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ABSTRACT
The ultraluminous infrared galaxy (ULIRG) IRAS 00183-7111 (𝑧 = 0.328) is one of the three ULIRGs that are currently known
to host an active galactic nucleus (AGN) with small-scale radio jets. We present a detailed study of the link between galaxy
merger, AGN ignition, radio jet expansion and kpc-scale molecular outflow in IRAS 00183-7111, using high-resolution Atacama
Large Millimeter/sub-millimeter Array (ALMA) observations of the 12CO(1-0) and 12CO(3-2) lines and very deep 𝑖-band VLT
Survey Telescope (VST) imaging. The latter allows us to put constraints on the assembly history of the system, suggesting that
it formed through a major merger between two gas-rich spirals, likely characterised by a prograde encounter and no older than
≈ 2 Gyr. The recent merger channelled about (1.5 ± 0.3) × 1010 M⊙ of molecular gas in the central regions of the remnant, as
traced by the CO detections. The spatial correlation between the CO distribution and the radio core suggests that this gas likely
contributed to the ignition of the AGN and thus to the launch of the radio jets. Furthermore, by comparing the relative strength of
the two CO transitions, we find extreme gas excitation (i.e.𝑇ex ≫ 50 K) around the radio lobes, supporting the case for a jet-ISM
interaction. A qualitative study of the CO kinematics also demonstrates that, despite the overall disturbed dynamical state with
no clear signs of regular rotation, at least one non-rotational kinematic component can be identified and likely associated to an
outflow with 𝑣out ≈ 439 km s−1 and ¤𝑀out ≈ 609 M⊙ yr−1.
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1 INTRODUCTION

Galaxy formation theories still struggle to shed light on the mecha-
nisms that determine the observed properties and scaling relations of
early-type galaxies (ETGs) in the local Universe (see, e.g., Ruffa &
Davis 2024, for a recent review). Fundamental insights into this mat-
ter can come from the study of a particular class of objects, known as
ultra-luminous infrared galaxies (ULIRGs). ULIRGs are so-called
due to their huge infrared luminosity (𝐿8−1000𝜇m > 1012 L⊙ ;
Sanders & Mirabel 1996). The most widely accepted scenario sug-
gests that these objects represent a specific stage in an evolutionary
sequence which starts from the merger of two gas-rich spirals (see

★ E-mail: ruffai@cardiff.ac.uk

e.g. Alexander &Hickox 2012). The merger channels large masses of
gas and dust towards the nuclei, triggering both a powerful starburst
and a deeply obscured active galactic nucleus (AGN). The radiation
from starburst and super-massive black hole (SMBH) accretion is
reprocessed by the surrounding dust, making the system extremely
bright at infrared wavelengths and thus giving rise to the ULIRG
phase. The AGN successively starts blowing away the surrounding
material, emerging as a bright quasar and eventually quenching both
star formation and SMBH accretion. The galaxy then evolves as a
passive spheroid (e.g. Lípari et al. 2003). The tight fundamental scal-
ing relations of today’s ETGs (such as the Faber-Jackson relation;
Faber & Jackson 1976) are believed to originate from this evolution-
ary process (e.g. Murray et al. 2005). ULIRGs (whose high-redshift
counterparts are known as submillimeter galaxies, SMGs; e.g. Swin-
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2 I. Ruffa et al.

bank et al. 2014) are thus likely the progenitors of local ETGs, and
also provide an ideal laboratory to study themutual interplay between
central SMBHs and their host galaxies. However, the many details of
how these sources form and evolve have yet to be fully understood.
IRAS F00183-7111 (I00183, hereafter) is a unique example of an

ULIRG located at redshift 𝑧 = 0.328 (Calderón et al. 2016). It is one
of the most luminous known (with 𝐿bol = 9 × 1012 L⊙ , mostly radi-
ated in the infrared; Spoon et al. 2009), and is optically classified as
a type 2 (i.e. obscured) Seyfert (Armus et al. 1989). Detailed studies
show that its mid-infrared (MIR; i.e. 5−37 𝜇m) spectrum is heavily
extincted, thus indicating the presence of dense material surround-
ing the nucleus (Spoon et al. 2004). Nevertheless, the 11.3 𝜇m PAH
feature is clearly detected and suggests that ∼10% of the infrared
luminosity arises from star formation (Spoon et al. 2009). This in-
dicates that the primary nuclear powering source of I00183 is an
AGN (Spoon et al. 2007). The presence of an AGN in this source is
confirmed by the overall X-ray (2-10 keV) spectral features, includ-
ing the detection of a strong 6.7 keV iron emission line (see Nandra
& Iwasawa 2007; Ruffa et al. 2018). The MIR spectral properties,
when compared with the so-called Spoon (or Fork) diagnostic dia-
gram (Spoon et al. 2007), suggest that the source has been caught
in the brief transition period between a starburst-dominated ULIRG
and the unobscured quasar phase. Further evidence in this regard
comes from the detection of prominent gas outflows, which are be-
lieved to trace the disruption of the thick nuclear obscuring layers in
ULIRGs. These have been already confirmed for I00183 in a num-
ber of ionized gas components (e.g. [Neii], [Neiii] and [Oiii]𝜆5007),
showing strongly asymmetric and blueshifted line profiles (with ve-
locities up to ≈ 3000 km s−1) and extending up to 10′′ (≈50 kpc)
to the east of the nucleus (see e.g. Drake et al. 2004; Spoon et al.
2009; Iwasawa et al. 2017). Calderón et al. (2016) reported also the
presence of a molecular gas outflow, as traced by a 119 𝜇m OH
doublet absorption with typical high-velocity (i.e. 𝑣 ≈ 1500 km s−1)
blueshifted wings. Furthermore, multi-frequency radio continuum
observations of I00183 show the presence of a core-double lobe ra-
dio source with a total linear extent of ≈ 2 kpc, a high radio power
(𝐿2.3 GHz ∼ 1025.8 W Hz−1), and a very steep 1-80 GHz spectrum
(𝛼 = −1.4, for 𝑆 ∝ 𝜈𝛼; Norris et al. 2012). Based on well-known
correlations between the radio source size, spectral properties and
age (e.g. O’Dea & Saikia 2020), the radio source in I00183 may
thus likely be in an early phase of its evolution. This further con-
firms the transitional state of this system. The rarity of objects like
I00183 attests the brevity of this period: to date, there are only other
two ULIRGs known to host small-scale (likely young) radio sources,
i.e. PKS1345+12 (Lister et al. 2003; Fotopoulou et al. 2019), and
PKS1549-79 (Holt et al. 2006). However, I00183 is the most ex-
treme among them in terms of both infrared and radio luminosity. It
thus provides a unique chance to test theoretical models of galaxy
formation and evolution. A summary of the general properties of
I00183 is provided in Table 1.
In this paper, we present newly-acquired Atacama large millime-

ter/submillimeter array (ALMA) observations of the 12CO(1-0) line
and 94 GHz continuum, along with very deep 𝑖-band VLT Survey
Telescope (VST) imaging of I00183. These data have resolutions of
0.22′′ (≈ 1 kpc) and 0.85′′ (≈ 4 kpc), respectively, and are analysed
in combination with archival ALMA data of the 12CO(3-2) line and
250 GHz continuum. Such multi-wavelength analysis allows us to
explore the link between galaxy merger, AGN activity, radio jet ex-
pansion and galactic-scale (i.e. ∼kpc-scale) molecular outflows, for
the first time with a high level of detail in an ULIRG at 𝑧 > 0.3.
The paper is structured as follows. In Section 2 we describe ALMA
and VST observations and the data reduction. We present the CO

Table 1. General properties of I00183.

ID Parameter Value

(1) Type ULIRG
(2) RA (ICRS) 00h20m34s.69
(3) DEC (ICRS) -70◦55′26′′ .69
(4) Redshift 0.3282 ± 0.0005
(5) DL (Mpc) 1722
(6) log 𝑃2.3GHz (WHz−1) 25.8
(7) 𝑣opt (km s−1) 98022 ± 20

Notes. − Rows: (1) Galaxy type. (2) and (3) Preferred sky coordinates of the
optical galaxy centre as reported in the NASA/IPAC Extragalactic Database
(NED; see also Section 2.2). (4) Galaxy redshift from Calderón et al. (2016).
(5) Luminosity distance derived from the tabulated redshift and assuming
the cosmology stated in Section 1. (6) Radio power at 2.3 GHz taken from
Norris et al. (2012), and including all the radio emission associated with the
source. (7) Optical systemic velocity of the galaxy.

analysis in Section 3, and the photometric analysis of the VST data
in Section 4. We discuss the results in Section 5, before summarising
and concluding in Section 6.
To allow a coherent comparison with the work of Ruffa et al.

(2018), where lower-resolution ALMA 12CO(1-0) data of I00183
were presented, throughout our analysis we assume a ΛCDM cos-
mology with H0 = 70 km s−1Mpc−1, ΩΛ = 0.7 and ΩM = 0.3. This
gives a scale of 4.733 kpc/′′ at the redshift assumed for I00183 (see
Table 1).

2 OBSERVATIONS AND DATA REDUCTION

2.1 ALMA observations

The Band 3 ALMA observations presented in this paper were car-
ried out during Cycle 7, between 9 and 16 July 2021 (project
code: 2019.1.00851.S; PI: I. Ruffa). I00183 was observed for a to-
tal time-on-source of 166 min, targeting the 12CO(1-0) transition
(rest frequency, 𝜈rest = 115.271 GHz) and the ∼ 100 GHz contin-
uum. The spectral configuration consisted of a total of four spec-
tral windows (SPWs): one centred at the line redshifted frequency
(𝜈sky = 86.735 GHz) and divided into 1920 (0.976MHz-wide) chan-
nels, the other three used to map the continuum emission and divided
into 480 (3.906-MHz-wide) channels. A total of 44 12-m antennas
were used, with a maximum baseline length of 3.6 km.
To get a more detailed view of the sub-mm line and continuum

properties, we include in this work also unpublished Band 6 ALMA
observations of the 12CO(3-2) transition (𝜈rest = 345.796 GHz) and
∼ 250 GHz continuum in I00183 (project code: 2013.1.00826.S; PI:
R. Norris). These data were obtained during ALMA Cycle 2, and
acquired on 1 September 2015. The total time-on-source is 34 min.
The spectral configuration consisted of a total of four SPWs: one
centred at the line redshifted frequency (𝜈sky = 260.192 GHz), the
other three used to map the continuum emission. All the SPWs
were divided into 128 (16 MHz-wide) channels. A total of 35 12-m
antennas were used, with a maximum baseline length of 1.6 km. A
summary of the basic properties of theALMAobservations presented
in this paper is reported in Table 2.
For both the Band 3 and 6 data, a standard calibration strategy

was adopted, using a single bright quasar as both flux and band-
pass calibrator, and a second one as phase calibrator. The calibrated
Cycle 7 (Band 3) data were provided upon request by the ALMA Re-
gional Centre (ARC) at the European Southern Observatory (ESO)
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Evolutionary sequence in IRAS 00183-71 3

Table 2.Main properties of the ALMA observations presented in this paper.

ALMA Observation Targeted 𝜈rest 𝜈sky Time MRS FOV 𝜃maj 𝜃min PAbeam Scale
Band date line

(GHz) (GHz) (min) (kpc) (arcsec) (kpc) (arcsec) (arcsec) (deg) (kpc)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Band 3 2021-07-09/16 12CO(1-0) 115.271 86.735 166 33 (6.8) 294 (62) 0.4 0.3 -18 1.9

Band 6 2015-09-01 12CO(3-2) 345.796 260.192 34 13 (2.7) 109 (23) 0.3 0.2 21 1.4

Notes. − Columns: (1) ALMA frequency band. (2) Date of the observation. (3) Targeted molecular transition. (4) Rest-frame central line frequency. (5)
Redshifted (sky) central frequency of the line estimated from the redshift listed in row (4) of Table 1. (6) Total time-on-source of the observation. (7) Maximum
recoverable scale (MRS) in kiloparsec, and corresponding scale in arcseconds in parentheses. (8) Field-of-view (FOV; i.e. primary beam FWHM) in kiloparsec,
and corresponding scale in arcseconds in parentheses. (9) and (10) Major and minor axis FWHM of the synthesized beam. (11) Position angle of the synthesized
beam. (12) Physical scale corresponding to the major axis FWHM of the synthesized beam.

Headquarters. We instead manually calibrated the Cycle 2 (Band 7)
data using the Common Astronomy Software Application (CASA;
McMullin et al. 2007) package (version 4.7.2), with standard data
reduction scripts. We carried out the imaging and analysis of all
the calibrated data as described below, using the more recent CASA
version 6.1.2.

2.1.1 Continuum and line imaging

The continuum SPWs and the line-free channels of the line SPWs
were used to produce the continuum maps, using the tclean task
in multi-frequency synthesis (MFS) mode (Rau & Cornwell 2011).
In all the cases, Briggs weighting with a robust parameter of 0.5
was adopted, thus obtaining the best trade-off between sensitivity
and resolution. This allowed us to achieve root-mean square (rms)
noise levels of 18 𝜇Jy beam−1 and 20 𝜇Jy beam−1 on the 100 GHz
and 250 GHz maps, respectively, for synthesized beam sizes of
0.38′′ × 0.28′′ (≈ 1.80 × 1.30 kpc; Band 3) and 0.29′′ × 0.21′′
(≈ 1.40 × 0.99 kpc; Band 6) full-width at half-maximum (FWHM).
The cleaned, primary-beam corrected continuum maps are shown in
Figure 1 and discussed in Section 5.1.
The CO line emission was isolated in the 𝑢𝑣-plane using the casa

task uvcontsub. This estimates a continuum model through a linear
fit in line-free channels, and then subtracts this model from the line
visibilities. The data cubes were created using the tclean task with
Briggs weighting (robust=0.5) and a channel width of 20 km s−1
for both the CO(1-0) and CO(3-2) transitions. The channel velocities
were computed in the source frame, so that the systemic velocity of
each CO data cube corresponds to the respective redshifted central
frequency (𝜈sky; see Table 2). The continuum-subtracted dirty cubes
were cleaned in regions of line emission (identified interactively) to a
threshold roughly equal to 1.5 times the rms noise level (determined
from line-free channels), and then primary-beam corrected. CO(1-0)
and CO(3-2) emission is clearly detected (see Figure 2 and Section 3
for details). Table 3 summarises the properties of the obtained data
cubes.

2.2 VST observations

The photometric data presented in thiswork are part of theVSTEarly-
type GAlaxies Survey (VEGAS1, P.I. E. Iodice, Capaccioli et al.
2015; Iodice et al. 2021). VEGAS is amulti-band u, g, r and i imaging
survey carried out with the European Southern Observatory (ESO)

1 https://sites.google.com/inaf.it/vegas/home

Table 3. Properties of the imaged data cubes.

Transition rms Peak flux S/N Δ𝑣chan
(mJy beam−1) (mJy beam−1) (km s−1)

(1) (2) (3) (4) (5)

12CO(1-0) 0.22 1.96 9 20
12CO(3-2) 0.23 7.58 33 20

Notes. − Columns: (1) Line transition. (2) Rms noise measured from line-
free channels with the widths listed in column (5). (3) Peak flux of the line
emission. (4) Peak signal-to-noise ratio of the detection. (5) Channel width
of the data cube (km s−1 in the source frame).

VLT Survey Telescope (VST). The VST is a 2.6 m wide field optical
telescope (Schipani et al. 2012) equippedwith OmegaCAM, a 1◦×1◦
camera with a pixel size of 0.21 arcsec pixel−1. The data we present
in this work (run ID: 0110.A-6004(A)) were acquired in the i-band
(covering the rest-frame wavelength range ∼ 650 − 850 nm), during
dark time in photometric conditions, with an average seeing FWHM
(i.e. averaged over the seeing FWHM of each observing night) of ≈
0.85′′. The total exposure time is 6 hours, and the observations were
performed using the standard diagonal dithering strategy. The data
were processed by using the dedicatedAstroWISE pipeline developed
to reduce OmegaCam observations (McFarland et al. 2013). The
main steps of the data reduction with AstroWISE are extensively
described in Venhola et al. (2017), and we thus refer the reader
to that work for details. We nevertheless briefly summarise in the
following the procedure adopted for the astrometric registration, as
this is essential information for the analysis carried out in this work.
The first-order astrometric calibration was done by first matching the
pixel coordinates to RA and Dec using the World Coordinate System
(WCS) information from the fits header. Point source coordinates
were then extracted using SExtractor (Bertin & Arnouts 1996) and
associated with the 2 Micron All Sky Survey Point Source Catalog
(2MASSPSC, Skrutskie et al. 2006). Tomake sure individual random
positional errors are well smoothed out, the number of reference
stars used ranges between 15 and 1200. The transformation was then
extended by a second-order two-dimensional polynomial across the
focal plane. SCAMP (Bertin 2006) was used for this purpose. The
polynomial was fit iteratively five times, each time clipping the 2𝜎
outliers. The astrometric solution gives typically rms errors of 0.3′′
(compared to 2MASS PSC) for a single exposure, and 0.1′′ for the
stacked final mosaic.
Another critical step in deep photometry is the sky background

subtraction, since it can affect the ability to detect faint structures. In
the case presented in this work, since the angular extent of the target

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/staf2269/8404158 by guest on 05 January 2026

https://sites.google.com/inaf.it/vegas/home


O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

4 I. Ruffa et al.

(a) Band 3 continuum

(b) Band 6 continuum

Figure 1.Continuummaps of I00183 in ALMABand 3 (panel a) and 6 (panel
b). The reference frequency of each map is indicated in its top-right corner.
The bar to the right of each panel shows the colour scale in mJy beam−1. The
synthesised beam and a scale bar are shown in the bottom-left and bottom-
right corners, respectively. In both panels, the image centre is set to the
preferred sky coordinates of the optical galaxy centre, which are reported in
Table 1; East is to the left and North to the top. The black star indicates the
position of the radio core, as inferred from the very-long baseline interferom-
etry (VLBI) observations of I00183 presented in Norris et al. (2012, see also
Ruffa et al. 2018 and Section 3.4). The properties of the continuum maps are
summarised in Section 2.1.1 and discussed in Section 5.1

is much smaller than the VST field-of-view (FOV), the background
subtraction has been performed by fitting a 2D polynomial to the
pixel values of the mosaic unaffected by celestial sources or defects
(see Spavone et al. 2017).
Thanks to the long integration time, the final stacked 𝑖-band image

reaches a surface brightness depth of 𝜇𝑖 ∼ 29.5 mag arcsec−2. This
very deep VST image of I00183 is shown in Figure 2, and illus-
trates with unprecedented detail the optical features characterising
this complex system. Particularly interesting are those pointing at a
disturbed dynamical state, such as the asymmetry in the South East-
North West (SE-NW) direction, the prominent arc-like structure on

the East side and the tail to the South. As extensively discussed in
Section 5, all of these are clear signs of a recent merger. The high
quality of the VST data also allows us to reveal, for the first time,
additional interesting details about the nuclear region of the system.
For instance, it is clear from the left panel of Figure 2 that those
typically adopted as preferred sky coordinates for the optical centre
of this galaxy (and reported in Table 1) correspond indeed to the op-
tical peak (as illustrated by the white star). This, however, is shifted
slightly southward with respect to the position that - when looking
at the purple area in Figure 2 - one would identify by-eye as the
geometrical centre of the system. Nevertheless, the direction of such
a shift is consistent with the southern tidal elongation of the system,
as well as with the typical asymmetries observed in disturbed objects
like ULIRGs (see e.g. Pereira-Santaella et al. 2018; Lamperti et al.
2022).
Furthermore, the left panel of Figure 2 illustrates for the first

time that the position of the radio core (marked by the light-blue
star and inferred from the very-long baseline interferometry (VLBI)
observations of I00183 presented by Norris et al. 2012; see also
Section 3.4) is shifted northward with respect to the optical peak
(white star). We estimate that the projected linear separation between
the two positions is ≈ 0.51′′ (≈ 2.4 kpc). This may indicate the
presence of two nuclei from the progenitor galaxies which have not
yet completely merged. However, as discussed in detail in Section 4,
the discrepancy between these two positions and the results from the
photometric analysis, as well as the lack of any other evidence for the
presence of a double nucleus, make this hypothesis currently not easy
to support. Another possible explanation is that such a displacement
is caused by the extreme dust obscuration that affects the areas around
the central SMBH even at near-infrared wavelengths (see e.g. Spoon
et al. 2009; Ruffa et al. 2018), thus making the optical peak moving
towards the outer shells of the nucleus.We further analyse and discuss
these scenarios in Sections 4 and 5. We note that, to allow a coherent
comparison also with previous works, all the maps presented in this
paper have been centred on the optical peak sky coordinates reported
in Table 1 (white star in the left panel of Figure 2).

3 IMAGE CUBE ANALYSIS AND RESULTS

3.1 Moment maps

Integrated intensity (moment 0), intensity-weighted mean line-of-
sight velocity (moment 1) and velocity dispersion (moment 2) maps
of the CO lines were created from the cleaned data cubes using
the masked moment technique as described by Dame (2011, see
also Bosma 1981a,b; van der Kruit & Shostak 1982; Rupen 1999).
In short, in this technique, a copy of the cleaned data cube is first
Gaussian-smoothed spatially (with a FWHM that is 1.5𝑥 that of
the synthesised beam) and then Hanning-smoothed in velocity. A
three-dimensional mask is then defined by selecting all the pixels
above a fixed flux-density threshold. This threshold is chosen so
as to recover as much flux as possible while minimising the noise
(higher thresholds usually need to be set for noisier maps; see also
Ruffa et al. 2019, 2022). Given the significance of our CO detections
(see Table 3), a threshold of 0.9𝜎 (where 𝜎 is the rms noise level
measured in the un-smoothed data cube) has been used in all the
cases. The moment maps were then produced from the un-smoothed
cubes using the masked regions only, and the results are presented in
Figure 3.
The integrated intensity maps (left panels of Figure 3) illustrate

some differences in the distribution of the two CO transitions. The
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Evolutionary sequence in IRAS 00183-71 5

Figure 2. Left panel: VST i-band (770 nm) sky-subtracted image of the 25′′ × 25′′ (≈ 120 × 120 kpc2) around I00183. The image resolution (i.e. seeing
FWHM) is ≈ 0.85′′, and the reached surface brightness depth is 𝜇𝑖 ∼ 29.5 mag arcsec−2. The white star indicates the preferred position assumed so far for the
optical galaxy centre (corresponding to the coordinates reported in Table 1), while the light-blue star indicates the position of the radio core as inferred from the
very-long baseline interferometry (VLBI) observations presented in Norris et al. (2012) (see also Section 3.4). Right panel, top: Zoom-in of the VST 𝑖-band
map in the central 8′′ × 8′′ (≈ 38× 38 kpc2) with overlaid in white CO(1-0) integrated intensity contours from the Cycle 7 ALMA observations presented in this
paper. Right panel, bottom: As above, but with overlaid CO(3-2) integrated intensity contours from the Cycle 2 ALMA observations presented in this paper.
A scale bar is shown in the bottom-right corner of each panel, the CO synthesised beam sizes are shown in the bottom-left corners of the right panels. For each
CO transition, we show 10 contours, which are equally spaced between the minimum and the maximum significant values of the integrated intensity map (as
illustrated by the colour scale in the left-hand panels of Figure 3).

CO(1-0) shows a bright area surrounded by emission which becomes
progressively fainter (minimum S/N = 3.5), while extending up to
≈ 2.0′′ (≈ 9.5 kpc) to theEast of the image centre in a sort of “plume".
This has a position angle (PA;measured counterclockwise fromnorth
to east) of ≈ 90◦, which is consistent with that of a similar (although
more extended) feature observed in the ten times lower-resolution
ALMA CO(1-0) detection of I00183 presented in Ruffa et al. (2018,
having a beam FWHM of 3.10′′ × 2.20′′, equivalent to ≈ 14.7 ×
10.4 kpc). The entire CO(1-0) distribution is also clearly elongated
in the same SE-NW direction of the galaxy’s optical asymmetries
visible in Figure 2. Two regions of high surface brightness can be
instead clearly distinguished in the moment 0 map of the CO(3-2)
transition: the brightest one is roughly coincident with the position
of the radio core (marked by the black star in the bottom-left panel of
Figure 3), the faintest is located at a distance of about 1′′ (≈ 5 kpc)
from it, to the north-west (NW). It is plausible to believe that a
similar, double-peaked surface brightness distribution could have
been observed also in the CO(1-0), if detected at the same (or higher)
resolution of the (3-2) transition (seeTable 2). This, however, does not
affect the CO analysis presented in this work. The extended eastern

feature, which is very prominent in the 1-0 transition, is instead barely
detected in the 3-2. Although it is possible that (at least some of) the
CO(3-2) emission in this area has been resolved out by the higher
resolution of the Band 6 observations, similar extended features are
typically somewhat diffuse (i.e. less dense) and thus only visible
(or much brighter) in lower-J CO transitions (see e.g. Ruffa et al.
2022). In the regions where both transitions are detected, the CO(3-
2) is mostly much brighter than the CO(1-0), clearly indicating high
gas excitation around the radio source. This is further analysed in
Section 3.4 and discussed in Section 5.
The moment 1 maps of the two CO transitions (Figure 3, middle

panels) reveal that the gas kinematics is only mildly resolved at the
resolution of all our observations. This prevents us from carrying out
a robust kinematic modelling. Overall, however, the detected features
hint at a complex gas kinematics, with no clearly distinguishable pat-
terns of (ordered) circular rotation. This is not surprising in disturbed
objects like I00183, where the gas has likely been recently acquired
through the merging process (see also Section 4) and thus still in
the process of settling onto the potential of the remnant system. It is
nevertheless interesting to note the blueshifted velocities of the ex-
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6 I. Ruffa et al.

(a) CO(1-0) moments

(b) CO(3-2) moments

Figure 3. I00183 moment 0 (integrated intensity; left panels), moment 1 (intensity-weighted mean line-of-sight velocity; middle panels) and moment 2 (intensity
weighted line-of-sight velocity dispersion; right panels) maps of the CO(1-0) and CO(3-2) transitions (top and bottom row, respectively). The maps were created
using data cubes with a channel width of 20 km s−1 (see Table 3). The synthesised beam and a scale bar are shown in the bottom-left and bottom-right corner,
respectively, of each moment 0 map. The bar to the right of each map shows the colour scales (in mJy beam−1 km s−1 and km s−1 for moment 0 and moment
1/2 maps, respectively). The phase centre of each map is set to the sky coordinates reported in Table 1, corresponding to the optical peak of the system (see also
Section 2.2 for details); East is to the left and North to the top. In each panel, this is also marked with a grey star, while the black star indicates the position of
the radio core, as inferred with high precision from the VLBI observations of I00183 presented in Norris et al. (2012, see also Ruffa et al. 2018 and Section 3.4).
Velocities are measured in the source frame, so that the systemic velocity of each CO line corresponds to the redshifted central frequency of the line (𝜈sky,
reported in Table 2; see also Section 2.1.1). The black dashed lines in the middle panel of the top row illustrate the direction of the ionised gas outflow, as
inferred from the [OIII] data presented in Iwasawa et al. (2017, see also Spoon et al. in preparation).

tended CO(1-0) plume, reaching values up to at least ≈ −400 km s−1,
much higher than those typically observed in regularly-rotating and
compact (i.e. kpc-scale) molecular gas structures (see e.g. Oosterloo
et al. 2017; Ruffa et al. 2019; Ruffa & Davis 2024). Similar features
may trace residual gas perturbances due to the recent merger and/or
the presence of non-circular motions such as a gas inflow/outflow.
Based on the analysis carried out in this work, on the ancillary infor-
mation available in the Literature and on the evolutionary stage of
the system, we favour the hypothesis of an outflow (see Sections 3.2,
3.4 for further analysis, and Section 5 for a detailed discussion).

Further support to the presence of disturbed/non-circular kine-
matic components comes from the analysis of the CO position-
velocity diagrams (PVDs) extracted along different PAs and illus-
trated in Figures 4 and 5. In first instance, the CO(1-0) PVDs ex-
tracted along all the directions resemble the ones of gas in circular
rotation, with a steep velocity gradient at the centre, followed by
signs of velocity flattening at larger scales. Only a central velocity
gradient is instead visible in the CO(3-2) PVD extracted along the
A direction (upper-left panel of Figure 5). However, if we assume
that the observed velocity curves arise from gas in circular motions,

the dynamical mass (𝑀dyn =
𝑣2rot𝑟

𝐺
) in the “flat" part of the rotation

curve would be ≈ 1011 𝑀⊙ , which is unrealistically large. We there-
fore conclude that the observed features do not trace regular circular
rotation, but rather arise from a complex kinematics which is made
of multiple sub-components. In particular, based on the hypothesis
outlined above, the high blueshifted velocities in the "flat" part of the
CO(1-0) PVDs should trace the outflow component (corresponding
to the blueshifted plume in the moment 1 map). Moving along the di-
rections labelled as B andC in Figures 4 and 5, a second high-velocity
component is clearly visible (especially in the 3-2 transition), extend-
ing up to a RA offset of 1′′ (≈ 5 kpc) to the north-west (NW) and
with projected velocities up to at least ≈ +400 km s−1. If we assume
a bi-conical geometry for the putative outflow, with the same axis for
both gas phases, this component may represent the redshifted part of
the outflow (e.g. García-Burillo et al. 2014; Domínguez-Fernández
et al. 2020; Murthy et al. 2022; Ruffa et al. 2022; Audibert et al.
2023; Ruffa et al. 2023, and references therein). This is not clearly
distinguishable (by-eye) from themoment 1maps in Figure 3 because
it is likely embedded within the complex (unresolved) kinematics of
the main CO structure (to the NW of the blueshifted plume).

The line-of-sight gas velocity dispersion (𝜎gas; Figure 3, right pan-
els) varies significantly across the gas sky distributions, with values
ranging from ≈ 20 km s−1 at the outskirts of the gas distributions,
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BA

C

A

B

C

Figure 4. Position-velocity diagrams (PVDs) of the CO(1-0) transition extracted within rectangular areas whose long axes are orientated according to the position
angles indicated in the bottom left corners of each panel, and illustrated by the mean velocity map in the bottom-left panel. The PA is measured counterclockwise
from North through East. A scale bar is shown in the bottom-right corner of each PVD. Velocities are measured in the source frame, so that the systemic velocity
(i.e. the point along the y-axis where 𝑣 = 0) corresponds to the redshifted central frequency of the CO line (𝜈sky, reported in Table 2; see also Section 2.1.1). As
detailed in Section 3.2, however, the observed centroids of both lines are clearly shifted with respect to those expected from 𝜈sky, thus explaining the slight shift
observed in the PVDs between the estimated 𝑣sys and the observed centroid of the emission. Coordinates are with respect to the image phase centre, which is
set to the preferred sky coordinates of the optical galaxy centre reported in Table 1 (see also Section 2.2); East is to the left and North to the top.

to > 200 km s−1 around the centre of the system. The highest 𝜎gas
values of the CO(1-0) transition are concentrated around the location
of the galaxy’s optical peak (marked by the grey star in Figure 3),
whereas they are located around both the radio core (black star in Fig-
ure 3) and the optical peak in the 3-2 transition. Such large𝜎gas values
would imply that an ongoing perturbation (such as non-axisymmetric
perturbations or shocks) is affecting the dynamical state of the gas,
inducing turbulence within the gas clouds. While this is extremely
plausible to occur in a recent merger like I00183, where both a vig-
orous central star formation activity and an AGN co-exist (see e.g.
Ruffa et al. 2018), caution is needed in drawing conclusions from
the observed line-of-sight velocity dispersions. Indeed, these can
be significantly overestimated due to observational and instrumental
effects. Among these, beam smearing (i.e. contamination from par-
tially resolved velocity gradients within the host galaxy) is usually
the dominant one, especially in regions of large velocity gradients
and when the gas distribution is not fully resolved.

3.2 Line widths and profiles

The spectral profiles of the CO(1-0) and CO(3-2) lines are shown in
Figure 6. These were extracted from the cleaned (un-smoothed) data
cubes within polygonal areas drawn by-eye around the line structures
observed in Figure 3. Both spectra present an overall Gaussian-like
shape with a single main peak. As described in Section 2.1.1, veloc-

ities are measured in the source frame, and the systemic velocity of
each CO line has been assumed to correspond to the nominal central
frequency of the line at the adopted source redshift (𝜈sky, reported in
Table 2). In other words, we built both data cubes by assuming that
the systemic velocity of each CO line corresponds to the optical sys-
temic velocity of the system. Both observed line centroids, however,
are clearly shifted with respect to this latter, as reported in Table 4.
Such shifts are consistent with the line peak positions observed in the
moment 0 maps in Figure 3a and 3b (and described in Section 3.1),
and are also commonly observed in disturbed systems like ULIRGs,
where indeed the systemic velocity may be always poorly defined
(e.g. Kimball et al. 2015). We note, however, that such velocity shifts
in the line centroids do not affect in any way the analysis and results
presented in this paper.
In addition to the above, broad line components are clearly visi-

ble in both line profiles, with velocities up to ≈ +500 km s−1 and
≈ −600 km s−1 for the CO(1-0)2 and within ±400 km s−1 for the

2 We note that the discrepancy between the maximum CO(1-0) velocities
observed in themoment 1map and PVD (Figures 3a and 4), and those inferred
from the integrated spectral profile (Figure 6a) is likely due to the different
methods used to derive these data products. In particular, the masked-moment
technique used to produce the former relies on a smoothed data cube. This
approach is extremely useful for suppressing noise and recovering most of
the signal above a given threshold (see Section 3.1); however, as discussed
in e.g. Dame (2011); Leroy et al. (2021), it may also result in the loss of
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BA

C

A
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C

Figure 5. As in Figure 4, but for the CO(3-2) transition.

CO(3-2). Similar spectral features (often called “wings") are classic
signatures attesting the presence of high-velocity, non-circular kine-
matic components, and are thus typically associated with outflows
(see e.g. Feruglio et al. 2010; Cicone et al. 2014; Feruglio et al. 2015;
Pereira-Santaella et al. 2018; Domínguez-Fernández et al. 2020;
Lamperti et al. 2022; Holden et al. 2024, and references therein).
To rigorously demonstrate the presence of such secondary spectral
components and determine the overall properties of the line profiles,
we performed Gaussian fits on the integrated spectra using the least-
squares minimization Python routine lmfit (Newville et al. 2014).
For both CO lines, we tested two models: one with a single Gaussian
component and one with two Gaussian components: a main, narrow
one including the bulk of the line emission and a broader one, ex-
tending up to higher velocities. We also performed a BIC (Bayesian
Information Criterion) test (Liddle 2007) to verify the statistical sig-
nificance of one model with respect to the other. In both cases, the
model with two Gaussians (overlaid as labelled in Figure 6) resulted
as preferred and the evidence for the need of the second component
as very strong, with ΔBIC= 21.8 for the CO(1-0) and ΔBIC= 52.2
for the CO(3-2). We thus confidently conclude that two components
are needed in both cases to reproduce most of the observed spec-
tral features. The mean, sigma and normalisation of each Gaussian
function were left free to vary in the fitting process, and the resulting
best-fitting values of the first two parameters are reported in Table 4,
together with the corresponding statistical uncertainties. All of this

information from very faint and/or spatially extended structures confined to
only a few velocity channels (like the highest-velocity structures observed in
the CO(1-0) spectrum of I00183). The spectrum shown in Figure 6a, on the
other hand, was extracted from the unsmoothed cube (as mentioned in the
text), thereby avoiding the potential issues described above.

provides support to the scenario disclosed in Section 3.1, which is
also extensively discussed in Section 5.3.
We note that line widths were also measured as full-width at

zero-intensity (FWZI), which was defined as the full velocity range
covered by channels (identified interactively in the channel maps)
with clear line detections with intensities ≥ 3𝜎. These channels are
highlighted by the gray shaded areas in Figure 6. The integrated
flux density of each CO transition is calculated over this range, and
reported together with the corresponding FWZI in Table 4.

3.3 Molecular gas mass

An estimate of the molecular gas mass of I00183 was already pro-
vided in Mao et al. (2014) based on an Australia Telescope Compact
Array (ATCA) CO(1-0) detection, and in Ruffa et al. (2018) from the
ten times lower-resolution Cycle 0 ALMA CO(1-0) data. However,
it is worth repeating the exercise to estimate the potential amount
of flux that has been filtered out at the higher resolution of the data
presented in this work.
Following Carilli & Walter (2013), we calculated the CO(1-0)

luminosity using

𝐿′
CO = 3.25 × 107 ( 𝑆CO

Jy kms−1
) ( 𝜈obs
GHz

)−2 ( 𝐷L
Mpc

)2 (1 + 𝑧)−3, (1)

where 𝜈obs is the observing frequency (i.e. 𝜈sky reported in Table 2), 𝑧
is the redshift, DL is the luminosity distance, and 𝑆CO is the integrated
flux density (as reported in Table 4). We obtained 𝐿′

CO = 1.8± 0.2×
1010 K km s−1 pc2. From this luminosity we derived the H2 mass
using the conversion equation, expressed as in Bolatto et al. (2013),

𝑀 (𝐻2) = 𝛼 𝐿′
CO 𝑀⊙ ,
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Table 4.Main integrated parameters of the observed molecular transitions.

Transition Component Centroid FWHM FWZI 𝑆CO RJ1
(km s−1) (km s−1) (km s−1) (Jy km s−1)

(1) (2) (3) (4) (5) (6) (7)

12CO(1-0) Main
Broad

+76 ± 10
+107 ± 26

109 ± 15
392 ± 73 1100 2.3±0.2 −

12CO(3-2) Main
Broad

−34 ± 3
+3 ± 7

94 ± 6
218 ± 18 820 17.1±1.7 7.4 ± 1.8

Notes. − Columns: (1) Molecular transition. (2) Line component. (3) Best-fitting velocity shift of the mean of the corresponding line component with respect to
the systemic velocity, as inferred from the performed Gaussian fits (see Section 3.2). The associated statistical errors are also reported. (4) Best-fitting FWHM
of the corresponding line component with associated statistical error. (5) Full velocity range covered by the line channels (identified interactively in the channel
maps) with intensities ≥3𝜎 (shaded regions in Figure 6). (6) Flux density integrated over all the channels in the range defined by the FWZI. (7) Average ratio
of the CO(3-2) line over the 1-0 transition (i.e. ratio of the integrated flux density at each transition).

where 𝛼 is the H2 mass-to-CO luminosity conversion factor. This de-
pends on the molecular gas conditions (e.g. excitation, dynamics, ge-
ometry and stability of single molecular clouds) and other ISM prop-
erties (e.g. metallicity), and is therefore likely to vary systematically
between different galaxy types. In this case, we used the typical con-
version factor associated to ULIRGs, 𝛼 = 0.8 M⊙ (K km s−1 pc2)−1
(see Downes & Solomon 1998; Bolatto et al. 2013). The ob-
tained molecular gas mass is 𝑀mol = (1.0 ± 0.1) × 1010 M⊙ .
This is fully consistent (within the uncertainties) with that estimated
from previous CO(1-0) observations by Mao et al. (2014, reporting
𝑀mol = 1.0 × 1010 M⊙ ; no errors provided) and Ruffa et al. (2018,
reporting 𝑀mol = (1.1±0.1) ×1010 M⊙), indicating that the higher-
resolution data presented here do not lead us to resolve out a relevant
fraction of the total line flux.

3.4 Line ratio

We carried out the analysis of the strength of the CO(3-2) transition
relative to the CO(1-0), with the aim of obtaining a map of their flux
density ratio. Ratios of molecular lines are indeed powerful tools to
investigate the physical conditions of the gas, as different molecules,
isotopologues, and transitions of the same species trace different gas
components within the same galaxy. In particular, ratios of multiple
CO lines are typically used to probe the excitation temperature and
density of the molecular gas (see e.g. Ruffa et al. 2022 for details).
To study the relative strength of two gas transitions in the most

reliable way possible, the data cubes used to make the ratio maps
need to be identical. We thus re-imaged the two CO datasets mak-
ing new data cubes with the same number of channels, channel
width (i.e. 20 km s−1), pixel and image size. We also corrected for
the different 𝑢𝑣 coverages by smoothing to a common resolution
(i.e. selecting a common 𝑢𝑣 range and convolving the images to a
common synthesized beam). This resulted in data cubes with synthe-
sized beams of 0.42′′ × 0.32′′ (corresponding to ≈ 2.0 × 1.5 kpc2).
Masked integrated intensity maps of these smoothed data cubes were
produced using the technique described in Section 3.1, and then
used to make ratio map using the CASA task immath. The result-
ing 𝑅31 ≡ 𝑆CO(3−2)/𝑆CO(1−0) map3 is shown in Figure 7, with
overlaid in white the 2.3 GHz continuum contours from the VLBI
observations of I00183 presented by Norris et al. (2012). As clearly
illustrated by the Figure, the obtained beam size is quite large with

3 We note that in this work we use integrated flux density ratios (expressed in
Jy km s−1), which are different from brightness temperature ratios (expressed
in K km s−1). See Ruffa et al. (2022) for details.

respect to the size of the complex gas sub-structures, thus imped-
ing a fully spatially-resolved analysis and inevitably leading us to
miss the most reliable details on the gas physics. Nevertheless, the
map in Figure 7 can provide us with useful hints on its conditions.
Indeed, as already clear from the qualitative analysis presented in
Section 3.1, the gas can be overall considered as highly excited, with
average 𝑅31 ≈ 10, reaching values ≥ 60 around the location of the
SE radio jet (as particularly visible from the right panel of Figure 7).
Such large values imply that the gas is thermalised (i.e. at densities
above 3000 cm−3) and overall optically thin, since they are slightly
to significantly above the maximum values of 𝑅31 = 9 for optically
thick emission (≈ 1 for ratios in brightness temperature; see e.g.
Dasyra et al. 2016; Oosterloo et al. 2017). Assuming local thermo-
dynamic equilibrium (LTE) and optically thin conditions, CO ratios
> 20 correspond to gas excitation temperatures 𝑇ex ≫ 50 K (e.g.
Oosterloo et al. 2017). Such extreme molecular gas conditions and
- in particular - the location of the most excited gas fraction rela-
tive to the radio jet component are very similar to those observed in
the other few objects with an ongoing jet-ISM interaction on (sub-
)kpc scales which have been studied using a multi-line approach,
e.g. NGC1068 (García-Burillo et al. 2014), IC 5063 (Dasyra et al.
2016; Oosterloo et al. 2017), NGC3100 (Ruffa et al. 2022), and the
Teacup galaxy (Audibert et al. 2023). It is thus tempting to claim that
also in I00183 the expanding radio plasma contributes to changing
the gas conditions around the centre of the remnant system. This is
further discussed in Section 5.

4 PHOTOMETRIC ANALYSIS

The photometric analysis has been performed on the sky-subtracted
i-band VST image of I00183. The first step of this analysis consisted
in carefully estimating any residual background fluctuation, by using
the same procedure described in papers of the VEGAS series (see
e.g. Spavone et al. 2017). On the final map, we masked all the bright
sources in the field (stars and background galaxies), and performed
the isophotal analysis by using the task ELLIPSE of the IRAF (Image
Reduction and Analysis Facility) software (Tody 1986). This method
provides geometrical parameters (ellipticity 𝜖 and position angle
PA) and the azimuthally-averaged light distribution within isophotal
annuli of specified thickness. The resulting profiles are shown in
Figure 8.
Both the 𝜖 and the PA profiles show a change of trend at different

radii, in line with the disturbed state of the system. A first change is
observed at a radius of ≈ 0.007 arcmin (≈ 2.0 kpc). This is especially
visible as an abrupt increase in the ellipticity, which reaches its
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10 I. Ruffa et al.
(a) CO(1-0) spectrum

(b) CO(3-2) spectrum

Figure 6. CO(1-0) (top panel) and CO(3-2) (bottom panel) spectral profiles
extracted within polygonal areas drawn by-eye around all of the CO emission
visible in the left panels of Figure 3. The best-fitting Gaussian profiles are
overlaid as labelled in the top-left corner of each panel. In both panels, the
black dashed horizontal line indicates the zero flux level. The gray shaded
areas highlight the spectral channels included the line FWZI and thus used to
estimate the integrated flux density of each line. Velocities aremeasured in the
source frame, and the systemic velocity of each CO line has been assumed to
correspond to the nominal central frequency of the line at the adopted source
redshift (𝜈sky; Table 2). Both observed line centroids, however, are clearly
shifted with respect to the latter. See Section 3.2 for details.

maximum at≈ 0.01 arcmin (≈ 2.8 kpc; where instead the PA remains
almost constant around −20 deg) and then progressively decreases.
Another abrupt change of both the ellipticity and the PA is observed
at a radius of ≈ 0.06 arcmin (≈ 17 kpc). At the same radius, also the
surface brightness profile presents a bump.
We also produced a two-dimensional (2D) model of the galaxy’s

light distribution by using the IRAF task BMODEL. With this proce-
dure, we created a noiseless 2D model of the galaxy, which is built
from the results of the photometric analysis described above (thus
taking into account the variations of 𝜖 and PA). We note that on
both the ELLIPSE and BMODEL procedures, we fixed the centre of
the system at the position that - when looking at the purple area in

Figure 2 - one would identify by-eye as the geometrical galaxy centre
(thus slightly to the north of both the observed optical peak and the
radio core). This is done in order to obtain a simple, axisymmet-
ric model of the mean light distribution of the system, which then
allows us to clearly highlight any asymmetry once such model is
subtracted from the original image. In Figure 9 we show the obtained
residual map, smoothed for visualization purposes using a Gaussian
filter with a standard deviation 𝜎 = 1 and with labels describing
all the emerged structures. Prominent tails to both the North and
the West sides of the system clearly stand out from the residuals, in
addition to the eastern arc-like and the southern elongated tidal struc-
tures already distinguishable from the observed map (see Figure 2
and Section 2.2). Moreover, Figure 9 clearly shows the presence of
two distinct residual compact (i.e. point-like) structures in the central
regions of the system, which are separated from each other by a pro-
jected linear distance of ≈ 1.1′′ (≈ 5.2 kpc). This, in first instance,
would provide support to the idea that I00183 hosts two nuclei from
the progenitor galaxies which have not yet completely merged (see
also Section 2.2). However, in a case like this and with the quality of
the data currently available for this source, we would expect to find
additional evidence in this regard. For instance, in confirmed cases
of double (or triple) nuclei in ULIRGs, a clear spatial correlation be-
tween the nuclei and the optical peak(s), radio core and/or molecular
gas distribution is observed (e.g. Pereira-Santaella et al. 2018, 2021;
Lamperti et al. 2022; Ceci et al. 2025). Instead, in the case of I00183,
both the optical peak and the radio core are located well within the
brighter and southern compact residual (as respectively illustrated
by the black and gray stars in the left panel of Figure 9). In addition,
both molecular gas transitions do not show any obvious evidence for
a morphological correlation with the northern and fainter compact
residual (as illustrated by the right panels of Figure 9), whereas the
brightest peak of the CO(3-2) transition is clearly spatially correlated
with the southern compact structure (and thus with the optical peak
and/or the radio core). Furthermore, the ≈ 1 kpc-resolution ALMA
continuum maps presented in Figure 1 show the presence of single
compact unresolved structures around the position of the radio core
(black star in both panels of Figure 1), without any clear sign of
peak doubling or elongation in the direction of the two putative nu-
clei. We therefore conclude that it is unlikely that the two residual
point-like structures in Figure 9 trace the presence of close binary
nuclei. Another hypothesis would be that both compact residuals
arise from a prominent nuclear dust lane. The presence of dust in
those areas is indeed confirmed by the (unresolved) spatial distri-
bution of the ∼ 250 GHz continuum and its spectral analysis (see
Section 5.1 for details), and could also provide an explanation to the
observed displacement between the radio core and the optical peak
(as already mentioned in Section 2.2). However, colour (dust extinc-
tion) maps obtained from multi-band optical photometry would be
needed to properly test this scenario and draw solid conclusions. All
of the above findings and their implications are further discussed in
Section 5.2.

5 DISCUSSION

5.1 ALMA continuum emission

A detailed analysis of the radio to sub-mm continuum of I00183,
including a fitting of the far infrared part of its spectral energy distri-
bution (SED), has been presented in Ruffa et al. (2018) and thus not
repeated here. In summary, we found that thermal emission from dust
contributes for less than 4% to the ≈ 90 GHz continuum, while it is
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Figure 7. Left panel: 𝑅31 ≡ 𝑆CO(3−2) /𝑆CO(1−0) map of I00183 with overlaid in white the 2.3 GHz continuum contours from the VLBI observations of I00183
(from Norris et al. 2012). Right panel: Zoom-in of the same 𝑅31 map in the central 0.54′′ × 0.54′′ (≈ 2.6 × 2.6 kpc2). In each panel, the bar to the right shows
the colour scale. The beam size is illustrated in the bottom-left corner of the left panel, while a scale bar is shown in the bottom-right corner of each panel. The
phase centre of each map is set to the sky coordinates reported in Table 1, corresponding to the observed optical peak of the system (see Section 2.2 for details).
In each panel, this position is also marked with a white star. East is to the left and North to the top.

the dominant emission mechanism at frequencies ≥ 250 GHz. The
continuum spectrum up to at least 100 GHz turned out to be dom-
inated by non-thermal synchrotron emission from the core-double
lobe radio structure extending for ≈ 1.7 kpc in the nuclear regions
of I00183. Such structure is nicely resolved at VLBI scales in the
2.3 GHz observations presented by Norris et al. (2012) and overlaid
as white contours in Figure 7. Both the radio source and the dust dis-
tribution are instead totally unresolved in all the ALMA continuum
observations obtained so far (including those presented in this paper
and illustrated in Figure 1), thus making difficult to carry out a mor-
phological study that can corroborate the results obtained from the
spectral analysis. As recently shown in hydrodynamic simulations
of jets interacting with the multi-phase ISM (Young et al. 2025), it
is also possible that existing high-resolution VLBI observations do
not capture the full extent of the radio emission. Higher-resolution
mm/sub-mm observations would be needed to carry out a spatially-
resolved study of both components and complement the results ob-
tained so far on the continuum of I00183.

5.2 Galaxy evolutionary stage

Thanks to a combination of high spatial resolution, large field-of-
view and very deep surface brightness limit (this latter really ex-
ceptional for optical imaging with a ground-based telescope in the
𝑖-band; see Section 2.2), the VST map presented in Figure 2 provides
us with tight constraints on the evolutionary stage of I00183. We
confirm the disturbed dynamical state of the system by mapping -
for the first time with such level of detail - faint asymmetric fea-
tures extending up to projected distances from the core of ≈ 8.5′′
(≈ 40 kpc) to the East and≈ 7.4′′ (≈ 35 kpc) to the South. In addition
to those, prominent tails to both the North and the West sides of the
system clearly stand out from the map illustrated in Figure 9, which
is the residual between the observed and the modelled stellar light
distribution (see Section 4). The most likely explanation for such
structures is that they are collisional debris, that are the outcome

of gravity tides in galaxy encounters and thus the classic signatures
of a recent (and possibly still ongoing) merger event (Toomre &
Toomre 1972). Typically, these type of debris is mainly made up of
stellar streams and/or shells, and tidal tails (e.g. Veilleux et al. 2002;
Janowiecki et al. 2010; Pereira-Santaella et al. 2018; Serra et al.
2019; Mancillas et al. 2019; Beaulieu et al. 2022). Stellar streams
are thin (≪ 300 pc in radius), very faint, elongated stellar structures
which look like narrow, long filaments that emanate from the main
system. Shells are density wave-like stellar accumulations with typi-
cal circular concentric shapes. When aligned to the major axis of the
remnant system, shells are interleaved, thus appearing to accumulate
alternatively on each side of the object and progressively propagating
towards larger distances (while increasing in number and decreasing
their surface brightness; see e.g. Mancillas et al. 2019). Tidal tails
are thick (> 300 pc), radially-elongated structures connected to the
main body of the remnant and appearing to be emanating from it.
Tails are produced as a result of tidal forces acting within the inter-
acting objects, and can be associated with both intermediate-mass
and major merger events (with mass ratios between 3:1 and 7:1; e.g.
Mancillas et al. 2019). Given their appearance and the definitions
above, we conclude that all the asymmetric and residual structures
visible in Figures 2 and 9 are likely tidal tails.

The detection of such collisional debris is essential to recon-
struct the assembly history of a system, as they trace the last merger
event(s) and store information about their progenitors. For instance,
the strength and length of tidal tails are strong functions of the en-
counter geometry and the merger phase. A strong resonance between
the orbital and rotational motions of stars and gas produces strong
tidal tails in prograde encounters, whereas the lack of resonance in
retrograde ones inhibits the formation of prominent tidal tails (e.g.
Toomre & Toomre 1972; Mihos & Hernquist 1996; Mihos et al.
2005). Systems in the pre-merger phase, where the involved objects
have gone through the first encounter(s) but still have to completely
merge, are expected to have very prominent and extended tidal fea-
tures. As the merger proceed, the tidal tails gradually disappear, as
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12 I. Ruffa et al.

Figure 8. Ellipticity (𝜖 ) and Position Angle (PA) profiles (top panels) and
azimuthally-averaged surface brightness profile (bottom panel) of I00183
obtained from the i-band VST map using the method described in Section 4.

the material in the tails is accreted back onto the remnant or escapes
the system. The typical maximum survival time of tidal tails is about
2 Gyr (e.g. Veilleux et al. 2002; Mancillas et al. 2019).
All of the above, when compared with the properties of I00183,

suggests that this system formed through a major merger event, likely
characterised by a prograde encounter. Furthermore, as witnessed in
particular by its evident tidal tails, I00183 is likely no older than
2 Gyr. The consistent amount of gas and dust observed in the central
regions of the remnant (e.g. Spoon et al. 2009; Mao et al. 2014;
Iwasawa et al. 2017; Ruffa et al. 2018, this paper) also indicates
that I00183 formed through the merger between two gas-rich spirals.
Indeed, during mergers of this type, non-axisymmetries generated by

tidal forces can drive (at least part of) the gas from the two gas-rich
progenitors towards the centre of the gravitational potential of the
newly-formed system (e.g. Holden et al. 2024). It then takes time
for this gas to settle down in the new environment, dynamically-
relaxing around the main (or merged) nucleus. This is consistent
with the complex CO kinematics observed in the middle panels of
Figure 3, characterised by no clear patterns of ordered (circular)
rotation. While in the process of settling, at least part of the cold
gas can lose sufficient angular momentum to accrete onto a pre-
existing SMBH, thus feeding the nuclear activity (e.g. Alexander &
Hickox 2012). This is clearly the case of I00183, where the SMBH
located within the brightest compact residual in Figure 9 not only
switched on, but has been also already able to give rise to the powerful
radio source visible in Figure 7. The brightest peak of the CO(3-2)
transition is also found to be spatially-correlated with the brightest
compact residual (wherein the radio core is located), making likely
a connection between the AGN energetic output and a molecular gas
over-density/high-excitation around it (see also Sections 3.4 and 5.3).
We further investigated the consistency between our observa-

tional results and the expectation for a gas-rich major merger us-
ing the database of simulated galaxy mergers GalMer (Chilingarian
et al. 2010). This includes two-galaxy mergers over a range of mor-
phologies, mass ratios and orbital parameters of the progenitors. We
visually-inspected all the possible GalMer combinations of gas-rich
Sa+Sb (the most likely progenitors of ULIRGs) mergers, checking
for consistency with the features observed in I00183. We found some
qualitative similarities with the GalMer run #431, where the two
spiral progenitors have a prograde spin, an initial distance of 100 kpc
and a pericentral distance of 16 kpc. In Figure 10 we present a snap-
shot of such GalMer run, which is taken 1.05 Gyr after the start of
the encounter and 650 Myr after the first pericentral passage. Simi-
larly to what we observe in I00183 (see Figures 2 and 9), at this stage
the simulated merger exhibits a clear asymmetric elongation in the
South East-North West direction, as well as prominent stellar tidal
tails on the East and South-West sides of the central structure. The
exact shape and size of the tails vary with viewing angle, but overall
they are always clearly visible. We note, however, that the GalMer
database is quite limited in terms of its size and explored properties.
For example, the range of orbital parameters explored in the database
is narrow, the resolution of the GalMer simulations does not allow
a thorough treatment of the complex gas physics, and no AGN feed-
back is included. It would thus be very hard to find an exact match
to the observed properties of I00183. Similarly, it is possible that
other potential merger conditions/ages (not included in the inspected
simulations) could qualitatively reproduce the features observed in
I00183. Despite these caveats, our comparison is as useful excercise,
which provides some additional support to the scenario inferred from
the optical analysis illustrated above.

5.3 CO kinematics

The analysis of the multiple CO transitions presented in this paper
allows us to complement the results obtained from the study at ten
times lower spatial resolution (i.e. beam FWHM = 3.10′′ × 2.20′′,
equivalent to ≈ 14.7 × 10.4 kpc) of the sole CO(1-0) transition
presented in Ruffa et al. (2018). In particular, it allows us to put
more constraints on the gas dynamical state, revealing a complex
gas kinematics, without clear signs of ordered (circular) rotation,
but with at least one non-circular kinematic component that can be
clearly identified. Given the evolutionary stage of the system, this
latter may simply trace gas that is tidally perturbed by the recent
merger and/or still in the process of settling (i.e. relaxing) within
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Figure 9. Left panel: Residual map obtained by subtracting from the original VST i-band sky-subtracted image presented in Figure 2 the galaxy model described
in Section 4. The image has been smoothed for visualization purposes using a Gaussian filter with a standard deviation 𝜎 = 1, and its size is 23′′ × 23′′
(≈ 110 × 110 kpc2). Labels and dashed contours are overlaid in black to highlight all the relevant residual structures. The black star indicates the preferred
position assumed so far for the optical galaxy centre (corresponding to the coordinates reported in Table 1), while the gray star indicates the position of the
radio core as inferred from the VLBI observations presented in Norris et al. (2012) (see also Section 3.4). Right panel, top: Zoom-in of the residual VST map
in the central 8′′ × 8′′ (≈ 38 × 38 kpc2) with overlaid in white CO(1-0) integrated intensity contours from the Cycle 7 ALMA observations presented in this
paper. Right panel, bottom: As above, but with overlaid CO(3-2) integrated intensity contours from the Cycle 2 ALMA observations presented in this paper.
A scale bar is shown in the bottom-right corner of each panel, the CO synthesised beam sizes are shown in the bottom-left corners of the right panels. For each
CO transition, we show 10 contours, which are equally spaced between the minimum and the maximum significant values of the integrated intensity map (as
illustrated by the colour scale in the left-hand panels of Figure 3).

the potential well of the newly-formed system. On the other hand, it
may trace the presence of non-circular motions such as a gas outflow.
We favour this latter interpretation, as disclosed in Section 3.1 and
discussed in detail in the following.

In the past two decades, various studies have shown the presence
of prominent outflows in ULIRGs (see e.g. Veilleux et al. 2020; U
2022, for recent reviews on this subject). Up until ∼ 10 years ago,
however, such detections were mostly restricted to the ionized gas
component (which accounts only for a minor fraction of the total gas
mass in galaxies), and were usually found to be confined on pc-scales
or within the AGN photoionization cones. In I00183, the presence
of such type of features has been indeed known since long ago. For
instance, a first signature of ionised gas outflow was observed by
Heckman et al. (1990), identifying a blueshifted [Oiii]𝜆5007 emis-
sion extending about 10′′ to the east of the nucleus. Outflows traced
by the 12.81 𝜇m [Neii] and 15.51 𝜇m [Neiii] lines were then observed
by Spoon et al. (2009), in a region < 3′′ east of the nucleus.

It is instead relatively recent the finding that kpc-scale outflows in
ULIRGs contain a large (in terms of the dominant mass) component
of atomic and molecular gas (see e.g. Feruglio et al. 2010; Cicone
et al. 2014; Pereira-Santaella et al. 2016; Calderón et al. 2016; Fiore
et al. 2017; Saito et al. 2018; Pereira-Santaella et al. 2018; Lamperti
et al. 2022; Holden et al. 2024, for a collection of cases in typical
ULIRGs), which is often massive enough to play a relevant role in
the regulation of the SF processes within the host system. Crucially,
massive cold gas outflows in ULIRGs are believed to trace the disrup-
tion of the thick obscuring nuclear layers, before the newly-formed
system evolves as a bright (unobscured) quasar hosted in a passive
spheroid (e.g. Hopkins & Quataert 2011; Alexander & Hickox 2012;
U 2022). As described in Section 1, based on a number of multi-
wavelength constraints, I00183 appears to have been caught exactly
in this brief transitional period (e.g. Spoon et al. 2007, 2009). The
presence of multi-phase gas outflows is thus highly expected in this
source. This is one of the arguments supporting our hypothesis that
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Figure 10. Snapshot of GalMer merger #431 taken 1.05 Gyr after the start
of the encounter and 650 Myr after the first pericentral passage. The image
shows the distribution of stellar light on a logarithmic scale.

the non-circular kinematic component identified in the CO kinemat-
ics and described in Sections 3.1 and 3.2 traces the presence of an
outflow. This was already tentatively inferred from the analysis of the
ten-times lower-resolution CO(1-0) data, showing the presence of a
low-surface brightness blueshifted tail extending up to about 35 kpc
to the East of the galaxy centre and with spectral velocities up to
≈ −800 km s−1 (Ruffa et al. 2018). At the higher-resolution of the
CO data presented here, such blueshifted tail is much less extended in
the 1-0 transition (while it is only barely detected in the 3-2), indicat-
ing that the most extreme part of this diffuse component is resolved
out (although we demonstrate that the contribution of this latter is
negligible in terms of total molecular gas mass; see Section 3.3).
The hypothesis that such CO plume (and its associated velocities)
traces an outflow is also supported by the fact that similar blueshifted
features have been already observed in a number of ionized gas com-
ponents in I00183, and securely attributed to outflowing gas (see also
Section 1). In particular, it is worth highlighting that the blueshifted
CO plume is clearly spatially-correlated with the [Oiii]𝜆5007 out-
flow, as illustrated in the middle panel of Figure 3a (see also Iwasawa
et al. 2017, Spoon et al. in prep). This suggests that the two gas phases
are related and form part of a large-scale multi-phase outflow. If this
hypothesis is correct, in the high-resolution data presented here, we
are likely seeing only the bright and relatively compact base of the
molecular gas outflow, of which only the blueshifted component is
distinguishable by-eye from the moment 1 maps in Figure 3. Indeed,
if we assume a bi-conical geometry for the outflow, with the same
axis for both gas phases, its redshifted component is likely embedded
within the complex (unresolved) kinematics of the main CO structure
(to the NW of the blueshifted plume). Nevertheless, this is clearly
identifiable in both the CO spectral profiles (see Section 3.2).
Based on the above, investigating molecular outflows in ULIRGs

and characterise their properties (i.e. the outflow mass, energy, and
momentum rate) is crucial to determine their impact onto their host
galaxies. Nevertheless, studies of this type have been so far limited
to a few objects, mostly (if not exclusively) located at redshift 𝑧 ≪

Figure 11. Spectral profile of the broad CO(1-0) component (blue histogram),
extracted from the cleaned (unsmoothed) CO(1-0) data cube within a box
of 1.0′′ × 0.3′′ in size, placed along the C slit illustrated in the bottom-
left panel of Figure 4 (i.e. along the direction of the putative outflow). The
outflow spectrum is overlaid on the total CO(1-0) integrated spectrum (black
histogram; see also Figure 6a). The channels highlighted by the blue shaded
areas are those used to estimate the mass of the outflow. The black dashed
horizontal line indicates the zero flux level. See Section 5.3 for details.

0.1 (e.g. García-Burillo et al. 2015; Pereira-Santaella et al. 2018;
Fotopoulou et al. 2019; Lamperti et al. 2022; Su et al. 2023; Holden
et al. 2024). Analysing molecular outflows in objects like I00183
can thus complement and/or add new insights into the evolutionary
scenario associated to ULIRGs, putting also fundamental constraints
on theoretical models and on galaxy evolution in general.
As a common practice, a rough (i.e. approximate) estimate of the

outflowing gasmass can be obtained by calculating the integrated flux
density of the high-velocity spectral component. To avoid as much as
possible contamination from non-outflowing gas and rather obtain a
conservative estimate, we extracted from the cleaned CO(1-0) data
cube a spectrum within a box of 1.0′′ × 0.3′′ in size, placed along
the C slit illustrated in the bottom-left panel of Figure 4 (i.e. along
the direction of the putative outflow). The obtained spectral profile
is shown as a blue histogram in Figure 11. From this spectrum, we
calculated the integrated flux density of the high-velocity component,
including only the channels highlighted by the blue shaded areas in
Figure 11. We then estimated the mass of the outflow (𝑀out) using
the same methods described in Sections 3.2 and 3.3, and obtaining
𝑀out ≈ 2.2×109M⊙ (about 20% of the total estimatedmolecular gas
mass; see Section 3.3). The mass outflow rate can then be calculated
from the relation:

¤𝑀out ≈ 𝐶
𝑀out𝑉out
𝑟out

. (2)

Here 𝑉out is the outflow velocity and is commonly defined as
𝑉out = Δ𝑉broad + 2𝜎broad, where Δ𝑉broad is the shift between the
velocity peak of the broad spectral component and the gas systemic
velocity,𝜎broad = 𝐹𝑊𝐻𝑀broad/2.35 and its numerator is the FWHM
of the broad Gaussian component of the spectrum (see e.g. Rupke
& Veilleux 2013; Feruglio et al. 2015; Murthy et al. 2022; Su et al.
2023). We note that this definition of the outflow velocity assumes
that the blueshifted component of the outflow represents gas moving
directly toward the observer’s line-of-sight, thus implicitly account-
ing for projection effects. The parameters needed to estimate 𝑉out
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are adopted as obtained from our CO(1-0) Gaussian spectral fitting
and reported in Table 4. The estimated 𝑉out is thus ≈ 439 km s−1.
The parameter 𝑟out is the outflow extension. Based on the analysis
carried out in Section 3, we assume 𝑟max ≈ 1.0′′ ≃ 5 kpc. 𝐶 is a
factor that depends on the outflow history. We use a typical value of
𝐶 = 3, which takes into account that the outflowing gas has a constant
average volume density in a cone or a sphere (see e.g. Maiolino et al.
2012; Cicone et al. 2014). Using these values, we estimated a mass
outflow rate of ¤𝑀out ≈ 609M⊙ yr−1 and a gas depletion timescale of
𝑡dep = 𝑀tot/ ¤𝑀out ≈ 16 Myr. Both these quantities are quite extreme,
but well within the range of those typically estimated in similar types
of objects (e.g. Cicone et al. 2014; Pereira-Santaella et al. 2018).
From these estimations, we also derived the outflow momentum rate
( ¤𝑃out) and kinetic power ( ¤𝐸). The former has been determined as
¤𝑃out = ¤𝑀out × 𝑉out ≈ 1.2 × 1036 g cm s−2 (see e.g. García-Burillo
et al. 2015). Following Willott et al. (1999, see also Murthy et al.
2022), we estimated the outflow kinetic power (in erg s−1) as:

¤𝐸 = 6.34 × 1035
¤𝑀out
2

(
Δ𝑉2broad +

𝐹𝑊𝐻𝑀2broad
1.85

)
(3)

where Δ𝑉broad and 𝐹𝑊𝐻𝑀broad are as in Table 4, and ¤𝑀out and𝑉out
as estimated above. We obtained ¤𝐸 ≈ 1.82 × 1043 erg s−1.
We note that, as mentioned in Section 3, by means of the high-

resolution CO data presented in this paper we are probably detecting
just the compact base of the outflow component. If we take into
account also the diffuse component observed in the much lower
resolution data presented in Ruffa et al. (2018), we have to assume
𝑉out ≈ 556 km s−1, 𝑟out ≈ 7′′ (≃ 34 kpc), and 𝑀out ≈ 3.0 ×
109M⊙ . This latter has been obtained by adding to the𝑀out estimated
above the mass of the diffuse outflow component, which was in turn
calculated from the spectrum extracted within such region (i.e. blue
component in Figure 4 of Ruffa et al. 2018). Using these values,
we obtain ¤𝑀out ≈ 150 M⊙ yr−1, 𝑡dep ≈ 67 Myr, ¤𝑃out ≈ 5.28 ×
1035 g cm s−2, and ¤𝐸 ≈ 6.54 × 1042 erg s−1.

5.3.1 What powers the outflow?

In objects like ULIRGs, both star formation and AGN can drive
powerful gas outflows through the huge amounts of energy these
processes are able to release onto the surroundings. In particular,
AGN energetic feedback is currently believed to operate in two (non-
exclusive) main modes: radiative (or quasar) mode and kinetic mode
(e.g. Morganti 2017; Morganti et al. 2021). In radiative-mode AGN
(such as those typically hosted in ULIRGs), the dominant energetic
output is the electromagnetic radiation produced by the efficient con-
version of the potential energy of thematter accreted onto the SMBH.
The radiation pressure generated by this process is thus typically
found to be the main outflow-acceleration mechanisms in ULIRGs,
driving either direct ‘in-situ’ acceleration or relativistic winds (e.g.
Hopkins et al. 2008;Cicone et al. 2014, 2018).As observed in I00183,
however, radiative and kinetic-mode feedback can co-exist, the lat-
ter being in the form of collimated outflows of non-thermal plasma
(i.e. the radio jets). While previously believed to operate mostly on
tens of kpc scales (see, e.g. McNamara & Nulsen 2012, for a re-
view), in the past decade, radio jets that expand from the vicinity of
the SMBH have been increasingly observed to alter the distribution,
kinematics and physics of the surrounding gaseous medium also on
(sub-)kpc scales (e.g. Combes et al. 2013; García-Burillo et al. 2014;
Morganti et al. 2015;Mahony et al. 2016; Zovaro et al. 2019; Santoro
et al. 2020; Venturi et al. 2020; Ruffa et al. 2020; Murthy et al. 2022;
Ruffa et al. 2022; Audibert et al. 2023; Papachristou et al. 2023).

These observational findings are supported by 3D hydrodynamical
simulations showing that radio jets expanding through the surround-
ing layers of matter can produce turbulent cocoons of shocked gas
that can be accelerated up to 1000 km s−1 and over a wide range
of directions (e.g. Wagner et al. 2012, 2016; Mukherjee et al. 2016,
2018a,b). The analysis carried out in Section 3.4 allows us to show
that high gas excitation conditions are occurring around the location
of the radio lobes (see Figure 7). Such conditions are very similar
to those observed in the few existing spatially resolved, multi-line
studies of jet–ISM interactions (see e.g. Oosterloo et al. 2017; Ruffa
et al. 2022; Audibert et al. 2023). Also the properties of the jet flow
(as observed at VLBI scales; see Norris et al. 2012 and Figure 7)
point in this direction. Indeed, the two jets are rather asymmetric,
both in surface brightness and morphology: the SE jet is fainter and
also undergoes an evident bend, the NW jet is instead more compact
and shows a bright knot as if it is being compressed. In general, the
observed radio features suggest that the jet flow decollimates abruptly
and decreases in surface brightness at short distances from the core,
qualitatively consistent with rapid deceleration (e.g. Laing & Bridle
2014). All of these characteristics (both on the jet and molecular gas
properties) are remarkably similar to those observed in a low-redshift
radio galaxy with an ongoing jet-ISM interaction (i.e. NGC3100; see
Ruffa et al. 2020, 2022). This supports a scenario in which I00183
hosts a radio source that is either very young (i.e. 𝑡age ≲ 2 Myr)
or frustrated, and in either case is strongly interacting with the sur-
rounding gaseous medium. It is thus interesting to verify whether
the energetics of the putative molecular outflow is compatible with
being jet-induced.
In star-forming systems such as I00183, the kinetic power re-

leased by supernovae (SNe) is capable of driving outflows. Follow-
ing Veilleux et al. (2005), we estimated the mass outflow rate driven
by SNe as ṀSNe = 0.26 (SFR/M⊙ yr−1) M⊙ yr−1. Adopting a SFR
of 260 M⊙ yr−1 (as estimated in Ruffa et al. 2018 from the FIR
luminosity), we obtain ṀSNe = 68 M⊙ yr−1, which is much lower
than the mass outflow rates estimated for I00183. This excludes the
power from supernovae as the main driver of the molecular outflow.
To investigate the role of the AGN radiation pressure as the main

driver for the CO outflow we first need to estimate the bolometric
luminosity of the active nucleus. Following Ho (2008), the AGN
bolometric luminosity of a quasar can be calculated as 𝐿BOL ≡
𝐿AGN = 83×𝐿X,2−10, where 𝐿X,2−10 is the intrinsic (i.e. absorption-
corrected) X-ray luminosity in the 2−10 keV energy range4. We take
this latter from the Chandra spectral fitting presented in Ruffa et al.
(2018), whereby 𝐿X,2−10 = 7.46+1.29−1.15 × 10

43 erg s−1, obtaining
𝐿AGN = 6.19+1.07−0.95 × 10

45 erg s−1. The force exerted on the gas
due to the AGN radiation pressure is thus 𝐿AGN/𝑐 = 2.06+0.36−0.32 ×
1035 g cm s−2, which is at least a factor of about two lower than the
estimated outflow momentum rates. We thus conclude that the AGN
radiation pressure is unlikely to be the only driver of the molecular
outflow, at least at present times.
As discussed above, the coupling between (sub-)kpc scale radio

jets and the surrounding cold gas has recently been shown to be very
effective in driving molecular gas outflows, even in objects where

4 We are aware that the hardX-ray bolometric correction,𝐾X, reported byHo
(2008) is much larger than more recent estimates. Among these, there is the
one presented in Duras et al. (2020), where𝐾X for type 2 (i.e. obscured) AGN
like the one in I00183 is ∼ 10. We nevertheless prefer to adopt the former,
as our aim here is to obtain an upper limit on the radiation pressure from the
AGN and verify whether or not - even in the most extreme possible case - this
is compatible with the estimated energetics of the molecular outflow.
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radiative-mode AGN feedback typically dominates (e.g. Oosterloo
et al. 2017; Mukherjee et al. 2021). We use the dynamical radio
source models of Shabala et al. (2008); Shabala & Godfrey (2013) to
estimate the kinetic power and age of the jets in our target. Assuming
a gas density of 104 cm−3 (realistically close to the actual gas density
around the radio jets in I00183; see e.g. Spoon et al. 2007; Ruffa et al.
2018), we obtain a jet power of ∼ 1043 erg s−1 and age of 14 Myr,
for the observed radio source size and luminosity (see Section 1 and
Table 1). These numbers are consistent with the outflow energetics
inferred above. We note that using the well-known scaling relations
of Cavagnolo et al. (2010) results in an unrealistic jet power which
is two orders of magnitude higher, and age correspondingly shorter
– because this relation is not well-suited to compact radio sources
which evolve rapidly through the size-luminosity space (Alexander
2000; Turner & Shabala 2015; Young et al. 2025). Our results are
only moderately sensitive to model assumptions: increasing the gas
density by a factor of fivewill decrease the jet power by a factor of two,
and correspondingly double the jet age. Hence both the energetics
and timescale analysis suggest that the radio jets can plausibly drive
the putative CO outflow.
All together, our results suggest a scenario in which the molecular

(and possibly also the ionised) outflow was triggered by either radia-
tion from the AGN at an earlier stage of evolution, when the accretion
rate and thus the radiation pressure were likely much higher; or by
the jets, assuming that these are not intrinsically young by rather
frustrated within the dense nuclear regions and/or that the full ex-
tent of the radio emission is not visible in the existing VLBI images
(as discussed in Section 5.1). Our analysis illustrates how the high
gas excitation conditions in I00183 are plausibly due to an ongoing
jet-ISM interaction, further supporting the idea that radio jets play a
significant role in the overall AGN’s impact on its surroundings and
thus on the subsequent evolution of the host system.

6 SUMMARY AND CONCLUSIONS

We presented newly-acquired ALMA observations of the 12CO(1-
0) line and 94 GHz continuum, along with very deep 𝑖-band VLT
Survey Telescope (VST) imaging of the ULIRG IRAS 00183-7111
(I00183), located at 𝑧 = 0.328. These data have resolutions of 0.22′′
(≈ 1 kpc) and 0.85′′ (≈ 4 kpc), respectively, and are analysed in
combination with archival ALMA data of the 12CO(3-2) line and
250GHz continuum andwith sub-arcsec resolutionVLBI continuum
data at 2.3 GHz. Such detailed multi-wavelength analysis allows us
to explore the link between galaxy merger, AGN ignition, radio jet
expansion and galactic-scale molecular outflows, for the first time
with a high level of detail in an ULIRG at 𝑧 > 0.3. The main obtained
results can be summarized as follows:

• Thanks to a combination of high spatial resolution, large field-
of-view, long integration time (i.e. 6 hours) and thus a very deep
surface brightness limit (𝜇𝑖 ∼ 29.5 mag arcsec−2 in the final stacked
mosaic), the VST imaging provides us with tight constraints on the
assembly history of I00183.We confirm the disturbed dynamical state
of the system bymapping - for the first time with a high level of detail
- faint asymmetric features extending up to projected distances from
the core of ≈ 8.5′′ (≈ 40 kpc) to the East and ≈ 7.4′′ (≈ 35 kpc) to
the South. In addition to those, prominent tails to both the North and
the West sides of the system clearly stand out from our photometric
modelling (see Section 4). We claim that the most likely explanation
for such structures is that they are tidal tails, whose characteristics
lead us to conclude that I00183 probably formed through a major

merger between two gas-rich spirals, characterised by a prograde
encounter and no older than 2 Gyr.

• The recent merger channelled consistent amounts of cold gas in
the central regions of the remnant, as nicely traced by the 12CO(1-
0) and 12CO(3-2) detections. From these detections, we estimated
𝑀mol = (1.0 ± 0.1) × 1010 M⊙ , which was obtained assuming a H2
mass-to-CO luminosity conversion factor typical for ULIRGs (i.e.
𝛼 = 0.8). The spatial correlation between the CO distrubution and
the radio core (as inferred from the available VLBI observation at
2.3 GHz) suggests that this gas likely contributed to the ignition of
the AGN and thus to the launch of the radio jets (see Section 5.3).

• The analysis of the 𝑅31 ≡ 𝑆CO(3−2)/𝑆CO(1−0) flux density ratio
shows the presence of a high-excitation gas component with 𝑅31
reaching values up to 60 (see Section 3.4). The latter is consistent
with gas in an optically thin regime and excitation temperatures𝑇ex ≫
50 K. Such conditions are very similar to those observed in the few
existing spatially-resolved, multi-line studies of jet-ISM interactions.
The spatial correlation between the regions where the largest line
ratios are observed and the location of the radio lobes suggests that
also in I00183 the expanding radio plasma is likely responsible for
the extreme gas conditions in the circumnuclear regions.

• A qualitative analysis of the CO kinematics suggests a dis-
turbed gas dynamical state, with no clear signs of regular rotation.
Nevertheless, the study of the gas PVDs and integrated spectra (see
Sections 3.1 and 3.2) allows us to clearly identify at least one non-
rotational kinematic component that we interpret as an outflow with
𝑣out ≈ 439 km s−1 and ¤𝑀out ≈ 609M⊙ yr−1. By comparing the ener-
getics and geometrical properties of the outflow with that of possible
driving mechanisms (i.e. SNe, AGN radiation pressure, jet-induced
shocks), we conclude that this may be triggered by either radiation
from the AGN in the past or the kinetic energy input from a frustrated
radio jet.

Our work shows how studies like the one presented here are crucial
not only to better understand the nature of ULIRGs, but also to
improve our knowledge about the interplay between galaxy mergers,
star formation and black hole accretion, AGN feedback and galactic-
scale outflows, which are all basic ingredients of galaxy formation
and evolution and thus crucial to test theories in this field.
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