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AGN feedback

McConnell & Ma, 2013, Apd, 764, 184
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Mpsr and Mgar scaling laws

derivation of these formulae in the review by Fabian, 2012, ARA&A, 50, 455

radiation force outwards gravity force inwards
47 GM BHmp GM galM gas M ‘ T
oT 7/'2 g€ My

[In reality the relevant Eddington limit is that on dust,
leading to the observed MpeH/Mga Nnormalisation: ~o7/0¢~10-9]

Black holes have sufficient energy to unbind galaxies:

EBH — O_.IMBHCZ Egal ~ Mgalﬁ'z Mgn ~ 1.4 x 107 Mg
EBH/Egal ~ 1.4 x 10_4(6'/0')2

o < 400 km s™!, so Egyi/E,. > 80
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Co-evolution of accreting BH and star formation

Madau & Dickinson, ARAA, 52, 415

lookback time (Gyr) lookback time (Gyr)
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Morphological resemblance between the two curves

Further evidence for AGN/galaxy co-evolution
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Feedlback and cosmological evolution of galaxies

di Matteo et al., 2005, Nature, 433, 604

Example of a simulation of BH accretion and star formation after
the merging between two Milky Way-like galaxies

Time = 1.1 Gyr 1.6 Gyr 2.5 Gyr

‘, here AGN winds dead red
" With BH | expel much of spheroidal galaxy

T the gas from the
e W Inner regions

\

Without BH
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When is feedback important?

di Matteo et al., 2005, Nature, 433, 604

LKE = (dEfeeback/ dt) ~ 5% Laccretion
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When is feedback important?

di Matteo et al., 2005, Nature, 433, 604 Hopkins & Elvis, 2010, MNRAS, 401, 7

LKE = (dEfeeback/ dt) ~ 5% Laccretion LKE = (dEfeeback/ dt) ~ 0.5% Laccretion

T T T T T T T I | I—
N i/
L ‘.:\ K =
5 %2} 1, /.
PEE R
o iy —
- _ Incident
B B Quasar
Radiation
= 108 — = Low-density G
23 - = ow-density Gas
= = ]
T B ] X
= S
L - o
°
3
7 js - L :
10 = = o ﬁ
z 2 -% 10} E
N _ = E oo P.q/ Edd ]
- ] g 10°L/ —— fon
E i o B ‘ ]
— = 1 10
K ---- 80% gas t/t(R=r)
106 — ’ =
= . - 40% gas =
% 20% gas =
[ [the Iinles hereI Corr?sporﬂd ’[o| th(? sirlnulations shown in th(la previous inFIe] | B
30 60 100 300 600

o (km s)



M.Guainazzi, "AGN feedback with XRISM and Athena " , OAB, 18 February 2020

Galaxy molecular outflows

Cicone et al., 2014, A&A, 562, 21 Feruglio et al., 2010, A&A, 518, L155

Recent discovery of molecular outflows in CO(1-0) observations of
AGN-powered Ultra-luminous IR Galaxies (ULIRG)
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Molecular outflows are AGN driven

Laha, et al., 2018, ApJ, 868, 10
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—vidence of outflow-driven feedback

lonised gas ([Olll]) in powerful QSOs Star formation is inhibited in
produce +ve and -ve feed-back Lx>1044 erg/s AGN (1<z<3)

XMM-COSMOS XID2028 (z=1.59)
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AGN X-ray winds: Warm albsorbers

Detmers et al., 2011, A&A, 534, A37 estimate of incidence fraction in Laha et al., 2014, MNRAS, 441, 2613
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AGN X-ray winds: Warm albsorbers

Detmers et al., 2011, A&A, 534, A37 estimate of incidence fraction in Laha et al., 2014, MNRAS, 441, 2613
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AGN X-ray winds: Ultra-Fast Outﬂows (UFQOs)

Longinotti et al., 2015, ApJ, 813, L39

IRAS17020+4544 - XMM-Newton/RGS
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These components correspond to 0.08<veut<0.11¢C

very by Tombesi et al., 2010, A&A, 521, 57; Gofford et al., 2013, MNRAS, 430, 60

Sub-relativistic speeds
(Vour>0.1 ¢)

Resonant He/H-like Fe
absorption lines (=7 keV)

Present in ~30% of nearby
AGN and radio-galaxies

High-column density
(=1023 cm-2), highly-ionised

Mostly (but not all) observed at
CCD resolution [E/AE~101-2]

Transient (exception: PDS456)
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How to calculate wind feedback’?

Crenshaw et al. 2003, ApJ, 594, 116

Assuming mass conservation through a spherical shell;

Mout — 47TrNHMmngvr

Once this is know, the kinetic luminosity iS: Ex = Lgg = 5 Mou V2
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How to calculate wind feedback’?

Crenshaw et al. 2003, ApJ, 594, 116

Assuming mass conservation through a spherical shell;

= 4 r Nypum ,C,v,

Mass outflow rate

Once this is know, the kinetic luminosity is: Ex = Lxg = > Mou v’

out
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How to calculate wind feedback’?

Crenshaw et al. 2003, ApJ, 594, 116

Assuming mass conservation through a spherical shell;

— 4 H,umngvr

Mass outflow rate |ocation of the
outflowing clouds

Once this is know, the kinetic luminosity iS: Ex = Lgg = > Mou V2



M.Guainazzi, "AGN feedback with XRISM and Athena ", OAB, 18 February 2020

How to calculate wind feedback’?

Crenshaw et al. 2003, ApJ, 594, 116

Assuming mass conservation through a spherical shell;

=4 pm,Cp v,
column density

| (measured)
Mass outflow rate |ocation of the

outflowing clouds

' ' N N ' ' [ . 1 N
Once this is know, the kinetic luminosity iS: Ex = Lxg = = Moy v’
2



M.Guainazzi, "AGN feedback with XRISM and Athena ", OAB, 18 February 2020

How to calculate wind feedback’?

Crenshaw et al. 2003, ApJ, 594, 116

Assuming mass conservation through a spherical shell;

covering factor

= ,umr

column density

| (measured)
Mass outflow rate |ocation of the

outflowing clouds

Once this is know, the kinetic luminosity is: Ex = Lxs = EMout v’

out
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How to calculate wind feedback’?

Crenshaw et al. 2003, ApJ, 594, 116

Assuming mass conservation through a spherical shell;

covering factor

— 4 umk;wr

column density

| (measured)
Mass outflow rate |ocation of the

outflowing clouds

' ' N N ' ' [ . 1 N
Once this is know, the kinetic luminosity iS: Ex = Lxg = = My, v,
2
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—nergetics of AGN outflows

Tombesi et al., 2013, MNRAS, 430, 1102
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AGN feed-back ("quasar mode")
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Cr - only one determination in an individual source

Nardini et al., 2015, Science, 347. 860
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Launch radius (r) of AGN winds

Laha et al., 2016, MNRAS, 457, 3896

The launch radius can be estimated only indirectly in most cases ...

Dust sublimation radius
Escape velocity radius

Tause =0.5L " [1800/ T, )*°

log(rmjn/ Tdust)

g.o 3.5 4.0 4.5 5.0 5.5
Minimum launch radius log(%), log(%=)

110 1.5 210 25
103 Rschwarzschild 10°-° Rschwarzschild WA com ponents

o
w

... leading to uncertainties up to 1 order-of-magnitude
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The physics of energy-conserving outflows

Faucher-Giguere & Quataert, 2012, MNRAS, 423, 605 Zubovas & King, 2012, Apd, 745, L34

Cold molecular clouds are entrained in the
ISM shocked by the AGN wind

shocked AGN wind molecular
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—nergy-driven (at least at galactic scale)

Smith et al., 2019, ApJ, 887, 69
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Summary of outflow pending issues

cf. Gaspari et al., 2020, Nature Astronomy, 4, 10
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Summary of outflow pending issues

cf. Gaspari et al., 2020, Nature Astronomy, 4, 10

- Geometry of accretion and gjection flow near the BH?
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Summary of outflow pending issues

cf. Gaspari et al., 2020, Nature Astronomy, 4, 10

- Geometry of accretion and gjection flow near the BH?

- Qutflow ejection and acceleration mechanisms?
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Summary of outflow pending issues

cf. Gaspari et al., 2020, Nature Astronomy, 4, 10

- Geometry of accretion and gjection flow near the BH?
- Qutflow ejection and acceleration mechanisms?

Partition of kinetic power into outflows and jets
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Summary of outflow pending issues

cf. Gaspari et al., 2020, Nature Astronomy, 4, 10

- Geometry of accretion and gjection flow near the BH?
- Qutflow ejection and acceleration mechanisms?
Partition of kinetic power into outflows and jets

Relation between accreted and gjected mass rate”
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Summary of outflow pending issues

cf. Gaspari et al., 2020, Nature Astronomy, 4, 10

- Geometry of accretion and gjection flow near the BH?

- Qutflow ejection and acceleration mechanisms?
Partition of kinetic power into outflows and jets
Relation between accreted and gjected mass rate”

How much energy/momentum rate are needed for feedback”
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Summary of outflow pending issues

cf. Gaspari et al., 2020, Nature Astronomy, 4, 10

- Geometry of accretion and gjection flow near the BH?
- Qutflow ejection and acceleration mechanisms?
Partition of kinetic power into outflows and jets
Relation between accreted and gjected mass rate”
How much energy/momentum rate are needed for feedback”

- Connection between ionised, neutral and molecular phases
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Summary of outflow pending issues

cf. Gaspari et al., 2020, Nature Astronomy, 4, 10

- Geometry of accretion and gjection flow near the BH?
- Qutflow ejection and acceleration mechanisms?

Partition of kinetic power into outflows and jets

Relation between accreted and gjected mass rate”

How much energy/momentum rate are needed for feedback”
- Connection between ionised, neutral and molecular phases

Distribution function of basic observables in complete samples?
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Summary of outflow pending issues

cf. Gaspari et al., 2020, Nature Astronomy, 4, 10

- Geometry of accretion and gjection flow near the BH?
- Qutflow ejection and acceleration mechanisms?
Partition of kinetic power into outflows and jets
Relation between accreted and gjected mass rate”
How much energy/momentum rate are needed for feedback”
- Connection between ionised, neutral and molecular phases
Distribution function of basic observables in complete samples?

How does the molecular outflows form in hot outflows?
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The cosmological impact of AGN outflows

Fiore et al., 2017, A&A, 601, 143
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[Shown here: the ratio of the
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formation density]

e AGN outflows are on
average powerful enough
to clean galaxies in
massive galaxies at z<?

e Ientative conclusion,
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redshift, uncertainties in
both wind mass outflow
[...] and SRFD are today
too big."
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Galaxy clusters

L o
: : .
“ Credit: ESA/XMM-Newton (X-rays);
CFHT (opticél); XXL Survey e

The largest gravitationally-
bound structures in the
Universe

100-1000s galaxies in a volume
comparable to that between
the Milky Way and Andromeda

Formed at the nodes of the
cosmic web at z~2-3

Optical (white/ ). galaxies

X-rays (purple glow): T=106 K
plasma

. dark matter (85% of
the total mass in the cluster)
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Gas cooling time

Fabian, 2012, ARA&A, 50, 455 Mittal et al., 2010, A&A, 501, 835

The X-ray emitting gas implies short cooling times, and very
high levels of star formation (102-3 Me/year)— not seen!
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Lack of cool gas from X-ray spectroscopy

=
.
@;

/f’:——

Peterson et al., 2003, Apd, 590, 207 Sanders et al., 2008, MNRAS, 385, 1186
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"Radio mode" AGN feedback

Sanders & Fabian, 2007, MNRAS, 381, 1381 McNamara et al., 2009, ApdJ, 698, 594

X-ray images of galaxy clusters show structures (putatively) due to the
interaction between the AGN radio jet and the intra-cluster medium

2 arcmin
- =
45 kpc

Perseus Cluster with Chandra/ACIS

MS07356.6+7421  F————
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"Radio mode" AGN feedback

Sanders & Fabian, 2007, MNRAS, 381, 1381 McNamara et al., 2009, ApdJ, 698, 594

X-ray images of galaxy clusters show structures (putatively) due to the
interaction between the AGN radio jet and the intra-cluster medium
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InterCluster Medium
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"Radio mode" AGN feedback

Sanders & Fabian, 2007, MNRAS, 381, 1381 McNamara et al., 2009, ApdJ, 698, 594

X-ray images of galaxy clusters show structures (putatively) due to the
interaction between the AGN radio jet and the intra-cluster medium
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"Radio mode" AGN feedback

Sanders & Fabian, 2007, MNRAS, 381, 1381 McNamara et al., 2009, ApdJ, 698, 594

X-ray images of galaxy clusters show structures (putatively) due to the
interaction between the AGN radio jet and the intra-cluster medium
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"Radio mode" AGN feedback

Sanders & Fabian, 2007, MNRAS, 381, 1381 McNamara et al., 2009, ApdJ, 698, 594

X-ray images of galaxy clusters show structures (putatively) due to the
interaction between the AGN radio jet and the intra-cluster medium
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IS this iIndeed feedback from the radio AGN?

Hlaveck-Llarrondo et al., 2015

Forman et al. 2007, ApJ, 665, 1057

—
o
N
|
mechanical power to evacuate a cavity

.
*
.
*
.
*
.
.
.
-,

104

o
o
|

Peav (10% erg/s)

1iv~‘° 7 SPT-SZ Clusters (2=[0.3-1.2]) mAV
BY - MACS Clusters (z=[0.3-0.55]) ®

1072 Rafferty et al. (2006, z < 0.3)® -

4pV 36pV Nulsen et al. (2009)%
P L B . 1

1072 i 102 10*
Leoot 7-7 Gyrs (10* erg/s)

luminosity in the cooling region

M87 black hole "shadow" Q M87 jet (HST)

Eastern Arm

Outer Cavity

Edge

SouthWestern Arm

M87 - Chandra/ACIS

Outer Ring




' OAB, 18 February 2020 LETTER

doi:10.1038/nature18627

The quiescent intracluster medium in the core of the
Perseus cluster

The Hitomi collaboration
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Systematics effects kill CCD measurements

Sanders et al. 2020, A&A, 633, 42

32.6 Ms of Full Frame and 19.7 Ms of Extended FF calibration data
iIn EPIC-pn (CCD) vyields a systematic accuracy of ~150 km s

~200 ks of self-calibrated Hitomi/SXS data vyield x10 better accuracy
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Moderate metal mixing from core to outskirts

Merrier et al., 2018, SSRyv, 214, 129
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X-ray spectroscopy, today

Pinto et al., 2018, MNRAS, 480, 4113

Guainazzi et al., 2015, JATIS, 1, 7001
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X-ray spectroscopy, today

Pinto et al., 2018, MNRAS, 480, 4113 Guainazzi et al., 2015, JATIS, 1, 7001
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X-ray spectroscopy, today

Pinto et al., 2018, MNRAS, 480, 4113 Guainazzi et al., 2015, JATIS, 1, 7001
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X-ray spectroscopy, tomorrow: p-calorimeters

Credit: F. Paerels (Columbia University)

The technology of micro-calorimeters will bring spectroscopy of
“cold” plasma into a totally unexplored regime
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X-ray spectroscopy, tomorrow: p-calorimeters

Credit: F. Paerels (Columbia University)
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X-ray spectroscopy, tomorrow: p-calorimeters

Credit: F. Paerels (Columbia University)

The technology of micro-calorimeters will bring spectroscopy of
“cold” plasma into a totally unexplored regime

— radial velocity (100 km/s) -~

X-ray photon

TEMPERATURE
n...\

(o]
o
o
o

Thermometer

Resolving Power E/AE

—e— O Ne Mg Si S ArCa___ Fe
0.2 0.5 1 2

Energy

Open the window of non-dispersive, imaging
high-resolution spectroscopy



M.Guainazzi, "AGN feedback with XRISM and Athena ", OAB, 18 February 2020

Dynamical measurement with a p-calorimeter

XRISM Science Team, in preparation
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X-Ray Imaging Spectroscopy Mission

e Following the demise of Hitomi operations, JAXA/NASA proposed a
mission to recover the "Resolving astrophysical problems by precise high-
resolution X-ray spectroscopy” science theme: XRISM

o European (ESA/SRON/UnIGE) participation

e Payload requirements:
¢ Micro-calorimeter (Resolve): <7 eV energy resolution in the
0.3-12 keV energy range, 3’x3’ field-of-view
e CCD detectors (Xtend): Large-field (=30°x30’) , <200/250 eV (B/Eol)
energy resolution @6 keV
e Soft X-ray telescope, <1.7’ Half Energy Width

e Launch due <end of the Japanese Fiscal Year 2021
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Full Absorption Measure Distribution of AGN winds

Credit: J.Kaastra (SRON)
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Characterisation of the wind dynamics (PDS456)

normalized counts s keV-!

0.01

10-2

Credit: K.Hagino (ISAS)

XRISM/Resolve spectra of PDS456
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Turbulent velocity of 5000 km/s
(Suzaku/CCD constraint)
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Wind launch radius via re-emission (NGC4151)

Credit: J.Miller (Un. Michigan)

Determination of the wind launch radius through the width
of the emission lines scattered by the outflow
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Calorimetry of AGN-uplifted hot gas in M87

Credit: A. Simionescu (SRON)
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Athena as an L-class ESA mission

e Science theme: The Hot and Energetic Universe

e [he Hot Universe: How does baryonic matter assembile in the
large-scale structures? How do they evolve from the formation
epoch to the present day?

e Ihe Energetic Universe: How do black holes grow and shape
galaxies”

e The Observatory and Discovery science:
e Observatory science across all corners of astrophysics
e Fast response (<4 hours) capability to study transient source
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Athena; the Hot Universe

Credit: A. Rau (MPE) and the WFI Team

Collect the largest X-ray spectroscopic sample of Lx<lL.- AGN up to z~8
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Athena: the Energetic Universe

Credit: D.Barret (IRAP) and the X-IFU Team

X-IFU simulated spectrum of a galaxy cluster at z=1
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Athena: large eftective area

Barret et al., 2019, arXiv:1912.04615
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Resolve vs. X-IFU: fight of Titans .

Credit: D.Barret (IRAP) and the X-IFU Team

Cucchetti et al, 2018. A&A, 6120, 173
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Outflow spectroscopy on dynamical time-scales

Cappi et al., 2013, arXiv:1306.2330 Credit: D.Barret (IRAP) and the X-IFU Team
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Full structure of the AGN wind with X-IFU

Luminari et al., 2018, A&A, 619, 419
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Chasing AGN outflows at the peak of AGN activity

Georgakakis et al., 2013, arXiv:1306.2328

The WFI survey will discover 100s of AGN outflows at z=1-4
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kpc-scale AGN-ISM interaction with Athena

Dadina et al., 2010, A&A, 516, 9 Cappi et al., 2013, arXiv:1306.2330

X-IFU simulation of the nearby Seyfert Galaxy NGC5252
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Spatially-resolved spectroscopy of cavities

Credit for simulations: prof. S. Heinz (University of Wisconsin) Croston et al., 2013, arXiv:1306.2323

Simulated X-IFU images and
spatially-resolved spectra for
shells and cavities in Cyg A
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Spatially-resolved spectroscopy of cavities

Credit for simulations: prof. S. Heinz (University of Wisconsin) Croston et al., 2013, arXiv:1306.2323

Simulated X-IFU images and
spatially-resolved spectra for
shells and cavities in Cyg A
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Mass deposition rate: Athena vs. XMM-Newton

Croston et al., 2013, arXiv:1306.2323

20 ks of simulations of the Centaurus cluster
(with associated estimates of the mass deposition rate
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Especially for the coolest lines (labelled) the mass
estimates improve by ~2 orders-of-magnitude
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Mass deposition rate: Athena vs. XMM-Newton

Croston et al., 2013, arXiv:1306.2323

20 ks of simulations of the Centaurus cluster
(with associated estimates of the mass deposition rate
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Especially for the coolest lines (labelled) the mass
estimates improve by ~2 orders-of-magnitude
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From local to intermediate redshift Universe

Croston et al., 2013, arXiv:1306.2323

WFI map of ripples and shocks WEFI (20 ks) temperature map of a z=0.1
iIn a z=0.05 galaxy cluster radio galaxy in a group environment
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Athena programmaitic

- As of November 2019 transition to Phase B1

+ “From a community dream (Phase A) to a concrete reality in the ESA
Science Program”

- Adoption: Q4/2021, Launch early 2030s
- A community of over 800 scientists actively supports it

- Designed to address the Hot and Energetic Universe, will impact virtually
all corners of astrophysics

- Performance exceeding any existing or planned mission by more
than one order-of-magnitude over several parameter spaces



