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ABSTRACT

We present Atacama large millimeter/ submillimeter array (ALMA) and compact array (ACA)

[CI]3P1 −3 P0 ([CI](1-0)) observations of NGC 6240, which we combine with ALMA CO(2-1) and

IRAM Plateau de Bure Interferometer CO(1-0) data to study the physical properties of the massive

molecular (H2) outflow. We discover that the receding and approaching sides of the H2 outflow,

aligned east-west, exceed 10 kpc in their total extent. High resolution (0.24′′) [CI](1-0) line images

surprisingly reveal that the outflow emission peaks between the two active galactic nuclei (AGN),

rather than on either of the two, and that it dominates the velocity field in this nuclear region. We

combine the [CI](1-0) and CO(1-0) data to constrain the CO-to-H2 conversion factor (αCO) in the

outflow, which is on average 2.1 ± 1.2 M�(K km s−1 pc2)−1. We estimate that 60 ± 20 % of the

total H2 gas reservoir of NGC 6240 is entrained in the outflow, for a resulting mass-loss rate of

Ṁout = 2500± 1200 M� yr
−1 ≡ 50± 30 SFR. This energetics rules out a solely star formation-driven

wind, but the puzzling morphology challenges a classic radiative-mode AGN feedback scenario. For

the quiescent gas we compute 〈αCO〉 = 3.2 ± 1.8 M�(K km s−1 pc2)−1, which is at least twice the

value commonly employed for (ultra) luminous infrared galaxies ((U)LIRGs). We observe a tentative

trend of increasing r21 ≡ L′CO(2−1)/L
′
CO(1−0) ratios with velocity dispersion and measure r21 > 1 in

the outflow, whereas r21 ' 1 in the quiescent gas. We propose that molecular outflows are the location

of the warmer, strongly unbound phase that partially reduces the opacity of the CO lines in (U)LIRGs,

hence driving down their global αCO and increasing their r21 values.

Corresponding author: Claudia Cicone

claudia.cicone@brera.inaf.it
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1. INTRODUCTION

Massive (Mmol > 108 M�) and extended (r & 1 kpc)

outflows of cold and dense molecular (H2) gas have been

discovered in a large number of starbursts and active

galactic nuclei (AGNs) (Turner 1985; Nakai et al. 1987;

Sakamoto et al. 2006; Fischer et al. 2010; Feruglio et al.

2010; Sturm et al. 2011; Alatalo et al. 2011; Dasyra &

Combes 2012; Veilleux et al. 2013; Spoon et al. 2013;

Combes et al. 2013; Morganti et al. 2013; Feruglio et al.

2013b; Cicone et al. 2014; Garćıa-Burillo et al. 2014,

2015; Zschaechner et al. 2016; Feruglio et al. 2017; Car-

niani et al. 2017; Barcos-Muñoz et al. 2018; Gowardhan

et al. 2018; Fluetsch et al. 2018). Although so far lim-

ited mostly to local (ultra) luminous infrared galaxies

((U)LIRGs), these observations indicate that the mass-

loss rates of H2 gas are higher compared to the ionised

gas phase participating in the outflows (Carniani et al.

2015; Fiore et al. 2017). Therefore, molecular outflows,

by displacing and perhaps removing the fuel available

for star formation, can have a strong impact on galaxy

evolution. More luminous AGNs host more powerful H2

winds, suggesting a direct link between the two (Cicone

et al. 2014).

The presence of massive amounts of cold and dense

H2 gas outflowing at v & 1000 km s−1across kpc scales

in galaxies is itself puzzling. A significant theoretical

effort has gone into reproducing the properties of multi-

phase outflows in the context of AGN feedback models

(Cicone et al. 2018). In one of the AGN radiative-mode

scenarios, the outflows result from the interaction of fast

highly ionised winds launched from the pc-scales with
the kpc-scale interstellar medium (ISM), which occurs

through a ‘blast-wave’ mechanism (Silk & Rees 1998;

King 2010; Zubovas & King 2012; Faucher-Giguère &

Quataert 2012; Costa et al. 2014; Gaspari & Sa̧dowski

2017; Biernacki & Teyssier 2018). In this picture, be-

cause molecular clouds overtaken by a hot and fast wind

are quickly shredded (Brüggen & Scannapieco 2016), it

is more likely that the high-velocity H2 gas forms di-

rectly within the outflow, by cooling out of the warmer

gas (Zubovas & King 2014; Costa et al. 2015; Nims

et al. 2015; Thompson et al. 2016; Richings & Faucher-

Giguère 2018). An alternative scenario, not requiring

shockwaves, is the direct acceleration of the molecular

ISM by radiation pressure on dust (Thompson et al.

∗ Marie Sk lodowska-Curie fellow

2015; Ishibashi & Fabian 2015; Costa et al. 2018). This

mechanism is most efficient in AGNs deeply embedded

in a highly IR optically thick medium, such as local

(U)LIRGs.

In order to advance our theoretical understanding of

galactic-scale molecular outflows, we need to place more

accurate constraints on their energetics. Indeed, most

current H2 outflow mass estimates are based on a single

molecular gas tracer (CO or OH), implying uncertain-

ties of up to one order of magnitude (Veilleux et al.

2017; Cicone et al. 2018). The luminosity of the CO(1-

0) line, which is optically thick in typical conditions

of molecular clouds, can be converted into H2 mass

through an CO(1-0)-to-H2 conversion factor (αCO) cali-

brated using known sources and dependent on the phys-

ical state of the gas. For the molecular ISM of isolated

(or only slightly perturbed) disk galaxies like the Milky

Way, the conventional αCO is 4.3 M�(K km s−1 pc2)−1

(Bolatto et al. 2013). Instead, for merger-driven star-

bursts like most (U)LIRGs, which are characterised by

a more turbulent and excited ISM, a lower αCO of

∼ 0.6 − 1.0 M�(K km s−1 pc2)−1 is often adopted

(Downes & Solomon 1998; Yao et al. 2003; Israel et al.

2015). Such low αCO values have been ascribed to the

existence, in the inner regions of these mergers, of a

warm and turbulent ‘envelope’ phase of H2 gas, not

contained in self-gravitating clouds (Aalto et al. 1995).

However, some recent analyses of the CO spectral line

energy distributions (SLEDs) including high-J (& 3)

transitions suggest that near-Galactic αCO values are

also possible for (U)LIRGs, especially when a signifi-

cant H2 gas fraction is in dense, gravitationally-bound

states (Papadopoulos et al. 2012a). Dust-based ISM

mass measurements also deliver galactic-type αCO fac-

tors for (U)LIRGs, although they depend on the un-

derlying assumptions used to calibrate the conversion

(Scoville et al. 2016).

Molecular outflows can be significantly fainter than

the quiescent ISM, and so multi-transition observa-

tions aimed at estimating their αCO are particu-

larly challenging. Dasyra et al. (2016) and more

recently Oosterloo et al. (2017), for the radio-jet

driven outflow in IC 5063, derived a low optically-

thin αCO of ∼ 0.3 M�(K km s−1 pc2)−1, in line

with theoretical predictions by Richings & Faucher-

Giguère (2018). On the other hand, for the starburst-
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driven M82 outflow, Leroy et al. (2015) calculated1

α2−1
CO = 1 − 2.5 M�(K km s−1 pc2)−1. The detection

of high density gas in the starburst-driven outflow of

NGC 253 would also favour an αCO higher than the

optically thin value (Walter et al. 2017), and a similar

conclusion may be reached for the outflow in Mrk 231,

found to entrain a substantial amount of dense H2 gas

(Aalto et al. 2012, 2015; Cicone et al. 2012; Lindberg

et al. 2016).

An alternative method for measuring the molecular

gas mass, independent of the αCO factor, is through

a tracer such as the 3P1 −3 P0 transition of neutral

atomic carbon (hereafter [CI](1-0)). This line, opti-

cally thin in most cases, has an easier partition func-

tion than molecules and excitation requirements similar

to CO(1-0)2. More importantly [CI] is expected to be

fully coexisting with H2 (Papadopoulos et al. 2004; Pa-

padopoulos & Greve 2004). Therefore, by combining the

information from CO(1-0) and [CI](1-0) it is possible to

derive an estimate of the αCO value. Similar to any op-

tically thin species used to trace H2 (e.g. dust, 13CO),

converting the [CI](1-0) line flux into a mass measure-

ment is plagued by the unavoidable uncertainty on its

abundance. However, in this regard, recent calculations

found not only that the average [C/H2] abundance in

molecular clouds is more robust than that of molecules

such as CO, but also that [CI] can even trace the H2 gas

where CO has been severely depleted by cosmic rays

(CRs, Bisbas et al. 2015, 2017).

In this work we use new Atacama large millime-

ter/ submillimeter array (ALMA) and Atacama com-

pact array (ACA) observations of the [CI](1-0) line in

NGC 6240 to constrain the physical properties of its

molecular outflow. NGC 6240 is a merging LIRG host-

ing two AGNs with quasar-like luminosities (Puccetti

et al. 2016). The presence of a molecular outflow was

suggested by van der Werf et al. (1993) based on the

detection of high-velocity wings of the ro-vibrational H2

v = 1 − 0 S(1) 2.12µm line and by Iono et al. (2007)

based on the CO(3-2) kinematics, and it was later con-

firmed by Feruglio et al. (2013b) using IRAM PdBI

CO(1-0) observations. This is one of the first interfero-

metric [CI](1-0) observations of a local galaxy (see also

Krips et al. 2016), and - to our knowledge - the first

spatially-resolved [CI](1-0) observation of a molecular

1 By using the CO(2-1) transition
2 CO(1-0) and [CI](1-0) are similar in critical density but

E10/kb=5.5 K for CO and 23 K for [CI]; however, as long as most
of the H2 gas has Tk > 15−20 K, as expected, the E/kb difference
between the two lines makes no real excitation difference in the
level population (Papadopoulos et al. 2004).

outflow in a quasar. Probing the capability of [CI](1-

0) to image molecular outflows is crucial: besides being

an alternative H2 tracer independent of the αCO factor,

[CI](1-0) is also sensitive to CO-poor gas, which may

be an important component of molecular outflows ex-

posed to strong far-ultraviolet (UV) fields (Wolfire et al.

2010) or CR fluxes (Bisbas et al. 2015, 2017; Krips et al.

2016; González-Alfonso et al. 2018). Moreover, testing

[CI](1-0) as a sensitive molecular probe in a local and

well-studied galaxy such as NGC 6240 has a great legacy

value for studies at z > 2, where the [CI] lines are very

valuable tracers of the bulk of the molecular gas acces-

sible with ALMA (Zhang et al. 2016).

The paper is organised as follows: in § 2 we describe

the data; in § 3.1 we present the CO(1-0), CO(2-1),

and [CI](1-0) outflow maps and the [CI](1-0) line mo-

ment maps. In § 3.2-§ 3.3 we identify the outflowing

components of the molecular line emission and derive

the αCO and r21 values separately for the quiescent

ISM and the outflow. The outflow energetics is con-

strained in § 3.4. In § 3.5 we study the variations of

αCO and r21 as a function of σv and distance of the

different spectral components from the nucleus. Our

findings are discussed in § 4 and summarised in § 5.

Throughout the paper we adopt a standard ΛCDM cos-

mological model with H0 = 67.8 km s−1Mpc−1, ΩΛ =

0.692, ΩM = 0.308 (Planck Collaboration et al. 2016).

At the distance of NGC 6240 (redshift z = 0.02448, lu-

minosity distance DL = 110.3 Mpc), the physical scale is

0.509 kpc arcsec−1. Uncertainties correspond to 1σ sta-

tistical errors. The units of αCO [M�(K km s−1 pc2)−1]

are sometimes omitted.

2. OBSERVATIONS

The Band 8 observations of the [CI](1-0) (ν
[CI]
rest =

492.16065 GHz) emission line in NGC 6240 were car-

ried out in May 2016 with the 12 m-diameter antennas of

ALMA and in August 2016 with the 7 m-diameter anten-

nas of the Atacama Compact Array (ACA) as part of our

Cycle 3 programme 2015.1.00717.S (PI: Cicone). The

ALMA observations were effectuated in a compact con-

figuration with 40 antennas (minimum and maximum

baselines, bmin = 15 m, bmax = 640 m), yielding an an-

gular resolution (AR) of 0.24′′ and a maximum recover-

able scale (MRS) of 2.48′′. Only one of the two planned

0.7 h-long scheduling blocks was executed, and the to-

tal on-source time was 0.12 h. The PWV was 0.65 mm

and the average system temperature was Tsys = 612 K.

The ACA observations were performed using nine an-

tennas with bmin = 9 m and bmax = 45 m, resulting

in AR=2.4′′ and MRS=14′′. The total ACA observing

time was 3.5 h, of which 0.7 h on source. The average
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PWV and Tsys were 0.7 mm and 550 K, respectively.

J1751+0939 and Titan were used for flux calibration,

J1924-2914 for bandpass calibration, J1658+0741 and

J1651+0129 for phase calibration.

We employed the same spectral setup for the ALMA

and the ACA observations. Based on previous CO(1-

0) observations of NGC 6240 (Feruglio et al. 2013b,a),

and on the knowledge of the concurrence of the [CI](1-

0) and CO(1-0) emissions, we expected the [CI](1-0) line

to be significantly broad (full width at zero inten-

sity, FWZI> 1000 km s−1). Therefore, to recover

both the broad [CI](1-0) line and its adjacent contin-

uum, we placed two spectral windows at a distance

of 1.8 GHz, overlapping by 75 MHz in their central

1.875 GHz-wide full sensitivity part, yielding a total

bandwidth of 3.675 GHz (2293 km s−1) centred at

ν
[CI]
obs = 480.40045 GHz.

After calibrating separately the ALMA and ACA

datasets with the respective scripts delivered to the PI,

we fit and subtracted the continuum in the uv plane.

This was done through the CASA3 task uvcontsub, by

using a zeroth-order polynomial for the fit, and by es-

timating the continuum emission in the following line-

free frequency ranges: 478.568< νobs[GHz] <478.988

and 481.517< νobs[GHz] <482.230. The line visibilities

were then deconvolved using clean with Briggs weight-

ing and robust parameter equal to 0.5. A spectral bin-

ning of ∆ν = 9.77 MHz (6 km s−1) was applied, and

the cleaning masks were chosen interactively. In order

to improve the image reconstruction, following the strat-

egy adopted by Hacar et al. (2018), we used the cleaned

ACA data cube corrected for primary beam as a source

model to initialise the deconvolution of the ALMA line

visibilities (parameter ‘modelimage’ in clean). The

synthesised beams of the resulting ACA and ALMA

image data cubes are 4.55′′ × 2.98′′ (PA=−53.57 deg)

and 0.29′′ × 0.24′′ (PA= 113.18 deg), respectively. In

addition, a lower resolution ALMA [CI](1-0) line data

cube was produced by applying a tapering (outer ta-

per of 1.4′′), which resulted in a synthesised beam of

1.28′′×1.02′′ (PA= 77.49 deg). Primary beam correction

was applied to all datasets. We checked the accuracy of

the ALMA and ACA relative flux scales by comparing

the flux on the overlapping spatial scales between the

two arrays, and found that they are consistent within

the Band 8 calibration uncertainty of 15%.

As a last step, in order to maximise the uv coverage

and the sensitivity to any extended structure possibly

3 Common Astronomy Software Applications (McMullin et al.
2007).

filtered out by the ALMA data, we combined the (ta-

pered and non) ALMA image data cubes with the ACA

one using the task feather. For a detailed explanation

of feather we refer the reader to the CASA cookbook4.

The same steps were used to produce all the interfer-

ometric maps shown in this paper, i.e.: (i) clean of

ACA visibilities followed by primary beam correction,

(ii) clean of ALMA visibilities by using the ACA images

as a source model followed by primary beam correction,

and (iii) feather of the ACA and ALMA images. The

resulting ACA+ALMA merged images inherit the syn-

thesised beam and cell size (the latter set equal to 0.01′′

and 0.2′′ respectively for the higher and lower resolution

data) of the corresponding input ALMA images. At the

phase tracking centre (central beam), the 1σ sensitivities

to line detection, calculated using the line-free spectral

channels, are 1.4 mJy beam−1 and 5 mJy beam−1 per

dv = 50 km s−1spectral channel, respectively for the

higher and lower resolution [CI](1-0) line data cubes.

The sensitivity decreases slightly with distance from

the phase center. At a radius of 5′′, the [CI](1-0) line

sensitivities per dv = 50 km s−1spectral channel are

3.3 mJy beam−1 and 5.5 mJy beam−1.

In this paper we make use of the IRAM PdBI CO(1-

0) data previously presented by Feruglio et al. (2013b,a).

The CO(1-0) line image data cube used in this analysis

has a synthesised beam of 1.42′′×1.00′′ (PA= 56.89 deg)

and a cell size of 0.2′′. The CO(1-0) 1σ line sensitivity

per dv = 50 km s−1spectral channel is 0.6 mJy beam−1

at the phase center, and 0.65 mJy beam−1 at a 5′′ radius.

Our analysis also includes ALMA Band 6 (programme

2015.1.00370.S, PI: Treister) snapshot (one minute

on source) observations of NGC 6240 targeting the

CO(2-1) transition, which were performed in January

2016 (PWV=1.2 mm) using the compact configura-

tion (AR=1.2′′, MRS=10′′). These observations were
executed in support of the long baseline campaign car-

ried out by Treister et al. (in prep). We calibrated

the data using the script for PI, estimated the con-

tinuum from the line-free spectral ranges (224.106<

νobs[GHz] <224.279 and 225.780< νobs[GHz] <225.971)

and subtracted it in the uv plane. We deconvolved the

line visibilities using clean with Briggs weighting (ro-

bust=0.5) and applied a correction for primary beam.

The final CO(2-1) cleaned data cube has a synthe-

sised beam of 1.54′′ × 0.92′′ (PA= 60.59 deg) and a

cell size of 0.2′′. The 1σ CO(2-1) line sensitivity per

dv = 50 km s−1channel is 0.80 mJy beam−1 at the

phase centre and 1 mJy beam−1 at a 5′′ radius.

4 Available at https://casa.nrao.edu
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In the analysis that follows, the comparison between

the CO(1-0), CO(2-1), and [CI](1-0) line tracers in the

molecular outflow of NGC 6240 will be done by us-

ing the lower resolution ALMA+ACA [CI](1-0) data

cube, which matches in angular resolution (∼ 1.2′′) the

IRAM PdBI CO(1-0) and ALMA CO(2-1) data. Un-

less specified, quoted errors include the systematic un-

certainties on the measured fluxes due to flux calibra-

tion, which are 10% for the IRAM PdBI CO(1-0) and

ALMA CO(2-1) data, and 15% for the ALMA [CI](1-

0) line observations. We report the presence of some

negative artefacts, especially in the cleaned CO(1-0) and

CO(2-1) datacubes. These are due to the interfero-

metric nature of the observations, which does not al-

low to properly recover all the faint extended emission

in a source with a very bright central peak emission

such as NGC 6240. However, the negative features lie

mostly outside the region probed by our analysis and

they are not expected to significantly affect our flux re-

covery, since the total CO(1-0) and CO(2-1) line fluxes

are consistent with previous single-dish measurements

(Costagliola et al. 2011; Papadopoulos et al. 2012b).

Our total [CI](1-0) line flux is higher than that recovered

by Papadopoulos & Greve (2004) by using the James

Clerk Maxwell telescope (JCMT, FWHMbeam = 10′′),

but lower by 34 ± 15% than the flux measured by the

Herschel space observatory (Papadopoulos et al. 2014).

This indicates that some faint extended emission has

been resolved out and/or that there is additional [CI](1-

0) line emission outside the field of view of our observa-

tions.

3. DATA ANALYSIS AND RESULTS

3.1. Morphology of the extended molecular outflow and

its launch region

With the aim of investigating the extent and morphol-

ogy of the outflow, we produced interferometric maps of

the CO(1-0), CO(2-1), and [CI](1-0) high-velocity emis-

sions. The maps, shown in Fig. 1(a,b,c), were gener-

ated by merging together and imaging the uv visibil-

ities corresponding to the blue- and red-shifted wings

of the molecular lines, integrated respectively within

v ∈ (−650,−200) km s−1and v ∈ (250, 800) km s−1.

These are the velocity ranges that, following from the

identification of the outflow components performed in

§ 3.3 (and further discussed in § 4.1 and Appendix B),

are completely dominated by the emission from outflow-

ing gas. The data displayed in panels (a,b,c) have a

matched spatial resolution equal to ∼ 1.2′′ (details in

§ 2). Panels (d,e) of Fig. 1 show the maps of the blue

and red [CI](1-0) line wings at the native spatial resolu-

tion of the ALMA Band 8 observations (0.24′′, § 2).

The extended (> 5 kpc) components of the outflow are

best seen in Fig.1(a,b,c), whereas panels (d,e) provide a

zoomed view of the molecular wind in the inner 1-2 kpc.

The bulk of the outflow extends eastward of the two

AGNs, as already pointed out in the previous analysis

of the CO(1-0) data done by Feruglio et al. (2013b). In

addition, we identify for the first time a western exten-

sion of the molecular outflow, roughly aligned along the

same east-west axis as the eastern component. At the

sensitivity allowed by our data, we detect at a S/N> 5

CO emission features associated with the outflow up to a

maximum distance of 13.3′′ (6.8 kpc) and 7.2′′ (3.7 kpc)

from the nucleus, respectively in the east and west direc-

tions (Fig 1a,b,c). The [CI](1-0) map in Fig 1(c) shows

extended structures similar to CO, although the limited

field of view of the Band 8 observations does not allow

us to probe emission beyond a radius of ∼ 7.5′′.

Feruglio et al. (2013b) hinted at the possibility that

the redshifted CO detected in NGC 6240 could be in-

volved in the feedback process, but did not explicitly

ascribe it to the outflow because of the smaller spatial

extent of the red wing with respect to the blue wing.

In Figure 2 we directly compare the blue and red line

wings using the ALMA CO(2-1) data. Based on their

close spatial correspondence, whereby the red wing over-

laps with the blue one across more than 7 kpc along

the east-west direction, we conclude that both the red-

shifted and blue-shifted velocity components trace the

same massive molecular outflow. It follows that the

eastern and western sides of the outflow are detected

in both their approaching and receding components. At

east, the blue-shifted emission is brighter than the red-

shifted one and dominant beyond a 3.5 kpc radius.

The ALMA [CI](1-0) data can be used to identify

with high precision the location of the inner portion of

the molecular outflow. Figures 1(d,e) clearly show that

the red wing peaks in the midpoint between the two

AGNs, and that the blue wing has a maximum of in-

tensity closer to the southern AGN, as already noted

by Feruglio et al. (2013b). However, these data re-

veal for the first time that neither the blue nor the red-

shifted high velocity [CI](1-0) emissions peak exactly at

the AGN positions. The blue wing has a maximum

of intensity at RA(J2000) = 16:52:58.8946±0.0011s,

Dec(J2000)=+02.24.03.52±0.02′′, offset by 0.18′′±0.02′′

to the north-east with respect to the southern AGN.

The red wing instead peaks at RA(J2000) = 16 : 52 :

58.9224±0.0007s, Dec(J2000)=+02.24.04.0158±0.007′′,

i.e. at an approximately equal distance of 0.8′′ from the

two AGNs. The [CI](1-0) red and blue wing peaks are

separated by 0.65′′±0.02′′. This separation is consistent

with the distance between the CO(2-1) peaks reported
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Figure 1. The extended NGC 6240 outflow observed using different molecular gas tracers. The outflow emission, integrated
within v ∈ (−650,−200) km s−1(blue wing) and v ∈ (250, 800) km s−1(red wing) and combined together, is shown in the
maps (a), (b), and (c) respectively for the CO(1-0), CO(2-1), and [CI](1-0) transitions. The three maps have matched spatial
resolution (∼ 1.2′′, details in § 2). Contours correspond to: (−3σ, 3σ, 6σ, 12σ, 24σ, 48σ, 150σ) with 1σ= 0.14 mJy beam−1 in
panel (a); (−3σ, 3σ, 6σ, 24σ, 48σ, 200σ, 400σ) with 1σ= 0.23 mJy beam−1 in panel (b); (−3σ, 3σ, 6σ, 12σ, 24σ, 48σ) with
1σ= 1.23 mJy beam−1 in panel (c). Panels (d) and (e) show the maps of the [CI](1-0) blue and red wings at the original spatial
resolution of the ALMA Band 8 data (0.24′′, details in § 2). Contours correspond to (−3σ, 3σ, 6σ, 12σ, 18σ, 20σ) with 1σ=
1.1 mJy beam−1 in panel (d) and 1σ= 1 mJy beam−1 in panel (e). The black crosses indicate the VLBI positions of the AGNs
from Hagiwara et al. (2011). The synthesised beams are shown at the bottom-left of each map. The grid encompassing the
central 12′′ × 6′′ region and employed in the spectral analyses presented in § 3.2 and § 3.3 is drawn in panel (a).

by Tacconi et al. (1999), although in that work they were

interpreted as the signature of a rotating molecular gas

disk.

The presence of such nuclear rotating H2 structure has

been largely debated in the literature, especially due

to the very high CO velocity dispersion in this region

(σ > 300 km s−1), and to the mismatch between the

dynamics of H2 gas and stars (Gerssen et al. 2004; En-

gel et al. 2010). Following Tacconi et al. (1999) and

Bryant & Scoville (1999), if a rotating disk is present,

its signature should appear at lower projected velocities

than those imaged in Fig 1(d,e). In Figure 3 we show the

high resolution intensity-weighted moment maps of the

[CI](1-0) line emission within −200 < v[km s−1] < 250.

The velocity field does not exhibit the characteristic

butterfly pattern of a rotating disk, but it presents

a highly asymmetric gradient whereby blue-shifted ve-

locities dominate the southern emission, whereas near-

systemic and redshifted velocities characterise the north-

ern emission. These features in the velocity field are cor-

related in both velocity and position with the high veloc-

ity wings (Figure 1(d,e)). Furthermore, the right panel

of Fig. 3 shows that the velocity dispersion is uniform

(50 . σv[km s−1] . 80) throughout the entire source

and enhanced (σv ≥ 100 km s−1) in a central hourglass-

shaped structure extending east-west, which is the same

direction of expansion of the larger-scale outflow. This

structure has a high-σv peak with σv ≥ 150 km s−1to

the east and another possible peak to the west with

σv ≥ 130 km s−1. Such high-σv points coincide with

the blue and red-shifted velocity peaks detected in the

moment 1 map. Therefore, based on Fig. 3, we con-

clude that the molecular gas emission between the two

AGNs is dominated by a nuclear outflow expanding east-

west and connected to the larger-scale outflow shown in

Fig.1. The regions of enhanced turbulence may repre-

sent the places where the outflow opening angle widens

up - hence increasing the line-of-sight velocity dispersion

and velocity of the molecular gas.

3.2. The αCO values estimated from the integrated

spectra: a reference for unresolved studies

Figure 4 shows the CO(1-0), CO(2-1), and [CI](1-

0) spectra extracted from the 12′′ × 6′′-size rectangu-
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Figure 2. Comparison between the CO(2-1) blue and red
wing emissions in NGC 6240. For visualisation purposes,
only positive contours starting from 5σ are shown, with 1σ=
0.33 mJy beam−1 for the blue wing (blue contours) and 1σ=
0.3 mJy beam−1 for the red wing (red contours). The cor-
responding interferometric maps including negative contours
are displayed in Appendix A (Figure 7).

Table 1. Results of the simultaneous fit to the total spectra∗

CO(1-0) CO(2-1) [CI](1-0)

Narrow component

v† [km s−1] −9.1± 1.0 −9.1± 1.0 −9.1± 1.0

σv [km s−1] 101.0± 1.0 101.0± 1.0 101.0± 1.0

Speak [mJy] 211± 4 1058± 12 1360± 70∫
Svdv [Jy km s−1] 53.4± 1.0 268± 4 344± 18

L′ [109 K km s−1pc2] 1.55± 0.03 1.94± 0.03 0.55± 0.03

Broad component

v† [km s−1] 78.0± 1.2 78.0± 1.2 78.0± 1.2

σv [km s−1] 264.4± 1.0 264.4± 1.0 264.4± 1.0

Speak [mJy] 301± 3 1458± 12 1040± 40∫
Svdv [Jy km s−1] 199± 2 966± 9 690± 30

L′ [109 K km s−1pc2] 5.78± 0.06 7.01± 0.06 1.09± 0.05

Total line∫
Svdv [Jy km s−1] 253± 2 1234± 10 1030± 30

L′ [109 K km s−1pc2] 7.33± 0.07 8.96± 0.07 1.64± 0.05

∗ The errors quoted in this table are purely statistical and
do not include the absolute flux calibration uncertainty.
† We employ the optical Doppler definition. The fit allows
for a global velocity shift of CO(2-1) and [CI](1-0) with
respect to CO(1-0) to take into account the different
spectral binning. The best-fit returns:
vCO(2−1) − vCO(1−0) = 10.2± 0.9 km s−1and
v[CI](1−0) − vCO(1−0) = −18± 4 km s−1.

lar aperture reported in Fig 1(a), encompassing both

the nucleus and the extended molecular outflow of

NGC 6240. The analysis of these integrated spectra,

described below, is aimed at deriving a source-averaged

αCO for the quiescent and outflowing molecular ISM in

NGC 6240. Such analysis is included here because it

can be useful as a reference for unresolved observations,

for example high redshift analogues of this merger. We

stress however that the quality of our data, the prox-

imity of the source, and its large spatial extent allow

us to perform a much more detailed, spatially-resolved

analysis. The latter will be presented in § 3.3 and de-

livers the most reliable αCO values for the outflow and

the quiescent gas.

The spectra in Fig. 4 were fitted simultaneously us-

ing two Gaussians to account for the narrow core and

broad wings of the emission lines, by constraining the

central velocity (v) and velocity dispersion (σv) of each

Gaussian to be equal in the three transitions. Table 1

reports the best-fit results and the corresponding line lu-

minosities calculated from the integrated fluxes follow-

ing Solomon et al. (1997). The [CI](1-0) line luminosities

listed in Table 1 are employed to measure the molec-

ular gas mass (Mmol, including the contribution from

Helium) associated to the narrow and broad line com-

ponents. The expression for local thermodynamic equi-

librium (LTE, i.e. uniform Tex) and optically thin emis-

sion (τ[CI](1−0) � 1), assuming a negligible background

(CMB temperature, TCMB � Tex) and the Rayleigh-

Jeans approximation (hν[CI](1−0) � kTex) is:

Mmol[M�] = (4.31 · 10−5) ·X−1
CI ·

(
1+

3e−23.6/Tex[K] + 5e−62.5/Tex[K]
)
·

e23.6/Tex[K] · L′[CI](1−0)[K km s−1 pc2], (1)

where XCI is the [CI/H2] abundance ratio and Tex is

the excitation temperature of the gas (see detailed ex-

planations by Papadopoulos et al. (2004) and Mangum

& Shirley (2015)). We adopt Tex = 30 K and XCI =

(3.0± 1.5)× 10−5, which are appropriate for (U)LIRGs

(Weiß et al. 2003, 2005; Papadopoulos et al. 2004; Wal-

ter et al. 2011; Jiao et al. 2017). These assumptions will

be further discussed in § 4.1.2.

By defining a [CI](1-0)-to-H2 conversion factor (α[CI])

in analogy with the commonly employed αCO factor (Bo-

latto et al. 2013), Eq 1 resolves into:

Mmol[M�] ≡ α[CI] L′[CI](1−0)[K km s−1 pc2]

with α[CI] = 9.43 [M� (K km s−1 pc2)−1]. (2)

Using the values in Table 1 and Eq 2, we obtain a total

molecular gas mass of Mmol = (1.5± 0.8) · 1010 M�, of

which (5± 3) · 109 M� is in the narrow component, and

(10±5) ·109 M� in the broad wings. We then use these

Mmol values to estimate αCO:

αCO = Mmol[M�]
(
L′CO(1−0)[K km s−1pc2]

)−1
. (3)
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Figure 3. Intensity-weighted moment maps of the [CI](1-0) line emission in the merger nucleus. The maps were computed
from the higher resolution ALMA+ACA merged data cube (see § 2) by using the task immoments and by selecting the spectral
range v ∈ (−200, 250) km s−1. Contours correspond to: [-100, -50, 0, 50, 100, 150] km s−1(moment 1, central panel) and [50,
80, 100, 110, 130, 170, 180] km s−1(moment 2, right panel).

Figure 4. Total CO(1-0), CO(2-1), and [CI](1-0) spec-
tra extracted from a 12′′ × 6′′-size rectangular region cen-
tred at RA=16:52:58.900, Dec=02.24.03.950 and displayed in
Fig. 1(a). The rms values per spectral channel are: 3.2 mJy
(δv = 53 km s−1), 17 mJy (δv = 13 km s−1) and 78 mJy
(δv = 49 km s−1), respectively for CO(1-0), CO(2-1), and
[CI](1-0). The spectra were simultaneously fitted using two
Gaussian functions (white dashed curves) tied to have the
same velocity and width in all three transitions. The best fit
results are reported in Table 1. The source-averaged r21 and
αCO calculated from this fit are listed in Table 2.

The results are reported in the first three rows of Ta-

ble 2 for the the total, narrow, and broad emissions in

NGC 6240. The so-derived αCO factors differ between

the narrow and broad line components, being a factor of

1.8± 0.5 lower in the latter5. In the narrow component,

the αCO is significantly higher than the typical (U)LIRG

value. As mentioned in § 1, higher αCO values become

possible in (U)LIRGs if a significant fraction of the mass

5 In estimating the error on this ratio we have ignored the sys-
tematic uncertainty on XCI, assuming it affects both αCO mea-
surements in the same way.

is ‘hidden’ in dense and bound H2 clouds. This is prob-

ably the case of NGC 6240, in which a large study using

CO SLEDs from J = 1− 0 up to J = 13− 12 from the

Herschel space observatory as well as multi-J HCN, CS,

and HCO+ line data from ground-based observatories,

finds αCO∼ 2− 4 M� (K km s−1 pc2)−1 (Papadopoulos

et al. 2014), consistent with our estimates.

Table 2 lists also the CO(2-1)/CO(1-0) luminosity ra-

tios, defined as

r21 ≡ L′CO(2−1)/L
′
CO(1−0). (4)

We find r21 consistently ∼ 1.2 - hence higher than unity

(at the 1.5σ level) - for both the narrow and broad

Gaussian components. Since our total CO(1-0) and

CO(2-1) fluxes are consistent with previous measure-

ments (Papadopoulos et al. 2012b; Costagliola et al.

2011; Saito et al. 2018), we exclude that spatial filtering

due to an incomplete uv coverage is significantly affect-

ing the r21 values. As pointed out by Papadopoulos

et al. (2012b), galaxy-averaged r21 > 1 values are not

uncommon in (U)LIRGs and are indicative of extreme

gas conditions. In this analysis of the integrated spectra

we derived r21 > 1 in both the broad and narrow com-

ponents. However, as we will show in § 3.3 and § 3.5,

the spatially-resolved analysis will reveal that r21 & 1

values are typical of the outflowing gas and in general

of higher-σv components, while the ‘quiescent’ ISM has

r21 ∼ 1.

3.3. Spatially-resolved analysis: the average αCO of the

quiescent and outflowing gas

The previous analysis (§ 3.2) was based on the spec-

tral fit shown in Fig. 4, where we decomposed the total

molecular line emission into a narrow and a broad Gaus-

sian. In first approximation, these two spectral compo-
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Table 2. αCO and r21 values∗

αCO r21

[M�(K km s−1 pc2)−1]

Total† 2.1± 1.1 1.22± 0.14

Total† narrow comp 3.3± 1.8 1.25± 0.18

Total† broad comp 1.8± 0.9 1.21± 0.17

Mean‡ global 2.5± 1.4 1.17± 0.19

Mean‡ systemic comp 3.2± 1.8 1.0± 0.2

Mean‡ outflow comp 2.1± 1.2 1.4± 0.3

∗ Quoted errors are dominated by systematic uncertainties
(e.g. absolute flux calibration errors, error on XCI).
† Calculated from the simultaneous fit to the total CO(1-0),
CO(2-1), and [CI](1-0) spectra shown in Fig. 4, whose
results are reported in Table 1 (details in § 3.2).
‡ Mean values calculated from the simultaneous fit to the
CO(1-0), CO(2-1), and [CI](1-0) spectra extracted from the
grid of 13 boxes shown in Fig 1(a), as explained in § 3.3.
The corresponding spectral fits are shown in Appendix B
(Figs 8, 9, 10).

Figure 5. FWHM as a function of central velocity of all
Gaussian components employed in the simultaneous fitting
of the CO(1-0), CO(2-1), and [CI](1-0) box spectra. The
blue dashed rectangle constrains the region of the parameter
space that we ascribe to the ‘systemic’ components.

nents can be respectively identified with the quiescent

and outflowing molecular gas reservoirs of NGC 6240.

However, the superb S/N and spatial resolution of our

data allow us to take this analysis one step further and

refine the definition of quiescent and outflowing compo-

nents. This is done by including the spatially-resolved

information provided by the interferometric data, as de-

scribed below.

We divide the central 12′′ × 6′′ region employed in

the previous analysis into a grid of 13 squared boxes

and use them as apertures to extract the corresponding

CO(1-0), CO(2-1), and [CI](1-0) spectra. As shown in

Fig. 1(a), the central nine boxes have a size of 2′′ × 2′′,

while the external four boxes have a size of 3′′×3′′. The

box spectra are presented in Appendix B (Figures 8, 9,

and 10).

For each box, the CO(1-0), CO(2-1), and [CI](1-

0) spectra are fitted simultaneously with a combination

of Gaussian functions tied to have the same line cen-

tres and widths for all three transitions. In the fitting

procedure, we minimise the number of spectral com-

ponents required to reproduce the line profiles, up to

a maximum of four Gaussians per box. The Gaussian

functions employed by the simultaneous fit span a wide

range in FWHM and velocity, shown in Figure 5. The

next step is to classify each of these components as ‘sys-

temic’ or ‘outflow’. In many local (U)LIRGs molecu-

lar outflows can be traced through components whose

kinematical and spatial features deviate from a rotating

molecular structure (Cicone et al. 2014; Garćıa-Burillo

et al. 2014). However, in this source we do not detect

any clear velocity gradient that may indicate the pres-

ence of a rotating molecular gas disk (Figure 3). There-

fore, we adopt a different method and identify as ‘qui-

escent’ the gas probed by the spectral narrow line com-

ponents that are detected throughout the entire source

extent (Figures 8, 9, and 10). Our simultaneous fit

to the CO(1-0), CO(2-1), and [CI](1-0) spectra returns

for these narrow components typical FWHM and cen-

tral velocities in the ranges: FWHM< 400 km s−1and

−200 < v[km s−1] < 250, consistent with what found by

Feruglio et al. (2013a)6. Based on these results, we as-

sume that all components with −200 < v[km s−1] < 250

and FWHM< 400 km s−1trace quiescent gas that is not

involved in the outflow. These constraints correspond to

the region of the FWHM-v parameter space delimited by

the blue-dashed lines in Fig. 5. All components outside

this rectangular area are classified as ‘outflow’. These

assumptions are discussed in detail and validated in Ap-

pendix B, whereas more general considerations about

our outflow identification method are reported in § 4.1.1.

Using the results of the simultaneous fit, we measure,

for each box and for each of the CO(1-0), CO(2-1), and

[CI](1-0) transitions, the velocity-integrated fluxes ap-

portioned in the ‘systemic’ and ‘outflow’ components.

These are computed by summing the fluxes from the

respectively classified Gaussian functions fitted to the

molecular line profiles. For example, in the case of the

central box (labelled as ‘C1’ in Figs. 8, 9, and 10), the

simultaneous fit employs three Gaussians: a narrow one

classified as ‘systemic’, and two additional ones classified

6 Feruglio et al. (2013a) analysed the CO(1-0) spectra extracted
from different positions within NGC 6240 and found maximum
velocity shift and FWHM of the narrow Gaussians of |vmaxsys | =

82± 4 km s−1and FWHMmax
sys = 380± 150 km s−1.



10 Cicone et al.

as ‘outflow’. The flux of the first Gaussian corresponds

to the flux of the ‘systemic’ component for this box,

whereas the total ‘outflow’ component flux is given by

the sum of the fluxes of the other two Gaussians (the

errors are added in quadrature).

The velocity-integrated fluxes (total, systemic, out-

flow) are then converted into line luminosities and, from

these, the corresponding αCO and r21 can be derived by

following the same steps as in § 3.2 (Eq. 2-4). Table 2

(bottom three rows) lists the resulting mean values of

αCO and r21 obtained from the analysis of all 13 boxes.

In computing the mean, we only include the components

detected at a S/N ≥ 3 in each of the transitions used to

calculate αCO or r21, i.e. CO(1-0) and [CI](1-0) for the

former, and CO(1-0) and CO(2-1) for the latter. The

new αCO values derived for the systemic and outflowing

components, respectively equal to 3.2±1.8 and 2.1±1.2,

are perfectly consistent with the previous analysis based

on the integrated spectra. Instead, this new analysis de-

livers different 〈r21〉 values for the systemic (1.0 ± 0.2)

and outflowing component (1.4±0.3), although still con-

sistent if considering the associated uncertainties (dom-

inated by the flux calibration errors).

By using the CO(1-0) line data and summing the con-

tribution from all boxes, including both the systemic and

the outflowing components, we derive a total molecular

gas mass of M tot
mol = (2.1± 0.5)× 1010 M�. To compute

the Mmol within each box we adopt, when available, the

‘global’ αCO factor estimated for that same box, other-

wise we use the mean value of αCO=2.5 ± 1.47. Com-

pared with previous works recovering the same amount

of CO flux, our new M tot
mol estimate is higher than in

Tacconi et al. (1999) and Feruglio et al. (2013b), but

consistent with Papadopoulos et al. (2014).

3.4. Molecular outflow properties

In this section we use the results of the spatially-

resolved spectral analysis presented in § 3.3 to con-

strain the mass (Mout), mass-loss rate (Ṁout), kinetic

power (1/2Ṁoutv
2), and momentum rate (Ṁoutv) of the

molecular outflow. We first select the boxes in which

an outflow component is detected in the CO(1-0) spec-

trum with S/N≥ 3. As described in § 3.3, the outflow

component is defined as the sum of all Gaussian func-

tions employed by the simultaneous fit that lie outside

the rectangular region of the FWHM-v parameter space

shown in Fig. 5. With this S/N≥ 3 constraint, 12 boxes

7 This was the case for the three boxes (labelled as ’E1’, ‘W1’
and ‘W2’ in Figs. 8-10) without a S/N≥ 3 detection of [CI](1-0).

Table 3. Summary of source and outflow properties

Source properties:

LTIR(8−1000µm) [erg s−1] 2.71× 1045(a)

LBol [erg s−1] 3.11× 1045(b)

LAGN [erg s−1] (1.1± 0.4)× 1045(c)

αAGN ≡ LAGN/LBol 0.35± 0.13

SFR [M� yr−1] 46± 9(d)

Mtot
mol [M�] (2.1± 0.5)× 1010(e)

Molecular outflow properties (estimated in § 3.4):

rmax [kpc] 2.4± 0.3†

〈vout〉 [km s−1] 250± 50‡

〈σout〉 [km s−1] 220± 20‡

〈τdyn〉 [Myr] 6.5± 1.8‡

Mout [M�] (1.2± 0.3)× 1010

Ṁout [M� yr−1] 2500± 1200

vṀout [g cm s−2] (3.1± 1.2)× 1036

1/2Ṁoutv2 [erg s−1] (3.6± 1.6)× 1043

η ≡ Ṁout/SFR 50± 30

(vṀout)/(LAGN/c) 80± 50

(1/2Ṁoutv2)/LAGN 0.033± 0.019

τdep ≡Mtot
mol/Ṁout [Myr] 8± 4

(a) From the IRAS Revised Bright Galaxy Sample (Sanders
et al. 2003); (b) LBol = 1.15 LTIR, following Veilleux et al.
(2009); (c) Total bolometric luminosity of the dual AGN
system estimated from X-ray data by Puccetti et al. (2016);
(d) SFR = (1− αAGN)× 10−10 LTIR, following Sturm et al.
(2011). (e) Total molecular gas mass in the 12′′ × 6′′ region
encompassing the nucleus and the outflow, derived in § 3.4.
† Maximum distance at which we detect [CI](1-0) in the
outflow at a S/N> 3, hence the quoted rmax should be
considered a lower limit constraint allowed by current data.
‡ Mean values obtained from the analysis of all boxes.

(that is, all except W1) are selected to have an outflow

component in CO(1-0), and for each box 8 we measure:

(i) The average outflow velocity (vout,i), equal to the

mean of the (moduli of the) central velocities of the in-

dividual Gaussians classified as ‘outflow’.

(ii) The molecular gas mass in outflow (Mout,i), calcu-

lated by multiplying the L′CO(1−0) of each outflow com-

ponent by an appropriate αCO. In ten boxes the outflow

component is detected with S/N≥ 3 also in the [CI](1-

0) transition, hence for these boxes we can use their

corresponding αCO factor (see § 3.3). For the remaining

two boxes (E1 and W2), we adopt the galaxy-averaged

outflow αCO of 2.1± 1.2 (Table 2).

(iii) The dynamical timescale of the outflow, defined as

τdyn,i = Ri/vout,i, where Ri is the distance of the centre

8 All quantities relevant to the individual boxes are identified
by an index i = 1, 12 (e.g. vout,i) in order to distinguish them
from the corresponding galaxy-integrated quantities (e.g. vout).
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of the box from RA=16:52:58.900, Dec=02.24.03.950.

This definition cannot be applied to the central box (C1)

because the so-estimated R would be zero, hence boost-

ing the mass-loss rate to infinite. Therefore, for box C1,

we conservatively assume that most of the outflow emis-

sion comes from a radius of 1′′, hence we set R = 0.5 kpc.

For all boxes we assume the uncertainty on Ri to be 0.6′′

(0.3 kpc), which is half a beam size.

(iv) The mass-loss rate Ṁout,i, equal to Mout,i/τdyn,i.

All uncertainties are derived by error propagation.

The resulting total outflow mass and mass-loss rate,

obtained by adding the contribution from all boxes,

are respectively Mout = (1.2 ± 0.3) × 1010 M� and

dMout/dt = 2500 ± 1200 M� yr−1. As discussed in

Appendix B, the largest contribution to both Ṁout and

its uncertainty is given by the central box. Indeed, box

C1 has at the same time the highest estimated Mout and

the smallest - and most uncertain - R, because the out-

flow is launched from within this region, likely close to

the mid-point between the two AGNs as suggested by

Fig. 1(d,e).

Similar to the mass-loss rate, we calculate the to-

tal kinetic power and momentum rate of the out-

flow by summing the contribution from all boxes

with a CO(1-0) outflow component, and we obtain

respectively: 1/2Ṁoutv
2
out ≡

∑
i 1/2Ṁout,iv

2
out,i =

(0.033 ± 0.019) LAGN and vṀout ≡
∑
i viṀout,i =

(80± 50) LAGN/c. If all the gas carried by the outflow

escaped the system and the mass-loss continued at the

current rate, the depletion time-scale of the molecular

gas reservoir in NGC 6240 would be τdep = 8 ± 4 Myr.

All the relevant numbers describing the properties of

the source and of the molecular outflow are reported in

Table 3 and will be discussed in § 4.3 in the context of

feedback models.

Very stringent lower limits on the outflow energet-

ics can be derived by assuming that its CO(1-0) emis-

sion is fully optically thin. For optically thin gas and

Tex = 30 K, the αCO factor would be ∼ 0.34 (Bo-

latto et al. 2013), and the outflow mass and mass-loss

rate would be Mout = (1.98 ± 0.09) × 109 M� and

dMout/dt = 430±160 M� yr
−1. We however stress that

the assumption of fully optically thin CO(1-0) emission

in the outflow is not supported by our data, which in-

stead favour an αCO factor for outflowing gas that is in-

termediate between the optically thin and the optically

thick values (for solar metallicities).

3.5. Physical properties of quiescent and outflowing gas

Using the results of the spatially-resolved analysis

presented in § 3.3, we now study how the αCO and

r21 parameters vary as a function of velocity disper-

sion (σv) and projected distance (d) from the nucleus

of NGC 6240. The relevant plots are shown in Figure 6.

To investigate possible statistical correlations, we con-

duct a Bayesian linear regression analysis of the relations

in Fig. 6 following Kelly (2007)9.

The left panels of Fig. 6 do not indicate any statisti-

cally significant relation between αCO and either σv or

d. Instead, they show that the αCO factor is systemat-

ically higher - although formally only at a significance

of 1.2σ (Table 2) - in the quiescent gas than in the out-

flow, regardless of the velocity dispersion of the clouds,

or of their position with respect to the merger nucleus.

For the non-outflowing components, the αCO factors are

at least twice the so-called (U)LIRG value (Downes &

Solomon 1998), and reach up to Galactic values. This

result is consistent with the multi-transition analysis by

Papadopoulos et al. (2014), and is likely due to the state

of the dense gas phase that low-J CO lines alone can-

not constrain, but which instead is accounted for when

using [CI](1-0) as a molecular mass tracer. Nevertheless

the outflowing H2 gas has lower αCO values than the

quiescent ISM. This is indeed expected from the ISM

physics behind αCO for warm and strongly unbound gas

states (Papadopoulos et al. 2012a), i.e. the type of gas

that we expect to be embedded in outflows. In partic-

ular, in the case that molecular outflows are ubiquitous

in (U)LIRGs as suggested by observations (Sturm et al.

2011; Veilleux et al. 2013; Spoon et al. 2013; Cicone et al.

2014), the outflow may be the location of the diffuse and

warm molecular gas phase that is not contained in self-

gravitating cooler clouds - a sort of ‘intercloud’ medium

advocated by some of the previous analyses based solely

on low-J CO, 13CO line observations (Aalto et al. 1995;

Downes & Solomon 1998). Furthermore, the flat trend

between αCO and d observed in Fig. 6 does not support

the hypothesis that the lower αCO values in (U)LIRGs

are related to the collision of the progenitors’ disks,

since in this case we would naively expect the lower

αCO clouds to be concentrated in the central regions

of the merger. The αCO values measured for the out-

flow components are however significantly higher than

the optically thin value, suggesting that not all of the

outflowing material is diffuse and warm, but there may

still be a significant amount of dense gas. These results

are further discussed and contextualised in § 4.2.

The right panels of Fig. 6 show a weak correlation

between the r21 and σv (correlation coefficient, ρ = 0.4±
0.2) and an anti-correlation with the distance, although

only for the systemic/quiescent components (ρ = −0.7±

9 We used the IDL routine linmix err.pro
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Figure 6. αCO (left) and r21 (right) as a function of the average velocity dispersion (top) and of the distance from the nucleus
(bottom) of the corresponding molecular line components. A detailed explanation on how αCO and r21 were calculated can be
found in § 3.3. The y axis on the right side of the αCO plots shows the corresponding [CI](1-0)/CO(1-0) line luminosity ratio.
The horizontal blue and red dashed lines are the mean values reported in Table 2 for the systemic and outflow components,
respectively. The grey lines indicate the Milky Way αCO factor (Bolatto et al. 2013, left panels) and the average r21 = 0.8
measured in star forming galaxies (Leroy et al. 2009, right panels). The best-fits obtained from a Bayesian linear regression
analysis following the method by Kelly (2007) are plotted using dot-dashed lines: black lines show the best fits to the total
sample, whereas blue and red lines correspond to the fits performed separately on the systemic and outflowing components.

0.2). The corresponding best fit relations, of the form

r21 = α + βx, plotted in Fig. 6, have (α, β) = (0.8 ±
0.2, 2.1 ± 1.4 × 10−3) for x = σv, and (α, β) = (1.5 ±
0.2,−0.33 ± 0.13) for x = d. The systemic ISM shows

0.8 . r21 . 1.4, whereas the outflow is characterised

by higher ratios, with most components in the range

1.2 . r21 . 2.5, although we observe a large spread in

r21 values at d > 2 kpc.

CO(2-1)/CO(1-0) luminosity ratios of r21 ∼ 0.8− 1.0

are typically found in the molecular disks of normal spi-

ral galaxies (Leroy et al. 2009) and are indicative of op-

tically thick CO emission with Tkin ∼ 10− 30 K (under

LTE assumptions). Nevertheless such low-J CO line ra-

tios, in absence of additional transitions, are well-known

to be highly degenerate tracers of the average gas phys-

ical conditions. Higher-J data of CO, molecules with

larger dipole moment, and isotopologues can break such

degeneracies. Such studies exist for NGC 6240 (Greve

et al. 2009; Meijerink et al. 2013; Papadopoulos et al.

2014), and found extraordinary states for the molecu-

lar gas, with average densities typically above 104 cm−3

and temperatures Tkin ∼ 30− 100 K.

On the contrary, global CO(2-1)/CO(1-0) ratios ex-

ceeding unity have a lower degree of degeneracy in terms

of the extraordinary conditions that they imply for

molecular gas, as they require warmer (Tkin & 100 K)

and/or strongly unbound states (Papadopoulos et al.

2012b). In NGC 6240, optical depth effects are most

likely at the origin of the r21 > 1 values. More specif-

ically, such ratios can result from highly non-virial mo-

tions (e.g. the large velocity gradients of the outflow-

ing clouds), causing the CO lines to become partially

transparent, as also supported by the tentative trend

of increasing r21 with σv (Figure 6). This finding in-

dependently strengthens our explanation for the lower

αCO factors derived for the outflowing gas, which are

intermediate between an optically thin and an optically

thick value (for typical solar CO abundances).

4. DISCUSSION

4.1. Assumptions and caveats of our analysis

Our results build, on the one hand, on the identifica-

tion of the outflow components, and on the other hand

on the assumption that CO(1-0) and [CI](1-0) trace the

same molecular gas, implying that Mmol can be mea-
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sured from [CI](1-0). In this section we further comment

on these steps and discuss their caveats and limitations.

4.1.1. The outflow identification

The outflow identification is a fundamental step of

our analysis, and leads to one of the most surprising

findings, i.e. that 60 ± 20% of the molecular ISM in

NGC 6240 belongs to the outflow. This unprecedented

result may hold the key to finally understanding the ex-

treme ISM of this source, which makes it an outlier even

compared to other (U)LIRGs, as acknowledged by sev-

eral authors (Meijerink et al. 2013; Papadopoulos et al.

2014; Israel et al. 2015). For example, Meijerink et al.

(2013) suggested that the CO line emission in NGC 6240

is dominated by gas settling down after shocks, which

would be consistent with gas cooling out of an outflow.

A massive outflow would also explain why the gaseous

and stellar kinematics are decoupled (Engel et al. 2010;

Tacconi et al. 1999).

In § 3.3 we have ascribed to the outflow all spec-

tral line components with FWHM> 400 km s−1, v <

−200 km s−1or v > +250 km s−1detected within the

central 12′′× 6′′ region investigated in this paper. How-

ever, the spatial information is also crucial for identify-

ing outflowing gas, especially in a source undergoing a

major merger, since the outflow signatures may be de-

generate with gravity-driven dynamical effects. In the

specific case of NGC 6240, as explained below and shown

in detail in Appendix B, the high S/N and spatial resolu-

tion of our observations allow us to disentangle feedback-

related effects from other mechanisms and reliably iden-

tify the outflow emission.

During a galaxy collision, high-v/high-σv gas can be

concentrated in the nuclear region as a consequence of

gravitational torques, which cause a fraction of the gas

to lose angular momentum and flow toward the cen-

ter. At the same time, gravitational torques and tidal

forces can drive out part of the gas from the progenitors’

disks and form large-scale filaments denominated ‘tidal

tails’ and ‘bridges’. However, in the case of NGC 6240,

these gravity-induced mechanisms can hardly explain

the kinematics and morphology of the ∼ 10 kpc-scale,

wide opening angle-emission shown in Figs. 1-3. In par-

ticular, the high-v/high-σv structures revealed by the

[CI](1-0) moment maps, which are correlated with fea-

tures observed on much larger scales (see § 3.1), can-

not be due to nuclear inflows. In this case, we would

indeed expect the σv of the gas to be enhanced to-

ward the nucleus (or nuclei), rather than in offset po-

sitions that are several 100s of pc away from the nuclei

or from the geometric center of the AGN pair (see for

example the different signature of outflows and inflows

in the velocity dispersion maps shown by Davies et al.

(2014)). The hourglass-shaped configuration visibile in

the [CI](1-0) velocity dispersion map is more suggestive

of an outflow opening toward east and west, i.e. along

the same directions of expansion of the high-v gas.

On larger scales, tidal tails or bridges produced in

galaxy collisions may also affect the dynamical state

of the ISM. However, the line-widths of the molecular

emission from such filamentary structures are rather low

(∼ 50 − 100 km s−1, Braine et al. 2001). Therefore, in

order to reproduce the spatially- and kinematically- co-

herent structure shown in Figs. 1, and especially the

spatial overlap across several kpc between the highly

blue-shifted and red-shifted emissions (Figure 2), one

would need to postulate a very specific geometry where

several tidal tails overlap along the line of sight across

more than 10 kpc.

Based on these considerations, and on the detailed

discussion reported in Appendix B, we conclude that

other mechanisms such as rotating disks or gravity-

induced dynamical motions, possibly also coexisting in

NGC 6240, are unlikely to significantly affect our out-

flow energetics estimates.

4.1.2. Combining [CI](1-0) and CO(1-0) data to infer
αCO and Mmol

The second key step of our analysis is to combine the

[CI](1-0) and CO(1-0) line observations to derive molec-

ular gas masses. As described in § 3.2-3.4, our strategy

is to use the places where [CI](1-0) and CO(1-0) are

both detected at a S/N≥ 3 to measure the correspond-

ing αCO. Molecular gas masses are then computed by

using the CO(1-0) data. In particular, we select com-

ponents where CO(1-0) is detected at a S/N≥ 3 and

convert L′CO(1−0) into Mmol by employing either the cor-

responding [CI]-derived αCO(possible only if [CI](1-0) is

also detected with S/N≥ 3) or alternatively by using the

mean αCO value appropriate for that component (i.e.

‘global’, ‘systemic’, or ‘outflow’, Table 2).

The fundamental underlying assumption is that

[CI](1-0) and CO(1-0) trace the same material. Ear-

lier theoretical works envisioned neutral Carbon to be

confined in the external (low extinction AV ) layers of

molecular clouds, hence to probe a different volume com-

pared to CO. However, as discussed by Papadopoulos

et al. (2004), this theory was dismantled by observations

finding a very good correlation between [CI] and CO as

well as uniform [CI]/CO ratios across a wide range of

Galactic environments, including regions shielded from

FUV photons (e.g. Keene et al. 1985; Ojha et al. 2001;

Tanaka et al. 2011). The few available observations

of [CI] lines in local galaxies have further supported
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the concurrence of CO and [CI] in different physical

conditions (Israel et al. 2015; Krips et al. 2016).

The good mixing of CO and [CI] could be a conse-

quence of turbulence and/or cosmic rays. Turbulent

diffusion can merge any [CI]-rich H2 phase (expected

to prevail in low AV regions) with the more internal

CO-rich H2 gas, hence uniforming the [CI]/CO abun-

dance ratio throughout molecular clouds (Glover et al.

2015). Cosmic rays, by penetrating deep into molecular

clouds and so destroying CO (but not H2) over larger

volumes compared to FUV photons, can also help enrich

the internal regions of clouds with neutral Carbon (Bis-

bas et al. 2015, 2017). Both mechanisms are expected

to be efficient in (U)LIRGs and in their molecular out-

flows. The latter are (by definition) highly turbulent en-

vironments. Furthermore, cosmic rays originating in the

starburst nuclei can leak along such outflows hence influ-

encing the chemistry of their embedded ISM (see discus-

sion in Papadopoulos et al. (2018), and recent results by

González-Alfonso et al. (2018)). For these reasons, we

can assume that CO and [CI] trace the same molecular

gas, for both the quiescent and outflowing components

of NGC 6240.

Thanks to the simple three-level partition function of

neutral Carbon, and to its lines being optically thin in

most cases (including NGC 6240, Israel et al. (2015)),

the main sources of uncertainties for [CI]-based mass

estimates are XCI and Tex (Eq 1). Previous observa-

tions indicate very little variations in XCI in the metal-

enriched ISM of IR-luminous galaxies at different red-

shifts (Weiß et al. 2003, 2005; Danielson et al. 2011;

Alaghband-Zadeh et al. 2013), including the extended

(r > 10 kpc) circum-galactic medium of the Spiderweb

galaxy (Emonts et al. 2018). In our calculations we as-

sumed XCI = (3.0 ± 1.5) × 10−5 to take into account

a systematic uncertainty associated with the [CI]/H2

abundance ratio. Because of the particular LTE par-

tition function of neutral Carbon, [CI]-derived masses

depend little on Tex for Tex & 15 K. We set Tex = 30 K,

which is consistent with the value that can be estimated

from the global [CI]2-1/1-0 brightness temperature ratio

measured in NGC 6240 (Papadopoulos et al. 2014).

Therefore, our assumptions regarding the conversion

between [CI](1-0) line data and Mmol are well justi-

fied by previous results. However, we caution that a

giant galactic-scale outflow such as the one hosted by

NGC 6240 constitutes an unprecedented environment

for molecular gas clouds, and there is no comparable

laboratory in our Galaxy that can be used as a reli-

able reference. The study of the physical conditions of

such outflows has only just started, and this is the first

time that the [CI](1-0) line emission from high-velocity

gas components extending by several kpc has been im-

aged at high spatial resolution. Further investigation is

needed, and our work constitutes just a starting point.

4.2. The role of outflows in the global αCO factor

The average αCO factors that we measure for the

quiescent and outflowing components of the ISM in

NGC 6240 (Table 2) are both higher than the clas-

sic (U)LIRG αCO. How can we reconcile this result

with previous works advocating for significantly lower

αCO values in (U)LIRGs? In the case of NGC 6240, our

analysis has highlighted several effects that may have

plagued previous αCO estimates:

1. The widespread presence of outflowing gas im-

plies that, at any location within this merger, the

molecular line emission includes a significant con-

tribution from the outflow, with its overall lower

αCO and higher r21. As a result, an analysis of the

global ISM conditions (especially if based only on

low-J CO lines, see also point 3 below) would get

contaminated by the warm unbound H2 envelopes

in the outflow, and their larger L′CO/MH2 ratios

would drive down the global αCO estimate (Yao

et al. 2003; Papadopoulos et al. 2012a).

2. The outflow dominates the velocity field of the H2

gas throughout the entire source, including the

central region (Figure 3). The apparent nuclear

north-south velocity gradient identified in previ-

ous CO line data (Tacconi et al. 1999; Bryant &

Scoville 1999) is actually not compatible with or-

dered rotation once observed at higher spatial res-

olution, but it shows several features distinctive of

the outflow. Therefore, the assumption that the

molecular gas in this area is dominated by ordered

motions is broken, making any dynamical mass es-

timate unreliable (if the outflow is not properly

taken into account).

3. Previous analyses based only on low-J CO lines

have probably missed a substantial fraction of the

denser gas phase that is instead accounted for

when using the optically thin [CI](1-0) line as a gas

mass tracer, or when probing the excitation of the

ISM using high-J CO transitions and high density

molecular gas tracers. Indeed, the αCO value de-

rived for the quiescent gas reservoir is consistent

with a significant contribution from a dense gas

state. Even in the outflow, the average αCO is still

significantly higher than the optically thin value,

hence the presence of dense gas may not be negli-

gible. A conspicuous dense gas phase has already

been demonstrated in a few other galaxy-wide
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molecular outflows (Aalto et al. 2012; Sakamoto

et al. 2014; Garćıa-Burillo et al. 2014; Alatalo et al.

2015), and its presence would make more likely the

formation of stars within these outflows (Maiolino

et al. 2017).

4. The molecular gas emission in NGC 6240 is clearly

very extended - both spectrally and spatially. As

a result, at least some of the previous interfero-

metric observations (especially ‘pre ALMA’) may

have been severely affected by incomplete uv cov-

erages filtering out the emission on larger scales,

hence impacting on the measured line fluxes and

sizes. Furthermore, as already noted by Tacconi

et al. (1999), an insufficient spectral bandwidth

may have hindered a correct baseline and/or con-

tinuum fitting and subtraction. The latter can be

an issue for both single dish and interferometric

observations, including observations with ALMA

if only one spectral window is employed to sample

the line.

Since molecular outflows are a common phenomenon in

local (U)LIRGs (Sturm et al. 2011; Veilleux et al. 2013;

Spoon et al. 2013; Cicone et al. 2014; Fluetsch et al.

2018), at least some of the above considerations may be

generalised to their entire class. Therefore, it is possible

that the so-called (U)LIRG αCO factor is an artefact re-

sulting from modelling the molecular ISM of such sources

containing massive H2 outflows.

4.3. An interplay of feedback mechanisms at work

The extreme spatial extent of its molecular outflow,

makes NGC 6240 one of the few sources - all pow-

erful quasars - hosting H2 outflows with sizes of &
10 kpc (Veilleux et al. (2017), see also the 30 kpc-

size [CII]λ158µm outflow at z = 6.4 studied by Ci-

cone et al. (2015)). In comparison, the H2 gas entrained

in the well-studied starburst-driven winds of M 82 and

NGC 253 reaches at maximum scales of ∼ 1 − 2 kpc

(Walter et al. 2002, 2017). Furthermore, among all

the large-scale molecular outflows discovered so far in

quasar host galaxies, the outflow of NGC 6240 is the

one that has been observed at the highest spatial res-

olution (∼ 120 pc). Indeed, the ALMA [CI](1-0) line

data allowed us to probe deep into the nuclear region of

the merger, close to the launching point of the molecular

wind, and surprisingly revealed that the outflow emis-

sion peaks between the two AGNs rather than on either

of the two. This is apparently at odds with an AGN

radiative-mode feedback scenario, in which the multi-

phase outflow is expected to be generated close to the

central engine (Costa et al. 2015).

Nevertheless, the role of the AGN(s) is certified by

the extreme energetics of the molecular outflow, which

has been constrained here with unprecedented accu-

racy. By comparing our Mout and M tot
mol estimates

(Table 3), it appears that 60 ± 20 % of the molecu-

lar medium is involved in the outflow. The estimated

mass-loss rate of 2500 ± 1200 M� yr−1 corresponds to

η ≡ Ṁout/SFR = 50 ± 30, whereas the lower limit on

Ṁout, calculated using the optically thin αCO prescrip-

tion, corresponds to η ≡ Ṁout/SFR = 9± 4. Such high

mass loading factors are inconsistent with a purely star

formation-driven wind. As a matter of fact, stellar feed-

back alone can hardly bear outflows with η much higher

than unity. Cosmological hydrodynamical simulations

incorporating realistic stellar feedback physics, by in-

cluding mechanisms other than supernovae, can reach

up to η ∼ 10 (Hopkins et al. 2012). However, because

η in these simulations anti-correlates with the mass of

the galaxy, the highest η values are generally predicted

for dwarf galaxies, whereas for galaxies with baryonic

masses of several 1010 M� such as NGC 6240, the η

achievable by stellar feedback can be at maximum 2−3.

Based on its energetics, we can therefore rule out that

the massive molecular outflow observed in NGC 6240

is the result of star formation alone. The outflow en-

ergetics can instead be fully accommodated within the

predictions of AGN feedback models (Faucher-Giguère

& Quataert 2012; Zubovas & King 2014; Costa et al.

2014). In addition, these models can explain the multi-

wavelength properties of NGC 6240. At optical wave-

lengths, NGC 6240 is known to host a ionised wind

(Heckman et al. 1990), with large-scale superbubbles ex-

panding by tens of kpc towards north-west and south-

east (Veilleux et al. 2003; Yoshida et al. 2016). The Hα

emission from the ionised wind shows a close spatial cor-

respondence with the soft X-ray continuum, suggesting

the presence of gas cooling out of a shocked medium

(Nardini et al. 2013). Furthermore, Wang et al. (2014)

detected a diffuse component in hard-X-ray continuum

and FeXXV line emission, tracing T ∼ 7 × 107 K gas

between the two AGNs (north-west of the southern nu-

cleus, similar to the [CI](1-0) blue wing in Fig 1d), as

well as in kpc-scale structures that are remarkably coin-

cident with both the strong NIR H2 emission (Max et al.

2005; van der Werf et al. 1993) and the Hα filaments.

At radio wavelengths, Colbert et al. (1994) reported

the detection of non-thermal continuum emission with

a steep spectrum extending by several kpc in an arc-

like structure west of the AGNs, later confirmed also by

Baan et al. (2007), together with a possibly similar fea-

ture on the eastern side. This structure lacks a clear spa-

tial correspondence with optical or NIR starlight (which
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excludes a starburst origin) and its complex morphol-

ogy suggests a connection with the Hα outflow. Theo-

retically, the association between an AGN-driven wind

and extended non-thermal radiation (due to relativis-

tic electrons accelerated by the forward shock) has been

predicted by Nims et al. (2015). Observationally, the

rough alignment of the western arc-like structure discov-

ered by Colbert et al. (1994) with the molecular outflow

studied in this work would also support this hypothesis,

although the current data do not allow us to probe the

presence of H2 outflowing gas at the exact position of

the radio emission. The total radio power of this ar-

clike feature is comparable with that of extended radio

structures previously observed in radio-quiet AGNs with

prominent outflows (Morganti et al. 2016). Future fa-

cilities like the Cherenkov Telescope Array (CTA) may

reveal the γ-ray counterpart of the non-thermal emis-

sion, as expected for an AGN outflow shock (Lamastra

et al. 2017).

In summary, all these multi-wavelength observational

evidences point to a radiative-mode AGN feedback

mechanism (Faucher-Giguère & Quataert 2012; Nims

et al. 2015). However, at the same time, it is difficult

to reconcile a classic model with an H2 outflow whose

emission does not peak on either of the two AGNs. A

complex interplay of stellar and AGN feedback must be

at work in this source (see also Müller-Sánchez et al.

2018), and we cannot exclude the additional contri-

bution from compact radio-jets (Gallimore & Beswick

2004), which may be accelerating part of the cold mate-

rial (Mukherjee et al. 2016). Finally, positive feedback

may also be at work in NGC 6240. There is indeed a

striking correspondence between (i) the morphology of

the approaching side of the outflow north-west of the

southern AGN (Fig. 1d), (ii) a peak of dust extinction,

and (iii) a stellar population with unusually large stellar

σv and blue-shifted velocities (Engel et al. 2010). The

latter, according to Engel et al. (2010), may have been

formed recently as a result of crushing of molecular

clouds, which could be related to the observed out-

flow event (Maiolino et al. 2017; Zubovas & King 2014)

provided these stars are not older than a few Myr.

5. SUMMARY AND CONCLUSIONS

A powerful multiphase outflow shapes the distribution

of gas in NGC 6240, and it is likely at the origin of many

of the extraordinary features that for years have puzzled

scientists studying this source. In this work we used new

ALMA [CI](1-0) line observations, in combination with

ALMA CO(2-1) and IRAM PdBI CO(1-0) line data, to

study the morphology, energetics, and physical state of

the molecular component of the outflow. Our main find-

ings are:

• The molecular outflow extends by more than

10 kpc along the east-west direction, and it is

clearly detected in both its approaching (blue-

shifted) and receding (red-shifted) sides. Its emis-

sion peaks between the two AGNs, rather than

on either of the two. Furthermore, the outflow

dominates the H2 gas velocity field in the merger

nucleus, as shown by the presence of a striking

hourglass-shaped feature in the high-res (∼ 0.24′′)

[CI](1-0) line moment 2 map. This high-σv struc-

ture, aligned east-west, traces the launch base of

the kpc-scale outflow. The outflow, with its large

flux contribution to the molecular line emission

in the nucleus, can explain both the high gas tur-

bulence and the strong decoupling of stellar and

gaseous kinematics evidenced in this source by

previous works.

• We combined the [CI](1-0) and CO(1-0) line

observations to derive the αCO factor in the

outflow, which is on average 〈αCO〉 = 2.1 ±
1.2 M�(K km s−1 pc2)−1. The information

on the αCO, in conjunction with a spatially-

resolved spectral analysis of the molecular line

emission, allowed us to constrain with unprece-

dented accuracy the energetics of the molecu-

lar outflow. We estimate that the outflow en-

trains Mout = (1.2± 0.3)× 1010 M�, correspond-

ing to 60 ± 20 % of the molecular reservoir of

NGC 6240. The total mass-loss rate is Ṁout =

2500 ± 1200 M� yr−1 = 50 ± 30 SFR, which en-

ergetically rules out a solely star formation-driven

wind.

• For the quiescent gas components, the αCO fac-

tors are on average higher than in the out-

flow (irrespective of their distance from the nu-

cleus), with a mean value of 〈αCO〉 = 3.2 ±
1.8 M�(K km s−1 pc2)−1, i.e. at least twice the

so-called (U)LIRG value. This result is consistent

with recent multi-transition ISM analyses and is

likely due to a dense gas phase that cannot be con-

strained by using low-J CO lines alone, but which

is instead accounted for when using [CI](1-0) as a

molecular gas tracer.

• We observe a tentative trend of increasing r21 ra-

tios with σv and measure r21 > 1 values in the out-

flow (〈r21〉 = 1.4±0.3), while r21 ' 1 for quiescent

gas. We explain the r21 > 1 ratios with optical
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depth effects, whereby the highly non virial mo-

tions of the outflowing clouds cause the CO lines

to become partially transparent.

• Based on the finding that lower αCO and higher

r21 values are typical of the outflowing clouds, we

propose that molecular outflows are the location

of the warm and strongly unbound phase - the

‘intercloud medium’ invoked by previous studies

- that drives down the global αCO in (U)LIRGs.

However, we note that the [CI]-based αCO factor

derived for the outflow is higher than the optically

thin value, suggesting that not all of the outflowing

material is in such warm diffuse phase but that

there may still be a significant amount of dense

gas entrained.

• The outflow kinetic power and momentum rate,

respectively equal to (0.033 ± 0.019) LAGN and

(80 ± 50) LAGN/c, could be fully accommodated

within the predictions of AGN ‘blast-wave’ feed-

back models. However, the puzzling outflow mor-

phology, with a launch region situated between the

two AGNs, and a direction of expansion perpen-

dicular to the axis connecting the two nuclei, chal-

lenges a classic AGN feedback scenario. A complex

interplay of stellar and AGN feedback processes

must be at work in NGC 6240.
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Figure 7. CO(1-0) (top row) and CO(2-1) (bottom row) interferometric maps of the outflow emission, integrated in the blue
(a, c) and red (b, d) wings, by using the same velocity ranges as in Fig 1. The maps have matched spatial resolution (∼ 1.2′′,
details in § 2). Contours correspond to: (−3σ, −2σ, 2σ, 3σ, 6σ, 12σ, 24σ, 48σ, 60σ) with 1σ= 0.33 mJy beam−1 in panel (a)
and 1σ= 0.39 mJy beam−1 in panel (b); (−3σ, 3σ, 10σ, 24σ, 48σ, 200σ, 350σ) with 1σ= 0.33 mJy beam−1 in panel (c) and
1σ= 0.3 mJy beam−1 in panel (d). Similar to Fig. 1, the black crosses indicate the VLBI positions of the AGNs from Hagiwara
et al. (2011).

APPENDIX

A. ADDITIONAL CO(1-0) AND CO(2-1) OUTFLOW MAPS

Interferometric maps of the CO(1-0) and CO(2-1) high velocity emissions are shown in Fig. 7 separately for the

blue (left panels: a, c) and red (right panels: b, d) line wings. To produce these maps, the CO(1-0) and CO(2-1) uv

visibilities have been integrated within the same velocity ranges as in Fig. 1. Figure 7 demonstrates that the blue and

red wings of the low-J CO lines in NGC 6240 are both spatially extended on scales of several kpc, with their most

extended features aligned preferentially along the east-west direction. The positive contours of the CO(2-1) blue and

red line wing emissions shown in Fig. 7(c,d) are overplotted in Figure 2 to allow a direct comparison of their extent

and morphology.

B. BOX SPECTRA AND OUTFLOW IDENTIFICATION

The CO(1-0), CO(2-1), and [CI](1-0) box spectra extracted from the grid shown in panel (a) of Fig 1 are presented

in Figures 8, 9, and 10. The results of the simultaneous fitting procedure described in § 3.3 are overplotted on the data.

Each spectrum is labelled with the box ID: IDs C1-C9 correspond to the central 2′′ × 2′′ boxes, whereas E1-E2 and

W1-W2 are respectively the eastern and western 3′′×3′′ boxes. The spectral components resulting from the simultaneous

fit are classified as ‘outflow’ or ‘quiescent’ according to their velocity shift and dispersion, as described in § 3.3. In the

following we examine - case by case - the results of such outflow identification procedure (see also § 4.1.1 for a more

general discussion).
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It is already evident from Fig.1(a,b,c) that the bulk of the molecular line emission at high projected velocities traces

a very extended, non-collimated structure aligned east-west, with a large overlap between the blue and redshifted

sides (Figure 2). As best seen in the high S/N CO(2-1) spectra in Fig. 9, the boxes E1, E2, W1, and W2, tracing

gas at d > 2 kpc from the nucleus, exhibit broad spectral features - distinguishable from the narrow components

- which in some cases (e.g. E1) dominate the total CO flux. Such broad wings are characterised by velocity shifts

(v ∼ 300− 600 km s−1) and dispersions (σv ∼ 125− 215 km s−1) that are much higher than the narrow components

detected in the same spectra (v ∼ 30−180 km s−1, σv ∼ 30−100 km s−1). As a result, we identify the high-v, high-σv
spectral components at d > 2 kpc as due to an outflow.

Closer to the nucleus, the outflow identification becomes more challenging. However, once we have identified the

broad components in E1, E2, W1, W2 as part of an outflow, then it is natural to ascribe similar broad components -

spatially aligned along the east-west axis - to the same outflow. In particular, C4 and C8 (east and west of the nucleus),

C2-C3 (north-west of the nucleus, along the same direction as the high-v structure in Fig. 1e) and C6-C7 (south-east of

the nucleus, along another direction of outflow expansion as shown in Fig. 1d) also show a broad component extending

up to ∼ 1000 km s−1on both the red- and blue-shifted sides. The outflow identification is more uncertain for boxes

C5 and C9, where the wings are less prominent than in other regions, and the spatial alignment with the larger-scale

outflow is not obvious. However, the contribution from these boxes to the total outflow mass and mass-loss rate is

negligible. Indeed, without C5 and C9, we derive Mout = 1.1 × 1010 M� and dMout/dt = 2350 M� yr−1, consistent

with the values given in Table 3. Hence the uncertain outflow identification in boxes C5 and C9 does not affect our

results.

We now discuss the central box C1, which alone contributes to: MC1
out = (4 ± 2) × 109 M� and dMC1

out/dt =

1400 ± 1100 M� yr−1. There are several arguments in support of a significant outflow contribution in this region:

(i) the striking similarity between the C1 spectrum with that of the adjacent box C8; (ii) the notion that the outflow

must originate from within this region, because it hosts two AGNs and most of the star formation activity; (iii) the

[CI](1-0) emission at |v| > 200 km s−1arising from within this region is spatially extended and follows the morphology

of the larger-scale outflow (Figure 1(d,e)); (iv) in this region, the outflow dominates even the emission at low projected

velocities, as shown by Fig. 3; (iv) the αCO and r21 values calculated for the outflow components identified in box C1

(data points at d = 0 kpc in the bottom panels of Fig. 6) are consistent with the values measured in the larger-scale

outflow.

Therefore, based on the spectral and spatial properties of the molecular line emission that we have ascribed to the

outflow, we conclude that alternative mechanisms such as rotating disks and tidal tails are unlikely to significantly

affect our outflow energetics estimates.
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