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OUTLINE

FEEDING ? FEEDBACK?
e cold versus hot mode e amount of energy released
* linking group scale to sub-pc scale e deposition of energy
e beyond classic Bondi and thin disc e mechanical versus thermal
e cooling, heating, rotation, turbulence: e bubbles, shocks, metal uplift,
chaotic cold accretion [CCA] turbulence, L,-Tx <---> observations

MG+2013-2015 MG+2009-2015

SELF-REGULATED LOOP



ON SPHERICALLY SYMMETRICAL ACCRETION

H. Bondi

(Received 1951 October 3)

Summary

The special accretion problem is investigated in which the motion is
steady | and ,s%hericall'z!symmen-ic_x_al, the gas being at rest at infinity, The
pressure is taken to be proportional to a power of the density] Itis found

that the accretion rate is proportional to the square of the mass of the star
and to the density of the gas at infinity, and varies inversely with the cube
of the velocity of sound in the gas at infinity. The factor of proportionality
is not determined by the steady-state equations, though it is confined within
certain limits. Arguments are given suggesting that the case physically
most likely to occur is that with the maximum rate of accretion.




“FOR SIMPLICITY, ... ”’
(MATHEMATICAL)
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“FOR COMPLEXITY, ... ”’

(PHYSICAL)
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FLASH4 CODE

AMR
AMR blocks:

high scalability
(100k+ CPUs)

/ U(z, to) dz —/:U(a:,tl) da:+/f F(U(a:l,,t))dt—/ttzF(U(a:g,t))dt

1

P PPM PIECEWISE PARABOLIC METHOD
sonin, (ITI order; Woodward & Colella 1984)
Y , e Integral form of the hydro equations (cell averages)
: 5 y q &
/ N~ e Perfectly suited to study: shocks & discontinuities
| /1‘\.\ :“~~--7 * Optimal conservation of mass, momentum and energy




FEEDING: SMBH ACCRETION

FLLASH4 simulations MG+2013-2015

concentric SMR zooming: box =50 kpc — dx ~ 20 Rs - 0.1 pc

~10 million range 600 r5 and 200 f3

3D eulerian gas dynamics: unsplit PPM (3rd order) + varying physics
massive galaxy group with dark matter halo: Mvir =4x10'3 Mo
central elliptical galaxy (NGC 5044): Mstr =3.4x101 Mo

SMBH: My, = 3x10° Me — relativistic PW: &pw = -GM,/(r — Rs)

observed gas T(r) [cool-core] — n(r) via hydrostatic equilibrium



STRATIFICATION



PURE HOT MODE (BONDI)
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PURE HOT MODE (BONDI)
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PURE HOT MODE (ROTATING)

” _ MG+2015
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spherical 1/3 suppression:

geometrically thick toroidal region: ~ invariant with initial rotation

accretion through a funnel with 6 ~ 7 /4

rotation

v 'f.,,,.“(,,;‘; NS unstable structure: mild variability



TURBULENCE

AGN feedback, SNe, mergers, galaxy motions, ...
subsonic (~100 km s™ ) — spectral forcing

Simulations & Observations: e.g.
Sanders & Fabian 2013, Norman &
Bryan 1999, Lau et al. 2009,
Ruszkowski & Oh 2010, 2011, Vazza
et al. 2011, Gaspari et al. 2012b

galaxy cluster
turbulence

MG+2014 vl cut



ICM POWER SPECTRUM
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mild turbulence;

M ~ 0.45
Eturb ~ (.11 Eth

strongly suppressed conduction:

f~1073

REAL CASE:
COMA CLUSTER

MG+2013-2014
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TURBULENT HOT MODE

subsonic turbulence ¢, ~ 100 kms~!
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TURBULENT HOT MODE (ROTATION)

oA

W (Mg yrt)

generation of local
vorticity: again
~1/3 suppression
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COOLING
L = —neniA(T, Z)



RADIATIVE COOLING
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’ Perseus
Fabian et al.

NGOC 5813

Werner+2014



PURE COLD MODE

log T,, [K] MG+13
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PURE COLD MODE (ROTATION)
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HEATING

AGN feedback: outflows, shocks, turbulence

SNe, mergers, conduction, cosmic rays can contribute



gy AGN FEEDBACK

_ NGC 5044 (David+2009) NGC 5846 (Machacek+11)
NE Cavity ~ NW Cavity NGC 5813 (Randall+11)

[ % / Outer Cavity

0" 03 e

Coviy

Inner Cavities

'2a " ey TIDNC
’ ’ ’ ' ’

HCG 62 (Gitti+10)

RBS 797

(Gitti+11) MS0735.6 cluster (MCNaara+05)



GLOBAL THERMAL EQUILIBRIUM

AGN outflow feedback: net heating deposition

erg/s/cm?3

. internal energy increase
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MG+2012



CHAOTIC COLD ACCRETION (“CCA?”)
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CHAOTIC COLD ACCRETION

10° -
DENS
(cold+hot)
-
10, -3 -~ -
10° 10° 10’ 10°
radias [pe]
GM+2013

condensation up to several kpc



CHAOTIC COLD ACCRETION
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in a classic cooling flow
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CHAOTIC COLD ACCRETION
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Capture
by clumpy
torus

Angular momentum
cancellation




CHAOTIC COLD ACCRETION
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Accretion driven by inelastic collisions: cloud-cloud and cloud-torus
Very clumpy & turbulent torus (crucial for the AGN unification theory)
Cold clouds may form the BLR/NLR or HVC

Deflection of jets/outflows & BH spin changes



MG+2015
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CHAOTIC COLD ACCRETION

(ROTATION)

MBH ~ 100 MBondi e cool efficient collisions

CCA dominates:
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time [Myr] rotating structure dominates:

1. weaker turbulent broadening
2. less efficient collisions

————

f cold phase

o ————— - —— —

shrinking of angular
momentum PDF

(20-27 Myr: 3 major accretion peaks)

3. TI are weaker as rotation dominates: vertical infall => radial compression is marginal =>
lower TI threshold teool / s < 1 (non-spherical case; McCourt et al. 2012)

sub-Eddington accretion rates: 3.e-4 - 3.e-2 --> covers well the mechanical mode regime (e.g. Russell+13)



COLD

HOT

ACCRETION

teool / Ht < 10 => condensation & TI

chaotic cold accretion

Mgi ~ 100 MBond;

X-ray temperature

108

>
. 10%¢ :
< ~ flat T profile
10°
4 , \ .
10; o1 10° 10° 10*
radius [pc]

e.g. NGC 3115 (Wong et al. 2014)

NGC 4261, 4472 (Humpbhrey et al. 2009)
M87 (Russell et al. 2015)

teool / He >=> 10 => overheated phase

stifled Bondi/hot accretion

Mgu < 1/3 MBondi

X-ray temperature
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e.g. NGC 4649 (Humphrey et al. 2008)
NGC 1332 (Humphrey et al. 2009)



Halpha comparison

|

SIMS
MG+15

U 1S )
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full CCA disc mode

NGC 5044 2 kpc NGC 6868 2 kpe

SOAR DATA
Werner+14
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CHAOTIC COLD ACCRETION
DRIVES

AGN FEEDBACK



FEEDBACK

FILLASH4 simulations MG+2009-2015

Cluster —» M,;, ~ 10'° Ms, Ryir = 2.5 Mpc
Group —» M, ~ 4 x 10*° My, Ryir = 0.9 Mpc
Elliptical — M, ~ 3 x 10" Mg, Reg ~ 10 kpc

e large-scale runs: 100 pc - 2 Mpc

e Dark matter + central galaxy potential
e Radiative cooling

e Stellar evolution: heating + mass loss

* Bipolar AGN outflows + self-regulation:

1 :
. D _ 2
§mjetvjet — Pjet — 6J\Iauccc

Macc ex cool



PURE COOLING FLOW
EVOLUTION

z (kpc)




AGN HEATING

KEY OBSERVATIONAL CONSTRAINTS

Quenching the pure cooling flow for several (> 7) Gyr
Self-regulated feedback (quasi thermal equilibrium)
Preserve the cool-core structure (T and n profiles)

Naturally producing typical observed features:

bubbles, shocks, metals dredge-up, cold gas, turbulence



AGN FEEDBACK
CYCLE

| MG+2012
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galaxy group NGC 5044 MG+2012

AGN OUTFLOWS
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COLD GAS: BY-PRODUCT AND FUEL OF FEEDBACK
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e Extended + Nuclear

for clusters

e Cold mass < 10** Mg
(Salomé+2003; Edge+2001)

e Cold >> hot accretion
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AGN FEEDBACK KEY IMPRINTS

cocoon shocks turbulence bubbles ~ 10s kpC metal uphft
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QUENCHING THE SOFT X-RAY SPECTRUM

MG 2015

isobaric CF

‘ DISTRIBUTED HEATING
simulations:

b

4 L - - - - e e——
10791 1.0
’I’.""’Iim!

1. AGN outflows deposits relatively more heat in the inner cooler phase
2. turbulence becomes transonic in the cooler phase => stronger diffusion
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z [kpc

SELF-REGULATED
CCA FEEDBACK
MBH et Mcool

* Simple yet powerful subgrid model, no need to boost the Bondi rate:

Oboost ™ 50 — 100

e Fast communication time between the gas and the BH

e Rapid intermittency: bubbles, shocks, ripples, metal uplift
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Gaspari et al. 2009-2014

e Symbiosis between the BH and the whole galaxy => Magorrian (linear) relation

Mpg o< Mcog o< M,



SELF-REGULATED AGN FEEDBACK
L >H MG+2009 --> 2015

v

chaotic tcool /tf < 10 <= subsonic turbulence ~ 100 km/s
COLD mode
(flat Ty profile) * clumpy torus & filaments (< 10 kpc)
SRV o P extended TI (obs.: McDonald et al. 2011,2012, Werner et al. 2013, Wong et al. 2014)
* ~~ tight and fast symbiosis BH - Mpulge

chaotic collisions:

( ’ Tar< 1 Mg ~ 100 MBondi ~ Mcool
% v .
__» quench the cooling flow and SF

mechanical feedback

v

— bubbles, shocks, metal uplift

disc = ___._. Tat>1 ——> residual cold disc: M BH X Tat_l
COLD mo de ¢ (obs.: Young et al. 2011, Alatalo et al. 2013, Werner et al. 2013)
..... - teool/tf >>10 —> system overheated
. bs.: Humphrey et al. 2008, 2009
stifled R fobe Humphrey et )
HOT mode MBH < MBondi
(cuspy Tx profile) *

L <H



