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20+ years working with Paolo from the sub-mJy radio sky to AGN-feedback
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AGN as a main actor in galaxy evolution?
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AGN feedback is a multi-scale and multi-phase problem
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SUPER: a blind ionized outflow study at Cosmic Noon

Pl: V. Mainieri

280 hours @ VLIT/SINFONI (IFS) with AO

PSF FWHM=0.27-0.3”
~2 kpc spatial resolution

Blind survey, ~40 AGN at z=[2.12-2.49]

lonized outflows -> [OIllI]A5007 (H)
Star formation -> Ha (K)

COSMOS, CDF-S, XMM-XXL, Stripe82X

Spatial resolution [kpc]

Co-lIs: Fiore, Marconi, Balmaverde, Bongiorno, Brusa, Carniani, Cicone, Circosta, Civano, Comastri, Cresci,
Feruglio, Georgakakis, Harrison, Husemann, Kakkad, Lamastra, Lamperti, Lanzuisi, Liu, Mannucci, Menci,
Menzel, Merloni, Netzer, Padovani, Perna, Piconcelli, Popesso, Puglisi, Salvato, Scholtz, Schramm, Schulze,
Silverman, Vietri, Vignali, Zamorani, Zappacosta
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Galactic scale outflow demographic
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Kakkad+20

Galactic scale outflow demographic

31 B8 SUPER Biconical outflow 100
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The role of dust

D Fast ionized outflows more prevalent in Type-2 than Type-1: radiation pressure on dust as
driving mechanism

] outflow velocities comparable with v .: gas relocated at least to 30-50 kpc from the centre
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Extreme gas kinematics: statistical approach

D Higher prevalence of [Olll] outflows in AGN
with with moderate radio luminosities
(compact rather than extended jets)

Also see, e.g., Zakamska & Greene 2014;
Bischetti+17; Molyneux+19; Kukreti+23
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+ES+ Radio-ISM interaction
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Low power jets
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Radio-ISM interaction at z~0.2

High resolution JVLA observations of "radio-quiet" quasars
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Radio-ISM interaction
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Radio-ISM interaction at z~2

-29
DStrong correlation between
the kinetic energy of the
-28 - ionized outflows and the P,
|
-27 E D In average a 71% coupling
= between the jet and the
> ionized ISM
®
-26 e'_:
S
- Low-power jets as the
K driver of the galaxy scale
outflows?
-24
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D The low-power jet inclined into the disk increase the turbulence of the ISM in multiple gas phases.

[Olll] Velocity [O 1lI] Velocity Width CO(3-2) Velocity Width
o sfig |
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Disturbed gas cone

Girdhar et al. (2022); z~0.1 ‘radio quiet’ quasar, ~1kpc low power jet inclined into disk

Also see, e.g., Nesvadba+08,17a,b; Couto+13; Riffel+14; Mahoney+16; Aalto+16; Husemann+19; Bischett+19; Venturi+21; Fernandez
Ontiveros+20; Smethurst+21; Zanchettin+21; Bianchin+22; Speranza+22; Audibert+23; Zanchettin+23; Ulivi+24
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Radio-ISM interaction

Extreme gas kinematics: individual galaxies (spatially resolved)

Girdhar et al. (2022); z~0.1 ‘radio quiet’ quasar, ~1kpc low power jet inclined into disk

/ Low-power jets are \

“trapped” in the disk for
longer times: their impact
is amplified, stirring of
the ISM which may inhibit
star-formation
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Also see, e.g., Nesvadba+08,17a,b; Couto+13; Riffel+14; Mahoney+16; Aalto+16; Husemann+19; Bischetti+19; Venturi+21; Fernandez-
Ontiveros+20; Smethurst+21; Zanchettin+21; Bianchin+22; Speranza+22; Audibert+23; Zanchettin+23; Ulivi+24
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Do AGN triggered outflows affect the
level of star formation in the host?

Direct measures
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Do AGN triggered outflows affect the level of star formation in the host?
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No clear sign of suppressed SF at the location of the outflow
* Impacton scales below our resolution (~2 kpc)
* An alternative tracer of “recent” star-formation?
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Do AGN triggered outflows affect the level of star formation in the host?
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Do AGN triggered outflows affect the
level of star formation in the host?

Indirect measures
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Cold molecular gas reservoir

How is AGN feedback acting:
D The molecular gas is dissociated

DThe molecular gas is pushed outside
the galaxy

DThe molecular gas is excited to higher
temperature which are CO-dark

The molecular gas fraction in AGN and non-AGN galaxies are
statistically different: AGN activity depleting the cold gas reservoirs

Also see e.g., Carniani+17; Brusa+18; Vietri+18; Perna+18; Loiaconoi+19; Bischetti+21; Frias Castillo+24

Vincenzo Mainieri — [lluminating the Active Universe



ES
"0
+

+

Bertola+24

0.18

0.16

e ©
— —
N £

T

Relative fraction
=
[y
o

'OQ(Mgas, moI/M*)
.0 =05 0

-25 =20 -15 - .0 05 1.0

°

o

o0
T

o

(=]

[*)]
T

. Total (98 Non-active gal.)
| mmm Total (40 AGN)
Detections (AGN)
Upper limits (AGN)
Lower limits (AGN)
Detections (Non-active gal.)
Upper limits (Non-active gal.}

ABYAO®

=1 Mean (Non-active gal.) .
B Mean (AGN)

+

=35 30 =25 —20 =15 -10 =05 D00 05

log(Lco(1 - 0)/Mx)

Cold molecular gas reservoir

How is AGN feedback acting:
D The molecular gas is dissociated

DThe molecular gas is pushed outside
the galaxy

DThe molecular gas is excited to higher
temperature which are CO-dark

The molecular gas fraction in AGN and non-AGN galaxies are
statistically different: AGN activity depleting the cold gas reservoirs

Also see e.g., Carniani+17; Brusa+18; Vietri+18; Perna+18; Loiaconoi+19; Bischetti+21; Frias Castillo+24
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Warm molecular gas in AGN at Cosmic Noon

Warm molecular gas content and kinematics in AGN with ionized outflows
MIRI-MRS follow-up in Cy-1 and Cy-2.
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log(Hot gas mass Hp [M o ])

Warm molecular gas in AGN at Cosmic Noon

Warm molecular gas content increase with AGN bolometric

luminosity and E

ddington ratios.

R

=2

=

2

=

This sample Tconst. , 22 2
This sample Trx, , z~2 ' Z
BASS, z~0
QSOFEED, z~0
AGNIFS, z~0

>oQOnO

cid_1205 s

VINMIA

o0

log(Hot gas mass Hy [M ¢ ])
b RV

X N 81 44 e
—

4745 46
log(Lpor) [erg/s]

4743

=

e

This sample Teonst, , 2~2

_ H — - N . =

. N Iy

This sample Tfix,, z~2 & [ a

BASS, z-0 ] : =
[

: Z.
QSOFEED, z~0 Pl e
AGNIFS, z~0 = —

>o 00

A
Nl
+
32}
cn

ien

13
log(Aedd)

Vincenzo Mainieri — [lluminating the Active Universe

Rueda Vargas +26




Warm molecular gas in AGN at Cosmic Noon

The detected warm molecular gas account for a small fraction of the
"missing" cold molecular gas.

11.4t — SF galaxies
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Rueda Vargas +26
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"Observational experiments"

AGN
Feedback
Model

|dealised, hydro-
simulations,

mmmmmm—) | measure outflow |m——)

properties “like an

observer”

Ward, Costa, Harrison & Mainieri (2024)
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What can we
learn from
observed

properties?




Inject quasar winds into galaxy disks

Smooth Large clumps Medium clumps Small clumps

Inject AGN wind into static disk: Fiducial model: Hydro-code: AREPO:
(model from Costa+20) Lagn = 10% erg/s Resolution: reaches ~1pc
g Wy V,,=10*km/s Includes primordial cooling
W ¢ TAGN Disk: d=4kpc, h=1kpc

Ward, Costa, Harrison & Mainieri (2024)
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Outflows “vents” through paths of least resistence

Radial Velocity isoB_k5_L44
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Pressure Wind Density

D Large-scale collimated outflow (wind injected spherically on

3 5 7 el; -1Ioo 1000 2000 3000 smallscales)
log(T/K) log(v, /km s71)
-12 -1l -10 32 -1 0 D Cold clumps inside hot diffuse outflow
log(P/dyne cm?) log(P)
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Realistic ISM leads to very different predictions

“Hot” sk Well defined
(hot, invisible or X-ray nall phases
emitting gas)
“Cold”

(warm ionized outflows, cold
molecular outflows...)

log (v, /km s~ 1)

: I post-shock

cooling

No characteristic

Vor

Ward, Costa, Harrison & Mainieri (2024)
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+]E©§+ Challenges in defining outflow velocities
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for vi>vVmin
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CGM
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The imprint of AGN-feedback in the CGM

180 AGN driven outflows are a necessary ingredient
Sa~ to reproduce the observed Lya halos around

quasars on 100 kpc scales.
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The imprint of AGN-feedback in the CGM

Lya nebulae (MUSE+KCWI) 30” (230 kpc)

SDSS)1427-0029

le-17 Q0050+0051 e—18
Lo 1.28 :
— A - |
N o i 6
1.0 ‘
+ 7 POt i
8F ol | y ‘
S b HB [Ol]
0.4r ol
o) E0.2{- e
O 0.0p--- = 0 | S ras | =
1+ 1 ] 1
Qv | s siom. it i : 1‘ L ksl ol |
- 0:& o S oy e VIS WY ST, W | OF o el » f AAA A AARERN o sadls L 1Ll .;L’” af LRI CY IS LITT . »—.:u,::,!,;.;..p, LB
"1&', = | S | = el L | T = T I sy | J "11’, SR s B g L | ) (s | 3 1 0% | B |
4600 4700 4800 4900 5000 5100 5200 5300 5400 4800 4900 5000 5100 5200 5300 5400 5500
Rest frame wavelength [A]

Rest frame wavelength [A]

[ Galaxy scale ionized outflows detected at the centre of all nebulae. ]
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The imprint of AGN-feedback in the CGM
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ALTERNATIVE POWERING MECHANISMS
OF THE Ly-a NEBULAE

(extension and luminosity)

[ Positive correlation between outflow power and nebulae properties ]
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ELT

Diffraction limited IFS observations
(MICADO and HARMON!I) to trace
ionized gas kinematics on sub-kpc
scales at z>2

)

Future

/SKA low + mid
the same level of simulations

intermediate redshift

&

* Continuum: collimated jets resolved at

* HlI: spatially resolved atomic gas out to

)
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Future
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SIMULATIONS FUTURE: SKA TODAY: JVLA
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+]E©§+ Take away messages
+

D AGN feedback is a multi-phase, multi-timescale, and multi-spatial problem.

DObservational evidence that AGN radiation/winds/jets may affect the ISM in
multiple way: it does not have to be necessarily ejective.

DAGN are events in the life of a galaxy: the single AGN feedback episode may
have localized impact; the cumulative effect of multiple such events can have
a more global impact.

Large spatially resolved surveys across wl: JVLA (SKA), ALMA (WSU), opt-IR IFUs
from the ground (ELT), JWST, X-ray (AXIS, Athena)

DObserved outflow properties can not trivially be used to determine outflow
impact and driving mechanisms.

Carefully-constructed simulations to test “specific” models and reconstruct
“observational experiments”
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