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Low excitation radio galaxies

In the local Universe jet-mode AGN associated to low excitation radio galaxies
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(Heckman & Best 2014)



Low excitation radio galaxies

In the local Universe jet-mode AGN associated o low excitation radio galaxies
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°* Weak (or absent) low-ionization narrow emission

lines (LINER-like optical spectra)

(Laing et al. 1994)
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°* Weak (or absent) low-ionization narrow emission
lines (LINER-like optical spectra)
* Moderate radio luminosity (Li.4cn-<1025 W/Hz)




Low excitation radio galaxies

In the local Universe jet-mode AGN associated o low excitation radio galaxies

v

Radio Galaxy 3C31

NGC 383
Weak (or absent) low-ionization narrow emission

lines (LINER-like optical spectra)
Moderate radio luminosity (Li.4cHz<1025 W/Hz)
Mostly FRI (some FRII) radio morphology
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Low excitation radio galaxies

In the local Universe jet-mode AGN associated o low excitation radio galaxies

v

* Weak (or absent) low-ionization narrow emission
lines (LINER-like optical spectra)

Moderate radio luminosity (L1.46Hz<1025 W/Hz)
Mostly FRI (some FRII) radio morphology

Hosted by very massive ETGs (Mk<-24, M.210! Mo)

Star- Old stellar population (red sequence galaxies)

forming 3
sequence

(Salim et al. 2007)



Low excitation radio galaxies

In the local Universe jet-mode AGN associated o low excitation radio galaxies

v

* Weak (or absent) low-ionization narrow emission

| INER-like optical spectra)

/ (L1.46Hz<1025 W/HZz)

adio morphology
PUESPANAYTIESOVEd T 1G5 (Wc-24, M.2104 Mo)

d sequence galaxies)

erically dominant

(Salim et al. 2007)



The Southern Sample project

First systematic study of a volume-limited (z<0.03) sample of eleven LERGs selected
from the Ekers et al. (1989) sub-sample of the Southern Parkes 2.7 GHz Survey

AGN feeding/feedback loop in LERGs
mapping different galaxy components
(stars, hot/warm/cold gas, dust, jets)




The dataset

APEX CO (2-1) integrated
spectra (Prandoni et al.

ALMA Cycle 3 CO (2-1)
observa’rlons (Ruffa e’r al.
7 s 2019a,b)

VLT/VIMOS + MUSE

ATCA HI observations .

Maccaqgni et al. in prep., _
Archival HST data (or ( g s

from ground-based

telescopes; Ruffa et al.
2019a, Ruffa et al. 2021)

. Chandra X-ray data
) - (Ruffa et al. in prep)
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Properties of
the molecular gas

(Ruffa et al. 2019a,b)



Molecular gas content

Cycle 3 CO(2-1) ALMA observations of 9 targets = 6 CO detections

NGC 3100
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Rotating CO discs are very common in LERGs =» considerable

amounts of cold gas in the inner (sub-)kpc scales Ruffa et al. 2019a




CO kinematics

Detailed modelling of the CO kinematics using the KinMS tool (Davis et al. 2013)

IC 1531 NGC 3557
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Gas kinematics well reproduced by axysimmetric models assuming purely circular motions =»
Bulk of the gas in ordered rotation. Possible link with low-accretion rates in LERGs

Ruffa et al. 2019b




CO kinematics

Signs of asymmetries and/or perturbations are ubiquitous

IC 1531
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Possible cases of jet/gas interactions (claimed
in NGC 3557 also by Vila Vilaro et al. 2019)
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Jets and
molecular gas
(Ruffa et al. 2020)



Jet-ISM interactions

Jet-ISM interaction processes sensitive to jet-disc relative orientation =»
stronger for 84;j 2 45 deg

(Mukherjee et al. 2018b)
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Jet-ISM interaction processes sensitive to jet-disc relative orientation =»
stronger for 84; 2 45 deg

(Mukherjee et al. 2018b)




JVLA observations

* CO inclinations from kinematic modelling
* Jet inclination from high-resolution JVLA data at 10 GHz for five CO-detected sources

IC 1531 NGC 3557 NGC 3100
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Ruffa et al. 2020



JVLA observations

* CO inclinations from kinematic modelling

* Jet inclination from high-resolution JVLA data at 10 GHz for five CO-detected sources
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Jet/disc relative inclination

Once a 3D jet/disc geometry is assumed =¥ intrinsic relative inclination angles

IC1631

.‘Disc rotation

*, axis NGC3667

Apprc_)gtchin IC4206 F=—
.‘. j

NGC7076 m————————F———————————————————————]
NGC383 P4

NGC3665

* Wide range of angles but marginal preference around 45deg: consistence with the
statistical analysis of Verdoes Kleijn & de Zeeuw (2005) but for the first time in 3D

* No simple relation between the gas rotation and radio jet axes (defined by the axis of the
inner accretion disc and/or the spin of the black hole)

Ruffa et al. 2020



Jet/disc relative inclination

Once a 3D jet/disc geometry is assumed =¥ intrinsic relative inclination angles

IC1631

.‘Disc rotation

*, axis NGC3667

" Approaching 1C4206
. jet
NGC7075
NGC383

NGC3665

* Wide range of angles but marginal preference around 45deg: consistence with the
statistical analysis of Verdoes Kleijn & de Zeeuw (2005) but for the first time in 3D

* No simple relation between the gas rotation and radio jet axes (defined by the axis of the
inner accretion disc and/or the spin of the black hole)

* Support for jet-ISM coupling in NGC 3557

Ruffa et al. 2020



The special case of NGC 3100

CO(2-1) momO over 10GHz [OI11] EW CO(3-2)/Cc0O(1-0) flux
continuum density ratio + 10GHz cont
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(Ruffa et al. 2020) (Warren et al. 2021, in prep.) (Ruffa et al. 2021, submitted)

* Disc disruption in the direction of the northern jet

* Jet morphological and surface brightness asymmetries
[OIII] EW enhancement along the jet axis

* Enhanced line ratios along the path of the jet =» higher

gas excitation (Tex»50 K)




Origin of
the molecular gas
(Ruffa et al.
2019a,b,2021)



Internal vs external accretion

Detection of significant amount of cold gas in gas poor ETGs =» recent regeneration

Origin of the cold gas still debated: either internal (stellar mass loss, hot halo cooling)
or external (interactions or minor mergers)

Hot halo cooling (either smooth or chaotic) most likely mechanisms for LERGs at the
centre of groups and clusters

Incidence of hot halo cooling in more isolated LERGs not clear: galaxy-galaxy
interactions may have a major role (e.g. Sabater et al. 2013)




Internal vs external accretion

Detection of significant amount of cold gas in gas poor ETGs =» recent regeneration

Origin of the cold gas still debated: either internal (stellar mass loss, hot halo cooling)
or external (interactions or minor mergers)

Hot halo cooling (either smooth or chaotic) most likely mechanisms for LERGs at the
centre of groups and clusters

Incidence of hot halo cooling in more isolated LERGs not clear: galaxy-galaxy
interactions may have a major role (e.g. Sabater et al. 2013)

v

Target name Environment

isolated

Five out of six CO-detected pair/companion

sources are in low-density pair/companion

environments

poor group

cluster/companion

pair/companion




Dust and molecular gas

Molecular gas tightly co-spatial with dust =» same ISM component

B NGC612- -l E NGC 3100

B-1 ' color

UK Schmidt (468 nm). Veron-Cetty & Veron (2001)" Las Camp_clnas (300-400|’iiﬂ)~

NGC 3557 1IC 4296

HST (F555W filter) HST (F555W filter)

Gas cooling from hot haloes expected (e.g. Valentini & Brighenti 2015) and
observed (e.g. Tremblay et al. 2018, Temi et al. 2018) essentially dustless (D/G=10-5)




Dust and molecular gas

Molecular gas tightly co-spatial with dust =» same ISM component

B NGC612- ;- E NGC 3100

B-T-color *
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UK Schmidt (468 nm).

1IC 4296

HST (FS55W filter) HST (FS55W filter)

Gas cooling from hot haloes expected (e.g. Valentini & Brighenti 2015) and
observed (e.g. Tremblay et al. 2018, Temi et al. 2018) essentially dustless (D/G=10-5)




Internal vs external accretion

Multi-wavelength indicators (e.g. molecular gas/stars kinematic misalignments, sub-solar
metallicities) =» external origin strongly favored in at least two cases

Important insights from the large-scale cold gas component =» ATCA HI observations
recently acquired




Internal vs external accretion

Multi-wavelength indicators (e.g. molecular gas/stars kinematic misalignments, sub-solar
metallicities) =» external origin strongly favored in at least two cases

Important insights from the large-scale cold gas component =» ATCA HI observations
recently acquired

31°30"F el

Hint of HI bridge
connecting NGC 3100 with
the companion NGC 3095
(Maccagni et al., in prep.)




Internal vs external accretion

Multi-wavelength indicators (e.g. molecular gas/stars kinematic misalignments, sub-solar
metallicities) =» external origin strongly favored in at least two cases

Important insights from the large-scale cold gas component =» ATCA HI observations

Ao YaYaYa

SKA will allow us to study the radio jet and cold gas components with
unprecedented sensitivity and gesolution = The SKA Revolution




Concluding remarks

MOLECULAR GAS CONTENT
Rotating CO discs are very common in LERGs =» considerable amounts of cold gas confined in
the inner (sub-)kpc scales

MOLECULAR GAS KINEMATICS
Bulk of the gas in ordered rotation (at least at the current spatial resolution) =» this may be
consistent with low-accretion rates in LERGs
Asymmetries, perturbations and/or non-circular motions are ubiquitous =» the observed discs
may be an essential link in the fueling/feedback of LERGs

JETS AND MOLECULAR GAS
Wide range of jet/disc relative orientation angles but marginal preference around 45deg =» no
simple axi-symmetry between black hole and inner/outer disc
NGC 3557 object with the largest 84j =» support for jet-ISM coupling

NGC 3100 most interesting case =» evidence of both gas inflow and jet-ISM interaction

ORIGIN OF THE MOLECULAR GAS
Dust/molecular gas co-spatiality =» difficult to reconcile with hot gas cooling
External origin strongly favoured in sources with companions =» support for galaxy-galaxy
interaction having a major role for LERGs in low-density environments







Local AGN population

Two main AGN modes in the low-redshift (z<0.1) Universe =» different dominant type of feedback

v v

Radiative-mode AGN Jet-mode AGN
| ' _ || Dominant |

| | radio jet

Radio I Type1

Dusty obscuring
structure

Broad-line
region
Accretion runcated

O
thin disk

disk \

Black hole

| Advection-dominated
I, inner accretion flow

o

Weak narrow-line
region

Narrow-line
region

- T —_

High accretion rates (M=0.01Mcqa) Low accretion rates (M<0.01Mcdq)
(Heckman & Best 2014)




Jet inclination

FRI jets are intrinsically identical, axisymmetric flows of particles initially relativistic and
decelerating on kpc-scales

Three inner (within 1 kpc) features:

1. Inner region of well-collimated flow,
typically observed as a gap

2. Brightness flaring point at increasing
distance from the core

3. Flaring region where they decelerate and
the apparent opening angle increase

5 arcsec

(Laing & Bridle 2014)

Apparent differences due to relativistic aberration =» the brightness difference between the
jet/counter jet (i.e. sidedness ratio) give information on the jet inclination

Sidedness ratio Jet inclination
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Jets and CO discs

Assumption: Jetfs are intrinsically symmetrical, relativistic flows =» sidedness ratio

e 0 (0 ¢ 6 ¢ n/2): angle to the l.o.s.
e B =v/c (v = flow velocity)

I ( 1 + Bcosb ) st

—J L b
[; 1 — BcostO

e a: jet spectral index

B and 6 cannot be derived independently =

Laing & Bridle (2014) provide a calibration
of the relation between R and 6

40
6/ deg

Ruffa et al. 2020



Internal processes

Stellar mass loss

\ 4

Hot halo cooling

\ 4

Always present. Correlation expected
between molecular and stellar masses
if dominant mechanism

Either smooth (e.g. Lagos et al. 2015)
or chaotic (as in CCA; e.g. Gaspari et al. 2015)

v

No correlation found in both
radio-loud and radio-quiet ETGs

—-25 =26

(Young et al. 2011)

v

Filaments or blobs reminiscent of
chaotic cooling observed in LERGs
at the centre of groups/clusters

(David et al. 2014; Temi et al. 2018)




Internal processes

Stellar mass loss

\ 4

Hot halo cooling

\ 4

Always present. Correlation expected
between molecular and stellar masses
if dominant mechanism

Either smooth (e.g. Lagos et al. 2015)
or chaotic (as in CCA; e.g. Gaspari et al. 2015)

v

No correlation found in both
radio-loud and radio-quiet ETGs

(Young et al. 2011)

v

Filaments or blobs reminiscent of
chaotic cooling observed in LERGs
at the centre of groups/clusters

o Llkpc o NGC 5044

A\ A

(David et al. 2014; Temi et al. 2018)




The special case of NGC 3100

Cycle 6 follow-up ALMA observations of NGC 3100 targeting different molecular transitions:
CO(1-0), €O(3-2), SiO, HNCO, HCO+ (Ruffa et al. 2021, submitted)

CO(1-0), CO(2-1) and CO(3-2) observed velocity field

0 0 —-10 0

RA offset(") RA offset(") RA offset(")

* Substantial differences in the distribution of the three lines =¥ higher gas
excitation in the central regions

Ruffa et al. 2021, submitted



The special case of NGC 3100

Cycle 6 follow-up ALMA observations of NGC 3100 targeting different molecular transitions:
CO(1-0), CO(3-2), SiO, HNCO, HCO+ (Ruffa et al. 2021, submitted)

Residual CO(3-2) velocity field Minor axis CO(3-2) PVD + model (cyan) CO(3-2)/CO(1-0) ratio + 10GHz cont
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* Substantial differences in the distribution of the three lines =¥ higher gas
excitation in the central regions
* Hints of inflow/outflow motions from velocity residuals and PVDs

* Enhanced line ratios along the path of the jet (Tex>»50 K)

Ruffa et al. 2021, submitted



Internal vs external accretion

Internally generated cold gas is mostly expected to co-rotate with stars
NGC 3100
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Such significant discrepancies consistent with an external gas origin (e.g. Davis et al. 2011)




Internal vs external accretion

Internally generated cold gas is mostly expected to co-rotate with stars
NGC 3100
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(Davis et al. 2015)

Gas-phase metallicities significantly
sub-solar (<7.9) in NGC 3100
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Internal vs external accretion

Even when gas and stars co-rotate an external origin cannot be excluded

NGC 612

Stellar Velocity Map
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The special case of NGC 3100

Observed velocity field Model velocity field Residual velocity field
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The special case of NGC 3100

Model velocity field

Observed velocity field Residual velocity field

3 ] 8 200 3 ] 8 200 3 1 G
. 5F 117 ~L_  5F 11 . 5} - £
= [ ‘: 1100 < [ ' 1| 4100 [ ’ \ 1] 120 =
-+ b J E ] 7 J ) | -y E e U'.I
% . X|o . % " Nk . w
£ 0 i h £ of 1P q0 € of XN {40 =
o " ] ~ 0 ] 0 : | %
& [ ol [ & —% ' ] s
0 [ 1-100 5[« 1-100|1 1L 1-20=
-5 . -1y . =51 ] 5
[ 1 —_ [ [ ] ] 1 — [ (] ] [] 1 J— D
; < - PA + inclination warp ; s - Significant residuals ; o

* 500 o0 | =00 -Pure ci —10 [y Channel width = 10 km/s-

-5 0 5 10 0 : =10 -5 0 5 10

RA offset (") B R RA offset (")

g moti induc
Observed integrated intensity RN cluced extinction map + CO in red

al perturbation S—
d gas may feed the SMBH

-
-

DEC offset
DEC offset ("

near side O

' Disc + inner two arms spiral S ) (
p R T TR T [T TR T T TN NN T T T TN NN S S S T | <

-10 -5 0 o

RA offset (") RA offset (")

1.5 kpc

Ruffa et al. 2019b



The special case of NGC 3100

CO(3-2)/Cc0O(1-0) flux
density ratio + 10GHz cont

e High velocity kinematic components in addition to the

main rotational one =» outflow with v ¢ 200 km/s
Far less extreme than known cases of jet-induced

sub-kpc scale outflows =» negligible impact on the
host galaxy

Implications for interactions involving low-power
radio jets

(Ruffa et al. 2021, submitted)
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