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Micro and macro
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‘Micro and macro - AGN Feeding and Feedback

- SPACE

[Gaspari & Sadowski 2017]

- link the circum-nuclear scale (pc) to the
circum-galactic scale (hundreds of kpc)
- TIME
- AGN are rapid & recursive while galaxy
evolution is slow and continuous
- radio jets trace the timescales of nuclear

activity

- AGN feeding & feedback is MULTI-
PHASE cold phase
- hot, warm and cold gas co-exist and

contribute over all spatial scales




From micro to macro - AGN radio jets intlate X-ray cavities

releasing energy, displacing and shocking the ISM and heating the CGM

Perseus A, 3C 84, NGC1275 A2597



From micro to macro - AGN radio jets inflate X-ray cavities
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Perseus A, 3C 84, NGC1275 A2597



'From macro to micro - multi—Phase filaments fuel AGN in BCG |

X — ray filaments X — ray filamgnts
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'From macro to micro - multi—l;)hase filaments fuel AGN in BCG |
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From macro to micro - multi-phase filaments fuel AGN

X — ray filaments X — ray filamgnts
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From macro to micro -
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From macro to micro
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- Jetted AGN show massive (10”79 Mo)

e.g. Garcia-Burillo+14,16,21(Gatos) Ruffa+19, Smith+21, Combes+21 (NUGA)

- On (sub)-kpc scales

e.g. Oosterlo+17, Fiore+17, Fluetsch Audibert+19, Murthy+22 (NOEMA),

- Molecular gas disks and outflows at high redshifts

e.g. Kakkad+17, Talia+18, Herrera-Camus+20, Jones+22, Holden+24




rom mactro toO micro -
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From macro to micro

DEC offset (*')
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- The f.o.v. limits investigation of the cold gas
at sub-pc resolution to the innermost kpc




‘Neutral Hydrogen in AGN - F&F in the micro and macro

HI traces AGN Feeding & Feedback BU'T so far limited to:

absorption studies (MICRO)

low resolution & sensitivity emission studies (MACRO)

BECAUSE cold gas in F&F has LOW column density:




Neutral Hydrogen in AGN -

FEEDBACK

IC5063 - Morganti 1998

(see also Gallimore+94,
Motrganti+05, Alatalo+11,
Kanekar & Chengalur 08,
Mahony+13, Gereb+15)
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‘Neutral Hydrogen in AGN - F&F in the micro and macro

FEEDBACK

Centaurus A - Morganti 2011, Struve+2012 HI — - Oosterloo+10
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Centaurus A - radio jetsin a

Seyfert AGN carve their way

though the galaxy disk

impacting ts outer edge



‘Neutral Hydrogen in AGN - F&F in the micro and macro

HI & CO in-falling clouds from circum-nuclear disk

(see also van Gorkom+1989, Taylor+1999)

HI cloud fuelling circum-nuclear disk from the galaxy halo
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‘Past HI studies in AGN

Previous absorption
observations
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MeerK AT - telescope specs

- core of SKA-MID located in the Karoo desert, South Africa
- 64 dishes of 13.5m
- Tsys — 22K

baselines 29m-8km

MeerKAT array configuration




MAGNHIFFIC - MeerKAT AGN feeding & feedback investigation close-by

HI surveys: Maccagni & dB 2024
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HI in and around NGC5643

NGC 5643: Seyfert-2 galaxy with AGN outflow studied in the ionised and molecular phases PID stodent (WITS)

Supervisors: R. Deane, F. Maccagnt
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MeerKAT observations (12hours)
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- extended asymmetry in the HI disk of
NGC 5643
- blue-shifted HI absorption in the centre
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20’ ~ 100 kpc
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RA (J2000) [Santana et al. sub]




HI in and around NGC5643

Radio continuum & . Velocity fiel
r-band with VST > (mom1)

Santana+25



' Velocity fielc - Asymmetric tail high dispersion counter-rotating velocities - Av ~ 300 km/s
| - Several ‘beards’ across the disk and at its edges

. Line-width
(mom?2)

Velbcity kms™1

-0.10 -0.05 0.00 . 0.10
RA offset




- Tidal interactions? but distance of other sources > 100 kpc

- Ram pressure: excluded by pv-plot
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NGC 3100 with VST & MeerKAT
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NGC 3100 with VST & MeerKAT
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NGC 3100 fuelled by ‘external’ accretion

‘Dark cloud’
;“"r W,
EQJ0Q+3124.

— - connected spatially and kinematically with HI absorption
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NGC3100

Channel maps : HI + CO (1-0)

‘Dark cloud’

- spatially and kinematically connected with the
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Redshifted absorbtion clouds

—— 10GHz radio continuum
CO(2-1) integrated intensi ty
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- How did the radio lobes and mner ]ets form’?
- In which timescales? | '

Serra et al. 2019 : merger history ot Fornax A e i T | S . 5, i A | 150 kﬁc_ 7
Maccagni et al. 2020 : flickering activity of the AGN = i ' S e Eos
Kleiner et al. 2021 : HI and Ha content of group -

Maccagni et al. 2021 : feeding & feedback in Fornax A' o -'

Loi et al. 2022 : HI and Hx depolamzmg contmuum from lobes



- Synchrotron emission: high energy
particles are injected in a medium with
constant magnetic field, and then loose
energy over time.

- Active phase + turn off

For AGN timescales from spectral index analysis see
(for example)

Kardashev 62, Parma+99, Murgia+10, Harwood+13,
Kolokythas+15, Brienza+17,23, Shulevski+24
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Continuum observations between 84 MHz and 217 GHz

Characterise the duty cycle of the AGN: MWA (84 - 200 MHz) VLA (320 MHz)

Spectral tlux density distribution
- Hast & Lobe

- Inner Jets

- Core

: SRT (5.7-6.8 GHz)

e

& //o

MeerKAT (1.4 GHz) VLA (4.8 GHz) ALMA (108 GHz2)

MeerKAT (900 MHz, 1.4 GHz)

r 4 -




East L.obe

- 24 Myr ago began the last injection of the 8% . | West Lobe
lobes %e. Jets
- 12 Myr ago AGN switch-off ey, kpc-core

- Phase 2 — Jets
- 3 Myr ago AGN formed the jets
- 1 Myr ago AGN switch-off

Flux density [Jy]

- Phase 3 — Core
- kpc-core is active (< 1 Myr) [Paraschos+24]

103

did not trigger the latest phases 4
of the AGN but brought turbulent gas and 10~
filaments
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https://www.aanda.org/articles/aa/abs/2020/02/aa36867-19/aa36867-19.html

Fornax A & HI

- What is fuelling and sustaining the
rapid duty cycle of the AGN?
- Is AGN feedback changing the

conditions of the ISM and IGM? A "

Serra et al. 2019 : merger history of Fornax A
Maccagni et al. 2020 : tlickering activity of the AGN
Kleiner et al. 2021 : HI and Ha content of group

Maccagni et al. 2021 : feeding & feedback in Fornax A |

Loi et al. 2022 : HI and Ha depolarizing continuum from lobes A




Fornax A & HI & Hq

-100 kpc extended Ha filaments embedded in the radio lobes [Kleiner+21]}

- some filaments have associated ' ' clouds depolirizing the radio lobes signal [Loi+22]

MeerKAT commissioning observatrons
Serra et al. 2019 : merger history of Fornax A
Maccagni et al. 2020 : flickering activity of the AGN N e .

Kleiner et al. 2021 : HI and Ha content of group i SRR

Maccagni et al. 2021 : feeding & feedback in Fornax A
Loi et al. 2022 : HI and Ha depolarizing continuum from lobes
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https://www.aanda.org/articles/aa/abs/2020/02/aa36867-19/aa36867-19.html

Multi-phase outflow in Fornax A

—37°12/00" }.- . - I()nised gas

- w80 > 600 km s in the wake of the radio jets

- Cold gas
- w80 > 600 km s along the jets and in the outer ring
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Kinematical plot

naturally identifies loci with similar kinematics

HI distribution over radio jets
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naturally identifies loci with similar
kinematics
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AGN feeding

Kinematical plot

- expectations of simulations

(Gaspari+13,18...) for infalling material
- The EW stripe and filaments may be feeding the AGN
< i . | I I : :I I “ |
HI rotating disk | 8 - : : | ’ : i -

HI inflow
HI outflow
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log(0is) [kms™!]

— cooling time / eddy turnover time 50 (e HI rotating disk |

measures the role of turbulence causing condensation of the gas ® HI inﬂgw
® HI outflow

turbulence may cause cooling and infall
very different physical conditions

[Maccagni et al., 2021]


https://www.aanda.org/articles/aa/abs/2020/02/aa36867-19/aa36867-19.html

turbulence in the hot medium causes condensation into cold gas and
consequent rapid & recursive accretion onto the SMBH (see Gaspari + 13,17,18 / King & Nixon 15)
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Velocity Field
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Synthetic Observation
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Centaurus A

- AGN structures within the stellar body (< 25 kpc) % T
- Jets & filament -

- Lobes
- Bubbles

- Circumnuclear dusty disk (r ~ 6 kpc)

- Regions of AGN-triggered star formation

- QOuter Filament (20 kpc from centre): Santoro+2016

o Y

[Sub-mm / Xray / Optical [ESO]

- Inner Filament (7 kpc from centre): Crockett+2015

[McKinley et al., 2022]


https://www.nature.com/articles/s41550-021-01553-3
https://www.aanda.org/10.1051/0004-6361/201628353
https://academic.oup.com/mnras/article/421/2/1603/1142547

MeerKAT [Maccagni, McKinley in prep.]
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https://www.cambridge.org/core/journals/publications-of-the-astronomical-society-of-australia/article/many-faces-of-the-gas-in-centaurus-a-ngc-5128/C5963D936A5CDE4FE752A038D008D730

1st shown in

' 3 ”_,;“ Oosterloo et al. 2005
: 3 % (ATCA data)

AGN feedback is gently
unsettling the gas.
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" Veronese et al.-2025
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" Veronese et al. (submitted)

5 kpc
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cot g - __star forming
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- Understanding galaxy evolution inthe SKAera

—
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" Veronese et al. (submitted)
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950-1408 MHz spectral index | ' 5 . |
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Bubbles results
_from tilted jet-ISM
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Low-power radio jets & bubbles

[Mukherjee+18]
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AGN and CGM 7} radlo VIEW - Conclusmns S R

{ _,1.3 fuellmg the Fornax A is rapldly ﬂlckermg because of multl-phase

i C‘ AGN geedlng & feedback loop driven by CCA G '_
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F.Maccagni, P.Serra, F.Enriques; INAF, ¢



AGN and CGM a radio view - Conclusions. .+

: _Multl-wavelength radio contmuum and
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