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A B S T R A C T 

This is the fourth paper of a series investigating the AGN fuelling/feedback processes in a sample of 11 nearby low-excitation radio 

galaxies (LERGs). In this paper, we present follow-up Atacama Large Millimeter/submillimeter Array (ALMA) observations 

of one source, NGC 3100, targeting the 12 CO(1-0), 12 CO(3-2), HCO 
+ (4-3), SiO(3-2), and HNCO(6-5) molecular transitions. 

12 CO(1-0) and 
12 CO(3-2) lines are nicely detected and complement our previous 12 CO(2-1) data. By comparing the relative 

strength of these three CO transitions, we find extreme gas excitation conditions (i.e. T ex � 50 K) in regions that are spatially 

correlated with the radio lobes, supporting the case for a jet–ISM interaction. An accurate study of the CO kinematics demonstrates 

that although the bulk of the gas is regularly rotating, two distinct non-rotational kinematic components can be identified in the 

inner gas regions: one can be associated to inflo w/outflo w streaming motions induced by a two-armed spiral perturbation; the 

second one is consistent with a jet-induced outflow with v max ≈ 200 km s −1 and Ṁ � 0 . 12 M ⊙ yr −1 . These values indicate 

that the jet-CO coupling ongoing in NGC 3100 is only mildly affecting the gas kinematics, as opposed to what expected 

from existing simulations and other observational studies of (sub-)kpc scale jet–cold gas interactions. HCO 
+ (4-3) emission is 

tentatively detected in a small area adjacent to the base of the northern radio lobe, possibly tracing a region of jet-induced gas 

compression. The SiO(3-2) and HNCO(6-5) shock tracers are undetected: this – along with the tentative HCO 
+ (4-3) detection 

– may be consistent with a deficiency of very dense (i.e. n crit > 10 
6 cm 

−3 ) cold gas in the central regions of NGC 3100. 

K ey words: galaxies: acti ve – galaxies: elliptical and lenticular, cD – galaxies: individual: NGC3100 – galaxies: ISM – galaxies: 

jets. 

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

Both theoretical and observational evidence increasingly suggest that 

the energy released by feedback processes associated with active 

galactic nuclei (AGN) is a fundamental component in the evolution 

of their host galaxies (e.g. Combes 2017 ; Choi et al. 2018 ; Pillepich 

et al. 2019 ). The complexity of these phenomena, ho we ver, makes 

many of their key aspects still unclear (e.g. Wylezalek & Morganti 

2018 ; Harrison et al. 2021 ). 

AGN feedback is currently believed to operate in two (non- 

e xclusiv e) main modes: radiative (or quasar) mode and kinetic (or jet) 

mode (e.g. Morganti 2017 ). The former is considered to be dominant 

in radiati vely ef ficient (quasar- or Seyfert-like) AGN accreting matter 

at high rates ( � 0 . 01 Ṁ Edd , where Ṁ Edd is the Eddington accretion 

rate). 1 In these objects, the radiation pressure generated by the 

⋆ E-mail: ruf fai@cardif f.ac.uk 

1 Ṁ Edd = 
4 πG M SMBH m p 

ε c σT 
, where G is the gravitational constant, M SMBH is 

the mass of the central super-massive black hole, m p is the mass of the proton, 

accretion process can dri ve po werful outflo ws (the so-called AGN 

winds) that are potentially able to expel large quantities of matter 

from the nuclear regions (e.g. King & Nixon 2015 ; Wagner et al. 

2016 ; Bieri et al. 2017 ; Ishibashi, Fabian & Maiolino 2018 ). Kinetic 

feedback is instead dominant in AGN accreting matter at low rates 

( ≪0.01 Ṁ Edd ; e.g. Cielo et al. 2018 ), whereby the bulk of the energy 

generated from the accretion process is channelled into collimated 

outflows of non-thermal plasma (i.e. the radio jets). 

The impact that kinetic AGN feedback can have on large (i.e. 

tens of kpc) scales is well established. Expanding radio jets have 

been often observed to inflate cavities through the hot X-ray- 

emitting atmospheres of galaxies, groups, and clusters, heating the 

surroundings, balancing radiative losses, and preventing the gas from 

further cooling (see e.g. McNamara & Nulsen 2012 , for a re vie w). In 

the past decade, ho we ver, jet-mode feedback has been increasingly 

observed to alter the distribution, kinematics, and physics of the 

surrounding gaseous medium also on (sub-)kpc scales (e.g. Combes 

ε is the accretion efficiency, c is the speed of light, and σT is the cross-section 

for Thomson scattering. 
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et al. 2013 ; Garc ́ıa-Burillo et al. 2014 ; Morganti et al. 2015 ; Mahony 

et al. 2016 ; Murthy et al. 2019 ; Zovaro et al. 2019 ; Santoro et al. 2020 ; 

Venturi et al. 2021 , see also Veilleux et al. 2020 , for a recent re vie w 

on this subject). Observations find support in three-dimensional (3D) 

hydrodynamical simulations (e.g. Wagner, Bicknell & Umemura 

2012 ; Wagner et al. 2016 ; Mukherjee et al. 2016 , 2018a , b ) showing 

that young and compact radio jets expanding through the surrounding 

layers of matter can produce turbulent cocoons of shocked gas that 

can be accelerated up to 1000 km s −1 o v er a wide range of directions. 

The extent of jet-induced perturbations has been predicted to vary 

depending on the radio jet po wer, relati ve jet–gas orientation, and age 

of the radio source. Large samples of objects co v ering wide ranges 

of jet ages, radio powers, and jet–ISM geometric configurations are 

then required to gain a better understanding of the incidence and 

properties of jet–ISM interactions. This is essential information to 

fully assess the role of jet-induced feedback in galaxy evolution (e.g. 

Morganti, Oosterloo & Tadhunter 2021 ). 

Molecular line observations are powerful tools to investigate the 

physical conditions of the gas in various environments, as different 

molecules, isotopologues, and transitions of the same species trace 

different gas components within the same galaxy. The most used 

molecular gas tracer is CO: it is the most abundant molecule after H 2 

and its low-excitation temperature (i.e. T ex = 5.53 K for the ground 

J = 1 → 0 rotational transition; e.g. Carilli & Walter 2013 ) makes it 

easily excited even at low temperatures. The critical density (i.e. the 

density at which collisional excitation balances spontaneous radiative 

de-excitation) for the CO(1-0) transition is n crit ≈ 2200 cm 
−3 . Higher- 

J transitions require rapidly increasing densities and temperatures to 

be excited (i.e. n crit ∝ J 3 and T ex ∝ J 2 ; see e.g. Bolatto, Wolfire & 

Leroy 2013 ); therefore, ratios of multiple CO lines can be used 

to probe the excitation temperature and density of molecular gas 

(e.g. Kamenetzky, Rangwala & Glenn 2017 ; Saito et al. 2017 ; 

Kamenetzky, Privon & Narayanan 2018 ). Ratios of 12 CO and 13 CO 

isotopologues can also provide estimates of the gas optical depth, as 
12 CO emission is generally optically thick, while 13 CO is mostly (but 

not totally; see e.g. Cormier et al. 2018 ) optically thin o v er large areas 

(e.g. Jim ́enez-Donaire et al. 2017 ). The SiO molecule is commonly 

considered a good tracer of shocks. Indeed, silicon particles are 

mostly found in the core of dust grains and can be released only in 

grain sputtering or e v aporation caused by high-velocity shocks. Once 

Si-bearing material is in the gas phase, it can react with molecular 

oxygen to form SiO (Schilke et al. 1997 ), which can then be used to 

trace regions of fast shocks ( v > 50 km s −1 ; e.g. Usero et al. 2006 ). 

Gro wing observ ational e vidence suggests that the HNCO molecule 

is a particularly good tracer of slow ( v < 20 km s −1 ) shocks: its 

presence in the outer layers of dust grains means that it is easily 

sublimated, and it remains detectable only in weakly shocked regions 

(e.g. Kelly et al. 2017 ). HCO 
+ , along with CS, HCN, and HNC, is the 

most used tracer of the dense ( n crit > 10 4 cm 
−3 ) cold gas component 

(e.g. Gao & Solomon 2004 ; Costagliola et al. 2011 ; Garc ́ıa-Burillo 

et al. 2014 ). The abundance of these molecules, relative to CO, is 

commonly used to investigate the density conditions of the cold gas 

(e.g. Usero et al. 2015 ; Bigiel et al. 2016 ; Topal et al. 2016 ). A 

multi-species approach is therefore key to properly characterize the 

impact of jet-induced feedback on the physics of the surrounding 

cold gas. 

Despite their rele v ance, detailed spatially resolved studies of jet–

ISM interactions using multiple molecular transitions have been 

carried out so far only for a limited number of objects, mostly 

nearby (Seyfert-like) galaxies hosting (sub-)kpc scale jets (see e.g. 

Alatalo et al. 2013 ; Combes et al. 2013 ; Garc ́ıa-Burillo et al. 2014 ; 

Feruglio et al. 2015 ; Oosterloo et al. 2017 , and references therein). 

Table 1. General properties of NGC 3100. 

ID Parameter Value 

(1) Type S0 

(2) RA (J2000) 10 h 00 m 40 s .8 

(3) DEC (J2000) −31 ◦39 
′ 
52 . ′′ 3 

(4) Redshift 0.0088 

(5) D L (Mpc) 38.0 

(6) Radio Source PKS 0958 − 314 

(7) log P 1 . 4 GHz (W Hz −1 ) 23.0 

(8) v opt (km s −1 ) 2629 ± 20 

Note. Rows: (1) Morphological type of the galaxy from the HyperLeda 

database ( http://leda.univ-lyon1.fr). (2) and (3) Galaxy sky coordinates from 

Petrov et al. ( 2005 ). (4) Galaxy redshift from Dopita et al. ( 2015 ). (5) 

Luminosity distance derived from the tabulated redshift and assuming the 

cosmology stated in Section 1. (6) Name of the radio source. (7) Radio 

power at 1.4 GHz derived from the flux density given in Brown et al. ( 2011 ), 

including all the radio emission associated with the source. (8) Optical stellar 

velocity from Kerr & Lynden-Bell ( 1986 ). 

These few existing studies show that line ratios are drastically 

modified in the (vicinity of) regions where kinetic AGN feedback 

is in action, implying great differences between the physical con- 

ditions of the quiescent and interacting gas: the latter is usually 

clumpy, with much higher temperatures and densities. Signs of 

compression and fragmentation in the molecular gas distribution have 

also been observed and attributed to the driving mechanism of the 

interaction. 

Our aim is to expand this kind of studies to a specific class of 

lo w-po wer radio galaxies, known as low-excitation radio galaxies 

(LERG). LERGs are, by number, the dominant radio galaxy pop- 

ulation in the local Uni verse (e.g. Hardcastle, Ev ans & Croston 

2007 ), predominantly hosted by red, massive ( M ∗ ≥ 10 11 M ⊙) 

early-type galaxies (ETGs; e.g. Best & Heckman 2012 ). These 

objects mostly hav e F anaroff–Rile y type I radio morphologies (FRI; 

F anaroff & Rile y 1974 ) and low or moderate radio luminosities 

( P 1 . 4 GHz < 10 25 W Hz −1 ). The central super-massive black holes 

(SMBHs) in LERGs accrete matter at low rates ( ≪0.01 Ṁ Edd ) and 

produce almost e xclusiv ely kinetic feedback. Few detailed, spatially 

resolved studies of LERGs have yet been made, so their triggering 

mechanisms and associated AGN feedback processes are still poorly 

understood (e.g. Hardcastle 2018 ): investigating the nature of LERGs 

is crucial to shed light on the mechanisms determining the observed 

properties of massive nearby ETGs. 

We are carrying out the first, e xtensiv e, spatially resolv ed, mul- 

tiphase study of a small but complete sample of 11 LERGs in the 

southern sky. In this paper, we present follow-up ALMA observa- 

tions of one object, NGC 3100, targeting 12 CO(1-0) and 12 CO(3- 

2) transitions, along with HCO 
+ (4-3), SiO(3-2), and HNCO(6-5) 

lines. Coupling these new data with previous 12 CO(2-1) and radio 

continuum observations, we primarily aim at carrying out an analysis 

of the molecular gas physics and jet-CO interplay in this object. 

The paper is structured as follows. In Section 2, we briefly present 

the o v erall project and the target of this study. In Section 3, we 

describe ALMA observations and the data reduction. The data 

analysis is presented in Section 4. We discuss the results in Section 5 

before summarizing and concluding in Section 6. 

Throughout this work, we assume a standard � CDM cosmology 

with H 0 = 70 km s −1 Mpc −1 , �� = 0.7, and �M = 0.3. This gives 

a scale of 180 pc/ 
′′ 

at the redshift of NGC 3100 (see Table 1 ). All of 

the velocities in this paper are given in the optical convention and 

Kinematic Local Standard of Rest (LSRK) frame. 

MNRAS 510, 4485–4503 (2022) 
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Jet-ISM interaction in NGC 3100 4487 

Figure 1. Left-hand panel : Optical image of NGC 3100 from the Carnegie-Irvine Galaxy Surv e y (CGS; Ho et al. 2011 ) taken with a blue filter (300–400 nm). 

The image resolution (i.e. seeing FWHM) is 0.77 
′′ 
. The size of the panel is 167 

′′ × 167 
′′ 

( ≈30 × 30 kpc 2 ). Right-hand panel, top : B − I colour (dust extinction) 

map of NGC 3100 in the central 50 
′′ × 50 

′′ 
( ≈9 × 9 kpc 2 ; see Paper I , for details). Right-hand panel, bottom: As abo v e, but zoomed in the inner 13 

′′ × 13 
′′ 

( ≈2.3 × 2.3 kpc 2 ). CO(2-1) integrated intensity contours from our Cycle 3 ALMA observations ( Paper I ; Paper II ), and radio continuum contours from our 

JVLA data at 10 GHz ( Paper III ) are overlaid in light-blue and red contours, respectively. Contours are drawn at 1,3,9 ... times the 3- σ rms noise level. 

2  A  S O U T H E R N  R A D I O  G A L A X Y  SAMPLE  

A full description of our project, including details on the sample 

selection and all the available observations, can be found in Ruffa 

et al. ( 2019a ); a brief summary is presented here. 

Starting from the southern radio galaxy (RG) sample of Ekers et al. 

( 1989 ), which lists all the sources in the declination range −17 ◦ < 

δ < −40 ◦ with radio flux S 2 . 7 GHz ≥ 0 . 25 Jy and optical apparent 

magnitude m v < 17.0, we have selected a complete sub-sample of 11 

RGs. Based on the available optical spectroscopy (Tadhunter et al. 

1993 ; Smith et al. 2000 ; Colless et al. 2003 ; Collobert et al. 2006 ; 

Jones et al. 2009 ; Dopita et al. 2015 ), all of the 11 sources can be 

classified as LERGs. 

Nine sample members were observed during ALMA Cycle 3 

in the 12 CO(2-1) line 2 and 230-GHz continuum (Ruffa et al. 

2019a , hereafter Paper I ). These observations show that rotating 

(sub-)kpc molecular gas discs are very common in LERGs. The 

3D modelling of these discs (Ruffa et al. 2019b , hereafter Paper II ) 

demonstrates that although the bulk of the gas appears to be in ordered 

2 Hereafter, we omit the carbon mass number and refer to the 12 CO isotopo- 

logue as simply CO. 

rotation, low-amplitude perturbations and/or non-circular motions 

are ubiquitous and strongly suggestive of the presence of radio jet–

CO disc interactions in at least two cases. The comparison between 

the ALMA CO(2-1) data and newly acquired, high-resolution Karl 

G. Jansky Very Large Array (JVLA) radio continuum observations at 

10 GHz (Ruffa et al. 2020 , hereafter Paper III ) adds further evidence 

for the presence of such an interaction in at least one of the two 

candidates, NGC 3100. 

2.1 A case study: NGC 3100 

NGC 3100 is optically classified as a late S0 galaxy, characterized by 

a patchy dust distribution and a bright nuclear component (Sandage & 

Brucato 1979 ; Laurikainen et al. 2006 ; Fig. 1 , left-hand panel). It 

resides in a poor group and forms a pair with the barred spiral galaxy 

NGC 3095, located at a projected linear distance of ≈120 kpc (De 

Vaucouleurs 1976 ). NGC 3100 is the host galaxy of the radio source 

PKS 0958-314 (e.g. Ekers et al. 1989 ; Paper I ; Paper III ). A summary 

of some general target properties is provided in Table 1 . 

Among the radio galaxies that we imaged in CO(2-1), NGC 3100 

stands out: we detect a well-resolved ring-like central CO structure 

extending ≈1.6 × 0.5 kpc 2 , observed to be nicely co-spatial with 

MNRAS 510, 4485–4503 (2022) 
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4488 I. Ruffa et al. 

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

ALMA Observation Targeted νrest νsky Time MRS FoV θmaj θmin PA beam Scale 

band date line 

(GHz) (GHz) (min) (kpc) (arcsec) (kpc) (arcsec) (arcsec) (deg) (pc) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

Band 3 2019-04-23/24 12 CO(1-0) 115.2712 114.2657 62 3.7 (21) 8.9 (50) 1.4 1.0 −85 250 

Band 4 2018-12-14/15 HNCO(6-5) 131.8857 130.7352 188 3.4 (19) 7.6 (43) 1.1 0.9 −81 195 

SiO(3-2) 130.2686 129.1322 −84 

Band 6 a 2016-03-22 12 CO(2-1) 230.5380 228.6299 28 1.9 (11) 4.4 (25) 0.9 0.7 −87 160 

Band 7 2019-03-15 HCO + (4-3) 356.7342 353.6224 32 1.2 (7.0) 3.0 (17) 1.1 0.6 −84 195 
12 CO(3-2) 345.7960 342.7835 

Notes. Columns: (1) ALMA frequency band. (2) Date of the observation. (3) Targeted molecular transition. (4) Rest-frame central line frequency. (5) Redshifted 

(sk y) central frequenc y of the line estimated from the redshift listed in row (4) of T able 1 . (6) T otal integration time-on-source. (7) Maximum reco v erable 

scale (MRS) in kiloparsec, and corresponding scale in arcseconds within parentheses. (8) Field of view (FOV; i.e. primary beam FWHM) in kiloparsec, and 

corresponding scale in arcseconds within parentheses. (9) and (10) Major and minor axis FWHM of the synthesized beam. (11) Position angle of the synthesized 

beam. (12) Physical scale corresponding to the major axis FWHM of the synthesized beam. 
a ALMA observation presented in Paper I and reported here for completeness. See Section 3 for details. 

dust (Fig. 1 , upper- and bottom right-hand panels). Other structures 

with patchy morphologies are observed up to ≈2 kpc from the 

central ring ( Paper I ). The 3D kinematic modelling of the main 

CO distribution ( Paper II ) demonstrates that although the bulk of the 

gas is regularly rotating, there are evident distortions in the velocity 

field that are best described by the combination of both warps and 

non-circular motions (with peak velocities around ±40 km s −1 , 

corresponding to ±52 km s −1 deprojected). 3 The 10-GHz JVLA 

observations provide the highest resolution radio continuum map 

currently available for NGC 3100 (Fig. 1 , bottom right-hand panel). 

As e xtensiv ely discussed in Paper III , these data show no evidence for 

highly collimated jet structures on scales larger than the unresolved 

core, so the inner jets must have disrupted and decollimated close 

to the region where they were launched. This indicates rapid jet 

deceleration, which is also consistent with the wide opening-angle 

radio lobes observed on larger scales in our 10-GHz map. Such lobes 

are rather asymmetric, both in surface brightness and morphology. 

The northern lobe, in particular, bends at a position that (at least in 

projection) seems coincident with a distortion in the CO(2-1) disc 

(see Fig. 1 , bottom right-hand panel). The total linear extent of the 

radio source is ≈2 kpc and there is no evidence from the available 

multifrequency radio data for emission on larger scales. This suggests 

that the radio source in NGC 3100 is likely in an early phase of 

its evolution ( Paper III ). More in general, all of the observational 

properties described abo v e strongly suggest the presence of a 

(sub-)kpc scale jet–ISM interaction in this object. 

3  ALMA  OBSERVATIONS  A N D  DATA  

R E D U C T I O N  

The observations presented in this paper were carried out during 

ALMA Cycle 6 between 2018 December and 2019 April (PI: 

I. Ruffa). Their main properties are summarized in Table 2 . 

NGC 3100 was observed in three different ALMA Bands: in Band 

3, we targeted the CO(1-0) transition; in Band 4, the HNCO(6-5) 

and SiO(3-2); and in Band 7, the CO(3-2) and HCO 
+ (4-3) lines. We 

adopted the same spectral configuration for all of the observations: 

a total of four spectral windows (SPWs); one (or two, depending on 

the number of lines targeted in the observing block) centred at the 

3 Observ ed v elocities are projected along the line of sight. Intrinsic values 

can be estimated by correcting for the inclination of the gas distribution, 

i.e. v deproj = v obs /sin i . 

line(s) redshifted frequency ( νsky ) and divided into 1920 1.129 MHz- 

wide channels, the other three (or two) used to map the continuum 

emission and divided into 240 7.813-MHz-wide channels. Between 

41 and 48 12-m antennae were used; the maximum baseline length 

was 783 m for Band 3 and 4 observations, 360 m for Band 7. A 

standard calibration strategy was adopted: for each session, a single 

bright quasar was used as both flux and bandpass calibrator, a second 

one as phase calibrator. Specifically, we used J1037 − 2934 and 

J1024 − 3234 for Band 3, J1107 − 4449 and J1037 − 2934 for Band 

4, and J1058 + 0133 and J1037 − 2934 for Band 7, respectively. 

As already mentioned abo v e, these newly acquired data comple- 

ment previous Band 6 observations of NGC 3100 in the CO(2-1) 

transition, which were obtained in 2016 March as part of ALMA 

Cycle 3 (PI: I. Prandoni). Full details on these observations can be 

found in Paper I ; a summary is provided in Table 2 for completeness. 

We manually calibrated all data using the Common Astronomy 

Software Application ( CASA ; McMullin et al. 2007 ) package, version 

5.4.1 (4.7.2 for Band 6 data), reducing each data set separately with 

customized PYTHON data reduction scripts. 

3.1 Continuum imaging 

The continuum SPWs and the line-free channels of the line SPW(s) of 

each observing run were used to produce the continuum maps, using 

the tclean task in multifrequency synthesis mode (MFS; Rau & 

Cornwell 2011 ) with no spectral dependence. All the continuum 

maps were made using natural weighting in order to maximize the 

sensitivity, with the goal of imaging extended emission from the 

radio source. Since continuum emission from the core is detected at 

high signal-to-noise ratios (S/N) at all frequencies, multiple cycles 

of phase-only self-calibration and one cycle of amplitude and phase 

self-calibration were performed at all frequencies. This allowed us 

to obtain root-mean square (rms) noise levels ranging from 9 to 

50 µJy beam 
−1 for synthesized beams of 0.6–0.9 arcsec full width 

at half-maximum (FWHM). Table 3 summarizes the main properties 

of the millimetre continuum maps, which are shown in Fig. 2 . 

For completeness, we include the 230-GHz continuum map and its 

properties (originally presented in Paper I ) in Fig. 2 and Table 3 , 

respectively. All the continuum maps are primary-beam corrected. 

3.2 Line imaging 

After applying the continuum self-calibration, the CO line emission 

was isolated in the uv plane using the CASA task uvcontsub . This 
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Table 3. Properties of the continuum images. 

ALMA Continuum rms S ν
Band component 

( µJy beam −1 ) (mJy) 

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

Band 3 Core 15 37.0 ± 3.7 

N jet 5.9 ± 0.6 

S jet 10 ± 1.0 

Band 4 Core 9 28 ± 2.8 

N jet 4.5 ± 0.4 

S jet 7.7 ± 0.8 

Band 6 a Core 20 43.0 ± 4.3 

N jet 2.2 ± 0.2 

S jet 4.3 ± 0.4 

Band 7 Core 50 19 ± 1.9 

N jet b –

S jet 3.4 ± 0.3 

Notes. Columns: (1) ALMA frequency band. (2) Component identified in 

the mm continuum maps. (3) rms noise level measured from emission-free 

regions of the cleaned continuum map. (4) Integrated continuum flux density 

of the components listed in column (2) and corresponding uncertainties. 

These latter are estimated as 
√ 

rms 2 + (0 . 1 × S ν ) 2 , where the second term 

dominates in all cases. 
a Continuum properties of the Band 6 continuum map from Paper I . See 

Section 3 for details. 
b Undetected component. 

forms a continuum model from linear fits in frequency to line-free 

channels and then subtracts this model from the visibilities. 

We created the data cubes of the CO transitions using the tclean 

task with natural weighting and channel widths of 10 km s −1 . The 

channel velocities were computed in the source frame with zero- 

points corresponding to the redshifted frequency of the correspond- 

ing line (i.e. νsky ; see Table 2 ). The continuum-subtracted dirty cubes 

were cleaned in regions of line emission (identified interactively) to 

a threshold equal to 1.5 times the rms noise level (determined from 

line-free channels) and then primary-beam corrected. CO(1-0) and 

CO(3-2) emission is clearly detected, with peak S/N of 23 and 83, 

respectively, and an rms noise (determined from line-free channels) 

of 0.6 mJy beam 
−1 in both cases. 

SiO(3-2), HNCO(6-5), and HCO 
+ (4-3) emission (and conse- 

quently line-free channels) could not be identified in the SPWs cen- 

tred on the corresponding redshifted line frequencies; the continuum 

was thus modelled using the continuum SPWs only. Continuum- 

subtracted data cubes of these transitions were created with a 

conserv ati ve channel width of 105 km s −1 and natural weighting. 

The resulting dirty cubes were then cleaned down to 1.5 times 

the expected rms noise, yielding cleaned channel maps with 1- σ

rms noises ranging from 0.05 to 0.2 mJy beam 
−1 . The SiO(3-2) 

and HNCO(6-5) lines are undetected, while HCO 
+ (4-3) emission is 

tentatively detected at ≈5 σ . 

Table 4 summarizes the properties of the imaged data cubes 

[including CO(2-1) from Paper I ]; for non-detections, 3- σ upper 

limits are tabulated. 

4  IMAG E  C U B E  ANALYSIS  A N D  RESULTS  

4.1 Moment maps 

Integrated intensity (moment 0), mean line-of-sight velocity (mo- 

ment 1), and velocity dispersion (moment 2) maps of the CO lines 

were created from the continuum-subtracted data cubes using the 

masked moment technique as described by Dame ( 2011 , see also 

Bosma 1981a , b ; van der Kruit & Shostak 1982 ; Rupen 1999 ). In this 

technique, a copy of the cleaned data cube is first Gaussian-smoothed 

spatially (with an FWHM equal to that of the synthesized beam) and 

then Hanning-smoothed in velocity. A 3D mask is then defined by 

selecting all the pixels above a fixed flux-density threshold. This 

threshold is chosen so as to reco v er as much flux as possible while 

minimizing the noise (higher thresholds usually need to be set for 

noisier maps; see also Paper I ). Given the high significance of our 

CO detections (see Table 4 ), a threshold of 1.2 σ (where σ is the rms 

noise level measured in the un-smoothed data cube) has been used 

in all the cases. The moment maps were then produced from the 

un-smoothed cubes using the masked regions only (e.g. Davis et al. 

2017 ). The resulting moment maps of the CO transitions [including 

those of the CO(2-1) from Paper I ] are shown in Fig. 3 . 

It is clear from the left-hand panels of Fig. 3 that for all the 

CO transitions, the bulk of the emission arises from two bright peaks 

centred approximately at RA offsets of 1 
′′ 

( ≈190 pc) to the north-east 

(NE) and south-west (SW) of the core. These features are surrounded 

by fainter emission extending up to 11 
′′ 

( ≈2 kpc) along the major 

axis of the CO(1-0) distribution, a bit less ( ≈1.6 kpc) in the higher- 

J transitions. In general, substantial differences can be observed 

between the three lines in terms of the relative brightness of the 

inner and outer regions: higher- J transitions are brighter towards the 

core, whereas lower- J transitions are brighter towards the outskirts. 

As a result, also the gas morphology changes: a gap is observed at the 

centre of the CO(1-0) distribution, whereas the CO(2-1) and CO(3- 

2) lines show a ring-like and full-disc morphology , respectively . 

Additional detached CO structures with lower surface brightness are 

visible at ≈1 kpc west and ≈2 kpc east from the outer edges of the 

central CO distribution (Fig. 3 ). The latter, in particular, is clearly 

more prominent in the 1-0 than in the 2-1 transition, while it is not 

observed in CO(3-2). This seems to confirm the general trend for 

lower- J lines to be brighter f arther aw ay from the centre, although 

we note that at least some of the CO(2-1) emission of the eastern 

patch may be lost due to significant primary beam attenuation in that 

region at 235 GHz [Field of view (FoV) = 25 
′′ 
; see Table 2 ]. Primary 

beam attenuation/limitation may also explain the non-detection 

of any emission from the eastern patch in Band 7 observations 

(FoV = 17 
′′ 
; see Table 2 ). The relative spatial distribution of the 

CO lines suggests higher gas excitation in the central regions. This 

is further analysed in Section 4.4 and discussed in Section 5.2. 

The velocity pattern of the three CO transitions (Fig. 3 , middle 

panels) shows that the gas is rotating but with evident kinematic 

distortions (i.e. s-shaped iso-velocity contours). Such disturbances 

usually trace the presence of unrelaxed substructures in the gas 

disc, possibly caused by either warps or non-circular motions, or 

a combination of both. Accurate 3D kinematic modelling can help 

differentiating between the two. This is illustrated in Section 4.5. 

The line-of-sight gas velocity dispersion ( σ gas ; Fig. 3 , right-hand 

panels) varies significantly across the gas sky distributions. In all 

the transitions, the gas is observed as being dynamically cold at 

the outskirts of the main CO structure and at larger scales, with 

σ gas ≈ 10 −20 km s −1 . These values are in agreement with the 

typical ranges measured in nearby cold gas clouds (e.g. van de 

Voort et al. 2018 ). The gas velocity dispersion then progressively 

increases towards the central gas regions but differently from 

lower- to higher- J transitions. In both the 1-0 and 2-1 lines, the 

highest values ( ≥50 km s −1 ) are almost e xclusiv ely concentrated 

in areas spatially coincident with the location of the two line 

peaks. In the CO(3-2), we instead observe large line broadening 
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4490 I. Ruffa et al. 

Figure 2. Naturally weighted (sub-)mm continuum maps of NGC 3100 in ALMA Band 3 (panel a), 4 (panel b), 6 (panel c), and 7 (panel d). The Band 6 image 

is from Paper I . The reference frequency of each map is indicated in its top right corner. The bar to the right of each map shows the colour scale in Jy beam −1 . 

Coordinates are given as relative to the image phase centre; East is to the left and North to the top. The synthesized beam is shown in white in the bottom left 

corner of each panel; a scale bar is also shown in the bottom right corner of panel a. The properties of the continuum maps are summarized in Table 3 . 

Table 4. Properties of the imaged data cubes. 

Transition rms Peak flux S/N 
v chan 

(mJy beam −1 ) (mJy beam −1 ) (km s −1 ) 

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

12 CO(1-0) 0.6 13.8 23 10 

HNCO(6-5) 0.05 < 0.15 – 105 

SiO(3-2) 0.05 < 0.15 – 105 
12 CO(2-1) a 0.6 28.3 45 10 

HCO + (4-3) 0.2 1.0 5 105 
12 CO(3-2) 0.6 50.0 83 10 

Notes. Columns: (1) Line transition. (2) rms noise measured from line-free 

channels with the widths listed in column (5). (3) Peak flux of the line 

emission. (4) Peak signal-to-noise ratio of the detection. (5) Channel width 

of the data cube (km s −1 in the source frame). 
a Properties of the CO(2-1) data cube presented in Paper I . See Section 3 for 

details. 

( σ gas ≥ 40 km s −1 ) throughout the central regions of the main 

gas structure. Such large values would imply that an ongoing 

perturbation (such as deviations from purely circular motions) is 

affecting the dynamical state of the gas, inducing turbulence within 

the gas clouds. Caution is needed, ho we v er, as observ ed line-of-sight 

velocity dispersions can be significantly overestimated due to ob- 

serv ational ef fects. Among these, beam smearing (i.e. contamination 

from partially resolved velocity gradients within the host galaxy) 

usually dominates in regions of large velocity gradients, such as the 

inner regions of galaxies. Full kinematic modelling is the only way to 

derive reliable estimates of the intrinsic gas velocity dispersion (see 

Section 4.5). 

A masked moment 0 map of the detected HCO 
+ (4-3) emission is 

shown in Fig. 4 , with CO(3-2) contours o v erlaid. The significance 

of the detection is not sufficient to produce reliable higher moment 

maps (line emission can be identified only in four channels of the data 
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Jet-ISM interaction in NGC 3100 4491 

Figure 3. NGC 3100 moment 0 (integrated intensity; left-hand panels), moment 1 (intensity-weighted mean line-of-sight velocity; middle panels) and moment 

2 (intensity-weighted line-of-sight velocity dispersion; right-hand panels) maps of the CO(1-0), CO(2-1), and CO(3-2) transitions (top, middle, and bottom 

ro ws, respecti vely). The maps were created with the masked moment technique described in Section 4.1 using data cubes with a channel width of 10 km s −1 (see 

Table 4 ). The synthesized beam and a scale bar are shown in the bottom-left and bottom-right corner, respectively, of each moment 0 map. The bar to the right 

of each map shows the colour scales (in Jy beam −1 km s −1 and km s −1 for moment 0 and moment 1/2 maps, respectively). Coordinates are with respect to the 

image phase centre; East is to the left and North to the top. Velocities are measured in the source frame and the zero-point corresponds to the intensity-weighted 

centroid of the CO emission. 

cube, with a peak S/N = 5; see Table 4 and Section 4.2). The faint 

HCO 
+ (4-3) detection is restricted to a single unresolved blob-like 

structure at 2 
′′ 

( ≈350 pc) west of the core, not coincident with the 

position of any of the CO peaks. Interestingly, HCO 
+ (4-3) emission 

is detected only at blueshifted velocities (see Section 4.2), while it 

is located in a small region of the receding (i.e. redshifted) CO side. 

This suggests that the two molecular species have opposite velocity 

gradients (i.e. they are kinematically decoupled) in that region. This 

is discussed in Section 5.2.2. 

4.2 Line widths and profiles 

The spectral profiles of the central CO(1-0) and CO(3-2) structures 

were extracted from the cleaned data cubes within box es co v ering the 

same 10 
′′ × 11 

′′ 
central area of each cube. These spectra are shown in 

Fig. 5 (a), together with the CO(2-1) spectrum from Paper I (extracted 

within the same region). The spectral profile of the detected HCO 
+ (4- 

3) emission, extracted from the cleaned data cube within a 1.5 
′′ ×

1.5 
′′ 

box centred on the emission peak, is shown in Fig. 5 (b). Line 
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Figure 4. NGC 3100 moment 0 (integrated intensity) map of the HCO + (4-3) 

transition, with CO(3-2) contours o v erlaid in a cool-to-warm colour scale. The 

map was created with the masked moment technique described in Section 4.1 

using a data cube with a channel width of 105 km s −1 (see Table 4 ). The 

synthesized beam is shown in the bottom-left corner, and a scale bar in the 

bottom-right corner. The colour bar to the right shows the flux density scale 

in Jy beam −1 km s −1 . Coordinates are relative to the image phase centre; 

East is to the left and North to the top. 

widths were measured as both full width at zero-intensity (FWZI) 

and FWHM. The former was defined as the full velocity range 

co v ered by channels (identified interactively in the channel maps) 

with line intensities ≥3 σ . These channels are highlighted by the 

shaded regions in Fig. 5 . The integrated flux densities listed are 

calculated o v er this range. F or all the CO transitions, these values 

include the flux densities of the larger-scale eastern/western CO 

structures calculated o v er the FWZI range of their respective spectral 

profiles (not shown here). 

Different methods were adopted to estimate the line FWHM, 

depending on the shape of the observed line profile. For the CO 

lines, showing the classic double-horned shape of a rotating disc, 

each FWHM was defined directly from the integrated spectrum as 

the velocity difference between the two channels with intensities 

exceeding half of the line peak most distant from the line centre. 

For the HCO 
+ (4-3) line, that is centrally peaked, we estimated the 

FWHM by performing a Gaussian fit on the integrated spectrum (see 

Fig. 5 b). 

For the undetected SiO(3-2) and HNCO(6-5) shock tracers, 3 σ

upper limits on the v elocity-inte grated flux densities were calculated 

from the relation (e.g. Koay et al. 2016 ): 

S
 v < 3 σ
 v FWHM 

√ 


 v 


 v FWHM 
, (1) 

where 
 v is the channel width of the data cube in which the rms 

noise ( σ ) is measured (105 km s −1 in these cases; Table 4 ), and 


 v FWHM is the expected line FWHM. We assumed the same FWHM 

of the CO(2-1) line (see Table 5 ). The factor 
√ 


 v /
 v FWHM accounts 

for the expected decrease in noise level with increasing bandwidth 

(Wrobel & Walker 1999 ). We note that equation (1) is valid only if 

all of the molecular gas is concentrated within the synthesized beam 

( ≈190 × 160 pc 2 for Band 4 observations; Table 2 ). If the molecular 

gas is actually distributed on larger scales, the quoted upper limits 

would be underestimated. 

Figure 5. Top panel : CO(3-2), CO(2-1), and CO(1-0) spectral profiles 

(colours as labelled in the top left corner) extracted within boxes of 10 
′′ ×

11 
′′ 
, including all the emission of the main CO structure visible in Fig. 3 . 

Bottom panel : HCO + (4-3) spectrum (black solid line) extracted within a 

box of 1.5 
′′ × 1.5 

′′ 
, including all the detected HCO + emission. The best- 

fitting Gaussian profile is o v erlaid as a red dashed line. In both panels, the 

black dashed horizontal line indicates the zero flux level. The shaded regions 

highlight the spectral channels used to estimate the line FWZI (see Section 4.2 

for details). 

The measured FWZI, FWHM, and integrated flux densities of the 

detected lines, along with the upper limits of non-detections, are 

reported in Table 5 . 

4.3 Molecular gas mass 

An estimate of the molecular gas mass of NGC 3100 was already 

pro vided in P aper I , based on our previous CO(2-1) observations. 

The successful detection of the CO(1-0) transition, ho we ver, allo ws 

us to obtain a more accurate estimate by removing the uncertainties 

introduced by the assumed CO(2-1) to CO(1-0) average flux density 

ratio (i.e. the ratio of the integrated flux density at each transition). 

We adopted the following relation to estimate the total 

molecular gas mass, including contributions from heavy elements 
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Table 5. Main integrated parameters of the observed molecular transitions. 

Transition Line FWHM Line FWZI S 
 v R J1 

(km s −1 ) (km s −1 ) (Jy km s −1 ) 

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

12 CO(1-0) 350 440 9.3 ± 1.1 –

HNCO(6-5) 340 – < 28 

SiO(3-2) 340 – < 28 
12 CO(2-1) 340 440 20.0 ± 2.1 a 2.14 ± 0.4 

HCO + (4-3) 150 420 0.32 ± 0.2 –
12 CO(3-2) 350 460 31.3 ± 3.2 3.35 ± 0.6 

Notes . Columns: (1) Molecular transition. (2) Line FWHM. For the CO 

detections, this is defined directly from the spectral profiles as the velocity 

difference between the two channels with intensities ≥50% of the line peak 

most distant from the line centre. For the HCO + (4-3) line, the FWHM is 

estimated from a Gaussian fit to the integrated spectrum (red dashed line in 

Fig. 5 b). (3) Full velocity range covered by channels (identified interactively 

in the channel maps) with intensities ≥3 σ (shaded regions in Fig. 5 ). (4) Flux 

density inte grated o v er all the channels in the range defined by the FWZI 

(for CO transitions, the emission of the detached larger-scale eastern/western 

CO structures visible in Fig. 3 is included). For non-detections, velocity- 

integrated upper limits (in units of Jy beam −1 km s −1 ) are estimated assuming 

that the emission is unresolved and the line FWHM is the same as that of the 

CO(2-1) (see Section 4.2). (5) Average ratio of the higher- J CO lines o v er 

the 1-0 transition (i.e. ratio of the integrated flux density at each transition) . 
a Due to a more accurate numerical integration, the integrated CO(2-1) flux 

density reported here is slightly larger than that tabulated in Paper I . 

( M mol ; Bolatto et al. 2013 ): 

M mol = 1 . 05 × 10 4 

( 

X CO 

2 × 10 20 cm −2 

K km s −1 

) 

×
(

1 

1 + z 

) (

S CO 
ν

Jy km s −1 

) (

D L 

Mpc 

)2 

, (2) 

where S CO 
 v is the CO(1-0) integrated flux density, z the galaxy 

redshift, D L the luminosity distance, and X CO the CO-to-H 2 conver- 

sion factor. This latter depends on the molecular gas conditions (e.g. 

excitation, dynamics, geometry, and stability of single molecular 

clouds) and other ISM properties (e.g. metallicity) and is therefore 

likely to vary systematically between different galaxy types (see 

Bolatto et al. 2013 ). As introduced in Section 4.1 (see also Sec- 

tions 4.4 and 5.2), the molecular gas in NGC 3100 displays different 

excitation conditions in the inner areas of the gas distribution. 

Ho we ver, this ef fect is confined in the regions where CO(1-0) is 

mostly undetected and can be thus neglected for the purpose of 

estimating the molecular gas mass from this transition. More in 

general, little is known about X CO in nearby ETGs, as most of the 

studies carried out so far are focused on late-type disc galaxies. In 

the very few massive nearby ETGs in which accurate measurements 

have been made, the av erage conv ersion factor has been found 

to be comparable to that estimated in the Milky Way (see e.g. 

Utomo et al. 2015 ), which is thus the value commonly used for 

local radio galaxies (e.g. Tremblay et al. 2016 ). Therefore, we 

adopt an average Milky Way CO-to-H 2 conversion factor of X CO = 

2 × 10 20 cm 
−2 (K km s −1 ) −1 . 

The estimated molecular gas mass is (1.4 ± 0.2 ± 0.3) × 10 8 M ⊙. 

This is fully consistent with that estimated from CO(2-1) data 

( M mol = (1.2 ± 0.1 ± 0.3) × 10 8 M ⊙; Paper I ), despite the average 

flux density ratio assumed for that calculation (i.e. R 21 = 2.32; 

Paper I ) was slightly larger than that measured ( R 21 = 2.14 ± 0.4; 

Table 5 ). This o v erestimation, ho we ver, was counterbalanced by 

a slight underestimation of the CO(2-1) integrated flux density. A 

new estimate of the latter, obtained from a more accurate numerical 

integration, is reported in Table 5 . We note that the first error quoted 

on the molecular gas mass is random and largely dominated by 

the uncertainty on the integrated flux density, while the second is 

systematic and accounts for a 10 per cent uncertainty in the assumed 

distance. An estimate of the systematic uncertainty introduced by our 

assumption on X CO is not included in the quoted error budget. This 

can be quantified by assuming a conserv ati ve scatter of ±0.4 dex 

(about a factor of 2.5; see Bolatto et al. 2013 ) around the adopted 

Milky Way value, leading the molecular gas mass to vary within the 

range of 0.5 −3.5 × 10 8 M ⊙. 

4.4 Spatially resolved line ratios 

One of the main aims of the present work is to carry out a spatially 

resolved analysis of the strength of the observed higher- J CO 

transitions relative to the lowest order transition. To do this, the 

data cubes used to make ratio maps need to be identical. We thus 

re-imaged the three CO transitions making new data cubes with the 

same number of channels, channel width (i.e. 10 km s −1 ), pixel, 

and image size. We also corrected for the different uv co v erages 

by smoothing to a common resolution (i.e. selecting a common uv 

range and convolving to a common synthesized beam). This resulted 

in data cubes with synthesized beams of 1 
′′ 
.4 × 0 

′′ 
.9 (corresponding 

to ≈250 × 160 pc 2 ). Masked integrated intensity maps of these 

smoothed data cubes were produced and then used to make ratio maps 

using the CASA task immath . The resulting R 21 ≡ S CO(2-1) / S CO(1-0) 

and R 31 ≡ S CO(3-2) / S CO(1-0) maps 4 are shown in Fig. 6 , with 10-GHz 

continuum contours o v erlaid in black. As already clear from the 

relative spatial distribution of the three CO lines (see Section 4.1), 

we can identify at least two distinct molecular gas components from 

Fig. 6 : an outer low-excitation component with flux density ratios 

mostly between ≈1 and ≈4 and an inner high-excitation component 

with R j1 ≥ 8 and R 31 reaching values ≥12 (Fig. 6 b). The former 

are compatible with the CO gas being on average in sub-thermal 

excitation condition (e.g. Cormier et al. 2018 ); in some cases, similar 

ratios have been also associated to gas in an optically thick regime 

(e.g. Dasyra et al. 2016 ). The large inner ratios instead imply that 

the gas is likely thermalized (i.e. at densities abo v e 3000 cm 
−3 ) 

and optically thin, since they are significantly above the maximum 

values of R 21 = 4 and R 31 = 9 for optically thick emission ( ≈1 

for ratios in brightness temperature; see e.g. Dasyra et al. 2016 ; 

Oosterloo et al. 2017 ). Assuming local thermodynamic equilibrium 

(LTE) and optically thin conditions, CO ratios � 12 imply gas 

excitation temperatures T ex � 50 K (e.g. Oosterloo et al. 2017 ). 

Such extreme conditions are very similar to those observed in the 

regions of jet–ISM interactions in the few (mostly Seyfert-like) 

objects in which a multiline study like the one presented in this 

paper has been carried out, such as NGC 1068 (Garc ́ıa-Burillo et al. 

2014 ) and IC 5063 (Dasyra et al. 2016 ; Oosterloo et al. 2017 ). By 

4 We note that in this work, we use integrated flux density ratios (expressed 

in Jy km s −1 ). Indeed, although naturally thought to be dimensionless, 

these are different from integrated brightness temperature ratios (expressed 

in K km s −1 ). This is because, based on the Rayleigh–Jeans formula, the 

conversion between K and J is not linear: 

(

T 

K 

)

= 1 . 22 × 10 3 
(

S 

Jy 

)

( ν

GHz 

)−2 
(

θmaj × θmin 

arcsec × arcsec 

)−1 

, 

where T is the brightness temperature, S is the flux density, ν is the 

observing frequency, and θmaj and θmin are the major and minor axis FWHM 

of the synthesized beam, respectively. 
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4494 I. Ruffa et al. 

Figure 6. R 21 ≡ S CO(2-1) / S CO(1-0) (left-hand panel) and R 31 ≡ S CO(3-2) / S CO(1-0) (right-hand panel) maps with 10-GHz continuum contours o v erlaid. The white 

contour in each map roughly marks the transition between the outer low-excitation component with R 21 < 4 and R 31 < 9, and the inner high-excitation component 

with R 21 � 4 and R 31 � 9. The latter correspond to brightness temperature ratios > 1 and thus likely to an optically thin gas regime (see the text for details). 

The bar to the right of each map shows the colour scale. In both panels, the beam size and the scale bar are shown in black in the bottom-left and bottom-right 

corners, respectively. Coordinates are given as relative to the image phase centre; East is to the left and North to the top. 

making a spatial comparison between the regions where the highest 

line ratios are observed and the location of the radio lobes, it is 

clear that also in NGC 3100 the expanding radio plasma is likely 

responsible for such different gas conditions in the inner areas. More 

in general, it is clear from Fig. 6 that the gas becomes progres- 

siv ely less e xcited at increasing distance from the compact radio 

structure. 

The HCO 
+ (4-3) line requires much larger gas densities to be 

excited ( n crit > 1.8 × 10 6 cm 
−3 ; Greve et al. 2009 ), compared 

to CO transitions ( n crit > 2.1 × 10 3 cm 
−3 ; Carilli & Walter 

2013 ). As such, comparing their relative strength can provide clues 

on the gas density conditions in the region where they are co- 

spatial. It is therefore interesting to analyse also the HCO 
+ /CO flux 

density ratio, even though we detected the HCO 
+ (4-3) emission 

at much lower level and in a substantially smaller region than 

the CO transitions. To a v oid unnecessary repetitions and – at the 

same time – allow a coherent comparison with HCO 
+ /CO ratios 

reported in other studies of jet–ISM interactions (e.g. Oosterloo et al. 

2017 ), we made a sole representative R HCO ≡ S HCO + (4 −3) /S CO(2-1) 

map. We used the same method described abo v e but binned the 

CO(2-1) data cube to a channel width of 105 km s −1 . The re- 

sulting R HCO map is shown in Fig. 7 with 10-GHz continuum 

contours o v erlaid in black. The R HCO values are found to vary 

from ≈0.1 to ≈0.7, much higher than those typically observed 

in unperturbed gas regions ( < 0.045; e.g. Oosterloo et al. 2017 ). 

Enhanced dense gas emission can be induced by various types of 

perturbations (such as merger-induced shocks; see e.g. K ̈onig et al. 

2018 ). Ho we ver, Fig. 7 clearly shows that the faint HCO 
+ (4-3) 

emission arises from a region adjacent to the base of the southern 

radio lobe, making a jet-induced gas compression the most likely 

scenario. 

In general, all the results presented abo v e pro vide important 

constraints on the radio jet-cold gas interplay in NGC 3100. This 

is discussed in detail Section 5.2. 

Figure 7. R HCO ≡ S HCO + (4 −3) / S CO(2-1) map with 10-GHz continuum con- 

tours o v erlaid. The bar to the right shows the colour scale. The beam size and 

the scale bar are shown in black in the bottom-left and bottom-right corners, 

respectively. Coordinates are given as relative to the image phase centre; East 

is to the left and North to the top. 

4.5 CO kinematics 

A detailed study of the molecular gas kinematics in NGC 3100 was 

presented in Paper II , based on our previous CO(2-1) observations. 

Among other interesting results, this analysis demonstrated the pres- 

ence of radial motions (estimated to be ≤10 per cent of the underlying 

rotational velocity) in the plane of the CO disc. We tentatively 

identified these as inflow streaming motions likely induced by the 

two-armed spiral perturbation that we found in the inner CO regions 

(see Paper II for details). The hole at the centre of the CO(2-1) 
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Jet-ISM interaction in NGC 3100 4495 

distribution, ho we ver, made these results somewhat uncertain. It is 

thus interesting to repeat the same analysis on the CO(3-2) line, 

which is the sole among the observed CO transitions tracing the 

gas up to the very centre of the source. The procedure adopted to 

carry out the kinematic modelling is the same as that followed for 

the CO(2-1) transition. This was e xtensiv ely described in Paper II ; 

hence, only an outline is provided in the following. 

We analysed the CO kinematics using the INTEGRATED DEVEL- 

OPMENT LANGU A GE (IDL) version of the KINEMATIC MOLECULAR 

SIMULATION tool ( KINMS ; 5 Davis et al. 2013 ). This routine allows to 

input arbitrary functions describing the gas distribution and kinemat- 

ics and constructs the corresponding mock data cube by calculating 

the line-of-sight projection of the circular velocity for a defined 

number (typically 10 5 −10 6 ) of point-like sources representing the 

gas distribution. As for the CO(2-1) transition, we modelled the 

CO(3-2) distribution with a nuclear two-armed spiral structure (very 

well reproducing the observed CO peaks at the SW/NE side of 

the core; Fig. 3 , left-hand panels) embedded in a disc. The former 

was parametrized in KINMS as a uniform brightness distribution 

along loci whose positions from the phase centre are described by a 

logarithmic spiral function; the latter as an axisymmetric exponential 

disc (a form that has been shown to be appropriate in many ETGs; 

e.g. Davis et al. 2013 ). The s-shaped velocity iso-contours visible 

in the rotation pattern (Fig. 3 , middle column) may be caused by 

either warps or non-circular motions, as both phenomena produce 

the same kinematic features. In NGC 3100, ho we ver, we found that 

they were best reproduced by adding both a position angle (PA) 

and an inclination ( i ) warp (i.e. allowing a linear radial variation 

of both parameters between a lower and an upper value). The gas 

was then assumed to be in purely circular motion and its rotation 

curve was modelled using a simple arctangent function (see e.g. 

Swinbank et al. 2012 ; van de Voort et al. 2018 ). This approach 

still allows to identify possible non-circular motions, if significant 

residuals (i.e. larger than the data cube channel width) are found 

once such simple rotating model is subtracted from the observed 

velocity field. We also included in our model a velocity dispersion 

parameter ( σ gas ). Since our aim is simply to obtain an average value 

for the intrinsic gas velocity dispersion across the gas disc, σ gas 

was assumed to be spatially constant. The so-simulated data cube 

was then fitted to the observed one using the Markov Chain Monte 

Carlo (MCMC) code KINMS MCMC , 6 which explores the full space 

defined by the input model and outputs the full Bayesian posterior 

probability distribution, identifying the best-fitting set of parameters. 

These latter are fully in agreement with that obtained from the CO(2- 

1) kinematic modelling and thus not further discussed here (see 

Table 6 and Paper II for details). We only note that the best-fitting 

σ gas was found to vary from ≈34 ± 4 to ≈41 ± 3 km s −1 from the 2-1 

to the 3-2 transition. 7 Although still consistent within their respective 

errors, these two values imply that the average gas velocity dispersion 

is intrinsically large, thus confirming the scenario inferred from the 

visual inspection of the line-of-sight mean velocity dispersion maps 

(i.e. the dynamical state of the cold gas can be considered turbulent 

on average; see Section 4.1). 

The best-fitting CO(3-2) mean line-of-sight velocity map shown 

in Fig. 8 (a) illustrates that our simple rotating model provides a good 

5 ht tps://github.com/Timot hyADavis/K inMS 
6 ht tps://github.com/Timot hyADavis/K inMS MCMC 
7 Due to a more accurate processing of the uncertainties in the χ2 statistics, 

the error associated to the best-fitting CO(2-1) σ gas reported here is larger 

than that tabulated in Paper II . 

Table 6. Best-fitting parameters from the kinematic modelling of the CO(3- 

2) transition. 

ID Parameter Unit Value 

(1) Kinematic position angle, PA (deg) 190 −250 

(2) Disc inclination, i (deg) 20 −80 

(3) Disc scale length, R disc (arcsec) 3.1 ± 0.3 

(4) Maximum circular velocity, v flat (km s −1 ) 345 ± 5 

(5) Rotation curve turn over radius, r turn (arcsec) 2.6 ± 0.2 

(6) Velocity dispersion, σ gas (km s −1 ) 41 ± 3 

Note. Rows: (1) Range of the CO disc kinematic position angle (i.e. the PA 

measured counterclockwise from North to the approaching side of the velocity 

field). (2) Range of the CO disc inclination. (3) Scale length of the CO disc 

surface brightness profile. (4) Asymptotic (or maximum) circular velocity in 

the flat part of the CO rotation curve (corresponding to the major axis PVD 

shown in Fig. 8 c). (5) Effective radius at which the CO rotation curve turns 

o v er. (6) Gas velocity dispersion. 

o v erall representation to the observed kinematics (Fig. 3 c, middle 

panel). The distortions in the rotation pattern are also reasonably well 

reproduced by the combination of warps in both PA and inclination 

included in the model, in agreement with what found from the 

CO(2-1) modelling. Our main aim here, ho we ver, is to look for 

kinematic signatures that can confirm and/or complement our pre- 

vious finding of non-circular motions in the plane of the CO disc. 

Particularly interesting in this regard are the mean velocity residuals 

visible in Fig. 8 (b), with amplitudes ≤70 km s −1 in absolute value 

(or ≤91 km s −1 deprojected). These are slightly larger than those 

found in the CO(2-1) (see Section 2 and Paper II ) and – differently 

from them – can be clearly divided into two main groups, each lying 

along a different kinematic axis. One group consists of two regions 

along the kinematic major axis with peaks centred at RA offsets of 

≈2 
′′ 
.0 and 1 

′′ 
.5 to the NE and SW of the core, respectively, clearly 

spatially correlated with the positions of the two CO(3-2) peaks 

visible in Fig. 3 (c) (left-hand panel). The two regions exhibit mostly 

redshifted/blueshifted v elocities, respectiv ely: knowing from the B- 

I colour map of NGC 3100 (Fig. 1 , top right-hand panel) that the 

eastern is the near side of the disc (see also Paper II ), the observed 

residual velocities would imply gas inflow. 

A second group of significant residuals can be identified in 

Fig. 8 (b) along the kinematic minor axis. These are particularly 

interesting as the gas rotational component is mostly negligible along 

the minor axis and thus significant velocity components are likely to 

be ascribed to radial motions. The presence of such motions can also 

be clearly inferred from the minor axis PVD in Fig. 8 (d), showing 

a gradient with velocities up to ≈±200 km 
−1 not reproduced by 

our model (o v erlaid in cyan). The minor axis PVD of gas in pure 

circular motions is indeed expected to show nearly flat emission 

around the systemic velocity, with typical widths of a few tens of 

km s −1 (due to a combination of intrinsic gas velocity dispersion 

and beam smearing effects; e.g. Garc ́ıa-Burillo et al. 2014 ). The 

residual velocities (both in the residual map and the minor axis 

PVD) are preferentially blueshifted to the SE and redshifted to the 

NW, implying gas outflow when compared with the near side of the 

CO disc. 

Caution is needed, ho we ver, as interpreting the gas motions from 

the sole residual map may lead to draw inaccurate conclusions. This 

is because – by definition – the mean line-of-sight velocities are flux 

density-weighted and thus biased towards the brighter components. 

As a further check, we then extracted spectral profiles from the 

cleaned CO(3-2) data cube within the regions enclosing the most 

significant velocity residuals described above. If the gas motion in 
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4496 I. Ruffa et al. 

Figure 8. CO(3-2) model and residual (data model) mean velocity maps (panels a and b, respectively). The bars to the right show the colour scale in km s −1 . 

East is to the left and North to the top. Velocities are measured in the source frame and the zero-point corresponds to the intensity-weighted centroid of the CO 

emission. The maps are created with the masked moment technique described in Section 4.1, using a data cube with a channel width of 10 km s −1 . The CO(3-2) 

major and minor axis PVDs are shown in panels c and d, respectively. The former is extracted within a rectangular area whose long axis is orientated according 

to the kinematic position angle indicated in the bottom left corner of the panel (i.e. along the CO major axis); the same rectangular area is rotated by 90 ◦ to 

extract the PVD along the kinematic minor axis. The contours of the best-fitting model are o v erlaid in c yan. The contours are dra wn at 3, 9, ... times the 1 σ rms 

noise level (listed in Table 4 ). 

the area of the spectral extraction is dominated by regular rotation, 

we should observe a single spectral component with a centroid close 

to the systemic v elocity. Additional, higher-v elocity spectral com- 

ponents are likely related to local gas flows and indicate departures 

from pure circular rotation (see e.g. Dom ́ınguez-Fern ́andez et al. 

2020 ). The obtained spectral profiles and corresponding regions of 

extraction are illustrated in Fig. 9 . 

In all the cases, we can clearly distinguish multiple kinematic 

components. The spectral profile in the top left corner of Fig. 9 is 

extracted from the area to the NE of the core with large redshifted 

residuals (labelled as region A). This shows both a main narrow 

emission component tracing the local gas circular motion and a 

secondary component observed as a blushifted excess with velocities 

up to ≈−250 km s −1 . We note that this latter has exactly opposite 

velocities compared to those expected from just the inspection of the 

mean line-of-sight velocity residual map, stressing the importance 

of analysing the velocity residuals together with the local spectral 

profiles. The panel in the bottom right corner of Fig. 9 shows the 

spectrum of the region to the SW of the core (labelled as region B) 

with large blueshifted residuals. In this case, both a blueshifted and 

a redshifted excess (with velocities up to ≈−120 and ≈+ 90 km s −1 , 

respectiv ely) are observ ed in addition to the main narrow component. 

By comparing the velocities of the broader kinematic components in 

region A and B spectra with the near side of the disc, we conclude that 

they are likely tracing both inflo w/outflo w motions. As mentioned 

abo v e, these are clearly spatially correlated with the positions of the 

two CO peaks, and thus – in turn – with the location of the inner 

spiral perturbation. Spiral shocks and the associated turbulence can 

induce streaming motions, causing the gas to lose or gain angular 

momentum and mo v e inw ards or outw ards, respecti vely (e.g. v an de 

Ven & Fathi 2010 ). We then more robustly confirm and complement 

the scenario only tentatively inferred from the previous CO(2-1) 

kinematic modelling ( Paper II ): the non-circular motions traced by 

the velocity residuals at the NE and the SW of the core and along 

the CO kinematic major axis are likely in the form of inflo w/outflo w 

streaming motions induced by the inner spiral perturbation. 
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Jet-ISM interaction in NGC 3100 4497 

Figure 9. CO(3-2) spectral profiles extracted from the cleaned data cube within boxes enclosing the regions of the most significant data-model velocity residuals 

(central panel). The two regions to the NE and SW of the core and along the kinematic major axis are labelled as A and B, respectively; those along the kinematic 

minor axis are labelled as C and D (see the text for details). The curved black dashed line in the central panel marks the near side of the CO disc. In each spectral 

profile, the best-fitting Gaussians identifying the main, secondary, and total kinematic components are o v erlaid as red, blue, and green dashed lines, respectively. 

In the spectrum of region B (bottom right corner), the cyan dashed line illustrates the best-fitting Gaussian profile of the third additional kinematic component. 

The light and dark grey shaded regions highlight the spectral channels resulting as part of the main and secondary kinematic components, respectively. The 

black dashed horizontal line indicates the zero flux level. 

The spectral profiles of the areas along the CO kinematic minor 

axis with the most significant velocity residuals (labelled as regions 

C and D) are shown in the bottom left and top right corners of 

Fig. 9 , respectiv ely. 8 The y show blueshifted (C) and redshifted (D) 

e xcesses with v elocities up to −170 and + 200 km s −1 , respectively, 

in addition to the main kinematic component. 9 Given the orientation 

of the gas disc with respect to our line of sight, the observed 

8 We note that we also attempted to extract the spectrum of the region at 

the centre of the gas distribution showing the brightest redshifted residuals, 

but the poor S/N ratio in that area does not allow to clearly distinguish any 

spectral feature and carry out a reliable analysis. 
9 A faint redshifted excess is also visible in the spectrum of Region C (bottom 

left corner of Fig. 9 ) and highlighted as well in a dark grey colour. Ho we ver, 

the S/N ratio of the corresponding channels is too low to allow a proper 

Gaussian fitting and thus robustly identifying it as an additional kinematic 

component. 

v elocity e xcesses are compatible with an outflow . Interestingly , the 

spatial comparison between the outflow region and the location of 

the radio lobes (see bottom right-hand panel of Fig. 1 ) strongly 

suggests that the former is jet-driven. A rough estimate of the 

outflowing gas mass can be obtained by calculating the flux densities 

of the blueshifted/redshifted kinematic components integrated over 

the velocity ranges highlighted by the dark-grey shaded channels 

in regions C and D spectra and using equation (2) to convert 

the integrated fluxes into molecular gas masses. We note that by 

comparing Figs 6 and 9 , it is evident that the outflowing gas is also 

the gas showing the largest line ratios and thus in an optically thin 

regime (see Section 4.4). In such condition, the CO-to-H 2 conversion 

factor, X CO , depends on the gas excitation temperature (see Bolatto 

et al. 2013 ). Assuming T ex = 50 K for an average R 31 ≈ 12 in the 

high-e xcitation re gions, we get X CO = 2.5 × 10 19 cm 
2 (K km s −1 ) −1 

and M out = 5.6 × 10 4 M ⊙. This mass is only a small fraction of the 

total CO mass (see Section 4.3); thus, the effect of the jet-induced 
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4498 I. Ruffa et al. 

outflow in NGC 3100 appears very localized and its impact on the 

host galaxy as a whole is likely to be negligible. Making the simple 

assumption of spherical geometry for the outflowing region, an upper 

limit on the mass outflow rate can also be obtained from the relation 

Ṁ � 3 v max M out /R max (e.g. Maiolino et al. 2012 ), where M out is the 

mass of the outflowing gas estimated abo v e, and R max and v max are 

the maximum extent of the outflow region and maximum outflow 

v elocity, respectiv ely. Assuming R max = 300 pc (i.e. the maximum 

e xtent of re gions C and D in Fig. 9 ) and v max = 200 km s −1 , we obtain 

Ṁ � 0 . 12 M ⊙ yr −1 . This is at least one order of magnitude lower 

than that estimated in other known cases of CO outflows induced 

by young radio jets (e.g. Garc ́ıa-Burillo et al. 2014 ; Mahony et al. 

2016 ; Oosterloo et al. 2017 ), definitely indicating that – at least in 

terms of the induced kinematic perturbations – the jet–ISM coupling 

in NGC 3100 has to be much less extreme. We discuss these results 

in Section 5.2. 

5  DISCUSSION  

5.1 Continuum emission 

Our multifrequency (107, 136, 235, and 348 GHz) mm continuum 

images show the same compact core-double lobe structure seen in 

the radio continuum at 5 and 10 GHz (maximum linear size ≈2 kpc; 

see Paper I and Paper III ), although emission from the extended radio 

structures becomes progressively fainter at increasing frequencies. 

The great morphological similarity between the continuum emission 

o v er this wide range of frequencies suggests that the continuum of 

NGC 3100 is dominated by non-thermal synchrotron emission from 

the core and extended radio structures up to at least 348 GHz. Thermal 

emission from the Rayleigh–Jeans tail of the dust component is 

expected to contribute to the continuum at millimetre wavelengths. 

We find no evidence of such contribution up to the highest frequencies 

imaged with ALMA (i.e. 235 GHz and 348 GHz; see Figs 2 c and d), 

although we cannot exclude some contribution from this mechanism 

to the unresolved core emission. 

Fig. 10 shows the radio–(sub-)mm spectrum of NGC 3100, where 

different colours are used for the data points of different components: 

core, jet, and total (core + jet). This latter includes data from our 

ALMA and JVLA observations ( P aper I , P aper III , and this work) 

and also measurements from unresolved 1.4 GHz, 843 and 408 MHz 

data taken from the NASA/IPAC extragalactic data base (NED; 

https://ned.ipac.caltech.edu ). Such combination of high- and low- 

resolution data in the total radio to sub-mm spectrum is possible 

in this case because the radio source in NGC 3100 is compact and 

there is no evidence from the available multifrequency radio data 

for emission on larger scales (see Section 2 and Paper III ). Flux 

density measurements including emission from single components 

(i.e. core or jet) are instead taken only from spatially resolved and 

matched-resolution data (i.e. the 5- and 10-GHz VLA and all ALMA 

continuum data from Paper I , Paper III, and this work). 

To obtain spectral indices, the data points of each component are 

fitted with a single power-law function (of the form S ν = A να , where 

S ν is the flux density as a function of frequency ν, A is the power-law 

normalization, and α is the spectral index) using the least-squares 

minimization PYTHON routine lmfit (Newville et al. 2014 ). The 

spectral index and power-law normalization are left free to vary 

in the fitting process. The resulting best-fitting spectral indices are 

αtot = −0.49 ± 0.03 for the total continuum, αcore = −0.3 ± 0.2 for 

the core component, and αjet = −0.73 ± 0.01 for the jet component. 

The presence of a flatter and steeper component associated with 

the core and jet, respectively, was already reported in Paper I , based 

Figure 10. Radio to sub-mm spectrum of NGC 3100. Black circles are for 

flux density measurements encompassing emission from both the nucleus 

and the jets; these include data from our ALMA and JVLA observations 

( P aper I , P aper III , and this work) and also 1.4 GHz, 843 and 408 MHz 

measurements taken from NED. Cyan and red circles are used for flux 

densities including emission from a single component only (core and jet, 

respectively); in this case, only spatially resolved and matched-resolution 

continuum data are considered (i.e. the 5- and 10-GHz VLA and all ALMA 

continuum data from Paper I , Paper III , and this work). A best-fitting power 

law is overlaid in the corresponding colour. 

on a spatially resolved spectral index analysis carried out using the 

ALMA 235-GHz and VLA 5-GHz data available at that time. The 

obtained αjet is consistent with optically thin synchrotron emission 

but is slightly steeper than that typically observed in FR I jets ( α ≈
−0.6 between 1.4 and 4.9 GHz; Laing & Bridle 2013 ). Nevertheless, 

there is no clear sign of an abrupt high-frequency steepening due to 

synchrotron or inverse Compton losses. The best-fitting core spectral 

index, αcore , is consistent with partially optically thick (self-absorbed) 

emission from a compact component. The observed scatter in the 

data points, ho we ver, results in large fitting errors, making αcore 

poorly constrained. Since the various flux measurements are taken at 

different epochs, we may be observing the effects of core variability. 

In general, the radio–(sub-)mm morphological and spectral prop- 

erties of the radio source in NGC 3100 (i.e. compact linear size 

and o v erall steep spectrum) support a scenario (already outlined 

in Paper III ) in which it has likely been caught in the early phases of 

its evolution (see e.g. O’Dea & Saikia 2021 , for a recent re vie w on 

this subject). 

5.2 Jet-cold gas interaction 

5.2.1 CO excitation conditions and kinematics 

The analysis of the multiple CO line detections presented in this 

paper allows us to more robustly confirm and complement the results 

obtained from the sole CO(2-1) transition in NGC 3100 ( Paper II ). 

First of all, our analysis clearly shows that a simple model assuming 

gas in pure circular motions well reproduces most of the observed 

kinematic features, once accounting for the presence of both a PA and 

inclination warp (Figs 3 and 9 ). This confirms that the bulk of the CO 

gas in NGC 3100 is regularly rotating (at least at the spatial resolution 

of our ALMA observations; see Table 2 ). Nevertheless, a separate 

kinematic component can be clearly identified from the mean line-of- 

sight velocity residuals along the CO kinematic major axis (Fig. 9 ) 
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Jet-ISM interaction in NGC 3100 4499 

and ascribed to inflo w/outflo w streaming motions induced by an 

inner two-armed spiral perturbation [already tentatively inferred from 

the previous CO(2-1) data; Paper II ]. The maximum inflow/outflow 

velocities are ≈+ 90 km s −1 and ≈−250 km s −1 , respectively (see 

Section 4.5 and Fig. 9 ). These numbers indicate that streaming 

motions induced by sub-kpc scale spiral shocks can be a significant 

fraction of the underlying circular velocity (as suggested by – e.g. 

– van de Ven & Fathi 2010 ). As e xtensiv ely discussed in Paper II , 

the significance of this result relies on the fact that nuclear spiral 

perturbations and associated non-circular motions are considered 

as an efficient mechanism for transporting gas from kpc scales 

to the nucleus and feeding the central SMBH (e.g. Combes et al. 

2013 ; Fathi et al. 2013 ). Theoretical studies, ho we ver, demonstrate 

that nuclear spiral instabilities can produce large accretion rates 

(1 −10 M ⊙ yr −1 ; e.g. Hopkins & Quataert 2010 ), as opposed to the 

strongly sub-Eddington rates estimated in LERGs such as NGC 3100 

(see below). This suggests that other physical processes intervene in 

the very inner regions of these objects, keeping the accretion rate low. 

Higher resolution observations probing the gas at scales relevant for 

the accretion process ( ≪100 pc) are needed to examine the gas 

kinematics around the SMBH and shed light on this issue. 

Beyond that, the results presented in Sections 4.4 and 4.5 clearly 

show that an additional ongoing perturbation is affecting both the 

physical conditions and kinematics of the CO gas located in the 

inner regions. Indeed, another separate kinematic component can 

be clearly distinguished along the CO kinematic minor axis and 

associated to an outflow (see Section 4.5 and Fig. 9 ). The spatial 

correlation between the outflow region and the location of the radio 

lobes strongly suggests that the former is jet-induced. The maximum 

observed outflow velocity is ≈200 km s −1 and the mass outflow 

rate is estimated to be � 0.12 M ⊙ yr −1 (see Section 4.5), indicating 

that the jet impact on global (galactic) scales is likely negligible 

at this stage. These values are also significantly lower than those 

expected from available simulations (e.g. Wagner et al. 2012 , 2016 ; 

Mukherjee et al. 2016 , 2018a , b ) and estimated in the few existing 

spatially resolved studies of (sub-)kpc scale jet-cold gas interactions 

(e.g. Combes et al. 2013 ; Garc ́ıa-Burillo et al. 2014 ; Morganti et al. 

2015 ; Mahony et al. 2016 ; Oosterloo et al. 2017 ). On the other hand, 

the line ratios of the outflowing CO gas are drastically enhanced, 

implying optically thin conditions and high excitation temperatures 

( � 50 K; see Section 4.4). Similar modifications to the CO physics 

have been observed in the most extreme cases of sub-kpc scale jet- 

cold gas interactions (e.g. Oosterloo et al. 2017 ). In short, our results 

indicate that the jet-CO coupling ongoing in NGC 3100 is strongly 

altering the physical conditions of the involved CO gas fraction but 

only mildly affecting its kinematics. 

The fact that the kinematic perturbations in the interacting CO gas 

are significantly lower compared to those expected from simulations 

and observations can depend on various factors. Among these, the 

age of the radio source may play an important role. Indeed, both 

simulations and observations have so far taken snapshots of the radio 

jet-cold gas interplay mostly during the very early phases of the 

jet evolution (i.e. within less than 1 Myr from their first ignition, 

corresponding to linear sizes < 1 kpc; e.g. Oosterloo et al. 2017 ; 

Mukherjee et al. 2018a , b ; Zovaro et al. 2019 ). Based on observations 

of a handful of objects with jets at slightly different stages of their 

initial evolution (but no more extended than 1 kpc), Morganti et 

al. ( 2021 ) recently suggested that the impact of the radio jets may 

change o v er time. In this scenario, the kinematics of the interacting 

cold gas should become less perturbed as the jets break out from the 

core region and start to expand on larger scales (typically at ages of 

few Myr, corresponding to linear sizes of the radio source � 1 kpc). 

The maximum linear extent of the core-double lobe radio source in 

NGC 3100 is 2 kpc (see Section 5.1 and Paper III ), indicating that –

while still relatively young – it has been caught in a more evolved 

phase than those explored so far. We thus consider the possibility 

of a causal connection between the mild kinematic perturbations 

observed in the CO gas that is interacting with the radio jets and the 

evolutionary stage of these latter. 

As mentioned in Section 1, the jet-cold gas coupling has also 

been shown to be v ery sensitiv e to the jet power (Mukherjee 

et al. 2018b ). Using well-known scaling relations between the jet 

and radio power (Cavagnolo et al. 2010 ), we estimated P jet ≈
1 × 10 43 erg s −1 in NGC 3100. Even though the large scatter in 

the adopted scaling relations makes such estimation uncertain up 

to one order of magnitude (see e.g. Godfrey & Shabala 2016 ), this 

is still fully within the range of jet powers typically associated to 

lo w-po wer FR I radio galaxies, such as the majority of LERGs (e.g. 

Godfrey & Shabala 2013 ). The extent that the jet-induced kinematic 

perturbations should have in such cases is not yet clear, as both 

simulations and observations have so far mostly focused on jets with 

powers > 10 44 erg s −1 (typical of powerful radio galaxies with FR II 

morphologies; e.g. Godfrey & Shabala 2016 ). It has been suggested 

that the jet–ISM coupling should be most pronounced for jets with 

intermediate powers ( P jet ∼ 10 43 − 10 44 erg s −1 ) lying close to 

the CO plane, such as in the case of NGC 3100 (see Paper III ). The 

observed kinematic features, ho we ver, do not seem to support this 

hypothesis. 

In addition to all the abo v e, the few objects in which jet- 

driven (sub-)kpc scale CO outflows have been spatially resolved 

are also radiatively efficient (Seyfert-like) AGN, with typical AGN 

bolometric luminosities between 1 and 10 per cent of their Eddington 

luminosities (i.e. L Bol / L Edd ≈ 0.01 −0.1). Thus, as noted by Morganti 

et al. ( 2021 ), there is an additional source of energy in the central 

regions of these objects and – although primarily jet-induced – the 

observed cold gas perturbations may result from a combination of 

processes. The nuclear luminosity in NGC 3100 is strongly sub- 

Eddington, 10 with L Bol / L Edd = 3 × 10 −4 . This is well within the values 

typically associated to radiatively inefficient AGN and compatible 

with advection-dominated accretion flows (ADAF) and its variants 

(e.g. Narayan et al. 2002 ), suggesting that the observed CO kinematic 

perturbations in NGC 3100 are e xclusiv ely induced by the (low) jet 

kinetic power. 

Appropriate models, along with a statistically significant number 

of spatially resolved studies of jet-cold gas interactions covering 

wide ranges of jet ages/powers and nuclear luminosities, would be 

crucial to better understand the physics underlying the observed CO 

kinematics and draw more solid conclusions. 

5.2.2 Dense and shock gas tracers 

As shown in Fig. 4 , the faint HCO 
+ (4-3) detection is restricted to 

a single unresolved blob-like structure at ≈2 
′′ 

west of the nucleus. 

10 We estimated the AGN bolometric luminosity in NGC 3100 using the 

[OIII] λ5007 line as a proxy and applying the bolometric correction 

L bol / L [OIII] ≈ 3500 (Heckman et al. 2004 ). Based on the optical spectroscopy 

presented by Dopita et al. ( 2015 ), L [OIII] ≈ 1.7 × 10 39 erg s −1 and thus L bol = 

6 × 10 42 erg s −1 . The mass of the SMBH in NGC 3100 was estimated using 

the scaling relation log ( M SMBH / M ⊙) = 8.23 + 3.96log ( σ ∗/200 km s −1 ) 

(Tremaine et al. 2002 ), where we assumed a stellar velocity dispersion σ ∗ = 

191 km s −1 taken from the HyperLeda data base ( http://leda.univ-lyon1.fr). 

This results in M SMBH = 1.6 × 10 8 M ⊙ and L Edd = 2 × 10 46 erg s −1 . 
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4500 I. Ruffa et al. 

A qualitative comparison with the CO(3-2) distribution (o v erlaid as 

blue-to-warm contours in Fig. 4 ) shows that the HCO 
+ (4-3) is not 

spatially correlated with the peak of the CO emission corresponding 

to the south-western spiral arm, where the gas is expected to be 

compressed and the density enhanced (e.g. van de Ven & Fathi 2010 ; 

see also see Paper II ). Fig. 7 instead shows that the faint HCO 
+ (4-3) 

emission arises from a region adjacent to the base of the northern 

radio lobe, co-spatial with some of the largest R 21 and R 31 values 

(Fig. 6 ) and the redshifted outflow region (Fig. 9 ). This suggests a 

correlation between the jet–ISM coupling and the detected HCO 
+ 

emission. Indeed, 3D hydrodynamical simulations show that the jet 

plasma expanding through the surrounding gaseous matter inflates 

pseudo-spherical bubbles driving shocks that can not only accelerate 

the gas outwards but also heat (up to kinetic temperatures of ≈100 K) 

and compress it, yielding to enhanced dense gas emissions up to 

distances a few kpc away from the main jet/lobe axis (e.g. Mukherjee 

et al. 2016 , 2018b ; Mukherjee, Bicknell & Wagner 2021 ). Also, the 

R HCO flux density ratio seems to confirm this scenario, reaching 

peaks of ≈0.7 (Fig. 7 ). These are consistent with those observed in 

regions of jet–ISM interactions and much larger than those typical of 

unperturbed gas regions ( < 0.045; e.g. Oosterloo et al. 2017 ). Another 

interesting aspect to consider is that HCO 
+ emission is detected 

only at blueshifted velocities (with a peak at ≈−200 km s −1 ; see 

Fig. 5 b), while it o v erlaps with a region located on the receding side 

of the CO disc (Fig. 4 ). This suggests that the dense and tenuous 

gas components are kinematically decoupled and may indicate that 

the former is tracing gas that is deviating from regular rotation (e.g. 

Young et al. 2021 ). 

As described in Section 1, the SiO and HNCO molecules are com- 

monly considered good tracers of shocks, with HNCO(6-5)/SiO(3- 

2) flux density ratios (i.e. the ratios of the transitions targeted in 

our ALMA observations) observed to vary from ≈0.3 to ≈3 from 

fast ( v > 50 km s −1 ) to slow ( v < 20 km s −1 ) shocks, respectively 

(e.g. Kelly et al. 2017 ). Strong SiO emission, in particular, has been 

detected in regions co-spatial with the radio jets and interpreted 

as an evidence of a jet–ISM interaction (e.g. Garc ́ıa-Burillo et al. 

2010 ). On the other hand, HNCO emission can be also observed 

without the need of a shock, as it has been clearly detected in 

unperturbed regions of nearby ETGs (e.g. Topal et al. 2016 ). Our 

analysis shows that both conditions (i.e. perturbed and unperturbed) 

co-exist in the cold gas component of NGC 3100. Therefore, in 

this context, the non-detection of any of these two transitions is 

surprising. One possibility is that such non-detections, together with 

the faint HCO 
+ (4-3) detection, trace an intrinsic deficiency of very 

dense ( n crit ≫ 10 6 cm 
−3 ) cold gas in this object. This hypothesis, 

ho we ver, currently remains purely speculative, as observations of 

other HCO 
+ transitions and/or of different dense/shocks gas tracers 

(such as HCN, HNC, CS, CH 3 OH, etc.) would be needed to draw 

more solid conclusions. 

5.3 CO-dust comparison and gas-phase metallicity: 

implications for the gas origin 

The spatial correspondence between dust and molecular gas is 

generally interpreted as indicating that both trace the same ISM 

component (e.g. Alatalo et al. 2013 ). In Paper I , we demon- 

strated the tight co-spatiality between the central dust and ring-like 

CO(2-1) structures (see also the bottom right-hand panel of Fig. 1 ). 

Given its larger-scale sky distribution, it is interesting to repeat such 

comparison for the 1-0 transition. The CO(1-0) integrated intensity 

contours are o v erlaid on the B - I colour map of NGC 3100 in Fig. 11 . 

This image clearly shows that not only the inner gas and dust 

Figure 11. CO(1-0)-integrated intensity contours overlaid to the B - I dust 

extinction map of NGC 3100 (see Paper I ) zoomed in the central 50 
′′ × 50 

′′ 

( ∼9 × 9 kpc 2 ). CO contours are drawn at 1,3,9 ... times the 3- σ rms noise 

level. The CO beam size and scale bar are shown in the bottom left and bottom 

right corners, respectively; East is to the left and North to the top. 

structures are spatially coincident but also the eastern CO patch 

accurately traces that of the dust. Curiously, the prominent southern 

dust lane is not matched by any CO emission, at least at the spatial 

resolution and sensitivity of our CO observations. 

The detection of significant amounts of dust and molecular gas at 

the centre of nearby ETGs – the typical hosts of LERGs – points 

towards a recent ISM regeneration (Young et al. 2014 ). The origin of 

this material, ho we ver, is still unclear (e.g. Davis & Bureau 2016 ): 

it may be either internally generated (from stellar mass loss and/or 

cooling from the hot halo) or externally accreted (from interactions 

or minor mergers). Disentangling these two scenarios is crucial for 

fully understanding the powering mechanism of the AGN in LERGs, 

which is still a matter of debate (e.g. Hardcastle 2018 ). This issue was 

e xtensiv ely discussed in Paper II . In summary, both theoretical and 

observ ational e vidence suggest that the cold gas in LERGs in rich 

groups and clusters (where they are preferentially located) originates 

from their hot atmospheres, either directly and smoothly (e.g. Lagos 

et al. 2015 ) or after chaotic cooling (as predicted in the so-called 

chaotic cold accretion models; e.g. Nayakshin, Power & King 2012 ; 

Gaspari, Ruszkowski & Oh 2013 ; King & Nixon 2015 ). External ac- 

cretion (mostly in the form of interaction with neighbouring galaxies) 

has been instead proposed as the dominant mechanism for the gas 

supply in early-type hosts in poor environments (e.g. Sabater, Best & 

Heckman 2015 ; Davis et al. 2019 ; Storchi-Bergmann & Schnorr- 

M ̈uller 2019 ), such as the majority of the LERGs in our sample (see 

Paper II ). Exploring various observational and theoretical constraints 

[such as the (mis-)alignment between the CO and the stellar rotation 

axes, the presence of warps, distortions and lopsidedness in the gas 

morphology and kinematics, etc.], we found that an external gas 

origin is strongly fa v oured in sample sources with close companions, 

including NGC 3100 (see Section 2). The finding of a tight dust–

molecular gas co-spatiality has also important implications in this 

regard, as the cold gas and dust in NGC 3100 are clearly still in the 

process of settling into the host galaxy potential and ‘freshly’ cooling 

cold gas structures are both predicted (e.g. Mathews & Brighenti 

2003 ; Hirashita & Nozawa 2017 ) and observed (e.g. Lim, Ao & 

Dinh-V-Trung 2008 ; Russell et al. 2016 ; Temi et al. 2018 ) to be 

MNRAS 510, 4485–4503 (2022) 
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Jet-ISM interaction in NGC 3100 4501 

essentially dustless (with typical gas-to-dust mass ratios of ≈10 5 ; 

e.g. Valentini & Brighenti 2015 ). 

Estimating the gas-phase metallicity in the regions where dust 

and gas are co-spatial can provide further constraints in this regard. 

Indeed, dusty cold gas produced through internal processes (i.e. 

stellar mass loss and/or hot halo cooling) in ETGs is expected to have 

a higher abundance of heavy elements (i.e. super-solar metallicities) 

than ISM acquired from outside the galaxy (e.g. Martini, Dicken & 

Storchi-Bergmann 2013 ; Davis et al. 2015 ). Following Draine et al. 

( 2007 ), we estimated the gas-phase metallicity in the central dusty 

gas structure and eastern patch (i.e. in the regions where the CO–dust 

spatial correlation is observed in Fig. 11 ) as: 

12 + log 10 ( O / H ) = 12 + log 10 

(

4 . 57088 × 10 −2 

M gas /M dust 

)

. (3) 

The numerical factor is set as to obtain the solar metallicity (12 + 

log 10 (O/H) = 8.66; Asplund et al. 2004 ) at a gas-to-dust mass ratio 

of 100. M gas / M dust is the gas-to-dust mass ratio in the region(s) of 

interest, and M gas refers to the total gas mass ( M HI + M H 2 ). Spatially 

resolved observations of the atomic hydrogen in NGC 3100 are 

currently not available. We thus estimate a molecular gas-to-dust 

mass ratio, which thus yields to an upper limit of the actual gas- 

phase metallicity. Based on the works of (e.g.) Kaviraj et al. ( 2012 ), 

the mass of dust clumps and patches can be estimated as: 

M dust = �〈 A λ〉 Ŵ 
−1 
λ , (4) 

where � is the area co v ered by the dust features, 〈 A λ〉 is the 

wav elength-dependent mean e xtinction (i.e. dust absorption) of that 

area (measured directly from the B - I colour map and equal to 2.0 and 

1.7 mag in the central structure and eastern patch, respectively), and 

Ŵ λ is the mass absorption coefficient at the observ ed wav elength. 

Assuming that the dust properties of ETGs are similar to those of our 

Galaxy (e.g. Finkelman et al. 2008 ), we adopt the Milky Way B -band 

mass absorption coefficient ( Ŵ B = 8 × 10 −6 mag kpc 2 M 
−1 
⊙ ). The 

estimated dust mass in the regions co-spatial with the molecular gas 

is then 2.5 × 10 5 M ⊙. The molecular gas mass in the same areas is 

1.4 × 10 8 M ⊙. These values imply a molecular M gas / M dust = 560 and 

a gas-phase metallicity < 7.9, which is about six times smaller than 

the solar metallicity. Such high molecular gas-to-dust mass ratio at 

low metallicity is consistent with that measured in galaxies within 

the DustPedia sample (Casasola et al. 2020 ) and when measured in 

ETGs is interpreted as an indication of external gas accretion (e.g. 

Kaviraj et al. 2012 ; Davis et al. 2015 ). It is worth noting, ho we ver, 

that a major uncertainty in the estimated gas-phase metallicity is 

introduced by the molecular gas mass and thus by our assumption 

on the X CO conversion factor, which is in turn expected to vary with 

metallicity (see Section 4.3). A reliable independent estimate of the 

gas-phase metallicity is currently not available for NGC 3100. It 

is nevertheless possible to qualitatively argue that even accounting 

for the largest X CO variations, the abo v e result remains unchanged. 

This is trivial for X CO larger than the Milky Way value (as typically 

expected in low-metallicity regions; see Bolatto et al. 2013 ) and will 

be thus no further discussed. If we instead take X CO at the lowest 

end of the assumed uncertainty range (see Section 4.3), we obtain a 

molecular gas-to-dust mass ratio M gas / M dust ≈ 200 and then a gas- 

phase metallicity, which is about 2.5 times smaller than the solar one. 

We thus conclude that (at least the bulk of) the cold gas and dust in 

NGC 3100 originate from the interaction with the close gas-rich late- 

type companion, NGC 3095. This scenario is further supported also 

by recently acquired neutral hydrogen (HI) observations showing 

the presence of cold gas filaments in the field between the two 

companions (Maccagni et al., in preparation). 

6  SUMMARY  

This is the fourth paper of a project aimed at undertaking an e xtensiv e 

multiphase study of a complete, volume- and flux-limited ( z < 

0.03, S 2.7 GHz ≥0.25 Jy) sample of 11 LERGs in the southern sky. 

In this paper, we presented follo w-up ALMA observ ations of one 

sample source, NGC 3100, targeting the 12 CO(1-0) and 12 CO(3-2) 

transitions, along with the dense HCO 
+ (4-3) and shock SiO(3-2) 

and HNCO(6-5) cold gas tracers. These data complemented previ- 

ously acquired 12 CO(2-1) and mm-radio continuum observations of 

NGC 3100 and allowed us to primarily carry out a detailed analysis of 

the molecular gas conditions and jet–ISM interaction in this object. 

The main results can be summarized as follows: 

(i) Mm-radio continuum: The multifrequency (107, 136, 235, 

and 348 GHz) mm continuum images of NGC 3100 show the same 

compact core-double lobe structure seen in the radio continuum at 

5 and 10 GHz (maximum linear size ≈2 kpc), suggesting that the 

continuum emission is dominated by non-thermal synchrotron emis- 

sion up to at least 348 GHz. By fitting the radio-(sub-)mm spectrum, 

we obtain best-fitting spectral indices αtot = −0.49 ± 0.03, αcore = 

−0.3 ± 0.2, and αjet = −0.73 ± 0.01 for the total (core + jet), core 

and jet components, respectively. This confirms that the observed 

continuum arises mainly from synchrotron emission (self-absorbed 

in the core and optically thin in the jets). In addition, the radio to 

(sub-)mm morphological and spectral continuum properties (i.e. 

compact linear size and o v erall steep spectrum) are consistent with 

those of a radio galaxy in the early phases of its evolution. 

(ii) CO morphology: 12 CO(1-0) and 12 CO(3-2) lines are nicely 

detected and complement our previous 12 CO(2-1) observations. The 

integrated intensity maps of these lines show that in all the cases, 

the bulk of the emission arises from two bright peaks to the NE and 

the SW of the core, already identified from the previous 12 CO(2-1) 

analysis as the loci of a two-armed spiral structure. This is surrounded 

by fainter emission extending up to ≈2 kpc along the major axis. In 

general, substantial differences are observed in the morphology of 

the three lines: for instance, a gap is observed at the centre of the main 

CO(1-0) distribution, whereas the CO(2-1) and CO(3-2) lines show a 

ring-like and full disc morphology , respectively . This suggests higher 

gas excitation in the central regions. 

(iii) CO excitation conditions: The analysis of the R 21 ≡
S CO(2-1) / S CO(1-0) and R 31 ≡ S CO(3-2) / S CO(1-0) flux density ratios confirms 

the presence of two distinct gas components: an outer low-excitation 

component with line ratios mostly between ≈1 and ≈5, and an inner 

high-excitation component with R 21 ≥ 9 and R 31 ≥ 12. The latter 

is consistent with gas in an optically thin regime and excitation 

temperatures T ex � 50 K. Such conditions are very similar to those 

observed in the few existing spatially resolved, multiline studies of 

jet–ISM interactions. The spatial correlation between the regions 

where the largest line ratios are observed and the location of the 

radio lobes suggests that also in NGC 3100, the expanding radio 

plasma is likely responsible for the extreme gas conditions in the 

circumnuclear regions. 

(iv) CO kinematics: The mean line-of-sight velocity maps of the 

three CO lines show that the gas is rotating but with evident kinematic 

distortions indicating the presence of unrelaxed substructures in the 

gas distribution. The accurate 3D kinematic modelling of the CO(3- 

2) transition allows us to more robustly confirm and complement 

the results obtained from the same analysis of the sole CO(2-1) 

transition: the bulk of the cold gas is re gularly rotating. Nev ertheless, 

two distinct non-rotating kinematic components can be identified in 

the central gas regions. The first is observed along the CO kinematic 

major axis and can be ascribed to inflo w/outflo w streaming motions 

(with maximum velocities of ≈+ 90km s −1 and ≈−250km s −1 , 
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4502 I. Ruffa et al. 

respectively) induced by the inner spiral perturbation. The second is 

observed along the kinematic minor axis and can be associated to a 

jet-induced outflow with v max ≈ 200 km s −1 and Ṁ � 0 . 12 M ⊙ yr −1 . 

These values suggest that the impact of the jet–ISM coupling on the 

host galaxy is likely negligible at this stage. The outflow kinematic 

properties are also significantly less extreme than those expected 

from jet feedback models and observed in other cases of sub-kpc 

scale jet-cold gas interactions. Such discrepancy may be explained 

in terms of the evolutionary stage of the radio source, jet power, and 

radiati ve ef ficiency of the accretion process. 

(v) Dense and shock gas tracers: Emission from the dense gas 

tracer HCO 
+ (4-3) is tentatively detected (peak S/N = 5) and consists 

of a single unresolved structure at 2 
′′ 

west of the nucleus. Such faint 

emission arises from a region adjacent to the base of the northern 

radio lobe, where also some of the largest R 21 and R 31 values and 

the jet-induced outflow are observed. This suggests that the detected 

HCO 
+ emission traces a region of jet-induced gas compression. 

The HCO 
+ (4-3)/CO(2-1) flux density ratio seems consistent with 

this scenario, reaching peaks of ≈0.7 that are similar to those 

typically observed in regions of jet–ISM interactions. The current 

HCO 
+ detection, ho we ver, is too marginal to carry out a detailed 

analysis and draw solid conclusions. The SiO(3-2) and HNCO(6-5) 

shock tracers are not detected. This is surprising, given the obvious 

perturbations affecting the inner regions of NGC 3100, but – along 

with the tentative HCO 
+ detection – may be consistent with an 

intrinsic deficiency of very dense (i.e. n crit > 10 6 cm 
3 ) gas in the 

inner regions of NGC 3100. 

(vi) Cold ISM origin: The CO–dust comparison demonstrates a 

tight co-spatiality, indicating that they trace the same ISM compo- 

nent. By measuring the molecular gas-to-dust ratio in the regions 

where they are co-spatial, we estimate a strongly sub-solar gas- 

phase metallicity (i.e. < 7.9). This is incompatible with gas produced 

through internal processes (i.e. stellar mass loss and/or hot halo 

cooling), which in ETGs is expected to have large (super-solar) 

metal abundances. These and other observational and theoretical 

constraints analysed in previous works strongly support an external 

origin of the cold ISM in NGC 3100, probably via interaction with the 

companion gas-rich star-forming galaxy NGC 3095. Our finding also 

provides support to a scenario in which g alaxy–g alaxy interactions 

have a major role in replenishing the cold ISM reservoirs of LERGs 

located in poor environments, such as NGC 3100, 
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