detected a deep
absorption trough at £ ~ 7.8 keV (2.10 significance) in its Swift-
XRT (X-ray telescope) spectrum, which has been interpreted as
a highly ionised (logé& ~ 3 erg cm™2 s7!), high column density
(Ng ~ 10% cm™), and ultra-fast (ve = (0.11 = 0.03)c) disk
wind.

2 CO-based redshift measured in this work, see Sect. 4.1.

The companion NEDO2 is also a LIRG (Lig = 10'!' Ly,
Pereira-Santaella et al. 2015) and has a measured redshift
of z = 0.016812 + 0.000003%. NED02 was classified as
a composite galaxy according to the BPT classification by
Pereira-Santaella et al. (2015), but no evidence for AGN emis-
sion has been detected to date (see e.g. Alonso-Herrero et al.
2012). The SFR estimates for this galaxy range between
SFR(1_10)Myr ~ 15 Mg yr™! (Pereira-Santaella et al. 2015) and
SFR ~ 20 M yr~! (Howell et al. 2010; De Looze et al. 2014).

3. ALMA CO(1-0) observations

The ALMA Band 3 (84.0-116.0 GHz) observations of IRAS
05054+1718 were carried out in Cycle 5 (Project code:
2016.1.00694.S, PI: P. Severgnini). The primary target was
NEDOLI (corresponding to the phase centre of the interferomet-
ric dataset), but the field of view and spectral bandwidth of
the data also cover the CO(1-0) emission from the companion
NEDO2, and so we include the latter in our analysis. We only
use data from the two scheduling blocks that have passed the
ALMA data quality assurance (QAO), which are also the only
datasets that were delivered to the PI, with observing dates 5 and
6 March 2017. According to the QAO report, the total observing
time including overheads for the two combined valid execution
blocks was 100 min, and the total time on target was 62 min.
The 40 ALMA 12 m antennas were arranged in the most com-
pact configuration (C40-1), with baselines ranging from 14 m to
310 m. The precipitable water vapour (PWV) varied from 3 mm
to 8mm, wind speed was 3.3 m s7!, and humidity ~50%. The
quasar J0423-0120 was used for flux calibration, J0510+1800
was instead used for band-pass response, phase calibration,
and pointing, and both sources in addition to the main target
were used for atmospheric calibration and radiometric phase
correction.

We employed four spectral windows, two for each side
band of the ALMA correlator. Two adjacent high-resolution,
1.875 GHz wide spectral windows (960 channels each, chan-
nel width of 1953.13 kHz, corresponding to 5.2 km s~!) were
centred at sky frequencies of 113.179 GHz and 111.438 GHz
in order to sample both the CO(1-0) line and the N = 1 spin-
doublet transition of CN, which have rest-frame frequencies
of vrce(s)‘(l_o) = 115.2712 GHz and vrceﬁf(l_o) ~ 113.4910 GHZz".
Two additional low-resolution 2 GHz wide spectral windows
(128 channels, 15.625 MHz channel width, corresponding to
~50 km s~!') were centred at sky frequencies of 101.190 GHz
and 99.387 GHz to probe the 3 mm continuum. In this work,
we focus on the CO(1-0) line data, and we postpone the anal-
ysis of the CN(1-0) line to a future publication. Through the
spectral line modelling described in Sect. 4.1, we found the
CO(1-0) lines of NEDO1 and NEDO2 to be respectively cen-
tred at (sky) frequencies of v = 113.2578 GHz and v =
113.3651 GHz, which we used to compute new estimates of the
systemic redshift of the two galaxies. Except for Sect. 4.1, where
we worked with the initial datacubes not corrected for the right
redshift, the rest of the analysis presented in this paper was per-
formed on two separate datacubes (one for NEDO1 and one for
NEDO2) corrected for their new CO-based redshift estimates.

The data were calibrated by running the version 5.4.0 of
the Common Astronomy Software Applications (CASA) pack-
age calibration pipeline (McMullin et al. 2007). For the cleaning

3 CO-based redshift, measured in this work, see Sect. 4.1.
* Frequency of the expected brightest component of the CN(1-0) line
group, see also Cicone et al. (2020).
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and other analysis steps we used CASA software version 5.6.1-8.
We combined the measurement sets of the two execution blocks
by using the task concat, after having pre-selected with split
the CO(1-0) line spectral windows relevant to our target. An
analysis of the continuum at 100 GHz, conducted using the two
line-free spectral windows (see further details in Appendix A),
shows a clear detection of both NEDO1 and NEDO2, with respec-
tive continuum peak flux densities equal to SNEPOI = 0.71 +
0.03 mJy beam™! and SNEP92 = 226 + 0.05 mJy beam™'. For
this reason, before proceeding with the analysis of the CO kine-
matics, we subtracted the continuum from the CO(1-0) spectral
windows in the uv visibility plane using the task uvcontsub. We
selected a zeroth-order polynomial fit to the continuum chan-
nels adjacent to the CO(1-0) line in the 112.26-113.0 GHz
and 113.57-114.12 GHz sky frequency ranges (corresponding
to v € [-2650,-690] km s~! and v € [820,2280] km s~! with
respect to the CO(1-0) line centre). We then worked exclusively
on the continuum-subtracted CO(1-0) line data.

The cleaning procedure for modelling the true sky bright-
ness distribution of the source out of the uv visibility data was
performed using the task tclean, by selecting the automask-
ing algorithm (auto-multithresh parameter), which creates a
different mask for every channel, minimising negative sidelobes.
We used Briggs weighting with the robust parameter set equal to
zero, and a cell size of 0.2"”. The synthesised beam size of the
resulting cleaned datacube changes slightly with spectral chan-
nels, with a median value of 2.59” x 2.25”, corresponding to an
average spatial resolution of 0.97 kpc x 0.84 kpc. We adopted
the native spectral resolution of 5.17 km s~! for the channel size.
We selected a cleaning threshold equal to our first estimate of
the average line rms of 2.5 mJy beam™' per channel. In order
to account for the bias of the primary beam (PB) pattern on
the image, we divided the cleaned datacube by the PB response
using the task impbcor.

The mean rms CO(1-0) line sensitivity for source NEDO1
as measured in the cleaned and PB-corrected cube is
2.2 mJy beam™! per 5.2 km s~! channel. This value was cal-
culated with the task imstat, by selecting the central 40" por-
tion of the field of view, and so it is adequate to characterise the
noise fluctuations of the CO(1-0) data for NEDO1. We also veri-
fied that the noise follows a Gaussian distribution, so we adopted
the mean rms value across the whole CO(1-0) spectral range
on which our analysis is focused. For the companion NEDO02
instead, given its proximity to the edge of the PB’s FWHM, the
CO(1-0) line sensitivity is lower, with an average 1o~ rms value
of 4.0 mJy beam™' per 5.2 km s~! channel. For this source, the
3D-BAROLO kinematic analysis (presented in Sect. 5.2) will be
conducted on a portion of the datacube centred on NED02 and
not corrected for the PB. Table 1 summarises the main observa-
tional parameters.

4. Analysis of the CO(1-0) line emission
4.1. CO-based redshift estimates
4.1.1. NEDO1

The continuum-subtracted CO(1-0) spectrum of NEDOI,
reported in the left panels of Fig. 2, shows a double-peaked
emission line centred at v = 113.26 GHz. This is slightly
different from the (redshifted) CO(1-0) central frequency of
113.189 GHz that was expected from a previous redshift esti-
mate of this source (z = 0.0184), derived from the heliocentric
velocity (error-weighted average of the optical and radio
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Table 1. Description of observations.

ALMA Band 3

IRAS05054+1718 (pair)
CGCG468-002 NEDO1 and NEDO2
05:08:19.700, +17:21:48.100 (¥
115.2712 GHz

1953.125kHz = 5.17 km s~!

Instrument

Target IDs

RA, Dec (ICRS)
CO(1--0)
rest

Spectral resolution

Angular resolution 2.59” x 2.25"
Max recoverable scale 28"
Field of view 55" x 55"

lorms (5.2 kms™")
lorms (5.2 kms™)

2.2 mJy beam™! (NEDO1)
4.0 mJy beam™! (NED02)

Notes. ("Coordinates of ALMA observations, centred on the compo-
nent NEDO1.

velocities) reported in the HyperLeda catalogue (see
Makarov et al. 2014). To refine the redshift estimate of NEDO1
we performed two spectral fits, one with a single-Gaussian
function and one with two Gaussians, both displayed in the top
left panel of Fig. 2, with results listed in Table 2. We computed a
new systemic redshift using the central frequency value derived
from the single-Gaussian fit (v = 113.2578 + 0.0009 GHz).
However, the source shows a double-peaked profile with clear
asymmetries. To take this into account, we conservatively
assigned to such CO-based redshift an uncertainty equal to the
average frequency difference between the two CO line peaks (as
measured from the double-Gaussian fit) and the single-Gaussian
fit peak frequency value. We obtained z = 0.0178 + 0.0004,
which is offset by v ~ —210 kms™! with respect to the previously
known redshift. We further checked that the new redshift esti-
mate matches with the kinematic centre of NEDO1’s host galaxy
disk. The CO(1-0) position-velocity (PV) diagrams displayed in
Fig. 3 were computed in CASA from slit-like apertures with sizes
of ~30” and ~9”, aligned with the major and minor axes of
the CO(1-0) disk of NEDOI respectively (see kinematic mod-
elling reported in Sect 5). The new redshift estimate (obtained
through the spectral analysis described above) is shown as
a black cross at the centre of the two PV diagrams, hence
confirming the correspondence with the rotational centre of the
CO(1-0) disk.

4.1.2. NEDO2

A similar analysis aimed at refining the systemic redshift of the
host galaxy was performed on the companion source, NEDO02.
The total continuum-subtracted CO(1-0) spectrum of NEDO02,
displayed in the right panel of Fig. 2, presents a single peak.
We modelled it using a single-Gaussian function, whose best-fit
parameters are reported in Table 2. The previous redshift esti-
mate for this source, z = 0.016842, derived from the heliocentric
velocity reported in the 2MASS Redshift Survey (Huchra et al.
2012), would have produced a CO(1-0) emission line peaked at
113.1385 GHz. Instead, our spectral analysis of the new ALMA
CO(1-0) observations of NED02 shows that the CO(1-0) line
is centred at a higher frequency of 113.3651 + 0.0003 GHz. We
used this value and its associated uncertainty to compute a new
systemic redshift of NEDO2 equal to z = 0.016812 + 0.000003,
which is offset by ~50 km s~! with respect to the previously
known redshift.
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Fig. 2. ALMA CO(1-0) continuum-subtracted spectra of the interacting galaxy pair IRAS 05054+1718: NEDOI (left panels) and NEDO2 (right
panels). The top and bottom panels display the same spectral data, but with different units on the x-axes. In particular, the top panels report the
CO(1-0) flux density as a function of observed (sky) frequency, and were used to refine the systemic redshift estimates for the two galaxies (see
Sect. 4.1). The bottom panels show the spectra corrected for redshift, where the CO(1-0) flux density is reported as a function of optical velocity
along the line of sight. The CO(1-0) line spectrum of NEDO1 was extracted from an elliptical aperture maximising the CO(1-0) flux, with size
23" x 14", centred at RA = 05"08™19.858°, Dec = +17°21'45.898". The CO(1-0) spectrum of NED02 was extracted from an 10” x 12" elliptical
aperture centred at RA = 05"08™21.212%, Dec = +17°22'08.660". The best-fit spectral parameters are listed in Table 2.

4.2. CO(1-0) morphology

The redshift-corrected CO(1-0) emission line spectra of NEDO1
and NEDO?2, plotted as a function of line-of-sight velocity, are
shown in the bottom panels of Fig. 2. The corresponding best-fit
spectral parameters are listed in Table 2. By using the CO(1-0)
line fluxes obtained from the spectral fits, we computed the total
CO(1-0) line luminosities of the two galaxies, and from these
estimated their molecular line masses, by adopting a standard
CO-to-H, conversion factor of aco = 4.3+1.3 My Kkm s™! pc?.
These values are reported in Table 3.

Figure 4 displays the zeroth, first, and second moment maps
of the source NEDO1, computed by applying an intensity thresh-
old of 0.01 Jy beam™! and within a box 30" in size centred
on the AGN. The velocity map shows clearly that the CO(1-0)
gas kinematics in NEDOI is dominated by ordered rotation.
The blueshifted emission arises from the western side of the
galaxy, and the redshifted emission from the eastern side, fol-
lowing the typical pattern of a rotating disk. Therefore, from
Fig. 4 we can already infer that if a molecular outflow is
present, it does not seem to impact the bulk of the CO(1-0)

kinematics in this source. This was also evident from the
CO(1-0) spectrum of NEDOI, which presents a clear double
peak and no evidence for very high-velocity wings, which are
typical of extreme molecular outflows detected in some local
(U)LIRGS (see e.g. Cicone et al. 2014, and several references in
Veilleux et al. 2020).

In addition to the central molecular disk (component A), the
CO moment maps of NEDOI reveal two apparently disconnected
CO(1-0) emitting structures in this galaxy, labelled B and C in
Fig. 4. Component B is ~3.3 kpc and component C is ~2.3 kpc
from the centre of NEDO1’s main disk. Despite their apparent
offset from the disk in the moment maps shown in Fig. 4, which
results from the adoption of a sensitivity threshold, these two
components are physically linked to the central disk, and also
follow the same velocity pattern. This will be confirmed by the
kinematic modelling with the BBarolo software presented in the
next section. The CO(1-0) spectral line profiles of components
B and C are single-peaked and narrow. Component B is red-
shifted, centred at a velocity of v = 150 km s~!, with a veloc-
ity dispersion of o, ~ 13 km s™!, and entrains a CO(1-0) flux
of 0.65 Jy km s~!, which, if adopting the same aco as above,
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Table 2. Best-fit parameters of the CO(1-0) spectral fits shown in Fig. 2.

NEDO1 NEDO02

Fit vo [GHZ] S peak [mMJy] o, [MHz] Fit vo [GHzZ] S peak [mJy] o, [MHz]
1-Gauss 113.2578 (0.0009) 78.5(0.9) 66.2 (0.9) 1-Gauss 113.3651 (0.0003) 269 (2) 33.5(0.3)
2-Gauss 113.2176 (0.0010) 83.9(1.3) 33.7 (1.0)

113.3125 (0.0011) 72.7 (1.4) 30.3 (1.0)
Fit vo [km s™1] Speak [mly] o, [kms™']  Fit vo [km s1] S peak [mJy] o, [km s™']
2-Gauss —146 (3) 72.7 (1.3) 79 (2) 1-Gauss -0.4 (0.8) 265 (2) 88.4 (0.8)

106 (2) 82.9(1.2) 90 (2)

Notes. The top and bottom parts of the table list respectively the best-fit parameters of the top and bottom panels of Fig. 2. For each Gaussian
component, we report its centre, peak CO(1-0) flux density, and standard deviation (o), from which it is possible to compute the full width at half
maximum (FWHM = 2.3548¢). Uncertainties, always reported within brackets, correspond to 1o statistical errors and do not include the absolute

flux calibration error.
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Fig. 3. CO(1-0) PV diagrams of NEDO1, extracted from a datacube
where velocities are calculated with respect to the previously known
redshift of the source (z = 0.0184). The PV diagrams confirm that our
new redshift estimate of z = 0.0178 + 0.0004, indicated with a black
cross, closely matches the kinematic centre of the CO(1-0) source. The
upper panel shows the PV diagram obtained from a slit-like aperture
along the axis connecting the blue and red peaks of the CO(1-0) emis-
sion, with a size of ~30” and a position angle of 95° (measured anti-
clockwise from the north direction). The PV diagram shown in the bot-
tom panel was computed from a slit-like aperture with a size of ~9”
orthogonal to the previous one.

corresponds to ~4 x 107 M of molecular hydrogen gas. Com-
ponent C is only slightly redshifted (v ~ 9 km s™'), and can
be modelled with a single-Gaussian with o, =~ 30 km s~! and
an integrated CO(1-0) flux of 2 Jy km s~!, corresponding to
1.3 x 10% M. Figure 1 shows that components B and C of the
CO(1-0) emission from NEDO1 (detected respectively at 3 and
100 in the CO(1-0) channel map shown as contours in Fig. 1)
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Table 3. Molecular gas mass estimates.

Source S co(i-0ydv L’CO(I_O) Mol
Dykms™] [108 Kkms'pc?] [10° My]
(1) 2 3) 4)
NEDOl  33.1(1.4) 5.1(0.2) 2.1(0.7)
NED02 59 (3) 8.0 (0.4) 3.4 (1.1)

Notes. Column (1): Source; Col. (2): Total CO(1-0) line flux, com-
puted from the spectral line fit results (Table 2). For NEDO1, the total
flux was computed by adding the contribution of the two Gaussian
components employed in the spectral fit. Errors on the CO(1-0) inte-
grated fluxes include a systematic calibration error of 5%, typical for
ALMA Band 3 observations. Column (3): CO(1-0) line luminosity
computed following the definition by Solomon (1997); Col. (4): Molec-
ular gas mass computed using a CO-to-H, conversion factor of aco =
43+ 1.3 My K km s7! pc? (Bolatto et al. 2013).

do not correspond to any significant sub-structure in the opti-
cal continuum; instead, they overlap with diffuse lower surface
brightness stellar light. We can rule out the hypothesis that the
CO components B and C are not distinguishable in the g-band
Pan-STARR image because of high dust extinction, since in this
case we would expect to detect them in the ALMA 3 mm contin-
uum map, which is not the case (see Appendix A). We therefore
suggest that the CO(1-0) components B and C are ISM substruc-
tures of the main galaxy disk, possibly tracing a spiral arm.

The companion galaxy NEDO?2 is located close to the edge
of the PB, and so the moment maps, reported in Fig. 5, were
computed from the datacube not corrected for the PB. The
CO(1-0) emission in this edge-on galaxy (see Fig. 1) appears
more compact than in NEDO1. The spider diagram shows a
velocity gradient skewed towards blueshifted velocities, tracing
a disturbed rotating disk. The modelling presented in the next
section supports this interpretation.

5. Modelling of the CO(1-0) kinematics

In this section we analyse the gas kinematics in IRAS
05054+1718. As shown by Fig. 4, the bulk of the CO(1-0) emis-
sion from NEDO1 traces a rotating molecular disk, while the disk
of NEDOQ2 appears more disturbed (Fig. 5). In order to study the
presence of CO(1-0) components that are not participating in
the rotation and may trace the effect of AGN feedback on the
large-scale ISM, we first model the disk kinematics, and then
study any residual emission, similar to Sirressi et al. (2019). For
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completeness, we perform the same analysis on the companion
galaxy NEDO02, even though we do not have any evidence for
the presence of an AGN in this source. A uniform and common
analysis of the CO(1-0) gas kinematics of both members of the
galaxy pair can give us insights into the role of galaxy interac-
tions in shaping the cold ISM kinematics.

5.1. Modelling of the CO(1-0) disk in NEDO1

We model the disk rotation in NEDO1 using the 3D-
Based Analysis of Rotating Object via Line Observations
(3D-BAROLO, Di Teodoro & Fraternali 2015, also known as
BBarolo). BBarolo identifies the set of geometrical and kine-
matic parameters that best fit the rotating gaseous disk obser-
vations, and uses these parameters to produce a mock datacube
of the best-fit model. An important assumption of the BBarolo
model, to consider when interpreting the results, is the hypoth-
esis that the line emission is distributed in a geometrically thin
disk whose kinematics is dominated by pure rotational motion.
In other words, the model does not consider the presence of addi-
tional outflow components, tidal tails, or other features that do
not belong to the main rotating disk. The disk model is built up
by combining concentric rings with a user-defined width, and the
comparison between models and data is performed ring by ring.

As shown by Fig. 4, the CO(1-0) line emission from NEDO1
has a complex morphology. In order to study the effect of
adding the extended CO(1-0) line components in the BBarolo
modelling, we run BBarolo on three regions with different
sizes, and compare the results. The regions are as follows (see

-1

Fig. B.1): the Small region, which includes only component A,
with size = 10" x 8" (3.7 x 3.0 kpc); the Medium region, which
includes components A and C, with size=16" x 15" (6.0 X
5.6 kpc); and the big region, which includes all three compo-
nents, with size =35 x 35” (13 x 13 kpc).

We produced the CO(1-0) datacubes that need to be
given as an input to the software by cropping the continuum-
subtracted ALMA CO(1-0) (clean) datacube with the CASA
task imsubimage and then exporting it into a FITS file using the
exportfits task. We selected a spectral range corresponding
to v = [-600, +600] km s~!. For each region, we also produced
a residual map by subtracting the BBarolo disk model from the
input datacube.

As parameters of the BBarolo model we kept the inclina-
tion (¢, i.e. the angle of the disk with respect to the line of sight)
and the position angle (PA) of the molecular gas disk fixed at all
radii. Using the ALMA moment 1 map shown in Fig. B.1, we
estimated PA = 95° + 10° and ¢ = 45° + 15°. The inclination
was inferred from the ratio of the minor to the major axis of the
molecular disk. The fitting was performed considering only pix-
els witha S /N > 2.3 to enable inclusion of the low-S/N extended
features.

In the following we present the results obtained by using
the Big region, which includes all three CO(1-0) emission line
components (A, B, and C) observed in the moment 1 map of
NEDOI, while the results from the other two regions are reported
in Appendix B. We focus on the Big region because, once it has
been subtracted from the ALMA datacube, this is the fit that
produces the lowest residual CO(1-0) emission. Additionally,
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Fig. 7. Position velocity diagrams showing the comparison between the
data and the BBarolo best-fit model performed on the Big region around
NEDO1. The red contours show the disk model, and they are overplotted
onto the observed ALMA CO(1-0) line data (displayed in grey, with
blue contours at 3, 6, 9, 15, 20, 30, 40, and 500°). The upper panel shows
the PV diagram extracted along the major axis. The yellow data points
indicate the best-fit rotational velocity of each ring. The lower panel
shows the PV diagram computed along the minor axis.

the analysis of the Big region fit allows us to study the global
CO(1-0) emission from NEDOI as this region includes also
components B and C. We therefore believe that the fit on the
Big region is the most conservative one for our goal, which is to
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study residual emission whose kinematics is inconsistent with a
rotating disk.

We constructed the BBarolo model disk by using seven rings
of width 2" (0.7 kpc), covering in total a region of 28" in diam-
eter (10.4 kpc) around NEDOI. The results of this fit are shown
in Figures 6-8. Although the rotating disk clearly provides a
very good fit for the bulk of CO(1-0) emission in and around
NEDOL, there are statistically significant residuals. We note that
the moment maps and the PV diagrams produced by BBarolo
(Figs. 6 and 7) are not optimised to visualise residual emission,
because they use a colour scale that is fine-tuned to enhance the
match between data and model. The bottom rows of the channel
maps in Fig. 8, displaying the residual CO(1-0) emission, show
that positive (green contours) and negative (grey contours) resid-
uals with similar significance (~30) are present in each channel
map with velocity |v] > 200 km s~!, consistent with low-level
residual rotation that is not accounted for by the fit. However, at
blueshifted velocities, within a range —290 < v < —200 km s7L,
we detected only positive residuals at much higher significance
(S/N > 15), showing a compact morphology.

Figure 9 displays the CO(1-0) residual emission in NEDO1
after subtracting the best-fit disk model computed by BBarolo.
The left panel of Fig. 9 shows a contour map of such com-
pact residual structure, obtained integrating the CO(1-0) resid-
ual flux within the velocity ranges where it is most promi-
nent, that is —290 < v[km s™'] < —200. This structure can be
enclosed within a box of 8.4” x 8.4” (~3 kpc, see black box
overlayed on the map). We find that a similar residual, compact,
and blueshifted structure is common to all three fits performed
with BBarolo, and it is actually minimised in this one performed
on the Big region compared to those using the smaller regions.
The spectrum reported in the central panel of Fig. 9, extracted
from the black squared aperture in the left panel, shows that the
blueshifted CO(1-0) residual emission is spectrally resolved into
two emission peaks, which we modelled with double-Gaussian
functions (see best-fit parameters in Table 4). There is also a
negative feature at the systemic velocity, common to all three
BBarolo fits, which is probably an indication of overfitting of the
rotational structure. By mapping separately the two blueshifted
spectral components, we find that they trace two apparently inde-
pendent, spatially offset structures, as shown in the right panel of
Fig. 9. Here we plotted with different colours the first component
of this residual CO(1-0) emission, which is the most blueshifted
one integrated between v € [—400,—-200] km s~! (blue con-
tours), and the second component, which was integrated between
v € [-200, 0] km s~! and displayed using the black contours. The
first component peaks closer to the dynamic centre of the molec-
ular disk, at a distance of R = 0.7 = 0.2 kpc, while the second
component peaks further away, at a distance of R = 1.5+0.2 kpc.
Table 4 lists for each of the two components their spectral
best-fit Gaussian parameters and corresponding CO(1-0) flux,
CO(1-0) luminosity, molecular gas mass, and their physical dis-
tance from the best-fit BBarolo disk model.

5.2. Modelling of the CO(1-0) disk in NED02

Compared to NEDO1, the CO(1-0) moment maps of NEDO2 in
Fig. 5 show a more disturbed, higher inclination, molecular disk.
The CO(1-0) emission detected by ALMA in this source is also
more compact in size, and hence its morphology and kinematics
are more affected by beam smearing effects. We used BBarolo
to model this CO(1-0) disk, following a procedure similar to
NEDOI. However, given the absence of significant extended fea-
tures, we did not deem it necessary for NEDO2 to run BBarolo
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Fig. 8. CO channel maps computed by integrating the CO(1-0) emission in channels of Av = 42 km s~!, showing the comparison between data

and BBarolo best-fit disk model within the Big region around NEDO1.

In each of the three panels, the top row (blue contours) displays the data,

the central row the model (red contours), and the bottom row the residual emission (green contours). The contours are plotted at 3, 6, 9, 15, 20, 30,
40, 500. Symmetric negative contours are plotted in grey. The yellow cross indicates the centre of the disk model.

on regions of different sizes. The input 3D dataset for the
BBarolo modelling was obtained by cropping the cleaned (non-
PB-corrected) continuum-subtracted ALMA datacube around
NEDO2 using a box size of 27.4"” x 254" (i.e. 9.4 x 8.7 kpc),
and selecting a velocity range of v € [-1000,+1000] km s~!,
computed with respect to the systemic redshift of NED02. From

the ALMA observations, we estimated a position angle of PA =

120° + 10° and an inclination of ¢ = 70° + 15°. We applied a S/N
threshold of S/N > 3 for each pixel included in the modelling.
We used five rings, each of 2" width (0.7 kpc).

Figures 10, 11, and B.2 show the moment maps, PV dia-
grams, and channel maps of NEDO2 produced by the fitting
code, comparing the data with the best-fit model of a rotat-
ing disk. Although BBarolo can reproduce the global rotation

A46, page 9 of 24



17°22'00"

21'50"

ICRS Declination

40"

X Centre of disk
X Blue centroid

o

5"0820.5% 20.0° 19.5°

ICRS Righ Ascension

19.0°

Bonanomi, R., et al.: A&A 673, A46 (2023)

Flux density [Jy]

. 0.0254
%]

o

—-0.025

NEDO1-Big region CO(1-0)

NEDO1-Big region

1 chi2_red=3.23254

dv=5.26 km/s

-0.01+

-0.02

0.000 —

T T T T T T T
-200 0 200 400

Velocity [km/s]

T T T
-600 —400

60(

ICRS Declination

17°21'52"

50"

48"

46"

441 X Centre of the disk

X Centre of the 1st co
X Centre of the 2nd component

X
mponent
v

h08™20.0°

19.8° 19.6%

ICRS Righ Ascension

19.4°

Fig. 9. Residual CO(1-0) emission in NEDO1 after subtracting the best-fit disk model computed by BBarolo in the Big region. Left: Map of the
blueshifted CO(1-0) residual emission integrated in the range —290 < v[km s717 < —200. The blue contours are plotted at 3, 6, 9, 15, and 200
The black cross indicates the centre of the best-fit molecular disk. The blue cross indicates the peak of the CO(1-0) residual emission. The residual
structure can be enclosed within a box of 8.4” x 8.4” (~3 kpc, see black box overlayed on the map). Centre: Spectrum of the CO(1-0) residual
emission extracted from an aperture corresponding to the black box shown in the left panel. The two CO(1-0) peaks are fit with double-Gaussian
functions whose parameters are reported in Table 4. Right: Map of the two blueshifted spectral components visible in the central panel, plotted

-1.

with different colours. The first component (blue contours) is the most blueshifted spectral peaks, integrated within v € [-400, -200] km s™;
the second component (in black) corresponds to the secondary peak, integrated between v € [-200,0] km s~'. Contours are plotted at 3, 6, 9,
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Table 4. Best-fit Gaussian parameters of the CO(1-0) residual spectrum DATA MODEL RESIDUAL
of NEDOI shown in Fig. 9. 0.07
0.06 O
E [ 0.05 ¥
Parameter Comp. 1 Comp. 2 3| 0085
Veen [km s™'] -239(2) -146.9 (1.7) et g
o, [kms™!] 31 (2) 19.8 (1.8) b oor 2
SCO(I—O)dU [Jy km Sfl] 1.63 (014) 0.98 (01 1) 0 25 50 75 100 25 50 75 100 25 50 75 100
L’CO(I_O) [10” K km s~! pc?] 2.5(0.2) 1.50 (0.17) 100
Mo D [108 M) 0.5 (0.3) 0.31 (0.18) =t e - - * g
R [kpc] 0.7 (0.2) 1.5 (0.2) s o & [ et N
. ol = = - 8
Notes. "Computed assuming aco = 2.1 + 1.2 My (K km s7! pc?)~!, [~ - - 100>
which is the value with associated uncertainty estimated by Cicone et al. [ 150
(2018) for the molecular outflow in NGC 6240. 0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
[ 80
pattern, we detect significant residuals, especially at blueshifted &} ,AE 0
velocities, similar to what was found for NEDOI. The map of g o i H
such residual CO(1-0) emission around NEDO2, integrated over &} L — Y
the spectral range v € [-170,20] km s7!, is shown in the left 2| 20
panel of Fig. 12. The box shown on the map enclosing the 30

level CO(1-0) contours has a size of 8" x 8” (~3 x 3 kpc).
The spectrum of the CO(1-0) residual emission extracted from
this region (central panel of Fig. 12) shows two peaks. The
two spectral features peak at different positions (right panel of
Fig. 12), where the CO(1-0) residual emission components inte-
grated between v € (—350,-120) km s~! (blue contours) and
v € (—120,0) km s~! (black contours) are plotted separately. The
two components do not overlap on the map, suggesting they trace
physically distinct structures. Table 5 lists the best-fit spectral
parameters of these two CO(1-0) residual features, their corre-
sponding fluxes, luminosities, molecular gas mass estimates, and
their distance from the CO(1-0) rotation centre of NEDO02.

6. X-ray observations
6.1. Observations and data reduction

IRAS 05054+1718 was observed three times in the X-ray band.
In 2012 it was observed by Nuclear Spectroscopic Telescope
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Fig. 10. CO(1-0) moment maps of the companion galaxy NEDO02 show-
ing the comparison between the data and the best-fit molecular disk

model found by BBarolo.

Array (NuSTAR, Harrison et al. 2013) for a total of ~16 ksec;
in 2014 it was the target of a monitoring programme (totalling
~72 ksec) performed with the Neil Gehrels Swift Observatory
(hereafter Swift, Gehrels et al. 2004); and more recently we
obtained a simultaneous deep observation with XMM-Newton
and NuSTAR (PI: V. Braito, 2021). The results of the Swift obser-
vations were published by Ballo et al. (2015), while the 2012
NuSTAR data are reported in Ricci et al. 2017. According to
these works, the X-ray spectrum of NEDOI is that of a mod-
erately absorbed Seyfert 2 galaxy (with photon index I' ~ 1.7,
column density Ny ~ (1 = 2) x 10?>cm™2, and flux in the
2-10 keV regime F5_jggev = (0.6—1) X 10~ erg cm~2 s7) with
the NuSTAR 3-10 keV flux in 2012 being a factor 1.6 brighter
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Fig. 11. Position velocity diagrams of NEDO2 showing the comparison
between the data (blue contours, plotted at 3, 6, 9, 15, 20, 30, 40, and
5007) and the BBarolo best-fit rotating disk model (red contours). The
upper panel shows the PV diagram extracted along the major axis, and
the lower panel shows the one extracted along the minor axis of rotation.

than the Swift value. Ballo et al. (2015) first reported the pres-
ence of an absorption trough at £ ~ 7.8 keV (at 2.107), which
was interpreted as the presence of highly ionised wind, outflow-
ing with a velocity of vgy ~ 0.1 c.

In this work, we re-analyse all X-ray spectra collected
for NEDO1; we re-reduced the XMM-Newton and NuSTAR
data, while for the Swift monitoring we consider the spectrum
extracted by Ballo et al. (2015). In Table 6 we report the sum-
mary of the XMM-Newton and NuSTAR observations, while
the list of the Swift observations can be found in Table 1
of Ballo et al. (2015). Although the dominant X-ray source is
NEDOI1, the inspection of the soft (0.3—1.5 keV) XMM images
revealed a faint X-ray source at the expected location of the
NEDO2 as well as possible extended emission. In particular,
for NEDO2 we detected ~200 X-ray counts in the 0.3-1.5 keV
band with XMM. Assuming that they are due to thermal emis-
sion (kT = 0.6 £ 0.2 keV), as generally seen in star-forming
galaxies, we derived Fos_)kev ~ 2 X 1071 erg cm™2 s7! and
Los-2kev ~ 2 x 10% erg s™'. At higher energies, we cannot
assess if there is any X-ray emission from NEDO2 that could be
indicative of a weak or highly obscured AGN because it falls
within the wings of the PSF of the bright companion.

6.2. XMM-Newton

We processed and cleaned the XMM-Newton data using the
Science Analysis Software (SAS ver. 18.0.0) and the result-
ing spectra were analysed using standard software packages
(FTOOLS ver. 6.30.1, XSPEC ver. 12.11; Arnaud 1996). The
XMM-Newton-EPIC instruments operated in full-frame mode
and with the thin filter. We first filtered the EPIC data for high
background, which only moderately affected the observations.
The EPIC-pn, MOS1, and MOS?2 source spectra were extracted
using a circular region with a radius of 20", while for the back-
ground we adopted two circular regions with a radius of 20”. The
response matrices and the ancillary response files at the source
position were generated using the SAS tasks arfgen and rmfgen

and the latest calibration available. After checking for consis-
tency we combined the spectra from each of the individual MOS
detectors into a single spectrum. Both the pn and MOS spectra
were then binned to at least 100 counts per bin.

6.3. NuSTAR

NuSTAR observed IRAS 05054+1718 twice; the second obser-
vation was coordinated with XMM-Newton, starting at the same
time but extending for 100 ksec beyond the XMM-Newton obser-
vation (see Table 6). We reduced the data following the standard
procedure using the HEASOFT task NUPIPELINE (version 0.4.9)
of the NuSTAR Data Analysis Software (NUSTARDAS, ver. 1.8.0).
We used the calibration files released with the CALDB version
20220426 and applied the standard screening criteria, where we
filtered for the passages through the SAS setting the mode to
‘optimised’ in NUCALSAA. For each of the Focal Plane Mod-
ules (FPMA and FPMB) the source spectra were extracted
from a circular region with a radius of 50”, while the back-
ground spectra were extracted from two circular regions with
a 50” radius located on the same detector. Since the second
set of observations partially overlap with the XMM-Newton
exposure, we also extracted light curves in the 7-10 keV and
10-30 keV band from the same regions using the NUPRODUCTS
task to check whether we could use the averaged spectra when
performing a joint fit with the XMM spectra. The FPMA and
FPMB background-subtracted light curves were then combined
into a single curve. The inspection of these light curves revealed
that in the last 100 ksec, not covered by XMM-Newton, NEDO1
was slightly brighter; we thus created a good time intervals (GTI)
file corresponding to the strictly simultaneous part of the obser-
vation. This GTI file was then used to extract source and back-
ground spectra and the corresponding response files.

7. X-ray spectral analysis

The spectral fits were performed with XSPEC (ver. 12.11)
and in all the models we included the galactic absorp-
tion in the direction of NEDOl (Ngy = 1.93 x 10*' em™,
HI4PI Collaboration 2016), which was modelled with the
Tuebingen—Boulder absorption model (tbabs component in
XSPEC, Wilms et al. 2000). The source spectra were binned
to have at least 20 counts in each energy bin for the Swift
data, and 100 counts for the EPIC-pn, the EPIC-MOS, and the
NuSTAR spectra. For the portion of the NuSTAR spectra that is
strictly simultaneous with XMM we adopted a lower binning of
50 counts. We employed x? statistics and errors are quoted at
the 90% confidence level for one interesting parameter. All the
outflow velocities are relativistically corrected.

In Fig. 13 we show all the X-ray spectra collected for
NEDOI1, obtained by unfolding the data against a power-law
model with photon index I' = 2. It is clear that the Swift and the
2012 NuSTAR observations (black and red data points, respec-
tively) caught NEDOI in a similar bright state, while the most
recent XMM-Newton and NuSTAR observations found the source
in a much fainter state (blue and light blue data points, respec-
tively). We therefore fit separately the 2012-2014 and 2021
epochs. It is also noticeable that the hard (£ > 10 keV) X-ray
emission measured in the first NuSTAR observation is at the same
level as the averaged Swift-BAT spectrum from the 70-month
survey’ suggesting the bright one as the most frequent state (grey
data points in Fig. 13).

> http://swift.gsfc.nasa.gov/results/bs70mon/
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Fig. 12. Residual CO(1-0) emission in NED(2 after subtracting the best-fit rotating disk model computed by BBarolo. Left: Map of the
CO(1-0) residual emission integrated within v € [-170,20] km s~!. Contours are plotted at 3, 6, 9, 15, and 200. The black cross indicates
the dynamic centre of the rotating disk and the blue cross shows the centroid of the residual emission. The residual structure can be enclosed
within a box of 8” x 8” (~3 kpc, see black box overlayed on the map). Centre: Spectrum of the CO(1-0) residual emission in NEDO02, extracted
from the squared aperture shown in the left panel. The results of the spectral fitting with Gaussian functions are given in Table 5. Right: Map
of the two blueshifted spectral components visible in the residual spectrum shown in the central panel. The first component, integrated within

v € [-350,-120] km s7', is displayed using blue contours. The second component, integrated within v € [-120,0] km s

Contours are plotted at 3, 6, 9, 15, and 200.

Table 5. Best-fit Gaussian parameters of the CO(1-0) residual spectrum
of NEDO2 shown in Fig. 12.

Parameter Comp.1 Comp. 2
Veen [km s7!] -165(3) -73(3)
o, [kms™!] 34 (2) 30 (2)

SCO(1_0)dU [Jy km S_l] 2.4 (02) 1.8 (02)
Ltoq-o [107" Kkms™' pc?] 3.7(0.3) 2.7(0.3)
Mot @ [108 M) 0.8(0.5) 0.6 (0.3)
R [kpc] 0.8(0.2) 1.6(0.2)

Notes. "Computed assuming aco = 2.1+ 1.2 My (Kkms™! pc?)~!; see
also Table 4.

7.1. 2012 NuSTAR and 2014 Swift observations

We performed a joint fit for the Swift and NuSTAR spectra and
considered the 0.3-10 keV and the 3.5-60 keV data for the Swift
and FPM data, respectively. We first tested the baseline contin-
uum model as reported in Ballo et al. (2015), which is a typi-
cal model for a moderately obscured Seyfert 2 as NEDO1. The
model is composed of an absorbed primary power-law compo-
nent, a scattered component, with the same I', and a reflected
component (modelled with the XILLVER component in XSPEC).
The reflected component represents the emission produced by
a distant material, such as the putative torus. We tied only the
photon index. We allowed the Ny of the neutral absorber, and
the normalisation of the primary power-law and of the reflection
components to differ.

This model provides a reasonable fit (y> = 343.9/293
degrees of freedom) and requires a standard photon index (I' =
1.81 + 0.06). The column density of the neutral absorber is
Nusw = (2.4 +0.2) x 102 cm™ and Ngyy = (4.4 + 1.9) x
10?2 cm™2 for the Swift and the NuSTAR spectra, respectively.
The NuSTAR 3-10keV flux is a factor of 1.6 higher than the
Swift value. Overall, this model is able to reproduce the broad-
band emission, but it leaves some residuals in absorption that
are shown in the inset of Fig. 13. We thus included in the
model two Gaussian absorption lines, and the fit improved by
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-1 is shown in black.

Ax?/Av = 19/6. One feature is detected in the Swift spectrum at
E =7.8+0.3keV (Ay? = 6) and the second at E = 8.6+ 0.2 keV
(Ax? = 13) in the NuSTAR data. The equivalent widths (EWs) of
the absorption troughs are 220 + 150 eV and 190 + 100 eV in the
Swift and NuSTAR data, respectively.

To self-consistently account for these features, we replaced
the two Gaussian absorption lines with a multiplicative grid of
photoionised absorbers generated with the XSTAR photoionisa-
tion code (Kallman et al. 2004). Since the lines appear to be broad
(osw ~ 0.2keV, ony = 0.3 £ 0.2 keV), we chose a grid that was
generated with a high turbulence velocity (v, = 5000km s71)
and with column density in the range Ny = 10?! —3 x 10?* cm™2
and ionisation® logé = 1 — 6. We assumed that the ionised
absorber has the same ionisation, but allowed the Ny and
velocity to be different in the two epochs. The inclusion of the
fast-outflowing and highly ionised (logé = 3.4 + 0.5) absorber
improves the fit by Ay?/v = 20/5. For the Swift observation we

found Ny sw = 1.3%:; x 102 cm™ and vy /c = —0.12f8:8§, while

for the NuSTAR spectrum we found Nyny = 1.1+0.6x10?* cm™2
and vy /c = -0.23 £ 0.02. Our independent analysis con-
firms the results reported by Balloetal. (2015), and also
suggests that the wind in IRAS 05054+1718 could be vari-
able or have multiple velocity components, as seen for other
X-ray disk winds (e.g. PDS 456, Matzeu et al. 2017; Reeves et al.
2018; IRAS 13224-3809, Parker et al. 2018; MCG-03-58-007,
Braito et al. 2022; HS0810+2554, Chartasetal. 2016; and
IRAS 17020+4544, Longinotti et al. 2015). The best-fit model
is given in Table 7, while the spectra with their respective best-fit
models are shown in Fig. 14.

7.2. 2021 simultaneous XMM-Newton and NuSTAR
observations

The 2021 XMM and NuSTAR observation caught NEDO1 in a
faint state (see Fig. 13), where the observed 2—-10keV X-ray
flux dropped by a factor of ~4 with respect to the 2012 and

¢ The ionisation parameter is defined as & = Lio,/nR?, where Ly, is
the ionising luminosity in the 1-1000 Rydberg range, R is the distance
to the ionising source, and n is the electron density. The units of & are
ergems™!,
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Table 6. X-ray observations analysed in this work.

Observatory Start date Instrument  Elapsed time Exposureney Count rate(ney
[UT time] [ks] [ks] [count s7!]
NuSTAR 2012-07-23 21:46  FPMA/B 26.5 15.5 0.242 +0.003
XMM 2021-09-11 14:38 MOS1 62.2 58.9 0.061 +0.001
XMM 2021-09-11 14:38 MOS2 62.1 59.2 0.062 +0.001
NuSTAR 2021-09-11 14:36  FPMA/B 165.6 81.3 0.038 +0.001
XMM 2021-09-11 15:10 PN 59.9 54.2 0.174 +0.002

Notes. (VThe net exposure times are obtained after the screening of the cleaned event files for high background and dead time.

T T T T T
F 2012 NuSTAR
F 2014 SWIFT
r 2021 XMM
[ 2021 NuSTAR
[ 70 months BAT
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Fig. 13. Broad-band (rest frame 0.3-60 keV) X-ray spectra of all
the observations of IRAS 05054+1718. The EFg spectra are obtained
unfolding the data against a simple power-law model with I' = 2. The
2012 NuSTAR observation is shown in red, the 2014 Swift is in black,
while the spectra obtained with the coordinated XMM-Newton and
NuSTAR observations are shown in dark and light blue, respectively.
We also included the averaged Swift-BAT spectrum from the 70-month
survey (Baumgartner et al. 2013). The residuals obtained from the joint
fit for the Swift and NuSTAR spectra using a typical model for a moder-
ately obscured Seyfert 2 as NEDO1 are shown in the inset. The model,
composed of an absorbed primary power-law component, a scattered
component, with the same photon index (I'), and a reflected component,
is able to reproduce the broad-band emission, but it leaves some residu-
als in absorption (see Sect. 7.1).

2014 observations. At this lower flux level the NuSTAR spec-
trum becomes background-dominated above 40 keV. We thus
limited our spectral analysis to the 0.3-10 keV energy band
for the XMM data, and the 3.5-40 keV band for the NuSTAR
spectrum. Figure 13 also reveals that the average NuSTAR spec-
trum (light blue) lies well above the EPIC-pn spectrum (blue
data points). If we apply the best-fit continuum model derived
in the previous section, we find a cross-normalisation between
XMM and NuSTAR of C = 1.36 + 0.05, which is well above the
current uncertainties in the cross normalisation between the two
observatories. We therefore considered only the portion of the
NuSTAR observation that is strictly simultaneous with XMM,
where we found C = 1.17 = 0.06. We note that the variation
is mainly a flux change between the simultaneous spectrum and
the last 100 ksec exposure, with no clear spectral variations. We
applied the same baseline continuum model to the new observa-
tion, which describes well the overall spectral shape and already
provides a reasonable fit (y> = 255.7/205 d.o.f.) to the spectra
with no evident residuals. The broad-band spectra and the best-

fit models are presented in Fig. 15. The best-fit parameters are
reported in Table 7, where we note that the faint state is caused
by a drop in the primary emission and not by an increase in
absorption, as is often found for obscured AGN. Here the pri-
mary emission drops by a factor of ~4 with respect to the 2014
Swift spectrum and by an order of magnitude with respect to the
2012 NuSTAR observation.

Although there are no residuals that can be associated with
the disk wind observed in the past observations, we estimated
the upper limits on the column density for a putative ionised
absorber outflowing at vy, = 0.12 ¢ or vy, = 0.23 ¢ for the
same ionisation parameter as found previously, of logé = 3.4.
We found that they are of the order of ~3 x 10*2cm~2 and
~4 % 107> cm~? for the slower and the faster phase, respectively.
The upper limits are only marginally below the 90% lower value
of Ny estimated in the past observations.

8. The X-ray disk wind energetics of NEDO1

Here we compute a first-order estimate of the energetics of the
disk wind detected in NEDO1. The values were estimated using
only the 2012 NuSTAR and the 2014 Swift data where the wind
was clearly detected.

Following the same arguments presented in many works
on disk winds (e.g. Nardini et al. 2015; Reeves & Braito 2019;
Braito et al. 2021), we estimate the mass outflow rate of the
X-ray wind using the equation

ey

which assumes a biconical geometry for the flow (Krongold
et al. 2007). In Eq. (1), u is a constant factor set to y = ny/n. =
1.2 for solar abundances, Q is the wind solid angle, R, is the
disk wind launching radius, Ny and v, are the column den-
sity and the velocity of the disk wind. The main uncertainties
in Eq. (1) are the wind opening angle (€2) and the launch radius
R\,. We assume that the wind subtends Q/4s = 0.5. This is justi-
fied by the systematic searches of ultra-fast disk winds in bright
nearby AGN (Gofford et al. 2013; Tombesi et al. 2010), which
resulted in a detection rate of about 40%, thus suggesting that
the disk winds have a wide opening angle. A lower limit on
the launching radius can be derived assuming that the wind is
launched at its escape radius Rpin = 2 GMgy/v>. We note that by
adopting this value for Ry, we obtain the most conservative esti-
mate of the mass outflow rate and energetics (see Gofford et al.
2015; Tombesi et al. 2012). Since the main uncertainty in the
R, derivation is the black hole mass of NEDO1, we decided to
normalise the mass outflow rate by the Eddington rate,

ME™ = W My Vout Rw Nu,

out -

@)
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Table 7. Summary of the best-fit spectral models for all the X-ray observations.

Model component ~ Parameter Swift 2012 NuSTAR 2021XMM & NuSTAR
Primary Power law T 1.80 + 0.06 1.80 @ 1.75 + 0.06
Norm. 1.9+0.2 37+05 0.33 +0.03
Neutral absorber Nu(x10%? cm™2) 23+02 48+1.9 2.7+£0.2
Disk wind Nu(x10% cm™?) I.Sf(l):; 1.1+0.6 -
log &; 34+05 340 -
Uout/C —O.lng:gg -0.23 +£0.02 -
X/ 323.9/288 257.5/205
Foo10)kev X 10712 (erg cm2s7h) 6.4 9.9 1.5
F(]0—30)keV x 1071 (erg cm™2 Sil) - 1.3 0.3
L(Z—lO)keV X 1042 (erg S_l) 5.1 9.0 1.2

Notes. " The normalisation units are 107> ph keV~' cm™2. ®Denotes that the parameter was tied.

where o1 is the Thomson cross section and = 0.1 is the accre-
tion efficiency. Thus, combining Eqgs. (1) and (2), and substitut-
ing for Rpin, we obtain

S 0 bour | !
w92 Nuo (—‘) . 3
Miaq 4”# HOTT - 3
The X-ray wind kinetic power (Effj;ray = 1/2Moy v2,) nor-
malised by the Eddington luminosity (Lgaq = 77 MEaq c?) is
B g .
kin out
Zkin 2% N 4
Leaa 4 MINHOT - (€))

For the nuclear wind detected by Swiff, we measure Ny =

13750 x 102 cm™ and vou/c = —0.127002. The (Swift) mass

outflow rate is thus M());ray /Mgaq ~ 0.09 and the wind kinetic

power is then £~ "™ ~ 0.6% of Eddington. Conversely, for the

2012 NuSTAR spectrum we derive Mz(u:my /Mgqqa ~ 0.04 and
EX™ 1% of Eddington. Considering a BH mass of ~108 Mo,

asouéstimated by Alonso-Herrero et al. (2013) in NEDOI1, these
values correspond to ES¥it ~ 8 x 10*3 erg s7! and ENus@r ~
1.3 x 10* erg s~!, where the higher value measured in the 2012
observation is driven by the higher velocity of the wind. We
note that these estimates are clearly affected by large errors; only
considering the 90% errors on the column density of the wind,
we derive that the kinetic power of the X-ray wind detected in
the Swift observations could range between 2.5 x 10** erg s!
and 1.7 x 10* erg s~!, while for the NuSTAR wind the range is

0.6—2 x 10* erg s~'. The momentum rate of the X-ray wind is
XTI (4 +2) x 103 g cm s~2 from NuSTAR, which is con-

out

sistent with the value obtained from the Swift data, although the
latter has a larger uncertainty.

9. Discussion

Since the large amount of energy released by AGN and the
associated feedback processes affect the ISM on different phys-
ical scales, studying outflows in different ISM phases using
multi-wavelength data is the only way to probe the AGN-
ISM interplay. A multi-phase analysis is the only method that
leads to a complete description of the outflows, allowing us
to determine their physical parameters (e.g. their full extent
and mass) and to obtain an overview of their driving mecha-
nisms to test their theoretical models. The goal of our ALMA
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Fig. 14. Spectra and best-fit model (blue line) for the Swift (black data
points) and 2012 NuSTAR (red) observations. The continuum model
includes an absorbed power-law component and a reflected component
(grey dotted lines). The reflected component (modelled with XILLVER)
also includes the expected Fe Ka emission line at 6.4 keV. The Ny of
the neutral absorber, and the normalisation of the primary power law
and of the reflected components are all allowed to vary. The model also
includes an ionised outflowing absorber, for which the same ionisation
is assumed, but the column densities and velocity are allowed to differ
in the two spectra. The Swift data were rebinned for plotting purposes.

CO(1-0) observations was to investigate the presence of a high-
velocity molecular outflow in NEDOI, which is expected to
be experiencing strong AGN feedback since it hosts a pow-
erful X-ray wind. At first look, the ALMA CO(1-0) data did
not show any evidence for a massive powerful molecular out-
flow in this source, and instead presented clear evidence for
CO(1-0) rotating disks in both NEDO1 and its companion galaxy
NEDO02. Our BBarolo modelling confirmed that the bulk of the
CO(1-0) emissions from the two galaxies can be fitted using a
rotating disk model. We then focused on studying the presence
of any CO(1-0) residual emission, not accounted for by the disk
modelling, following a methodology commonly adopted in the
literature (e.g. Sirressi et al. 2019; Bewketu Belete et al. 2021;
Ramos Almeida et al. 2022).

By subtracting the best-fit BBarolo disk model from the
ALMA datacube, we detected CO(1-0) residual emission at the
~10% level around NEDOI1, for all three models constructed
by applying BBarolo on regions of different sizes (see also
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Fig. 15. Spectra and best-fit model (red line) for the 2021 XMM (blue

data points) and NuSTAR (light blue) observation. The continuum model

includes an absorbed power-law component and a reflected component
(grey dotted lines).

Appendix B). The fit that leaves the least residuals in NEDOI,
with flux corresponding to ~8% of its total CO(1-0) emission, is
the one described in Sect. 5.1 and performed on the Big region.
The subtraction of this fit leaves mainly blueshifted residual
emission within v € (—400, —100) km s~!, whose contours are
enclosed in a squared box of 3 kpc in size, which is rather com-
pact compared to the main rotating disk that has a diameter of
~10 kpe. Quite strikingly, blueshifted residual CO(1-0) emis-
sion was detected consistently in the data after subtracting all
three BBarolo best-fit disk models, with similar morphology and
spectral properties, and so we believe it traces structures that may
be truly disconnected from the main disk and whose origin is
worth exploring further. On the other hand, redshifted residual
emission was not detected in the fit performed on the Big region
around NEDO1, although it was detected in the other two fits per-
formed on smaller regions, which did not properly account for
the extended redshifted CO(1-0) components (labelled B and C
in the central panel of Fig. 4).

For NEDOQ2, after subtracting the best-fit BBarolo disk model
from the ALMA data, we also detected residual CO(1-0) emis-
sion, corresponding to ~7% of the total line flux from this galaxy.
Similar to NEDOI1, the residuals are blueshifted with respect to
the CO(1-0) systemic velocity and have a compact morphology,
being enclosed within the central 3 kpc of the source. In the fol-
lowing, we discuss possible interpretations for the blueshifted
CO(1-0) residual emission detected in the IRAS 05054+1718
galaxy pair.

9.1. Hypothesis I: Molecular outflows

The first hypothesis we consider is that the CO(1-0) residuals
trace a molecular outflow, which was the scenario we aimed to
test with the acquisition of these new ALMA data.

Under the hypothesis that the CO(1-0) residual emission
in NEDO1 traces a molecular outflow, we used the best-fit
Gaussian parameters reported in Table 4 to estimate its ener-
getics, by summing the contribution from the two blueshifted
CO(1-0) spectral components. For each spectral feature, we set
Uout €qual to the Gaussian central velocity, the outflow radius
R as the projected distance from the disk centre (see Tables 4
and 5 for NEDOI and NEDO02, respectively), and compute the

Table 8. Energetics parameters for the putative molecular outflows in
IRAS 05054+1718 NEDO1 and NEDO02.

IRAS 05054+1718 NEDO1

Parameter Comp. 1 Comp. 2 Total

Tgl;:]l [Myr] 3.0(0.8) 10.0(1.4)

MDD [Mg yr!] 16 (12) 32 19 (14)

P10 gems™]  24(22) 0302 2724

E™ [10% erg s™'] 3(2) 0.22 (0.15) 3.2(2.2)
IRAS 05054+1718 NED02

Parameter Comp.1  Comp. 2 Total

Tg;‘:]l [Myr] 4.7(1.3) 21 (4)

MDD Mg yr'] 17 (15) 3(2) 20 (16)

103 gems™]  1.8(1.6)  0.13(0.09) 2.0(1.7)

E™ [10% erg s7'] 1.5(.3) 0.05(0.04) 1.6(1.3)

1

Notes. "Computed assuming aco = 2.1 + 1.2 M, (K km s™! pc?)~!

(Cicone et al. 2018).

dynamical timescale of the outflow as Tg;(;ll = R/Voy. Using the
molecular gas mass inferred from the CO(1-0) luminos-
ity reported in Table 4, we computed the mass-loss rate
(MBS = MM /740,), momentum rate (bM™9') and kinetic power

(O.SMgfl‘;lvz) for each of the two CO residual spectral features,
and report these numbers in Table 8. A similar exercise was per-
formed for NEDOQ2, with results listed in Table 8.

The total properties of the putative outflow in NEDO1 were
computed by summing the contribution of all the residual com-

.. qmol  _ mol _
ponents obtaining a total mass-loss rate of Mg = >, MOl =

19 + 14 My yr~! (including a systematic uncertainty on the

aco factor), a total momentum rate of pg"l;;' = iviMZ,'E,‘E‘,- =

(2.7 +2.4) x 10* g cm s7!, and a total kinetic power of E(‘,’:ﬁl =

3;0.5M™Ly? = (3.2 +2.2) x 10*! erg s~!. For NED02, we get a

out,i i
putative outflow mass-loss rate of 20 + 16 M, yr~'. However, a
molecular outflow, if present, cannot be brighter than the residu-
als, implying all computed values as upper limits on the outflow
energetics parameters.

In a blast-wave AGN feedback scenario (see models by
Faucher-Giguere & Quataert 2012; Fabian 1999), the energetics
of the molecular outflow detected on galactic scales should be
compared with that of the X-ray disk wind, since the former
is theoretically expected to be triggered by the latter. Accord-
ing to Ballo et al. (2015), and to the new analysis based on the
2012 NuSTAR data (see Sect. 6), the X-ray wind in NEDO1
has a velocity of v ~ 0.2¢ with corresponding X-ray wind out-
flow and momentum rates values, although highly uncertain’,
of ~0.13 My yr™! and ~4 x 10** g cm s7!, respectively. The
kinetic power is estimated to range between 2.5 x 10* erg s!
and 1.7 x 10* erg s! and 0.6-2 x 10* erg s7! for the Swift
and the NuSTAR winds, respectively. This is two orders of mag-
nitude higher than that inferred for the putative molecular out-
flow in this source. The corresponding ratio of the momentum
rates of the molecular and X-ray winds is pm9'/pX™ ~ 0.67,
consistent with unity within the large uncertainties. Even in
the (unlikely) scenario that all of the CO(1-0) residual emis-
sion detected in NEDO1 can be ascribed to a molecular outflow,
there is no evidence for a boost in the momentum rate of the
molecular outflow with respect to the X-ray wind, which would

7 The errors on the amount of the absorption are of the order of ~70%.
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Fig. 16. Outflow momentum rate plotted against its velocity for twelve objects with both ultra-fast winds and large-scale galactic outflows, adapted
from Smith et al. (2019). Different colors and shapes identify different objects and outflows. Solid error bars are used for values with upper and
lower errors calculated, dotted bars if only a range of value was available, and arrows for limits. Values reported in this plot taken from this work,
Bischetti et al. (2019), Chartas et al. (2020), Cicone et al. (2014), Feruglio et al. (2015, 2017), Fluetsch et al. (2019), Garcia-Burillo et al. (2014),
Gonzdlez-Alfonso et al. (2017), Luminari et al. (2018), Longinotti et al. (2018), Marasco et al. (2020), Mizumoto et al. (2019), Longinotti et al.
(2015), Rupke et al. (2017), Sirressi et al. (2019), Smith et al. (2019), Tombesi et al. (2015, 2017), Tozzi et al. (2021), Veilleux et al. (2017).

be an expectation of a ‘classic’ energy-driven outflow model
(Faucher-Giguere & Quataert 2012). We can robustly conclude
that the current data do not require any momentum rate boost for
the large-scale outflow.

The position of NEDO1 in the outflow momentum rate
ratio versus velocity diagram proposed by Feruglio et al. (2015),
Tombesi et al. (2015) is shown in brown in Fig. 16, compared to
other galaxies studied in the literature. One of these sources is
the Seyfert 2 galaxy MCG-03-58-007, whose ALMA CO(1-0)
observations were analysed by Sirressi et al. (2019). With a sim-
ilar methodology to this work, based on the subtraction from
ALMA CO(1-0) data of a rotating disk model obtained with
the BBarolo code, Sirressi et al. (2019) detected compact CO(1-
0) residual emission within ~2 kpc of the AGN, presenting two
symmetric components at blueshifted velocities and one at red-
shifted velocities (v = 170 km s~!). These authors cautiously
interpreted such CO(1-0) residuals as possible evidence for
either a compact molecular outflow or a kiloparsec-scale rotating
structure disconnected from the main disk. In the outflow sce-
nario, the momentum rate of the putative molecular outflow in
MCG-03-58-007 would be pm! ~ 6x10* g cm 572, correspond-
ing to 40% of the momentum rate of the X-ray UFO, consistent
with our new findings on IRAS 05054+1718 NEDO1. Overall,
Fig. 16 shows that the interplay between nuclear disk winds and
large-scale molecular outflows is more complex than predicted
by theoretical blast-wave feedback models, and the data suggest
a range of values for the outflow momentum rates on small and
large scales.

In order to directly compare observational values with pre-
dictions of the blast-wave model, Fig. 17 shows the ratio
of the outflow rate to the X-ray UFO momentum rate, and
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the ratio of the estimated values of the related energy- and
momentum-driven regimes. Following Marasco et al. (2020),
Tozzi et al. (2021), we extended this analysis including our
targets and some sources from Mizumoto et al. (2019). Since
Marasco et al. (2020), Tozzietal. (2021) adopted aco =
0.8 + 1.2 My (K km s~ pc?)~! (Downes & Solomon 1998;
Carilli & Walter 2013; Bolatto et al. 2013) in their analysis,
we re-derived the energetics applying this conversion factor,

obtaining pmol/ -t 0.3. Overall, the energetics of the
outflows appears to be consistent in most of the targets (15
out of 17 objects) with either a momentum-driven (12) or an
energy-driven (3) scenario. There are only two cases where the
outflow energetics seems completely unrelated to the nuclear
source. The momentum ratio of the quasar SDSS J1353+1138
is ~100 times smaller than the momentum-driven prediction.
According to Tozzi et al. (2021), this low value may be asso-
ciated with a massive molecular outflow not considered in that
work or to a high variability among the quasar activity. The other
exception is the Seyfert 1 galaxy IRAS 17020+4544 studied by
Longinotti et al. (2015, 2018), with its extremely high molec-
ular outflow momentum rate, possibly related to an uncertain
estimate of p™! or again to the high AGN variability. Over-
all, according to Marasco et al. (2020), Fig. 17 shows that the
blast-wave scenario either in a momentum- or an energy-driven
regime appears to describe the interplay between nuclear winds
and large-scale outflows, although the majority of measurements
suggests the absence of a significant momentum boost.

Many of the local galaxies with a molecular outflow detec-
tion shown in Fig. 16 (but also see the review by Veilleux et al.
2020) are intensely star forming, and so their large-scale outflows
may be driven by star formation. In comparison to the extreme
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Fig. 17. Ratio of the large-scale outflow rate to the UFO momentum

rate (adapted from Marasco et al. 2020; Tozzi et al. 2021). Different

shapes identify different gas phases of the winds. The theoretical prediction for momentum-driven (P, /Pyro = 1) and energy-driven winds

are shown by a dashed line and orange rectangles, respectively. Empty

and filled squares indicate Ha and [OIII]-based measurements. Values

reported in this plot are taken from this work, Bischetti et al. (2019), Braito et al. (2018), Chartas et al. (2009), Cicone et al. (2014), Feruglio et al.
(2015, 2017), Garcia-Burillo et al. (2014), Gonzalez-Alfonso et al. (2017), Longinotti et al. (2015, 2018), Lutz et al. (2020), Marasco et al. (2020),
Mizumoto et al. (2019), Reeves & Braito (2019), Rupke et al. (2017), Sirressi et al. (2019), Smith et al. (2019), Tombesi et al. (2015), Tozzi et al.

(2021), Veilleux et al. (2017).

ULIRGs that have been the focus of previous investigations,
the SFRs of both members of the IRAS 0505441718 galaxy
pair are rather modest. From its total CO(1-0) line luminosity
(see Table 3), by assuming an L’CO(H))—SFR relation typical of
local star-forming galaxies (see e.g. Cicone et al. 2017), we esti-
mate a SFRNED()](L’CO)=2.5 + 0.3 My yr’1 for NEDO1, which
is lower than the range reported in the literature obtained from
the IR Iuminosity and SED modelling (SFR = 5-10 Mg yr};
see Sect. 2), possibly because of AGN contamination affecting
photometric measurements of this source. For NED02, using the
same procedure, we estimate from the total CO(1-0) luminos-
ity SFRNgpo2(L¢g) = 3.6 = 0.5 Mg yr‘l, which is also lower
than the values reported in the literature based on IR lumi-
nosity. Since the presence of an AGN has not been confirmed
in this source, the discrepancy could be due to a particularly
high star formation efficiency in this source (SFE=SFR/M,,1)
or to the presence of additional molecular gas undetected by
our ALMA CO(1-0) line observations. As shown in Fig. 1,
the CO(1-0) emission from NEDO2 is rather compact com-
pared to its optical extent. According to Veilleux et al. (2005),
assuming a maximum coupling efficiency of ~10%, star forma-
tion feedback in galaxies with the SFRs inferred for NEDO1
and NEDO2 would drive weak outflows, with mass loss rates
of Moy < 1 M, yr‘l, which would be undetectable in our
data and as not consistent with the blueshifted CO residuals
investigated here.

9.2. Hypothesis Il: Compact rotating structures

An alternative hypothesis that can account for the residual emis-
sion is the presence of a compact structure, similar to the cir-
cumnuclear disks (CNDs) detected in some local AGNs (see e.g.
Garcia-Burillo et al. 2014; Combes et al. 2019), whose rotation
departs from the rotating molecular disk modelled by BBarolo.
Although this was a viable hypothesis for the CO(1-0) resid-
ual components detected in MCG-03-58-007 by Sirressi et al.
(2019), it seems an unlikely scenario in the case of the galaxy
pair IRAS 05054 +1718 studied in this work. The CO(1-0) resid-
uals in both NEDO1 and NEDO2 have a complex, asymmetrical,
spectral profile, with multiple peaks at blueshifted velocities, and
lack a reliable redshifted counterpart.

9.3. Hypothesis Ill: ISM disk asymmetries

Finally, the blueshifted CO residuals detected in both NEDO1
and NEDO2 could be due to other types of asymmetries of the
molecular disks that are not properly captured by the BBarolo
model. The negative residuals seen around the systemic velocity
in both sources would also be consistent with this hypothesis. As
discussed by Di Teodoro & Fraternali (2015), although BBarolo
manages quite well minor asymmetries such as the disk warp
in NGC 5055, the code always favours the model that gener-
ates the lowest residuals, which necessarily results in an average
rotation curve that may follow one side of the disk more closely
than the other. In the case of our target, the ongoing gravita-
tional interaction between the two members of the pair could
have already slightly perturbed their ISM, hence producing per-
turbations of the molecular disk that are not properly captured
by BBarolo, causing the residual emission. We note that in this
case, the residuals obtained after subtracting the best-fit BBarolo
model may not correspond directly to the perturbed components
of the ISM, as it could be that the model is forcing the fit to adapt
better to the perturbations than to the rest of the (unperturbed)
disk, hence producing artificial residuals with spectral and spa-
tial characteristics that are unrelated to the underlying physical
process. Therefore, this third scenario can only be tested using
higher resolution data.

10. Summary and conclusions

In this study we presented new high-sensitivity ALMA CO(1-0)
observations of the interacting galaxy pair IRAS 05054+
1718 (projected distance between the components ~29.6” ~
11 kpe).

We investigated the presence of a galactic-scale molec-
ular outflow in the main target NEDOI (z 0.0178 =+
0.0004, this work) and its possible relation with the powerful
X-ray wind detected in its nucleus (see Sect. 7 and Ballo et al.
2015). Given its moderate SFR (~5 My/yr, De Looze et al.
2014; Pereira-Santaella et al. 2015), NEDOI is a suitable object
to study AGN feedback mechanisms and the blast-wave sce-
nario, usually tested in environments that are extremely bright in
the IR and with high SFRs where the AGN contribution is hard

A46, page 17 of 24



Bonanomi, R., et al.: A&A 673, A46 (2023)

to isolate from the stellar contribution. The companion NED02
(z = 0.016812 + 0.000003, this work) was included in the field
of view of our compact-configuration ALMA data. This source
is a LIRG, classified as composite by Pereira-Santaella et al.
(2015), but there is no clear evidence of the presence of an AGN
(Alonso-Herrero et al. 2012).

We investigated the distribution and kinematics of the
CO(1-0) emission at a spatial resolution of ~1 kpc, which
appears dominated by the rotating molecular gas disk for both
targets. We modelled the disk using 3D-BAROLO and stud-
ied the residual emission to identify structures deviating from
the rotation. We detected residual emission (S/N > 15) at
v € (—400,-100) km s~ corresponding to the 8% of its total
CO(1-0) emission in the main target NEDOI, characterised
by a compact morphology and extending within 3 kpc of the
galaxy centre. We also detected a similar blueshifted residual
CO(1-0) emission (~7% of the total CO(1-0) flux from this
galaxy) in the companion NED02. A molecular outflow in
NEDOI, if present, cannot be brighter than this residual, imply-
ing an upper limit on its mass-loss rate of 19+ 14 M, yr™!, on its
momentum rate of (2.7 +2.4) x 10** g cm s™!, and on its kinetic
power of (3.2 + 2.2) x 10*' erg s~!. For NED02, we obtain a
putative outflow mass-loss rate of 20 + 16 Mg yr™'.

Regarding the X-ray UFO, the analysis performed on the
2012 NuSTAR data confirmed the results already found by
Ballo et al. (2015) regarding the presence of a highly ionised
and high-velocity outflowing disk wind in the NEDO1 nucleus.
Although no disk wind features have been detected in the more
recent XMM-Newton and NuSTAR data, the upper limits esti-
mated for the column density of a putative ionised absorber out-
flowing are only marginally below the 90% lower value of Ny
estimated in the past observations. This suggests that a small
change in the opacity of the wind can explain a non-detection of
the wind at the low-flux state during 2021. This, combined with
the factor of 4 lower intrinsic flux of the 2021 X-ray observa-
tions, can account for the non-detection in the most recent data.

As for the companion NEDO02, we derive a faint soft
(0.5-2 keV) flux of the order of ~2x 1074 erg cm~2 57!, cor-
responding to L s5-2)kev ~ 2 X 10% erg s7L. According to the
Lx — SFR relations derived from several surveys of LIRGs and
ULIRGs (see e.g. Cicone et al. 2017) this would correspond to
a SFR ~ 7 Mg yr~'. At higher energies, only X-ray observa-
tions with the high spatial resolution, such as that offered by
the Chandra observatory, will allow us to properly separate the
X-ray emission of NEDO2 from the brighter companion NEDO1
and reach a definitive answer on the possible presence of a weak
and/or obscured AGN in NEDO02.

We tested the AGN feedback blast-wave scenario in NEDO1
by comparing the energetics of the UFO and the putative molec-
ular outflow. The results we obtained are not consistent with an
energy-driven scenario since there is no evidence for a boost
in the momentum rate of the molecular outflow with respect to
the X-ray wind. We also considered the hypothesis of an out-
flow triggered by star formation activity. The SFR of NEDOI,
equal to SFRygpo1(L'co) = 2.5+0.3 Mg s™', refined using its
CO(1-0) luminosity and a local tight Lco — SFR relation, is too
low to account for a putative star formation-driven molecular
outflow.

Since the presence of an AGN has not been confirmed in
the companion NEDO02, the hypothesis of AGN feedback cannot
apply to this case. Following the hypothesis of a star formation-
driven outflow, we estimated CO(1-0) luminosity in NEDO02
as SFRngpo1(L'co) = 3.6+0.5 My s~!, lower than the values
reported in the literature based on IR luminosity. As for the main
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target, the estimated SFR is too low to account for the observed
residual emission.

Because of the ambiguous interpretation of the CO residual
emission obtained after subtracting the best-fit disks modelled
by BBarolo, the residuals observed in NEDO1 and NEDO2 may
have a different explanation from that of a molecular outflow. We
considered the alternative hypothesis that the detected residual
CO emission is due to an additional compact structure similar to
a circumnuclear disk whose rotation cannot be associated with
the central molecular disk. This hypothesis seems unlikely since
the residuals detected in NEDO1 and NEDO2 show a complex
asymmetrical profile without a redshifted counterpart. We also
considered a third hypothesis, according to which the residuals
may be due to disk asymmetries that are not properly captured by
the BBarolo model. In this case the position and spectral proper-
ties of such residuals may not be highly informative of the under-
lying physical process responsible for the disk perturbations, and
only higher resolution data could reveal their origin.

Our study, together with other recent works in the literature
(e.g. Smith et al. 2019; Sirressi et al. 2019; Veilleux et al. 2020),
has increased the sample of AGN hosting an ultra-fast X-ray
wind with observational constraints on the presence and prop-
erties of a molecular outflow, on which it is possible to test the
predictions of the AGN-driven feedback scenario. The increased
statistics of observations appears to complicate the scenario of
AGN-driven feedback mechanisms more and more, drawing a
much more complex picture than expected. Furthermore, the
high sensitivity to extended structures enabled by the use of
a compact array configuration has revealed important informa-
tion on the close environment of the target galaxy. These data
have indeed allowed us to study NEDO1 simultaneously with its
nearby companion NEDO2, and to investigate the low surface
brightness components of their respective molecular disks, hence
to compare their molecular ISM morphologies. Our understand-
ing of diffuse low surface brightness and extended molecular gas
components due to feedback processes and gravitational interac-
tions will be transformed by a facility such as the Atacama Large
Aperture Submillimetre Telescope (AtLAST)®.
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Appendix A: ALMA map of the 3mm continuum
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Fig. A.1. ALMA 3 mm continuum map computed at an average fre-
quency of 100 GHz. The map was obtained by averaging the data over
a bandwidth of 4 GHz. Contours are plotted at (-3, 3,6, 9, 12, 18)X0 cons»
with 0, = 0.03 mJy/beam being the average 10 rms noise level within
the central 10” portion of the FoV.
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Fig. A.2. Overlay of ALMA 3 mm continuum contours (in black) on
the CO(1-0) line map. This highlights the compactness of the contin-
uum emission compared to the line emission in both members of the
IRAS 05054+1718 galaxy pair. Neither the continuum contours nor the
CO(1-0) line map is corrected for the PB, to ease the visualisation of
the companion galaxy NEDO02.

The ALMA interferometric map of the 3 mm continuum
emission from the target is shown in Figure A.l. The map
was obtained by combining the data (total bandwidth Ay =
4 GHz) from the two low-resolution spectral windows cen-
tred at 101.190 GHz and 99.387 GHz, which are not contam-
inated by line emission. A 2D Gaussian fit performed on the
PB-corrected map shown in Fig. A.1 delivers best-fit peak flux
densities of SYEPO! = (.71 + 0.03 mJy beam™! and SNEP? =
2.26 + 0.05 mJy beam™', indicating that the 3 mm continuum
of NEDO2 is approximately three times brighter than NEDOI.
The fit also provides information about the size and posi-
tion of the two sources. For NEDO1, we get a peak centre at
RA(ICRS) =05:08:19.713 and Dec(ICRS)=17.21.48.11, with a
deconvolved size of 3.0” x 2.4” (PA=84.5 deg). For NEDO02,
the ALMA continuum peaks at RA(ICRS)=05:08:21.211 and
Dec(ICRS)=17.22.08.40 (PA=98.4 deg), with a deconvolved
size of 3.0” x 2.5”. The source-integrated continuum flux
obtained through the fit is S3,,, = 0.76 mJy for NEDO1 and
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S3mm = 2.4 mly for NEDO2. These results indicate that the
3 mm continuum emission from the targets is only marginally
resolved at the resolution of our ALMA data, and much more
compact than the CO(1-0) line emission. This is further shown
by Figure A.2, which displays the overlay of the ALMA 3 mm
continuum contours on the CO(1-0) line emission map.

Appendix B: Alternative BBarolo CO(1-0) disk
models for NEDO1
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Fig. B.1. Velocity map of NEDO1 (see also Fig. 4), with the three
regions used for the BBarolo analysis overplotted.

The Small region, shown in Fig. B.1, includes only the cen-
tral molecular disk of NEDO1 (i.e. component A in Fig. 4),
whereas the Medium region also embeds the southern exten-
sion (component C) of the CO(1-0) emission from NEDO1. We
ran the BBarolo disk modelling for NEDOI on these two addi-
tional regions, and the results are reported in Fig. B.3. For the
Small region we used three rings, each 2 in width, while for
the Medium region we increased the number of rings to seven.
The rotation patterns resulting from these two fits does not dif-
fer significantly from the fit shown in the main text, which was
performed by selecting the Big region around NEDO1. However,
these two fits, performed on smaller areas, produce more signif-
icant residuals, at both blue- and redshifted velocities, as shown
in Fig. B.4. The best-fit parameters of the CO(1-0) residuals
obtained in these two fits performed on the Small and Medium
regions are listed in Table B.1.

Quite strikingly, the spectral profile and morphology of the
blueshifted residuals are consistent with those produced by the
fit performed on the Big region, shown in the main body of the
paper shown in Sect. 5.1. This is best visualised in the left panel
of Fig. B.5, which compares on the same map the blueshifted
CO(1-0) residual emission obtained from all three fits performed
on NEDOI. Our analysis focuses on these blueshifted residu-
als, which are persistent in all three fits. In addition, the two fits
reported here produce residuals at receding velocities, east of the
NEDOI galaxy centre, which were not detected in the Big region
fit. The right panel of Fig. B.5 compares the morphology of this
redshifted CO(1-0) residual emission obtained in the Small and
Medium region fits. The contours from the two fits overlap only
partially. These redshifted residuals must be due to the additional
extended CO(1-0) features that are not captured in these smaller
regions, but were instead well modelled by the fit performed on
the Big region, where they displayed redshifted velocities on the
eastern side of the galaxy consistent with components that follow
the same pattern as the main disk rotation.
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CGCG_468-002_NED 02: Channel Map
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Fig. B.2. CO channel maps of NED02, computed by integrating CO(1-0) emission in channels of dv = 47 km/s

between the ALMA data and the BBarolo disk model. The contours are plotted at 3, 6, 9, 15, 20, 30, 40, 50c.
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. This shows the comparison
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Fig. B.3. CO(1-0) moment maps showing comparison between data and
BBarolo best-fit molecular disk model performed on the Small (upper
panel) and Medium (lower panel) regions around NEDOI.
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NEDO1-Small region CO(1-0)
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Fig. B.4. CO(1-0) residual emission around NEDO1 obtained after subtracting the best-fit disk model computed by BBarolo on the Small region
(top panels) and on the Medium region (bottom panels). Top left: Map of the CO(1-0) residual emission integrated within v € [170,220] km s~!
(red contours) and v € [-290, —200] km s~" (blue contours). Contours are plotted at 3, 6, 9, 15, 200-. The black cross indicates the centre of the
best-fit disk model, while the red and blue crosses indicate the centroids of the red- and blueshifted residuals, respectively. Top centre: Spectrum
of the CO(1-0) residual emission extracted from the black box (size 9.2 x 6.4”) in the left panel. Top right: Imaging of the blueshifted CO(1—
0) residual components identified in the spectrum. Bottom left: Map of the CO(1-0) residual emission integrated within v € [170,220] km s~! (red
contours) and v € [-290, —120] km s~! (blue contours). Bottom centre: Spectrum of the CO(1-0) residual emission extracted from the black box
(size of 11.2” x 7.2”") in the left panel. Bottom right: Imaging of the blueshifted CO(1-0) spectral components identified in the central panel.

Table B.1. Best-fit Gaussian parameters of the CO(1-0) residual spectrum of NEDO1 obtained after subtracting the best-fit BBarolo disk models
computed on the Small and Medium regions.

Small region

Parameter Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5

Vcen [km s71] -248 (3) -140 (2) 64 (2) 114 (2) 209 (2)

o, [kms™!] 33 (3) 21 (2) 8.0 (1.7) 13 (2) 20 (3)

S co-—oydv [Jy km s7!] 1.21(0.13) 0.84(0.10) 0.22(0.06) 0.39 (0.08) 0.54 (0.09)

Leoa——o [107 K km s~! pc?] 1.9 (0.2) 1.3(0.2) 0.34(0.09) 0.60(0.12) 0.83(0.15)

Mo T [107 Mo] 4(2) 3(2) 0.7 (0.4) 1.3 (0.8) 1.7 (1.0)

R [kpc] 0.9 (0.2) 1.2 (0.2) 1.8 (0.2) 1.8 (0.2) 1.0 (0.2)
Medium region

Parameter Comp. 1 Comp. 2 Comp. 3

Ucen [Km s7T] -233 (2) -146.1 (1.9) 207 (3)

o, [kms™!] 34 (2) 20 (2) 21 (3)

Scoq——odv [Jy km s7!] 2.26(0.18) 1.13(0.13) 0.55(0.12)

Ltoa——o) [10” Kkms™' pc?]  3.5(0.3) 1.7 (0.2) 0.8 (0.2)

Mo " [107 Mo] 74) 42 1.8 (1.1)

R [kpc] 0.7 (0.2) 1.4 (0.2) 1.5(0.2)

¥ Computed assuming aco = 2.1 + 1.2 My, (K km s™! pc?)~! (Cicone et al. 2018).
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Fig. B.5. Comparison between CO(1-0) residual emission revealed in NEDO1 after subtracting the different BBarolo disk models. The green, red,
and blue contours show respectively the CO(1-0) residuals obtained in the Big, Medium, and Small regions fits, and they are plotted at 5, 10, 15,
200. Left panel: Blueshifted residuals. Right panel: Redshifted residuals.
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