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Why do we care about AGN feedback?
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1. Galaxy evolution models

The mass functions of dark matter
haloes and galaxies don’t agree at
the low and high mass ends

Part of the gas available in the
galaxy is not converted in stars

Why?



Why do we care about AGN feedback?

Stellar mass / halo mass (average)
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1. Galaxy evolution models

Models can explain the
low-mass end if Supernova
feedback is accounted for

Similarly, the high-mass end
can be matched including
AGN feedback



Why do we care about AGN feedback?

2. SMBH/host-galaxy
scaling relations

Are AGN and host galaxies
coevolving?

How is this coevolution set
into place?

Magorrian+1989, Gebhardt+2000,
Ferrarese+2000,2006, McConnell+2011,
Kormendy & Ho 2013, etc.

10'° |

sn(Mo)

10°

3 T
a
% Stars/Early-type BCG
% Stars/Early-type non-BCG
% Stars/Late-type

® Gas/Early-type BCG
® Gas/Early-type non-BCG
® Gas/Late-type

A Masers/Early-type
A Masers/Late-type

4 109

60

200
o (km/s)

1
300

|
400

10°

1010 |

b

% Stars/Early-type BCG
% Stars/Early-type non-BCG

® Gas/Early-type BCG
® Gas/Early-type non-BCG

M6
1C1459

McConnell+2011

1

N1316

1010

I'V (LO,V)

1011



Alexander & Hickox, 2018

08 o O 0

cone




A logarithmic view of the AGN-galaxy
connection
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A. Merloni, ESO graphics, 2010



Types of AGN feedback

Radiation usually escapes

a) Direct radiation / This is how we see AGN

b) Mechanical

T Kinetc ———» Radio mode
Vs. VS.
— mode



Radio mode: AGN relativistic jets

e Accretion onto the BH is generally inefficient
e Little energy goes in radiation

e Great part of the energy produced by the AGN is
converted in kinetic energy
— relativistic jets

e Predominantly found in the most massive galaxies
(M__ >10"M_) with old stellar populations

star

e Jets heat up the gas they encounter, creating
bubbles and cavities and preventing radiative cooling

e Radio mode can explain why we don’t find cooling
flows in galaxy clusters




Quasar mode: AGN-driven winds

e Accretion onto the BH is efficient, Eddington ratios

. \V/ i+201
are hlgh enturi+2018
-36:08:00

e Great part of the AGN energy goes in radiation

e Radiative AGN are most common in galaxies with
on-going star-formation and younger stellar
populations at all cosmic epochs

e Production of AGN-driven winds via
— Radiation driving
— Line driving
— Magnetic acceleration

Dec [d:m:s]

e Impact on the SF activity by
— heating
— dissociating
— removing , 20 10 53:224:00 50
the cold gas reservoir of the host galaxy

RA [d:m:s]



Modeling feedback through AGN-driven winds
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Di Matteo+2005:

The observed scaling relations can
be matched by simulations if the
energy-loading factor of the AGN

outflows is at least 5%

e.g., King 2003, Di Matteo+2005, Hopkins+2006,
Hopkins&Elvis2010, Faucher-Giguere&Quataert
2012,Lapi+2014, Costa+2018,2020, ...



How are AGN-driven winds linked to kpc-scale outflows?

~ ™
Momentum-driven

VS.
Energy-driven

Inner-disc wind is
launched with velocity v g\hocked \

medium
shocked \
wind \

Vin \
—

. >

Inner-disc wind

QSO % > ropagation
Q’ propag
Inner-disc wind shocks the ISM
RSW

only if the mechanical luminosity
of the wind is thermalized at Rc,
i.e., cooling at Rc is negligible

Faucher-Giguére and Quataert 2012 R $



How are AGN-driven winds linked to kpc-scale outflows?

From the observational side,

103- we want to populate this
Energy-driven winds diagram and check if the

winds we observe match any
10% of the two expectations
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How are AGN-driven winds linked to kpc-scale outflows?

Galaxy-wide outflows
From the observational side,

we want to populate this
diagram and check if the

winds we observe match any
of the two expectations
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Inner-disk winds: Ultra-fast Outflows (UFOs)

Flux (102 erg s~ ' cm~2)
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The fastest winds known to date
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Present in 40% of RQ and RL AGN

(Tombesi+10,+14,Gofford+13,Igo+20)

N,~10%-10** cm™®  — thick
log(¢/erg s'ecm?) >3  — highly ionized
v>0.05¢c (up to 0.6¢) — ultra fast

Signature: P-cygni profile of Fe XXV-XXVI
Commonly seen as resonant absorption
lines of highly-ionized iron blueshifted at
E>7keV

Need high S/N spectra to constrain them



Observing AGN-driven winds
X-rays
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Observing AGN-driven winds

Inner to outer:

s

UFOs, WA
UV BAL-NAL

Disc

lonized outflows (e.g., [OIII])\

Neutral gas outflows
Molecular outflows

winds

Adapted from Morganti+2016
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Normalised Flux [F,;/Fy]

T I

Non parametric approach
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Observing AGN-driven winds

Inner to outer:

1. UFOs, WA }Disc 10

Energy-driven winds

2. UV BAL-NAL | winds

X _

3. lonized outflows (e.g., [Olll]) 10%

4. Neutral gas outflows > | Momentum-driven winds

5. Molecular outflows 100 102 10% 10° 10
o

Outflow Velocity (km s!)
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Observing AGN-driven winds

Inner to outer:

1. UFOs, WA Disc
2. UV BAL-NAL | winds

3. lonized outflows (e.g., [OIII])\
4. Neutral gas outflows

5. Molecular outflows

(\

Galaxy-wide outflows
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Local and low-z AGN



Testing the models with observations — |

Issue:

Need for multi-wavelength coverage and 1048

detection of multiphase outflows

Only a handful of AGN were found to show o

inner-disc- and galaxy-scale outflows é; 5%
20

Workaround: L s

Build big samples of AGN outflows and search for @

correlations within the sample 10

e.g.: Fiore+2017 — the outflow velocity correlates

with the AGN L, for +ionized outflows 1048

and UFOs, and that the two scalings are statistically
consistent with each other
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Mout vs. Lbol is flatter for molecular outflows

Most powerful AGN seem to have more massive

outflows in the ionized phase

Need to measure all the gas phases, especially at high

luminosities, to properly study the impact of AGN winds
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Luminosity corrected - a significant
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Mass outflow rate / star formation rate
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We can test the impact of AGN outflows by comparing ©
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the mass-outflow rate to the SFR, that is comparing £ 100
. S

how much gas is removed by the outflow to how much S

gas is converted into stars %

% 10
mass-loading factor > 1: the outflow removes the gas %
faster than it takes to form stars — negative AGN feedback 3
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AGN winds are more effective in
suppressing the SF than winds
driven by starburst activity

Mass-loading factor shows mild
correlation with AGN luminosity or
SMBH mass



Testing the models with observations — |l
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Another interesting parameter is the
enerqy loading factor, because we can
directly compare our results with the
model predictions — but can we??

Issue 1:

we need some assumptions to compute
the kinetic power of the winds (e.qg.,
geometry of the wind, gas density)

Harrison+2018



Testing the models with observations — |l
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Issue 2 :

models do not agree on
the predicted threshold
for the coupling efficiency

Issue 3:

model predictions are
usually based on all the
outflowing material and
not on the individual gas
phases — back to the
argument of Bischetti+19



AGN feedback at high-z



High-redshift AGN and AGN outflows

Stellar velocity [OllI] velocity
0 il a1 Local and low-z AGN allow
. : ' for detailed studies of
) ) . " spatially resolved outflows
§ T and gas dynamics
But is the local Universe
-3 { ., where we expect AGN
B I e R ’ o feedback to be at its highest?
NGC 1365 Venturi+2018
[Olll] velocity - Stellar velocity
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High-redshift AGN and AGN outflows

Lookback time (Gyr) Star formation history
a0 2 4 6 8 10 12

-_ 1 Black Hole Accretion history:

Shankar+2009

-1.2 - Del Vecchio+2014

—_—

Cosmic Noon

log v (M year™ Mpc™)

-16r Here is where we expect
‘ AGN feedback to be at its
-2 maximum, but observations
_ are more challenging than in
o4l . | NG s ] the local Universe
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Redshift



High-z UFOs

Local samples: z>1:14 AGN (only 7 before 2021)
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Chartas+21: XMM program on NALAGN O

NAL AGN show a UFO DF~80%
hints at link between multiphase winds on the z>1:14 AGN (only 7 before 2021)
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The case of XID2028 (z=1.593):
positive and negative feedback, and CO depletion
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.but does AGN feedback actually have an
impact on the star formation of galaxies?



The impact of AGN feedback on the SF of galaxies

If AGN winds establish the

SMBH/host coevolution, The most straightforward way
then AGN must act on the to act on the SF is to impact
SF of the host galaxy. the fuel of (future) SF, that is

the molecular gas content

N

AGN are thus expected to reduce the
molecular gas content of galaxies,
but do we see this in our data?
And what do the simulations predict?




The impact of AGN feedback on the SF of galaxies

How do we study this:

1.

Build samples of AGN, measure the fotal molecular gas content of their host
galaxies and obtain the other properties of the galaxy from SED fitting (for instance,
the stellar mass, SFR).

Search for correlations between the fotal molecular gas mass of the host galaxy
and molecular and/or ionized outflows (if any) and with AGN properties

Build a control sample of non-active galaxies matched in SFR and/or stellar mass
to the AGN sample and search for differences - e.g., are AGN CO depleted?

CO depletion: at fixed SFR/stellar mass, one galaxy sample shows /less molecular
gas than the selected control sample



Husemann+2017
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High redshift

High-z AGN seem to
reside in CO depleted
host galaxies

Issue: studies based on
few, powerful AGN,
pre-selected as good
candidates for hosting
outflows
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KASHz and SUPER

: SINFONI Survey for Unveiling the
Physics and Effect of Radiative feedback

Unbiased samples of high-z,
X-ray selected AGN spanning
a wide range of AGN power

Aim: study relation between
AGN-driven ionized outflows
and host galaxy properties
(star formation and molecular
gas content)

KASHz: KMOS AGN Survey at High redshift
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KASHz and SUPER outflows

Adapted from Kakkad+2020
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SUPER AGN - CO depletion?
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And what do simulations predict?

TNG

-10

| — |

Akdd < 1%, non-AGN

logio(My /Mg)

Ward+2022,
subm.

AGN live in high gas fraction
and high SFR galaxies

Qualitative agreement with results in
low-z AGN

Potentially in tension with those at
high-z, which also have a less
coherent picture



And what do simulations predict?

Predictions on gas-depletion are

Gas-depleted fraction (%)

35 . . - 35 . T = simulation-dependent, but in general
e 2=z ¢ EAGLE there is no evidence for AGN hosts
) {0 BB being more depleted than non-active
galaxies
25 125+
{ Issues:
20¢ 1201
1. ltis hard for cosmological
15 15 . . .
simulations to implement
ol 1 ol ] small-scale AGN feedback
— need for smaller grids and
st ¢ ] st ] better physical implementation of
I i I ; feedback
O' 1 1 1 3 0' ; 1 ; 1 ‘ 1 % .
AEdd Lo Combined  Control AEdd Lol Combined  Control 2. Include results on h|gh_|_
selection  selection selection  galaxies selection  selection selection  galaxies bol

AGN (rare and short lived)

Ward+2022, subm. — need for bigger volumes
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