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Problems

Important processes

number of physical processes we know are important,
but remain unsolved (feedback)

which physical processes regulate the multi-phase
structure of the ISM?

what is the main driver of galactic outflows?

core-collapse explosions
stellar winds

radiation

AGN feedback
magnetic fields

cosmic rays ...
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Feedback types

® preventive

® stops the gas accretion =—> retards SF
® dominates if Tgas ~ Tyir
— massive galaxies
® gjective

® removes the accreted gas = quenches SF
® dominates if Tgas << Tyir
— typical SF-ing galaxies

Feedback processes

® stellar feedback
— stellar winds, photoionization, SNe

® AGN feedback
— from accreting SMBH

® cosmic rays

® magnetic fields
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Problems

® stars (massive in particular) — deposit large amount of E, p’

® invoked to explain 2 inefficiencies
® inefficient SF
® inefficient galaxy formation

® carly works —> Etpermal from SNe deposited

® problems — almost no effect! <=

® Eipermal quickly radiated away

® negligible ISM pressure

® no outflows
® consequences

® (still) too early SF & too high M

® (still) too concentrated systems (= 'AM catastrophe’)
® conclusions

® carly collapse of low AM baryons and SF not prevented

® early ab initio cosmo simulations failed to make disks
® solution?

® ad hoc tricks
® add Egipetic - - -
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Core-collapse explosions

® primary suspect to play crucial role in galaxy formation
(e.g. Larson 1974, Dekel & Silk 1986, Navarro & White 1993)

® singular & final events in a massive star's life

® ¢jection of ~ 1-10 My of gas at supersonic v — shocks into the ISM

® injection of metals

heating of the gas — prime source of hot (~ 106 K) gas

® momentum injection

=

® (might be) important for driving galactic

® outflows
® fountains
® winds

® can create realistic turbulence
® can regulate the scale heights of galactic disks

® can regulate the SFR
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Phases of SN blast waves

@ early free expansion phase

initial phase of evolution
ejecta dominate the mass of the swept up material
ejecta — expand ballistically with ve; ~ const
ends when Mc; ~ Msw

® by definition — no momentum transferred
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Phases of SN blast waves

@ early free expansion phase
@ energy conserving Sedov-Taylor phase

® shock heats up the interior
® hot gas T' & P — can become very high

® expansion into the ambient medium proceeds with negligible cooling

® ends when cooling — important — cooling shell formation

® cold
® dense
® thin

shell forms
® shock heats & accelerates the ambient medium

momentum at the shell formation:
Psf X E;h?'ggngo‘ls (e.g. Draine 2011)
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Phases of SN blast waves

@ early free expansion phase
@ energy conserving Sedov-Taylor phase

@ pressure driven snowplow phase

® occurs <= non-negligible pressure of hot gas interior
powered by homogeneous pressure inside the shell

® shell pushed outward by overpressured hot gas in the interior of the
SN remnant

® eq. of motion of thin shell (idealised):
%(Mshellvsnr) = 47‘—7"31“(]3110(: - PO)
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Ab initio models SNe explosions

Phases of SN blast waves

@ early free expansion phase

@ energy conserving Sedov-Taylor phase
@ pressure driven snowplow phase

@ momentum conserving snowplow phase

® interior P exhausted — shell continues to

® expand
® sweep up ISM mass

® Pot ~ Py = constant radial momentum

® a|l excess Eiperm radiated away — no radial momentum can be
generated



Ab initio models SNe: Momentum injection

----------- Haid et al. 2018 (homogenous) ® Cloffi et al. 1988
— - — — Haid et al. 2018 (Mach 10) ® Martizzi et al. 2014
518} ®Iffrig & Hennebelle 2014

@ Li et al. 2015
® Kim & Ostriker 2015
® Walch & Naab 2015
® Geen et al. 2016
4 O ® homogenous
Ostruetured/turbulent
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from Naab & Ostriker 2017



Ab initio models

peak SNe
Time: 50.0 Myr

mixed SNe random SNe
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SNe: impact of location
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adapted from Naab & Ostriker 2017
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SNe feedback

@ delayed cooling models
(e.g. Gerritsen 1997, Stinson et al. 2006)

® ad hoc trick
® Eipcrmal from SNe deposited in ISM

® cooling —» turned off
— gas efficiently heated
— gas efficiently accelerated

® attempt to model hot super-bubbles

® success

® reduced M,

® promotes formation of disks
® problems

® significant amount of thermally unstable gas
O ooo®
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SNe feedback

@ stochastic thermal feedback
(Dalla Vecchia & Schaye 2012)

® ad hoc trick

® Eipcrmal from SNe deposited in ISM in a stochastic
way
® jump in T (AT = 107% K)
® guarantees
— long cooling times
— onset of Sedov-Taylor phase
— efficient momentum generation
— outflows
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SNe feedback

@ non-thermal heating models
(Teyssier et al. 2013)

® ad hoc trick
® delayed cooling

® Eihermal from SNe deposited in non-thermal component
of ISM

® represents
® turbulence

® cosmic rays
® magnetic fields

® energy injection in a stochastic way (e.g. Rogkar et al.
2014)
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SNe feedback

@ two-phase approach
(Scannapieco et al. 2006)

® ad hoc trick
® hot & cold gas —» evolved separately

® E from SNe added to the cold gas

® stored for a certain time (decoupled from
hydrodynamics)
® released when it becomes hot phase

® shown to produce spirals with realistic properties
(Aumer et al. 2013)
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SNe feedback

@ wind feedback

some fraction of E from SNe
— injected in the form of E or p
— driven away from the SF region
parametrised by
® vwing — Velocity of the wind
® 7 — mass loading factor
original implementation
® Uying — fixed
® 7 = const
gas (in the wind)

— decoupled from hydrodynamics calculation
— incorporated again later

observations suggest

® Vuind — increases
® 7 — decreases

in galaxies with higher M, and SFR



Ab initio models SNe feedback

SNe feedback

@ momentum driven winds
(Oppenheimer & Davé 2006,2009)

® parametrised by
® Vwind X O
® MyindVwind X Mk

—1 -1
= N XV inqg XO



Ab initio models SNe feedback

SNe feedback

@ momentum driven winds
(Oppenheimer & Davé 2006,2009)

® parametrised by

® Vwind X O
O mwindeind oK THx
— nocv‘;ilnd x o1
® gas (in the wind)
— decoupled from hydrodynamics calculation
—> incorporated again later
<= ensure it leaves the SF region



Ab initio models SNe feedback

SNe feedback

@ momentum driven winds
(Oppenheimer & Davé 2006,2009)

® parametrised by
® Vwind X O
® MyindVwind X Mk

—1 -1
= N XV inqg XO

® gas (in the wind)
— decoupled from hydrodynamics calculation
—> incorporated again later
<= ensure it leaves the SF region

® success

® more realistic cosmic SF histories

® more realistic enrichment histories of galaxies and
circum-galactic medium

® more realistic present day spirals (zoom-in sims)

® more realistic gas rich massive high-z disks
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® mwindeind o< Ty
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SNe feedback
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SNe feedback

@ energy driven winds
(Okamoto et al. 2010)

® parametrised by

® Uyind X O

® mwindeind o Tk
= nx v;fnd x o2
® motivation: explain low abundance of satellites in

MW-like galaxies

® success: better agreement for the MW-like galaxies
satellites abundances
<= higher 7 for lower M,
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SNe feedback

(6) hybrid model
(Davé et al. 2013)

® combines

® momentum driven wind

® energy driven wind for galaxies with low M,
® motivated by the idea

® |ower M, — more affected by SNe explosions
® higher M, — radiation pressure takes over

@ updated decoupled model
(Davé, Thompson & Hopkins 2016)
® VUwind
® 7
— scalings from high resolution zoom-in simulations
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Ab initio models Stellar winds

... from massive stars

® radiation driven stellar winds from massive
O- and B-stars = bubbles of low p around stars

® cnergetically less important than SNe
Egina ~ 10%7 erg for ~9 Mg < Egn ~ 10°! erg
Eying ~ 10°1 erg for very massive stars

® however low p = increased impact of the SNe
more direct momentum injection than SNe

® can reduce star formation process in forming star
clusters
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... from newly formed stars

® energy released dominated by stellar radiation from massive

stars

® ~ 10%3 erg in radiation before first SNe explosion

® if efficient = might

HII regions

drive turbulence

launch galactic winds

disrupt small clouds on short time-scales

also compress over-dense regions into clumps & pillars =
further coupling difficult

® around young massive stars

® created by ionizing UV photons by heating the parental cloud
from <100 K to ~ 10* K

® momentum input by direct absorption of UV photons — IR
radiation re-emitted + scattered on dust: Pyaq ~ (1 + 7r)L/c
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Results

® suppression of SF in MW-like galaxies by increasing cooling
time and equilibrium T
(e.g. Hopkins et al. 2012, Kannan et al. 2014)

® driving large scale galactic winds
(e.g. Hopkins et al. 2011, 2012, Ro%kar et al. 2014)

® winds promoting formation of galactic disks
(e.g. Aumer et al. 2013, Agertz et al. 2013, Hopkins et al.
2014)

® momentum input required to drive strong outflows disturbs the
gas and the resulting stellar disk — impossible to retain the
disk morphology
(e.g. Roskar et al. 2014, Rosdahl et al. 2015)
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Success

® weak stellar feedback = reasonable massive ETGs
(Iow SFR at z~0 & spheroidal shapes)

) efficient early gas depletion

i) early SF

iii) efficient shock heating of the halo gas

iv) efficient gravitational heating caused by accretion
of smaller systems

(
(i
(
(

Problems

® too massive systems

® too high SFR in particular at the central regions

Solution?

® AGN feedback
— suppression of the residual SF in the centre
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BH growth

® accretion rate:

dMpy _ 4rG2MEyp
at = Qboost (C§+”r2e1)3/2
Bondi-Hoyle-Lyttleton formula (Bondi 1952, Bondi & Hoyle 1944,
Hoyle & Lyttleton 1939)

® |imited by Eddington rate:
Vo G s i)

dt €roTC

e — radiative efficiency (= 0.1)
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BH growth

® accretion rate:

2 2
dMpy = Aboost 47 G A'{B'H/?
o (c24vZ,)3/2

Bondi-Hoyle-Lyttleton formula (Bondi 1952, Bondi & Hoyle 1944,
Hoyle & Lyttleton 1939)

® |imited by Eddington rate:
Vo G s i)

dt €roTC

e — radiative efficiency (= 0.1)
or — Thomson cross-section
(e.g. Springel et al. 2005)

® implementations:

® v, = 0 (Bondi-Hoyle) <= BH recentered to the potential min
of the host halo (e.g. Vogelsberger et al. 2014)

® Qpoost = 1

boost (p) (e.g. Choi et al. 2012)

® torque-limited accretion (Shlosman et sl. 1989): when
Zeentrif ] (e.g. Anglés-Alcazar et al. 2016)

TBondi
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AGN feedback

® traditional feedback:

dMpg
dt

9Breed — L1, = eper c?

er — efficiency of thermal coupling, ~ 0.05
(e.g. Springel et al. 2005)

® 'jet-bubble’ modification:

e ~ 0.2 if dj\;% < 0.01x Eddington rate

® injected into hot bubbles
® designed to mimic the observed jet induced bubbles
(e.g. Sijacki et al. 2007)

® 'radio’ mode: Eij, injected into a jet-like bipolar outflow ~ 104
km/s (e.g. Dubois et al. 2012)

® helps to prevent the formation of cooling flows =- reduction of
stellar mass and nuclear SF in massive halos
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"Thermal’

® solid motivation
® useful results

® no physical means for energy transfer from BH to the
surrounding gas

® mass to which the thermal feedback energy is
distributed — not specified

AGN observations

® radiation: IR, UV, X-ray
® relativistic jets

® high v winds

® momentum associated with the energy transfer

® spatial direction for the momentum outflow



Ab initio models AGN feedback

Solution?

® specify the output per accreted mass matched to observations in

® mass

® energy

® momentum
® radiation



Ab initio models AGN feedback

Solution?

® specify the output per accreted mass matched to observations in
® mass
® energy
® momentum
® radiation

® their coupling
® thermal

® mechanical
® radiative

to surrounding medium — handled by hydrodynamical codes
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First attempts

® UV, X-ray emission from accreting BH
(e.g. Vogelsberger et al. 2013, Choi et al. 2015, Bieri et al.
2016)

® mechanical & radiative effects included
(e.g. Choi et al. 2016, Hopkins et al. 2016)

® jets (‘radio’ mode feedback) in cosmological simulations
(e.g. Dubois et al. 2014)

® mass growth of BH — similar to the 'thermal’ feedback
® more extreme fluctuation level of the kinetic feedback ...

® jets leave dramatic imprint, but probably not transferring significant
amount of F or p

® coupling mechanisms (e.g. turbulent mixing, dissipation) — studied
in high-resolution simulations



Ab initio models Virtual Universe(s)

ellipticals irregular disk galaxies

- !

- 1 - -

ILLusTRrIS (Vogelsberger et al. 2014)

see also
HORIZON-AGN (Dubois et al. 2014)
EAGLE (Schaye et al. 2015)
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AGN no AGN AGN no AGN
V/e=0.1 V/o=1.8 V/a=1.0 V/a=1.5
- *
log(M,/M,,)=11.8 10g(M,/Myn)=12.6 log(M,/M,,)=11.9 log(M,/M,,.)=12.5

V/a=0.6 V/a=2,
log(M,/M,,.)=11.5 10G(My/Mapn)=12.1

HoR1ZON-AGN /HORIZON-NOAGN (Dubois et al. 2014, 2016)
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Behroozi et al. 2010 (AM)
Behroozi et al. 2013a (AM)
Reddick et al. 2013 (AM)

Moster et al. 2013 (pAM)

Moster et al. 2017 (pAM)

— Guo et al. 2010 (pAM)

Wang & Jing 2010 (pAM)

Zheng et al. 2007 (HOD) -
Yangetal.2012 (CLF) - '/ 7
Yang et al. 2009 (GG) / 7
Hansen et al. 2009 (CL) /
F Lin et al. 2004 (CL)

—=— Kravtsov et al. 2018 (AM4 CcL)

d 7

— = Behroozietal. 2018/(UM)

1 0*5 1 1 1 1 1 | 1

108 10° 10" 10" 10'2 10" 10 10"

Halo mass M, (M)

adapted from Wechsler & Tinker 2018
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Reionization

Stellar winds
Supernovae

Behroozi et al. 2010 (AM)
Behroozi et al. 2013a (AM)
Reddick et al. 2013 (AM)
Moster et al. 2013 (pAM)
Moster et al. 2017 (pAM)
Guo et al. 2010 (pAM)
Wang & Jing 2010 (pAM)
Zheng et al. 2007 (HOD)
Yang et al. 2012 (CLF)
Yang et al. 2009 (GG)
Hansen et al. 2009 (CL)

F Lin et al. 2004 (CL)
—=— Kravtsov et al. 2018 (AM4 CcL)

d 7

— = Behroozietal. 2018/(UM)

1 0*5 1 1 1 1 1 | 1

108 10° 10" 10" 10'2 10" 10 10"

Halo mass M, (M)

adapted from Wechsler & Tinker 2018



Ab initio models Virtual Universe(s): problem of M,

S~ [ o Li & White 2009
~ O Bernardi et al. 2013

o 2 ecosmic baryon fraction
—
I
)
< 3 Al
« N h
; ~
3 S
2, ~J
E 74 ~——— Puchwein et al. 2013
— — Dave et al. 2013
e B Dave et al. 2018

————— Vogelsberger et al. 2014
——— Schaye et al. 2015

_5 ————— Khandai et al. 2015
=~ Hirschmann et al. 2014
=———— Dubois et al. 2014

8 9 10 11 12 13
log,o M, [Mg]
from Naab & Ostriker 2016
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1.0 T T T T
Abadi et al. (2003)
A
0.8} Governato et al. (2007) i
Sconnopwec% et al. (2009)
0.6 b
2 * %
>
=
*
0.4 * x o .
X T
0.2 b
1 Il 1 Il
10.5 11.0 11.5 12.0 12.5 13.0

10g(Mygio[Mo])

Guo et al. 2010
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%‘
7 .
/.
1.0 T T T T ,
Abadi et al. (2003) :

Okamoto et al. (2005)
0.8} Governato et al. (2007)
Sconnopiec% et al. (2009)
0.6
= * x
< g
=
*
0.4 * x o
X T
0.2
1 Il 1 Il
10.5 11.0 11.5 12.0 12.5
109(Mpgie[Mo])

Guo et al. 2010
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