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The M-c relation hints SMBH-galaxy coevolution
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The birth of the field of AGN feedback

Active, galactic, nuclei and outflows Harrison et al. (2018)
— Quasar and outflows

Active, galactic, nuclei and feedback
m—= Quasar and feedback
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Outline

* Why AGN feedback is needed in galaxy evolution

* How AGN feedback is modeled in state-of-the-art
cosmological simulations
e Conventional paradigm
* Limitations

* Current understanding of how AGN feedback works

* Accretion onto the black holes
e Quasar- and radio-mode feedback of the black holes

* Open questions and possible future directions
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Success of state-of-the-art
cosmological hydro simulations

Baryonic physics
e Radiative cooling
e Star formation
* Stellar feedback
* SMBH growth

 AGN feedback
e Quasar mode
 Radio mode



Quasar feedback is needed...

Di Matteo et al. (2008)

* To reproduce the M-c relation
* To quench the galaxies

e Quasar/radiative mode




Radio feedback is needed...

® Cole et al. (2001)
O Huang et al. (2003
uang ( ) mmm

More luminous

* To halt cooling and SF in
massive galaxies

e Radio/mechanical/
maintenance mode

AGN radio heating
no heating source =—— =—— =—

—24 —22 —20
MK — 5|Og1oh

Croton et al. (2006)



Observational evidence for quasar feedback

Multi-scale, multi-phase AGN winds!

On scales of accretion disk (<pc),
ultra fast outflows (UFOs) are
observed

* Velocity ~ 0.05c - 0.3c
* Power ~ 0.5-5% L_y4
On kpc scale, warm ionized and
molecular outflows are also observed
* Mass outflow rate > SFR
* Depletion time < 100 Myr
= imply feedback!!

Kpc winds may be driven by pc winds
(e.g., Tombesi et al. 2015)

Brightness

* NuSTAR
+ XMM-Newton

Iron Blowing in Quasar Winds

Iron
Emission
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Strong evidence for radio-mode feedback

* In massive galaxy clusters with strong cooling, clear
interactions between AGN jets and gas are seen

* For CC clusters, expected SFRs >> observed SFRs

Perseus, Fabian et al. 2006




Strong evidence for radio-mode feedback

* Pjet ~ I-X
* Heating ~ cooling
within cluster CCs

Panagoulia+ (2014)
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Conventional paradigm of AGN feedback

Quasar/Radiative Radio/Kinetic

expels cold gas reservoir reheats cooling atmosphere
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However...

 Spatial resolution of state-of-the-art cosmological
hydro simulations ~ 0.1 kpc ~ 10%° cm

* Schwarzschild radius of 10°° M, SMBH ~ 1011-14 ¢m
=> Subgrid models of AGN feedback



Ingredients of subgrid AGN models

* SMBH seeding
* SMBH growth due to mergers and accretion

* SMBH accretion
* Eddington-limited modified Bondi accretion:

* Boosting factor oo ™~ 100 (Sijacki+2007, Booth & Schaye 2009)



Ingredients of subgrid AGN models

* Two-mode feedback with threshold ~ % Eddington

* Quasar-mode:
* Injection of thermal energy JofVIE=R=y = S
« E.~0.1, E~ 5%

* Radio-mode:
* Injection of thermal energy or kinetic energy (Weinberger+2017)

. . )
AEﬂlow — Gf,kinMBHc

* E;~ 0.02 (thermal) or 0.2 (kinetic)
* Random displacements or momentum kicks




Uncertainties due to AGN subgrid
models are BIG!

* Cluster integrated
properties could vary

 Uncertainties are
even larger close to
cluster centers
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To go beyond the simplistic subgrid
AGN models, we need to...

1. Understand the subgrid physics better, using both
high-resolution simulations and observations

2. ldentify minimal, essential parameters and build
a robust, physically-motivated AGN model
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1. Understand the subgrid physics better, using both
high-resolution simulations and observations

2. ldentify minimal, essential parameters and build
a robust, physically-motivated AGN model



CO I I l | eX A i i B AGN bubbles,
\‘,‘ “ : - & shocks,
Y a2 ‘ & turbulence
hysi '
ultrafast outflows
below kpc  [gp#

chaotic cold accretion
(CCA)

turbulent diffuse
X-ray plasma halo

multiphase rain
and filaments

Gaspari (2020)



SMBH feeding

Option 1: Bondi accretion

* Currently implemented in most cosmological
simulations, with a boosting factor

* May feed SMBHs in some massive ellipticals and
clusters (Allen et al. 2006)

* Assume spherically symmetric, steady-state

accretion from fluids with no angular momentum
and no B field



SMBH feeding

Bars (0.01-1kpc)

Option 2: Accretion by gravitational torque

* Applies to gas with angular momentum,
e.g., disk galaxies, mergers, etc

* Outward angular momentum transport
needed to flow in to the vicinity of the BH

* Torque can be provided by non- Lopsided disks
axisymmetric perturbations to the stellar (<10 pc)
gravitational potential -

* Analytical prescription:

—la|m Tqs R* 2 5
= ~ —la| Xgu R™ 2

l1+0InV,/0InR 20 10 0 10 20

Hopkins & Quataert
(2011)



. - Perseus cluster

SMBH feeding " #

Option 3: Chaotic cold accretion (CCA)

* Multiphase cold gas/filaments are
ubiquitous in clusters

* Applies to gas satisfying criteria for
preC|p|tat|on (McCourt et al. 2012, Voit et al. 2015,
Gaspari et al. 2017).

tcool/tff S 10.

* During CCA, gas collisions and tidal forces

allow ancfgular momentum cancellation
(Gaspari et al. 2013, 2017)

e Accretion rate can reach ~100 x Bondi rate

* May be relevant in violently accreting,
irregular systems at high redshifts too

Simulated cold gas




SMBH feeding — open questions

Q: How well does each theory compare with the data?

 What powers the AGNs? Observational evidence for
accretion by secular processes?

Q: How to determine which BH accretion mechanism
is dominant depending on galaxy types/environments?



B3 On the scales of BH accretion disks

(see HY Pu’s talk on Thursday!)

* Successes:
e Thin disk theory confirmed

* For thick disks, jets are launched ", S.Iimdisk
as described by the Blandford-
Znajek mechanism

* For slim disks, AGN accretion 05
disk winds produced by strong
radiation pressure

* Goal: obtain efficiencies of

radiation/winds/jets as a !
function of Eddington ratio, Thick disk ®
BH spin, B field flux, etc =00

* GRMHD/GRrMHD simulations
are both simple and hard

‘ (mz=1)

Thin disk
0.1
| (001 sSms1)




Costa et al. (2014)

B Quasar wind feedback

* Energy-driven outflows could
produce momentum injection ™

5-20 L/c seen in observed outflows
(Cicone et al. 2014, Tombesi et al. 2015) " Shocked wind (subgric

Shocked gas

* Such energy driven outflows could
originate from shock-heated gas
from the accretion-disk winds

t~10 Myr
t ~ 20 Myr
t ~ 40 Myr
z~7.8att=0Myr

e Justified injection of thermal
energy for quasar feedback



B Quasar wind feedback

* The kpc molecular outflows
could be driven by the accretion
disk winds, but molecular clouds
should be quickly destroyed
during entrainment

* Recent simulations including - ouw
time-dependent chemistry have :
successfully shown in situ
formation of molecular clouds

—1000 —500 0 500 1000
Av (km s™)

Richings & Faucher-Giguere (2018)



B Quasar feedback — open questions

(see TC Chen’s talk on tomorrow!)

Q: How does the wind energy coup

e to the ISM/CGM

and suppress star formation? What exactly causes

quenching (ejection/heating/turbu

ence)?

 May depend on AGN luminosity, clumpiness of the ISM,
and geometry

Torrey et al. (2020)



B Quasar feedback — open questions

Q: What is the role of radiation driving on dust on the

scale of dusty torus? (Murray et al. 2005, Ciotti & Ostriker 2007, 2012,
Costa et al. 2018)

Q: Do jets play a role in quenching galaxies? (wagner &
Bicknell 2011)



P8 Radio jet feedback

* Early simulations includin
Bondi accretion & therma
injections from AGNs
successfully prevented
runaway cooling of clusters

a n d rea C h Se | f_ reg u I at i O n X-ray observations of Perseus Ha observations of Perseus
(Sijacki et al. 2007)

* |solated simulations with
CCA & kinetic jets further
reproduced the properties

of CC clusters (Gaspari 2011, Li &
Bryan 2014, Yang & Reynolds 2016)

Synthetic X-ray composite image of
the central 50 kpc region

Synthetic Ha map

Li et al. (2015)



P8 Radio jet feedback

McCourt et al. (2012)

e Understanding the processes bri/ti = 10 o1/t =1 tri/ti = 1/10

of local thermal instabilities

in producing cold filaments
(McCourt et al. 2012, Voit et al. 2015,
2017)

Jet cones

— Radiative cooling
Jet mixing (inferred)

— Transport+Adiabatic
Shock heating
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* Understanding the
thermalization processes of

kinetic jets (Yang & Reynolds 2016,
Li et al. 2017)
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n Radio feedback — open questions

Q: What about cosmic-ray (CR) dominated jets? How
do they heat the clusters differently? How to

distinguish kinetic vs. CR jets? (Guo & Oh 2008, Pfrommer 2013,
Ruszkowski et al. 2017, Yang et al. 2019)

X-ray

(NTHU)

. . Lu-Cheng Sie

Yang et al. (2019)



n Radio feedback — open questions

Q: ICM is a magnetized, weakly collisional plasma.
How do the plasma properties of ICM affect the
feedback processes?
* Anisotropic thermal conduction (Yang & Reynolds 2016b)
* Anisotropic/Braginskii viscosity (Kingsland et al. 2019 B

~ Viscosity suppressed
Full Braginskii viscosity by micro-instabilities

N
Shiang-Chih Wang
(NTHU)




Summary

* State-of-the-art cosmological simulations have had
tremendous success in reproducing the properties of
galaxies, and AGN feedback is one of the essential
ingredients

* Due to the huge separation of scales, subgrid AGN
models are simplistic, limiting the predictive power

* Detailed observations and multi-scale simulations
have significantly improved understanding of the
SMBH feeding and feedback processes on <kpc scales



Open questions and future prospects

 What is the urgent next step to improve subgrid AGN models?|

 What additional simulations are needed to answer the open
guestions or to interpret controversial observational results?

1 Q: What is the dominant mechanism for powering the AGNs?
How does it depend on galaxy types/environments?

Q: What are the efficiencies of radiation/winds/jets as a
function of Eddington ratio, BH spin, B field flux, etc?

Q: Whether/how do the winds suppress star formation? Do jets
play a role in quenching?

Q: How are the feedback processes affected by CR-
dominated jets and the fact that ICM is weakly collisional?



















