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A B S T R A C T 

The ultraluminous infrared galaxy F13451 + 1232 is an e xcellent e xample of a galaxy merger in the early stages of active 

galactic nucleus (AGN) activity, a phase in which AGN-dri ven outflo ws are expected to be particularly important. Ho we ver, 

pre vious observ ations have determined that the mass outflo w rates of the warm ionized and neutral gas phases in F13451 + 1232 

are relatively modest, and there has been no robust detection of molecular outflows. Using high-spatial resolution Atacama 

Large Millimeter/submillimeter Array CO(1–0) observations, we detect a kiloparsec-scale circumnuclear disc, as well as 

extended ( r ∼ 440 pc), intermediate-velocity (300 < | v| < 400 km s −1 ) cold molecular gas emission that cannot be explained 

by rotational disc motions. If interpreted as AGN-driven outflows, the mass outflow rates associated with this intermediate- 

velocity gas are relatively modest ( Ṁ out = 22–27 M ⊙ yr −1 ); ho we ver, we also detect a compact ( r out < 120 pc), high-velocity 

(400 < v < 680 km s −1 ) cold molecular outflow near the primary nucleus of F13451 + 1232, which carries an order of magnitude 

more mass ( Ṁ out ∼ 230 M ⊙ yr −1 ) than (and several times the kinetic power of) the previously detected warmer phases. Moreo v er, 

the similar spatial scales of this compact outflow and the radio structure indicate that it is likely accelerated by the small- 

scale ( r ∼ 130 pc) AGN jet in the primary nucleus of F13451 + 1232. Considering the compactness of the nuclear outflow and 

intermediate-velocity non-rotating gas that we detect, we argue that high-spatial resolution observations are necessary to properly 

quantify the properties of AGN-driven outflows and their impacts on host galaxies. 

K ey words: galaxies: acti ve – galaxies: evolution – galaxies: individual: F13451 + 1232 – ISM: jets and outflows – quasars: 

general – galaxies: interactions. 

1  I N T RO D U C T I O N  

Although often required by models of galaxy evolution to explain the 

observed properties of the galaxy population (e.g. Magorrian et al. 

1998 ; Silk & Rees 1998 ; Di Matteo, Springel & Hernquist 2005 ; Dav ́e 

et al. 2019 ), considerable uncertainties remain regarding the impact 

of gas outflows driven by active galactic nuclei (AGN). Principally, 

this is because outflow masses and kinetic powers are often not 

precisely determined (see Harrison et al. 2018 ), and their dominant 

driving mechanisms (radiation pressure e.g. Hopkins & Elvis 2010 ; 

Meena et al. 2023 , or jet-interstellar medium (ISM) interactions e.g. 

Mukherjee et al. 2016 ; Audibert et al. 2023 ) in different object types 

are unclear. 

An excellent object to investigate the impact and launching mecha- 

nism(s) of AGN-driven outflows is the ultraluminous infrared galaxy 

⋆ E-mail: lholden2@sheffield.ac.uk 

(ULIRG; L IR > 10 12 L ⊙: Sanders & Mirabel 1996 ) F13451 + 1232 

– also known as 4C12.50 – which is a merger (Gilmore & Shaw 

1986 ; Heckman et al. 1986 ) in a late pre-coalescence phase (nuclear 

separation ∼4.5 kpc: Tadhunter et al. 2018 ). ULIRGs such as 

F13451 + 1232 are among the most rapidly evolving galaxies in the 

local universe due to merger-induced gas inflows feeding the central 

AGN and triggering star formation – the exact situation modelled 

in some hydrodynamic simulations of galaxy evolution that include 

AGN-dri ven outflo ws as a feedback mechanism (e.g. Di Matteo et al. 

2005 ; Hopkins et al. 2008 ). 

As a luminous radio source ( L 1 . 4 GHz = 1 . 9 × 10 26 W Hz −1 ), 

F13451 + 1232 contains radio emission on two distinct scales: small- 

scale emission within a radius of ∼130 pc of the primary nucleus 

along position angle PA = 151 ◦ (Stanghellini et al. 1997 ; Lister 

et al. 2003 ; Morganti et al. 2013 ), and larger scale, diffuse emission 

extending to a radial distance of ∼77 kpc from the primary nucleus 

along PA ∼ 180 ◦ (Stanghellini et al. 2005 ). It has been proposed that 

© 2024 The Author(s). 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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this radio structure could be the result of two epochs of jet activity 

(Stanghellini et al. 2005 ), with the smaller scale radio structure 

comprising a young, recently restarted jet, and the larger scale 

emission originating from a previous jet cycle. 

Because of the properties of its small-scale radio emission, 

F13451 + 1232 is also classified as a gigahertz-peaked-spectrum 

(GPS) source (see O’Dea & Saikia 2021 for a re vie w); such sources 

are associated with powerful jet-ISM interactions that may accelerate 

gas outflows in multiple phases (Holt et al. 2006 ; Mukherjee 

et al. 2016 ; Santoro et al. 2018 , 2020 ; Kukreti et al. 2023 ). In 

addition, given the object’s high-optical emission-line luminosity 

( L [O III ] = 1.45 × 10 43 erg s −1 : Rose et al. 2018 ) – leading to its 

additional classification as a type-2 quasar (QSO2) 1 – it might 

also be expected to accelerate outflows via radiation-pressure-driven 

winds. 

Despite the fact that outflows in F13451 + 1232 have been con- 

firmed in the coronal (Villar Mart ́ın et al. 2023 ), warm ionized 

(Holt, Tadhunter & Morganti 2003 ; Holt et al. 2011 ; Rose et al. 

2018 ; Villar Mart ́ın et al. 2023 ), and neutral atomic (H I + Na I D: 

Morganti, Tadhunter & Oosterloo 2005 ; Rupke, Veilleux & Sanders 

2005 ; Morganti et al. 2013 ) gas phases, there has so far not been 

a robust detection of molecular outflows in this object (Fotopoulou 

et al. 2019 ; Lamperti et al. 2022 ; see discussion in Villar Mart ́ın 

et al. 2023 ). In nearby AGN where molecular outflows have been 

detected, it is often found that they contain more mass and kinetic 

power than the warmer phases (e.g. Fiore et al. 2017 ; Ramos Almeida 

et al. 2019 ; Holden & Tadhunter 2023 ; Holden et al. 2023 ; Speranza 

et al. 2024 ). In this context, it is important to note that the warm 

ionized and neutral atomic outflows in F13451 + 1232 hav e relativ ely 

modest mass outflow rates ( ∼6–12 M ⊙ yr −1 : Morganti et al. 2013 ; 

Rose et al. 2018 ); therefore, if molecular outflows are present, they 

could potentially carry enough mass to change the interpretation of 

AGN feedback in this important object. 

A cold molecular outflow in a similar source, PKS 1549 −79, was 

found to be compact ( r < 120 pc: Oosterloo et al. 2019 ), as were 

the previously detected neutral H I ( r H I < 100 pc: Morganti et al. 

2013 ) and warm ionized ( r [O III ] ∼ 69 pc: Tadhunter et al. 2018 ) 

outflows in F13451 + 1232. Therefore, here we present high-spatial 

resolution (0.113 × 0.091 arcsec or 247 × 119 pc beam size), high- 

sensitivity Atacama Large Millimeter/submillimeter Array (ALMA) 

observations of the inner few kiloparsecs of the primary nucleus 

of F13451 + 1232 to search for (and characterize) cold molecular 

outflows in CO(1–0) emission. 

In Section 2 , we describe the ALMA CO(1–0) observations and 

our data reduction process; in Section 3 we detail our analysis of the 

cold molecular gas in the central kiloparsecs of F13451 + 1232; in 

Section 4 we discuss our findings and their wider implications, and 

in Section 5 we give our conclusions. 

Throughout this work, we assume a cosmology with H 0 = 

70 km s −1 Mpc −1 , �m = 0.3, and �λ = 0.7. This corresponds 2 to 

an arcsec-to-kpc spatial conversion factor of 2.189 kpc/arcsec and a 

luminosity distance of D L = 570 Mpc at the redshift of F13451 + 1232 

( z = 0.121680: Lamperti et al. 2022 ). 

1 F13451 + 1232 is included in the QU ADR OS sample of ULIRGs (Rose et al. 

2018 ), and the QSOFEED sample of type-2 quasars (Ramos Almeida et al. 

2022 ). 
2 Calculated using Ned Wright’s Javascript Cosmology Calculator (Wright 

2006 ). 

2  OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

F13451 + 1232 was observed in Band 3 of ALMA on two dates 

using different configurations of the 12 m array (Project Code 

2019.1.01757.S): the array configuration used on the 2021 Septem- 

ber 10 (baselines = 180–16200 m) resulted in a beam size of 

0.083 × 0.069 arcsec, while the configuration used on the 2021 

September 28 (baselines = 70–14400 m) resulted in a beam size 

0.166 × 0.123 arcsec. The total time on-source was 5588 s ( ∼1.5 h). 

Four spectral windows were used for the observations: one cen- 

tred on 102.790 GHz with a bandwidth of 1.875 GHz (co v ering 

the CO(1–0) line), and the remaining three centred on 104.581, 

90.977, and 92.477 GHz with bandwidths of 2.000 GHz (co v ering 

the continuum). J1337 −1257 and J1353 + 1435 were observed to 

provide bandpass/flux and phase calibration, respectively; phase self- 

calibration was performed using the MIRIAD data reduction package 

(Sault, Teuben & Wright 1995 ). 

The CO(1–0) transition was targeted for two reasons. First, the 

ALMA observing band that includes the CO(1–0) line co v ers a wider 

range in velocity than those that include higher order transitions such 

as CO(2–1) or CO(3–2), and therefore facilitates more accurate con- 

tinuum subtraction. Second, the CO(1–0) transition is less susceptible 

to gas excitation conditions than the higher order CO transitions, and 

hence may be a more reliable probe of molecular gas masses in 

ULIRGs. 

In order to check for instrumental errors such as bandpass 

and spectral calibration issues, we produced three CO(1–0) line 

datacubes: two produced using the visibilities of the two different 

array configurations separately, and one produced by combining 

the visibilities from both observations (with a final beam size of 

0.113 × 0.091 arcsec, PA = −51.8 ◦). To optimize the column density 

sensitivity, and to ensure that the dirty beam was not significantly 

non-Gaussian, each CO(1–0) line cube was made using Briggs 

weighting with robust = 1. When inspecting these cubes individually, 

we did not find any indications of bandpass or spectral calibration 

issues. 

The data products produced by the automated ALMA pipeline 

are potentially affected by issues related to continuum subtraction, 

which are a consequence of the bright and steep continuum emission 

produced by the primary nucleus of F13451 + 1232. Therefore, 

for all three datacubes, we started with the respective visibili- 

ties as calibrated by the ALMA pipeline and applied a standard 

self-calibration using continuum images made from the line-free 

channels. We then created the line datacubes, and remo v ed the 

continuum in each by subtracting a linear function that was fitted 

to the continuum on either side of (but excluding) the CO(1–

0) emission. A continuum image was also generated from the 

combined visibilities of both observations using the continuum 

spectral windows. We used least-squares fitting with the ASTROPY 

(Astropy Collaboration 2013 , 2018 ) PYTHON module to fit a two- 

dimensional Gaussian to the point source in this continuum image, 

and took the centroid position (13:47:33.36 + 12 17 24.23) to be 

the location of the nucleus. The continuum image was made using 

uniform weighting and has a resolution of 0.049 × 0.033 arcsec (PA 

= −46.8 ◦). 

To ensure the highest sensitivity and signal to noise, we henceforth 

only consider the combined CO(1–0) datacube in our main analysis, 

which was produced using the combined visibilities of both obser- 

vations; we discuss results from the cubes produced using the two 

observations separately in Appendix B . The combined cube has a 

root-mean-square (RMS) noise of 0.148 mJy beam 
−1 for a velocity 

resolution of 28.8 km s −1 . 
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3  ANALYSIS  A N D  RESULTS  

3.1 Moment maps 

To investigate the flux and kinematic structures of the CO(1–0) 

emission around the primary nucleus of F13451 + 1232, we first 

created moment maps of the combined datacube using the SOFIA-2 

source-finding pipeline (Serra et al. 2015 ; Westmeier et al. 2021 ). 

First, SOFIA-2 applied different combinations of spatial and velocity 

smoothing to the datacube: Gaussian filters with full width at half- 

maximums of 0, 3, 6, 12, and 15 pixels were used for the spatial 

smoothing, and boxcar filters of widths 0, 3, 7, and 15 channels were 

used for the velocity smoothing. For each combination of spatial and 

velocity smoothing, emission above 4 σ rms was added to a total mask. 

This mask was then applied to the original, non-smoothed datacube, 

from which the maps in Figs 1 and 2 were produced. 

In the 6 × 6 kpc moment maps (Fig. 1 ), cold molecular gas is 

detected to radial distances of ∼2.5 arcsec ( ∼5.5 kpc) south of the 

primary nucleus, and ∼1 arcsec ( ∼2 kpc) to the west. This large-scale 

( r > 1 kpc) emission, which has velocities in redshift and blueshift 

of up to | v| ∼ 500 km s −1 , is indicative of gas that has been disturbed 

by the merger. 

Within the central kiloparsec of the primary nucleus (Fig. 2 ), there 

is clear evidence for a disc with radius r disc ∼ 0.5 kpc centred on 

the nucleus, blueshifted to the east and redshifted to the west, with 

a projected maximum flux-weighted velocity of 200–250 km s −1 . 

In addition, there is an extended region (up to r ∼ 0.3 arcsec 

or 660 pc from the nucleus along PA = 120 ◦) of emission with 

higher velocity dispersions ( σ > 150 km s −1 ) than that of the disc. 

Furthermore, a particularly prominent redshifted component with 

a velocity dispersion of ∼250 km s −1 is seen within ∼0.1 arcsec 

( ∼220 pc) of the continuum centre. 

3.2 Properties of the kpc-scale disc 

To separate non-gravitational kinematics from those expected from a 

rotating gas disc, we modelled the disc using the 3DFIT task from the 

BBAROLO tool (Di Teodoro & Fraternali 2015 ); the fitting process 

and results are detailed in Appendix A . From the BBAROLO model, 

we find that the disc has an average inclination of i ≈ 54 ◦ (where i 

= 0 ◦ corresponds to the disc being face-on) and that its major axis 

lies along PA ≈ 248 ◦. The deprojected rotational velocity increases 

from v rot = 246 km s −1 to v rot = 307 km s −1 o v er the radius range 

28 pc < r disc < 560 pc. We highlight that the purpose of this modelling 

was solely to give a reasonable estimate of the maximum rotational 

velocity of the molecular gas, which was needed to robustly identify 

non-rotational motions in our analysis. Considering this, it is notable 

that the high velocity-dispersion emission ( σ > 150 km s −1 ) seen 

near the disc in the moment maps (Fig. 2 ) cannot be accounted for 

by the BBAROLO model (see Fig. A1 ), and thus cannot be explained 

as being part of the rotating gas disc. 

3.3 Kinematics of the non-rotating gas 

To investigate the non-rotational kinematics further, we binned the 

velocity channels of the original cube by a factor of three and applied 

Hanning smoothing using the CASA software suite (CASA Team 

et al. 2022 ) to impro v e the signal-to-noise ratio of the emission. 

This resulted in a cube of velocity resolution of 86.4 km s −1 , with an 

RMS noise of 0.083 mJy beam 
−1 . Using the PVEXTRACTOR PYTHON 

module, 3 we extracted 1.00 × 0.05 arcsec slices, centred on the 

nucleus, from both this datacube and the BBAROLO disc-model 

datacube along the major axis of the disc (PA = 248 ◦) and in 

the direction of the high-velocity dispersion gas near the nucleus 

(PA = 120 ◦). From these slices, we produced position-velocity 

(PV) diagrams, which we present in Fig. 3 . In the PV diagrams, 

there is clear evidence for non-rotational kinematics, with detected 

velocities being well above the projected maximum rotational disc 

v elocity giv en by the BBAROLO model. There is intermediate- 

velocity emission (300 < | v| < 400 km s −1 ) seen in both blueshift 

and redshift along PA = 120 ◦, in the ranges 0.1 < r < 0.3 arcsec and 

0.0 < r < 0.2 arcsec, respectively, to the southeast (SE) of the nu- 

cleus. Moreo v er, the compact ( r < 0.1 arcseconds) redshifted feature 

visible in the moment maps (Fig. 2 ) can be seen in the PV diagrams 

between 400 < v < 680 km s −1 , located close to the nucleus. 

3.4 Comparison to the small-scale radio structure 

Due to the velocities at which the compact, high-velocity nuclear 

feature is detected, it is unambiguously distinct from the rotating gas 

disc: it may be interpreted as either an inflow moving towards the 

nucleus on the observer’s side of the disc, or an outflow originating 

from the nucleus on the far side of the disc. Spatial comparison of 

the high-velocity flow to the small-scale radio structure may provide 

an indication of the nature of this flowing gas and, if it is an outflow, 

the driving mechanism. In Fig. 4 (a), we show the flux map integrated 

o v er the range 400 < v < 680 km s −1 — in which we detect peak 

emission abo v e the 6 σ rms lev el – along with v ery long baseline 

interferometry (VLBI) 1266 MHz continuum imaging (from global 

VLBI experiment GM62B; data presented and detailed in Morganti 

et al. 2013 ) of the central 0.20 × 0.20 arcsec (440 × 440 pc). The 

beam size of the VLBI observations was 8.01 × 4.89 mas (PA = 

−20.2 ◦). Due to the small uncertainties in the ALMA pointing, the 

VLBI image was offset from our continuum centre by ∼0.1 arcsec. 

We accounted for this pointing error by aligning the compact core 

seen in the VLBI image with the continuum centre, as it is expected 

that the same source is being imaged at different spatial resolutions. 

By fitting a 2D Gaussian profile to the integrated high-velocity 

CO(1–0) emission in Fig. 4 (a) using the EMCEE Python module 

(F oreman-Macke y et al. 2013 ), we find it to be offset to the SE 

of the continuum centroid by (3.2 ± 0.2) × 10 −2 arcsec (70 ± 4 pc) 

along PA ∼ 155 ◦. We highlight that this is within the spatial extent 

of, and has a similar PA to, the small-scale radio structure ( r ∼

0.07 arcsec; PA = 151 ◦) 

3.5 Channel maps 

To determine the level at which the high-velocity, nuclear CO(1–

0) emission is detected in different velocity channels, we created 

channel maps of the central kiloparsec of the primary nucleus 

from the 86.4 km s −1 velocity resolution cube. The high-velocity 

(400 < v < 600 km s −1 ) channel maps – presented in Fig. 5 – show 

emission abo v e the 3 σ rms lev el (and up to 4 σ rms ) in all four channels 

on scales similar to that of the beam size (0.11 arcsec or 240 pc), 

indicating that the feature is spatially unresolved in the combined 

datacube. 

3 https://pv e xtractor.readthedocs.io/en/latest/
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Figure 1. Integrated flux (moment 0), flux-weighted velocity (moment 1), and velocity dispersion (moment 2) maps for the central ∼6 kpc of the primary 

nucleus of F13451 + 1232. The white cross marks the continuum centre, which we take to be the position of the AGN nucleus. The beam size of the observations 

is shown as a pink ellipse in the bottom left corner, and a 1 kpc scale bar is shown in black. 

Figure 2. Integrated flux (moment 0), flux-weighted velocity (moment 1), and velocity dispersion (moment 2) maps for the inner kiloparsec region of the 

primary nucleus of F13451 + 1232; the marker and symbol scheme is the same as in Fig. 1 . 

3.6 Potential effects of continuum subtraction 

Due to the bright, steep-spectrum continuum around the CO(1–0) 

line – originating from primary nucleus of F13451 + 1232 (as seen in 

the cores of other compact steep-spectrum (CSS) and GPS sources, 

e.g. Oosterloo et al. 2019 ) – it is possible that inaccuracies in the 

continuum subtraction process ha ve contrib uted flux to the compact, 

redshifted, high-velocity feature that is detected at the position of 

the nucleus. Ho we ver, we argue that this feature represents real 

CO(1–0) emission, for several reasons. First, the flux is detected 

abo v e the 6 σ level in the flux map integrated over the velocity range 

400 < v < 680 km s −1 (Fig. 4 a), and in multiple velocity channels at 

the 3–4 σ rms levels (Fig. 5 ). Secondly, it has a significantly higher 

flux than the ne gativ e or positive residual features detected in the 

integrated spectrum (Fig. 4 b). Finally , and most importantly , the 

feature is detected at the same velocity – and at higher flux than any 

residual features – in both of the two observations that were used 

to produce the combined datacube, despite their differing spatial 

resolutions (see Appendix B ). While we cannot entirely rule out 

some contribution from instrumental effects, we conclude that this 

feature is real. 

It is notable that previous CO(2–1) observations of the primary 

nucleus of F13451 + 1232 – that were of similar sensitivity to our 

CO(1–0) observations – did not detect evidence for nuclear outflows 

(Lamperti et al. 2022 ). Ho we ver, in those observations, the other 

spectral windows were also used when fitting a linear slope to the 

continuum because of the narrower observing band (a factor of two 

narrower in velocity) of CO(2–1) observ ations relati ve to CO(1–0) 

– this may have led to o v ersubtraction of the high-v elocity outflow 

component. Therefore, it is possible that outflow emission in CO(2–

1) was not detected due to uncertainties in the continuum subtraction 

process. 

3.7 Outflo w ener getics 

In order to provide an estimate of the mass inflo w/outflo w rates of the 

high-v elocity, spatially-unresolv ed redshifted feature located at the 

position of the nucleus, we extracted an elliptical aperture matching 

the beam size (0.113 × 0.091 arcsec, PA = −51.8 ◦; shown in Fig. 4 a) 

from the datacube. We then summed all pixels within the aperture 

to create a line profile, which we present in Fig. 4 b, and selected 
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Figure 3. Position-velocity (PV) diagrams for 1.00 × 0.05 arcsec slices with PA = 248 ◦ (left; the major axis of the disc) and PA = 120 ◦ (right; the direction 

of the high-velocity dispersion emission seen in Fig. 2 ), centred on the continuum centre. CO(1–0) emission is shown in yellow/orange, with black contours at 

the −3 σ rms , −1.5 σ rms , 1.5 σ rms , 3 σ rms , 6 σ rms , and 12 σ rms levels (dashed: negative; solid: positive); solid blue contours show the flux from the BBAROLO disc 

model at the same σ rms lev els. Extended, intermediate-v elocity emission is seen in both redshift and blueshift in the PA = 120 ◦ diagram, and a compact, higher 

velocity feature (400 < v < 680 km s −1 ) centred approximately on the nucleus (0.0 arcsec) can clearly be seen in both diagrams. 

emission between 400 < v < 680 km s −1 to isolate the non-rotating 

gas. 

For the extended, intermediate-velocity (300 < | v| < 400 km s −1 ) 

emission seen in blueshift and redshift, we extracted two subapertures 

from the 1.00 × 0.05 arcsec slice along PA = 120 ◦ (used to create the 

right PV diagram in Fig. 3 ): one co v ering radii 0.0 < r < 0.2 arcsec 

(for the extended redshifted emission), and the other co v ering 

the range 0.1 < r < 0.3 arcsec (for the extended blueshifted emis- 

sion). We then selected emission between 300 < v < 400 km s −1 and 

−400 < v < −300 km s −1 , respectively, in these slices to isolate the 

non-rotating gas. 

F or ev ery channel within the range of the selected v elocities in 

the extracted apertures, we calculated CO(1–0) fluxes ( S CO � V ) and 

converted them to luminosities ( L 
′ 
CO ) using the relation presented by 

Solomon & Vanden Bout ( 2005 ): 

L 
′ 
CO = 3 . 25 × 10 7 S CO �V ν−2 

obs D 
2 
L (1 + z) −3 , (1) 

where νobs is the observed frequency of the CO(1–0) line 

(102.789 GHz) and D L is the luminosity distance to F13451 + 1232. 

We then summed the CO(1–0) luminosities across all selected 

velocity channels, resulting in total luminosities for each of the two 

intermediate-velocity features and the high-velocity feature. Assum- 

ing a CO-to-H 2 conversion factor of αCO = 0.8 M ⊙ (K km s −1 pc 2 ) −1 

(typical for ULIRGs: Downes & Solomon 1998 ), we converted these 

total luminosities into molecular gas masses. We also applied this 

method to the rotating kpc-scale CO disc, for which we estimate a 

total mass of 1.1 × 10 10 M ⊙. 

The corresponding mass flow rates of the non-rotating molecular 

gas were estimated using 

Ṁ flow = 
M flow v w 

�R 
· tan θ, (2) 

where v w is the flux-weighted velocity, � R is the range in radius 

co v ered by the flow, and θ is the angle of the flow relative to our 

line of sight. The tan θ term is required to correct for projection 

effects in both radius and velocity. To estimate this projection factor, 

we assumed a solid-angle-weighted mean inclination for random 

orientations of the line of sight to the outflow direction, giving θ = 

57.3 ◦. Finally, we estimated kinetic powers with 

Ė kin = 
1 

2 
Ṁ flow 

( v w 

cos θ

)2 
. (3) 

We present the resulting CO(1–0) luminosities, masses, flux- 

weighted velocities, flow radii, mass flow rates, kinetic powers, and 

coupling efficiencies ( ǫf = Ė kin / L bol ) in Table 1 . For the high-velocity 

nuclear gas, we derive a mass flow rate of Ṁ out ∼ 230 M ⊙ yr −1 , which 

corresponds to a kinetic power that is ∼1.4 per cent of the bolometric 

luminosity of the AGN ( L bol = 4.8 × 10 45 erg s −1 : Rose et al. 

2018 ). In contrast, we find much lower mass flow rates ( Ṁ out = 22–

27 M ⊙ yr −1 ) and kinetic powers ((6.0–7.1) × 10 −2 per cent of L bol ) 

for the extended, intermediate-velocity emission. 

4  DI SCUSSI ON  

In addition to a kpc-scale disc, we have detected non-rotating 

cold molecular gas in CO(1–0) emission near the primary nucleus 

of F13451 + 1232. This non-rotating gas consists of spatially ex- 

tended (0.0 < r < 0.3 arcsec; 0 < r < 660 pc), intermediate-velocity 

(300 < | v| < 400 km s −1 ) components seen in both blueshift and 

redshift, and a compact ( r < 0.06 arcsec; r < 120 pc), spatially un- 

resolv ed, high-v elocity (400 < v < 680 km s −1 ) nuclear component 

seen in redshift. 

4.1 Interpreting the non-rotating gas as inflowing 

Given that the AGN in F13451 + 1232 may have recently restarted 

and thus be young (Stanghellini et al. 2005 ; Morganti et al. 2013 ), if 

the non-rotating gas seen in intermediate- and high-velocity CO(1–0) 

emission is inflowing, it is possible that we are directly observing the 

gas flows responsible for its triggering. The total gas flow rates (27–

230 M ⊙ yr −1 : Table 1 ) are orders of magnitude higher than those 

needed to sustain the AGN (0.8 M ⊙ yr −1 , assuming η = 0.1 and 

L bol = 4.8 × 10 45 erg s −1 : Rose et al. 2018 ). Therefore, this is a 

plausible feeding mechanism even if only a small fraction of the 

inflowing gas is accreted on to the central supermassive black hole. 

Ho we ver, we argue below that the compact, high-velocity component 
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(a)

(b)

Figure 4. (a) Integrated flux map (orange–brown) of the velocity channels 

between 400 < v < 680 km s −1 . The dashed black ellipse shows the aperture 

extracted from the datacube to derive the mass of the outflow; the correspond- 

ing line profile is shown in Fig. 4 (b). The small-scale radio structure, as seen 

in VLBI 1266 MHz continuum imaging (Morganti et al. 2013 ), is shown as 

dark blue solid contours at the 0.3 × ( −1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 

512, 1024) mJy beam −1 levels, whereas the white cross marks the position 

of the continuum centre seen in our observations (Section 2 ). (b) CO(1–

0) line profile extracted from the aperture that covers the outflow; the line 

profile shown was extracted from the 84 km s −1 velocity resolution combined 

datacube. The part of the line profile that we take to represent in-/out-flowing 

gas (400 < v < 680 km s −1 ) is shaded in yellow. 

(and potentially also the intermediate-velocity emission) is in reality 

outflowing, rather than inflowing. 

4.2 The spatially extended, intermediate-velocity gas 

The nature of the intermediate-velocity emission 

(300 < | v| < 400 km s −1 ) that is seen in both redshift and blueshift in 

the PV diagram along PA = 120 ◦ (Fig. 3 ) – and as a region of higher 

velocity dispersion to the SE of the nucleus in the moment 2 maps 

(Figs 1 and 2 ) – is not clear. On one hand, it may represent spatially 

extended (220 < r < 440 pc) AGN-dri ven outflo ws. Ho we ver, since 

Figure 5. Channel maps of the central ∼1 kpc of the primary nu- 

cleus of F13451 + 1232 (centred on the nucleus: Section 2 ) between 

448 < v < 576 km s −1 , taken from the velocity-binned and smoothed cube 

with channel widths of 43.7 km s −1 and a velocity resolution of 86.4 km s −1 . 

Black contours are shown at the −3 σ rms , −1.5 σ rms , 1.5 σ rms , 3 σ rms levels 

(dashed: ne gativ e; solid: positiv e), where σ rms is the RMS of the binned-and- 

smoothed cube. The continuum centre is marked as a white cross in each 

channel; the beam size is shown as a pink ellipse in the 448 km s −1 channel 

map (top left panel). 

the emission extends well beyond the compact radio source, then 

these outflows would not be driven solely by the jet – an additional 

outflo w dri ving mechanism would be required. Based on the similar 

PAs of the extended emission and the small-scale radio structure, 

one possibility is that this gas is accelerated by radiati vely-dri ven 

winds that are collimated by a circumnuclear torus with an axis 

similar to that of the compact radio source. Alternatively, due to 

the velocities not being much above those expected for rotation 

(as given by the BBAROLO MODEL : Section 3.2 ), this extended 

emission may represent material from the merger settling on to the 

disc. This latter interpretation is supported by the larger-scale ( r 

> 1 kpc) filament-like structures seen to the south and west of the 

primary nucleus (Fig. 1 ), which likely represent gas disturbed by the 

mer ger: these lar ge-scale structures hav e similar v elocity shifts and 

dispersions to the intermediate-velocity gas seen near the nucleus. 

If the intermediate-velocity emission truly did represent AGN- 

dri ven outflo ws, then its mass outflo w rates (22–27 M ⊙ yr −1 ) 

are higher than those of the previously detected warm ionized 

(11.3 M ⊙ yr −1 : Rose et al. 2018 ) 4 and neutral H I ( ∼6 M ⊙ yr −1 ) 5 

4 The warm ionized mass outflow rates and kinetic powers were calculated 

following the second method of Rose et al. ( 2018 ), which involves using the 

v 05 parameter as the outflow velocity to account for projection effects; these 

estimates are likely to be upper limits. 
5 The neutral H I mass outflow rate has been recalculated using the method- 

ology in appendix C1 of Holden et al. ( 2023 ) with the values presented by 

Morganti et al. ( 2013 ); the kinetic power and coupling efficienc y hav e been 
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Table 1. CO(1–0) luminosities, masses, projected flux-weighted velocities, aperture radii, projected mass flow rates ( Ṁ flow , proj ), deprojected mass flow rates 

( Ṁ flow ), and deprojected energetics for the extended emission in both blueshift and redshift, and the nuclear redshifted feature seen in the PV diagrams (Fig. 3 ). 

When deprojecting, we assumed θ = 57.3 ◦ (see Section 3.7 ). 

Component L ′ CO M flow v w � R a Ṁ flow , proj Ṁ flow Ė kin ǫf 
b 

(K km s −1 pc 2 ) (M ⊙) (km s −1 ) (arcsec) (M ⊙ yr −1 ) (M ⊙ yr −1 ) (erg s −1 ) (per cent) 

Extended blueshifted 2.7 × 10 7 2.2 × 10 7 −339 0.2 17 27 3.4 × 10 42 7.1 × 10 −2 

Extended redshifted 2.2 × 10 7 1.8 × 10 7 350 0.2 14 22 2.9 × 10 42 6.0 × 10 −2 

Nuclear redshifted 4.2 × 10 7 3.4 × 10 7 514 0.0545 148 230 6.6 × 10 43 1.4 

a F or the e xtended emission, we take � R to be the radial distance o v er which the e xtended emission is seen; for the spatially unresolv ed, high-v elocity redshift 

feature, we take � R to be half of the beam major axis. 
b Calculated assuming L bol = 4.8 × 10 45 erg s −1 (Rose et al. 2018 ). 

phases. Furthermore, they are similar to those recently reported 

for the cold molecular outflows in a sample of nearby QSO2s (8–

16 M ⊙ yr −1 : Ramos Almeida et al. 2022 ), which were identified using 

a similar method to that used here for the intermediate-velocity gas. 

When applying a factor of three to account for assumed spherical 

outflow geometry, as was done by Fiore et al. ( 2017 ), we find 

(in agreement with Ramos Almeida et al. 2022 ) that these mass 

outflow rates (66–81 M ⊙ yr −1 ) fall significantly below the correlation 

between mass outflow rate and AGN bolometric luminosity given by 

Fiore et al. ( 2017 ). Ho we ver, it is important to note that Lamperti 

et al. ( 2022 ) reported a wide range of mass outflow rates for ULIRGs 

with similar bolometric luminosities (6 < Ṁ flow < 300 M ⊙ yr −1 ), in- 

dicating that the high-mass outflow rates found by Fiore et al. ( 2017 ) 

may represent the most extreme cases, and therefore represent the 

upper envelope to any relationship between mass outflow rate and 

AGN bolometric luminosity (see also Speranza et al. 2024 ). 

4.3 The compact, high-velocity nuclear outflow 

While it is possible that the intermediate-velocity emission does not 

represent outflowing gas, we highlight that the observed velocities 

of the redshifted nuclear feature (400 < v < 680 km s −1 ) are much 

higher than what would be expected due to settled gravitational 

motions ( v < 300 km s −1 : the projected velocities seen in the disc). 

Moreo v er, the emission of this component is compact ( r < 120 pc), 

unresolved in the combined datacube, and on a similar radial scale 

to both the compact radio structure ( r < 0.06 arcsec; r < 130 pc: Fig. 

4 a) and the other outflow phases ( r < 100 pc: Morganti et al. 2013 ; 

Tadhunter et al. 2018 ). Therefore, it is much more likely that we are 

seeing a nuclear outflow, rather than an inflow or settling gas from 

the merger. Furthermore, the fact that the high-velocity emission is 

spatially offset from the nucleus (by (3.2 ± 0.2) × 10 −2 arcsec) along 

a direction that is close to that of the small-scale radio structure (PA 

= 151 ◦) suggests a relation between the two. This is consistent 

with acceleration by shocks, which may be induced by either a 

jet or a broader, radiatively driven wind that is collimated by the 

circumnuclear torus. Given that the compact CO(1–0) outflow is seen 

to be offset along the direction of the radio structure (which would not 

necessarily be expected in the radiatively driven scenario), and that 

the neutral atomic outflow component (detected in H I absorption) is 

seen to be coincident with the radio hotspot (Morganti et al. 2013 ), we 

fa v our the jet-driven interpretation. In this context, it is interesting to 

note the Southern bend in the small-scale radio structure, which may 

be due to the jet colliding with dense molecular gas, being deflected, 

and thereby launching the nuclear outflow. 

recalculated by using these values with equation ( 3 ) and assuming L bol = 

4.8 × 10 45 erg s −1 (Rose et al. 2018 ). 

The cold molecular mass outflow rate for this nuclear component 

( Ṁ flow ∼230 M ⊙ yr −1 ) is more than an order of magnitude higher 

than those pre viously deri ved for the other outflow phases in 

F13451 + 1232, lies within the range of values for molecular outflows 

previously detected in ULIRGs (a few to thousands of solar masses 

per year: Cicone et al. 2014 ; Pereira-Santaella et al. 2018 ; Fluetsch 

et al. 2019 ; Herrera-Camus et al. 2020 ; Lamperti et al. 2022 ), and is 

close to (within 1 σ of) the correlation between cold molecular mass 

outflow rate and AGN bolometric luminosity found by Fiore et al. 

( 2017 ) when corrected for assumed spherical outflow geometry. 

Overall, the kinetic power of the cold molecular phase in 

F13451 + 1232 (6.6 × 10 43 erg s −1 ) accounts for ∼1.4 per cent of 

L bol – approximately a factor of three higher than the combined 

kinetic power of the neutral H I ( ∼0.04 per cent of L bol : Morganti 

et al. 2013 ) and warm ionized (0.49 per cent of L bol : Rose et al. 2018 ) 

outflow phases. Therefore, for all phases, the total outflow kinetic 

power is ∼2 per cent of the AGN bolometric luminosity. While this is 

consistent with the requirements of simulations of outflows launched 

by AGN in galaxy mergers (0.5 < ǫf < 10 per cent: e.g. Di Matteo 

et al. 2005 ; Hopkins & Elvis 2010 ) – and thus may be interpreted as 

the outflows having an impact on the evolution of the galaxy – we 

highlight that such comparisons must be done with care, and that it 

is unclear if such interpretations can be made robustly (see Harrison 

et al. 2018 ). 

Finally, we emphasize that even if we assume a CO-to-H 2 

conversion factor that is at the lower end of the range of values used 

in the literature (i.e. αCO = 0.3 M ⊙ (K km s −1 pc 2 ) −1 for optically 

thin gas: Oosterloo et al. 2017 , 2019 ), the derived cold molecular, 

nuclear mass outflow rate is still much higher than those of the 

other phases ( ∼86 M ⊙ yr −1 ). Conversely, if a conversion factor that 

is characteristic of molecular clouds in the Milky Way is assumed 

( αCO = 4.3 M ⊙ (K km s −1 pc 2 ) −1 : Bolatto, Wolfire & Leroy 2013 ), 

the mass and kinetic power of this outflow increase significantly 

( Ṁ out ∼ 1240 M ⊙ yr −1 ; ǫf ∼ 7 per cent). 

5  C O N C L U S I O N S  

Through the analysis of high-spatial resolution CO(1–0) observations 

of the primary nucleus of the ULIRG F13451 + 1232, we have 

detected and characterized a kpc-scale circumnuclear disc and spa- 

tially extended (0.0 < r < 0.3 arcsec; 0 < r < 660 pc), intermediate- 

velocity emission (300 < | v| < 400 km s −1 ). This intermediate- 

velocity molecular gas may represent AGN radiation-driven out- 

flows, or merger material settling on to the disc. Furthermore, we have 

also presented evidence for a compact ( r < 120 pc), cold molecular 

outflow (400 < v < 680 km s −1 ) at the position of the nucleus with a 

mass outflow rate of Ṁ out ∼230 M ⊙ yr −1 and a kinetic power that is 

∼1.4 per cent of the AGN bolometric luminosity. 
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Overall, our detection of cold molecular outflow(s) in 

F13451 + 1232 changes the scenario of the AGN-driven outflows 

in this object: previous studies found that the neutral atomic H I 

and warm ionized phases had relatively modest mass outflow rates, 

whereas here we find that the cold molecular outflow is carrying 

o v er an order of magnitude more mass (and several times the kinetic 

power) than the warm ionized and neutral phases. Similar results 

have been found for other types of active galaxy, where the colder 

phases have been seen to carry the majority of the outflowing mass 

(Ramos Almeida et al. 2019 ; Holden & Tadhunter 2023 ; Holden 

et al. 2023 ; Speranza et al. 2024 ). This further demonstrates the need 

for multiwavelength observations to fully quantify the impact of 

AGN-dri ven outflo ws. Moreover, a similarly compact ( r < 120 pc) 

but more massive ( Ṁ out ∼650 M ⊙yr −1 ) outflow was found in the 

ULIRG PKS 1549 −79 (Oosterloo et al. 2019 ), which is also both 

a merger and a luminous radio source. Our results thus provide 

important evidence that such powerful radio sources accelerate 

compact molecular outflows, and that these outflows may carry more 

mass and power than other gas phases. 

Crucially, in demonstrating that cold molecular AGN-driven 

outflows can be compact ( r < 120 pc), our study emphasizes the 

importance of high-spatial resolution observations when robustly 

quantifying the impact of AGN-driven outflows on their host galax- 

ies. 
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APPENDIX  A :  BB  A R  O L O  M O D E L L I N G  O F  T H E  

G A S  DISC  

In order to identify non-rotational motions in the central few 

kiloparsecs of the primary nucleus of F13451 + 1232, we fit the disc- 

like kinematics seen in our CO(1–0) data (Section 3 ; Fig. 2 ) with 

a simple disc model using the 3DFIT task from the BBAROLO tool 

(Di Teodoro & Fraternali 2015 ). The 3DFIT task fits a series of 

concentric rings to the data in three spatial dimensions and three 

velocity dimensions (the rotational velocity, v rot ; the radial velocity, 

v rad , and the velocity dispersion v disp ). 

Our fitting procedure followed the methodology outlined in 

Alonso-Herrero et al. ( 2018 ), Dom ́ınguez-Fern ́andez et al. ( 2020 ), 

and Ramos Almeida et al. ( 2022 ). Throughout, the centre of the 

disc model was fixed to be the position of the continuum centre 

(as measured from a two-dimensional Gaussian fit to the continuum 

image: Section 2 ). We first performed an initial fit using the 3DFIT 

task in which the radial velocities of the rings were fixed to be 

0 km s −1 and the scale height of the disc ( z 0 ) was fixed to 0 pc. 

The remaining parameters were allowed to vary; initial values for 

the rotational velocity and velocity dispersion were based on the 

flux-weighted velocity shift and velocity dispersion maps (Fig. 2 ), 

the initial value of the inclination ( i initial = 38 ◦) was based on the 

measured ratio of the projected disc major and minor axes while 

assuming a circular disc, and the initial value for the PA was set to 

that previously estimated from two-dimensional spectroastrometry of 

CO(2–1) observations of the disc by Lamperti et al. ( 2022 ). However, 

limits were imposed on the variation of these free parameters –

between successive rings, the rotational velocity was not allowed 

to change by more than ±50 km s −1 , nor were the inclination and 

PA allowed to change by more than ±20 ◦. The fits used uniform 

weighting and local normalization. It should be noted that, since 

the physical size of the modelled rings is much less than the 

beam size of the observations, the properties of adjacent rings are 

correlated. Ho we ver, this does not have a significant effect on the 

maximum rotational velocity of the disc model (nor does changing 

the values of the initial parameters), and therefore does not affect the 

interpretations made in our analysis. 

In order to ensure that the o v erall radial e xtent and kinematics of 

the disc were accurate – and to alleviate potential problems with fit 

de generac y arising from having a high number of free parameters 

– we then used the results from the initial fit as a basis for a 

second fit. For this second run, we fixed the velocity dispersion, 

inclination, and PA to the values determined from the first run, so 

that only the rotational velocity was allowed to vary. We present the 

final model parameters for each ring in Table A1 ; in Fig. A1 , we 

present the moment maps and residuals of the final disc model. High 

flux-weighted velocities ( ∼200 km s −1 ) and velocity dispersions ( σ

∼200 km s −1 ) due to non-rotational kinematics can be seen in the 

residual maps near the centre of the disc. 

By taking an aperture around the disc in our CO(1–0) dat- 

acube and integrating between −310 < v < 310 km s −1 , we find 

a disc mass of 1.1 × 10 10 M ⊙ (using equation 1 and αCO 

= 0.8 M ⊙ (K km s −1 pc 2 ) −1 ). Lamperti et al. ( 2022 ) also de- 

tected this nuclear disc using CO(2–1) spectroastrometry, and 

found a similar mass and o v erall properties to those reported 

here. 

Finally, we highlight that the purpose of this modelling was solely 

to estimate the maximum CO(1–0) velocities that are explainable as 

rotational motion, and hence identify outflow kinematics; the detailed 

parameters of the disc model presented here are not intended to be a 

robust representation of the disc’s properties. 
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Figure A1. Integrated flux (moment 0; top), flux-weighted velocity (moment 1; middle), and velocity dispersion (moment 2; bottom) maps of the CO(1–0) 

data (left), BBAROLO disc model (middle), and residuals (data–model; right). The ticks have separations of 0.2 arcsec. The black dashed line shows the PA of 

the modelled disc, whereas the black cross shows the disc centre (which was set to be the continuum centre position; see Section 2 ). The solid green lines in the 

middle row panels are iso v elocity contours at 0 km s −1 . 

Table A1. Final parameters for each ring of the BBAROLO 3DFIT disc model. The distance of each ring to the fixed disc centre ( r ring ) is given in both arcseconds 

and parsecs. Here, v rot and v disp are the rotational velocities and velocity dispersions of each ring, respectively. 

r ring (arcsec) r ring (pc) v rot (km s −1 ) v disp (km s −1 ) i ( ◦) PA ( ◦) 

0.013 28.5 247.969 5.524 62.218 242.005 

0.040 87.6 249.627 24.639 58.627 236.155 

0.067 146.7 211.864 91.100 55.868 235.867 

0.094 205.8 249.245 72.507 53.826 239.504 

0.121 264.9 267.474 65.771 52.384 245.429 

0.148 324.0 280.596 62.837 51.425 252.007 

0.175 383.1 293.392 61.210 50.834 257.600 

0.202 442.2 311.494 68.331 50.494 260.572 

0.229 501.0 301.110 61.533 50.289 259.286 

0.256 560.4 314.645 58.314 50.102 252.106 
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Figure B1. CO(1–0) line profiles of the primary nucleus of F13451 + 1232 

extracted from the two sets of observations of differing array configurations 

(hence beam sizes) that comprise the datacube presented in our analysis (see 

Section 2 ). These profiles were extracted from the respective cubes using 

apertures matched to the beam sizes. It can be seen that the flux in the high- 

velocity redshifted component (shaded in grey) is less in the cube with the 

smaller beam size. 

APPENDIX  B:  T H E  C O ( 1 – 0 )  N U C L E A R  

OUT FLOW  OBSERV ED  AT  DIFFERENT  

SPATIAL  R E S O L U T I O N S  

The CO(1–0) data that we present in this work was produced from 

the combined visibilities of two observations, which were taken with 

different array configurations and thus have different beam sizes 

(0.083 × 0.069 arcsec and 0.166 × 0.123 arcsec; see Section 2 ). Here, 

we discuss the detection of the high-velocity, redshifted, compact 

feature seen at the position of the nucleus (Section 3 ; Figs 2 –5 ) in 

the datacubes produced from the visibilities of these observations 

separately. 

In Fig. B1 , we present CO(1–0) line spectra extracted from these 

cubes; the size of the extraction aperture in each case was matched to 

the beam size. The high-velocity redshifted feature is well detected 

in both datacubes in the velocity range 400 < v < 680 km s −1 , while 

any residual features of comparable flux are not present in both 

cubes at the same v elocity. Moreo v er, its absolute flux is less in the 

smaller-beam cube, indicating that the beam is not reco v ering all 

of the flux and thus implying that the feature is (partially) spatially 

resolved. Considering the arguments presented in Section 3.6 , we 

conclude that this feature represents real emission from compact, 

high-velocity molecular gas near the nucleus. 

Since we argue that this molecular gas is a nuclear outflow 

(Section 4.3 ), the fact that it is partially spatially resolved by the 

smaller-beam observ ations allo ws us to constrain the outflow radius 

to be in the range 88 < � R < 182 pc (0.042 < � R < 0.083 arcsec; i.e. 

half of the beam major axes of the two observations). Considering 

that the feature does not appear to be spatially resolved in the 

channel maps (Section 3.5 ; Fig. 5 ) produced from the combined 

datacube (beam size: 0.113 × 0.091 arcsec; see Section 2 ), this 

indicates that it is partially spatially-resolved in our observations –

we thus take 120 pc (0.0545 arcsec) as an upper limit on the outflow 

radius. 

This paper has been typeset from a T E X/L A T E X file prepared by the author. 
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