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AGN feedback solves three major problems:

Why is there a bright cutoff in the galaxy luminosity function?

Why are there no cooling flows in clusters ?

Why are the brightest galaxies old, red and elliptical ?
(The “hierarchy” problem)

An answer to these questions was proposed 15 years ago
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HJBECE |Deconstructing the galaxy LF
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reheating of cold
disk gas by SN

Bright end:

AGN feedback:
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AGN feedback solves three major problems:

Why is there a bright cutoff in the galaxy luminosity function?

Why are there no cooling flows in clusters ?

Why are the brightest galaxies old, red and elliptical ?
(The “hierarchy” problem)
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AGN feedback and the properties of ellipticals
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The most massive
galaxies are red,
elliptical

ellipticals =
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AGN feedback and the properties of ellipticals
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HJBECE |Deconstructing the galaxy LF
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The Eagle Simulations SB

EVOLUTION AND ASSEMBLY OF GALAXIES AND THEIR ENVIRONMENTS

The Hubble Sequence realised in cosmological simulations

Irr Trayford et al ‘14



Galaxy stellar mass function

Comparison to semi-analytic models

= Ref—L100N1504

Durham semi—analytic
Gonzalez—Perez+ 14

Munich semi—analytic
Henriques+ 13

Li & White 09
Baldry+ 12




Galaxy stellar mass function

In EAGLE, seed BHs
(M=1.5x10°M,) are
placed in halos of
M=101°M_

BH grow by Bondi
accretion and mergers

As the BH grows, 1.5%
of rest mass energy of

accreted gas is injected
thermally

= Ref—L100N1504

Durham semi—analytic
Gonzalez—Perez+ 14

Munich semi—analytic
Henriques+ 13

Li & White 09
Baldry+ 12




z=5.667

AGN feedback in action —an example
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The dark nemesis of galaxy formation: why hot haloes
trigger black hole growth and bring star formation to an
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A model of AGN feedback

In halos, regulate build up of gas in disk
Gas heated by SNe is buoyant compared to gas corona
Cold clouds are evaporated by the hot wind, not accelerated

Reheated gas is ejected from the galaxy

In more than 102 Mo
Disk outflow is no longer hot enough to be buoyant — stalls
Corona increases in mass

Density near BH increases -~ BH accretion rate increases
rapidly

AGN is triggered (often aided by a merger)

For related ideas, based on energetics, see Keller et al 2015; Dubois et al 2015; Habouzit et al 2016



A simple analytic model

Black hole accretion in the Bondi regime

Growth is highly
non-linear

Note: Eddington
accretion rate is linear
in BH mass

BH will grow to infinite mass in finite time

Const that depends
on EOS, M
effective disk

viscosity

Density of

seed ’ surrounding gas

drives timescale




A simple analytic model

For a c-onstant Eventually, the BH
density gas

_ will unbind the halo
environment

Very rapid
growth att~t, .

[
o

O

oo

log(black hole mass [Msol])

Initial growth is very : e a small increase
slow ‘ in density causes
reduction of t;
e acts as a switch,
making BH
growth (and
feedback)

efficient.

time [Gyr]



A simple analytic model

BH spends most of its

time in slow growth and BH mass proportional

suddenly switches to = to binding energy of
. cooling region

rapid growth ol
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Density around the BH
increases:
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time / Gyr

BHs injected
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log(black hole mass /M

2
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Pon = Poh (1+2)° (Ma.0>
crit

BH grows until energy 5
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output exceeds halo 0g(halo mass /M.)

binding energy Halo grows = time
axis becomes halo

mass axis.

10> M, BH injected
in 101° M, halo




( Black hole mass goh in EAGLE
\ 7P A

dM/dt Relative to
Eddington rate

In EAGLE, seed BHs
(M=1.5x10"M_) are placed
in halos of M=101°M

BH grow by Bondi accretion
and mergers; AGN returns
1.5% of rest mass energy of
accreted gas

BH mass (M,)

Transition mass
corresponds to rapid BH
accretion

see also Larson 2010, Keller et al 2015; Dubois et al 2015



Simple model — comparison with
observations and EAGLE

Convert M,
to M. using
abundance

matching

observational data

(Savorgnan et al '16)
Blue: late type
Red: early type

Extrapolated relation
from high mass
(McConnel & Ma ‘13)

log(M./M:)
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Simple model — comparison with
observations and EAGLE

z=0.00

Convert M,
to M. using

[EAGLE — colours:

abundance stellar growth

matching . timescale

observational data

(Savorgnan et al ‘16)
Blue: late type
Red: early type

Extrapolated relation
from high mass
(McConnel & Ma ‘13)

log(M./M.)




A transition mass in galaxy properties

Galaxy properties
exhibit a sharp
transition

This transition
occurs at a similar

halo mass at all
redshifts

Kauffmann et al '03

Transition mass scale !



| ( A transition mass in galaxy properties
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Galaxy properties exhibit T
sharp transition to halo mass

Reproduced in Eagle

In Eagle, at a fixed halo
mass, galaxies with large
BH have a long SF
growth timescale

©
]
®)
7y
)
£
)
e
)
3
(@)
| .
(@)}
=
(@)}
o
—

Contours: obs data,
(LIbert et al '15)

Transition occurs at
10.0 10.5

similar halo mass at all | ~ Log(M./M,)
redshifts




( A transition mass |n galaxy propertles

Passnve ’dead'
Galaxy properties exhibit  galaxies IO e
sharp transition to halo mass

Reproduced in Eagle

In Eagle, at a fixed halo
mass, galaxies with large
BH have a long SF
growth timescale
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The role of mergers

Time difference (in
dynamical times) . comple NLG
between rapid ‘ Control
growth phase and
major merger

Responsible for
the onset of
growth in ~40% of
cases
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©
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But halo mass is

critical too!! | Time of the
merger!




.

T Main points (so far)

University of Durham

Transition mass scale emerges when SN-driven outflow stalls

In the Bondi accretion regime, BH growth is highly non-linear -
a small increase in density can trigger rapid BH growth

Break in galaxy mass function, & transition mass that separates
red/blue galaxy sequences are the result of rapid BH growth

Major mergers play a role, often (not always) triggering this
growth
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+JBCL |The curious case of the Milky Way
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stellar halo mass, M, haio [Mo ]

A University of Durham

* Its metallicity, [Fe/H]=

The MW stellar halo is also underdevolped
* lts stellar mass, M. ,,,=5%10%M,, is 10 x smaller than average
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stellar halo metallicity, [Fe/H] [dex]

-1.7,1s 0.7 dex smaller than average

The curious case of the Milky Way
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What is wrong with the
Milky Way??




( Black hole mass goh in EAGLE

dM/dt Relative to
Eddington rate

In EAGLE, seed BHs
(M=1.5x10"M_) are placed
in halos of M=101°M

BH grow by Bondi accretion
and mergers; AGN returns

1.5% of rest mass energy of
accreted gas %

) tracks
Transition mass o #0 o flalo binding

corresponds to rapid BH nergy

accretion

12.0 12.5 13.0 13.5
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see also Larson 2010, Keller et al 2015; Dubois et al 2015
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The Eagle Simulations SB

EVOLUTION AND ASSEMBLY OF GALAXIES AND THEIR ENVIRONMENTS

The Hubble Sequence realised in cosmological simulations

Find analogues of LMC/MW pairs at z=0.2 |

Irr Trayford et al ‘14



+JBCL|The strange case of the Milky Way
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Found 8 MW-LMC analogues in EAGLE
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stellar halo mass, M, haio [Mo ]
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The MW stellar halo is also underdevolped
* |ts stellar mass, M", ,,=5x108M,, is 10 x smaller than average

* Its metalicity, [Fe/H]=-1.7, is 0.7 dex smaller than average
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stellar halo metallicity, [Fe/H] [dex]

The curious case of the Milky Way

0.0 T ™
i ([
_osf I .
i o
—1.0-— ° .. -
o
-15F -
i typical errors
T
I 1
_2.0 L I L L L I
2 x 1010 5 x 1010 101! 2 x 101!

galaxy stellar mass, M, g3 [Mo ]

Institute for Computational Cosmology




stellar halo mass, M, haio [Mo ]

+JBCL|The strange case of the Milky Way
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The mass and metalicity of the MW stellar mass will also
become typical
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In most examples, the stellar halo will be made of LMC stars
although a fraction will be scattered from the MW disk

Mass dep05|ted between 10 and 100 kpc

- MW stars

[ LMC stars
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fraction of the LMC stellar mass
o o
N o

o
o

MW LMC analogue

Cautun & Frenk ‘17
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