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"It's somewhere between a nova and a
supernova -- probably a pretty good nova."
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only interacting via gravity

DEE= A 068.3%

gravitational collapse in expanding Universe —
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* a galaxy forms at the centre of a dark matter halo

* the properties of the galaxy are determined by the halo’s history
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dark matter halo merger tree
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simplest halo property is mass —
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(artist's conception of SN2016aps, the most powerful supernova ever found)
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in order to form stars cold gas is required (remember f;)!
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A galaxy with vigorous star formation can
drive gas out of its own halo and cease
to form stars.

image credit: NASA, ESA, and A. Feild (STScl)
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* supernova feedback — relevance for galaxy formation

A galaxy with vigorous star formation can
drive gas out of its own halo and cease
to form stars.

* ejecting gas
* heating gas
* enriching ISM

image credit: NASA, ESA, and A. Feild (STScl)
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* ejection, heating, and enrichment

* eject mass from galaxy centre, i.e. giving it kinetic energy beyond escape velocity:

1

Ekin,ej = E

2
Mejvesc

* where the escape velocity is approx.

2
Vesc
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* eject mass from galaxy centre, i.e. giving it kinetic energy beyond escape velocity:
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* where the escape velocity is approx. > Ekinej = Mej——— = Me;Viyy
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* available energy from SN

Efp = esnfsnMiEsy

&y <1 = fraction of SN energy available for feedback

fsv K1 = number of possible SN per M. (IMF dependent, of order <1%)
M. = available stellar mass

E = energy supplied by SNM(=10°'er:
o &y stPP Y !? (assumed for both Type Il and la)
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* supernova feedback — relevance for galaxy formation

* ejection, heating, and enrichment

* eject mass from galaxy centre, i.e. giving it kinetic energy beyond escape velocity:

1 N
Erinei = = M, 02
kin,ej 2 ejVesc
o _ GMyir _ 2
* where the escape velocity is approx. > Ekinej = Mej——— = Me;Viyy
vir

Vesc R
vir
* available energy from SN

Efp = esnfsnMiEsy

&y <1 = fraction of SN energy available for feedback

fsv K1 = number of possible SN per M- (IMF dependent, of order <1%
M. = available stellar mass

Esy = energy supplied by SN (=10°'erg)

* ejected mass M,;: ,

ej vir
~ 0.4 —_—
M, = (200km/s)
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* ejection, heating, and enrichment

* eject mass from galaxy centre, i.e. giving it kinetic energy beyond escape velocity:

1 N
Exinej =5 M Ve
ej = o Mejlesc
o _ G Myir _ 2
* where the escape velocity is approx. > Ekinej = Mej——— = Me;Viyy
vir
vezsc = 26 iy
Rvir ~/

* available energy from SN

* ejected mass M,;:

Efp = esnfsnMiEsy

&y <1 = fraction of SN energy available for feedback
fsv K1 = number of possible SN per M- (IMF dependent, of order <1%

M.
Egy

M,
M.

= available stellar mass
= energy supplied by SN (=10°'erg)

-2

Vvir )
~ 04ggy (20—
ESN (200km/s

In MW, 100% SN efficiency can eject 40% of the baryonic mass
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* supernova feedback — relevance for galaxy formation

* ejection, heating, and enrichment

* the virial temperature of a dark matter halo

*
Ekin,g

*thermal motion of gas <=> kinetic energy of gas
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* the virial temperature of a dark matter halo

3 3 M,
Ekin,g - ENng - E,u_mp kT

Epot,g
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* ejection, heating, and enrichment

* the virial temperature of a dark matter halo

3 3 M,

E 5 NgkT = 5——kT
kin,g — 2 Zﬂmp

3 qMuut,

Eporg = —=
pot.g 5 Rvir

the gas lives in the potential of all material!
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* supernova feedback — relevance for galaxy formation

* ejection, heating, and enrichment

* the virial temperature of a dark matter halo

accreting halo is virialized:

2Ekin,g + Epot,g =0

~

3 3 M,
Exing = 5 NgkT = Eu_mka
3G M, M,
Prots = T T Ry
vir
1 pum, GM,;,

virial temperature of halo

T . —=_
vir 5 k Rvir
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* supernova feedback — relevance for galaxy formation

* ejection, heating, and enrichment

* the virial temperature of a dark matter halo

- 3 3 M,
Eiing = 5 NgkT = 5= kT
J 14
accreting halo is virialized: 3G Mvir Mg
2Eking + Epot,g =0 —

Epotg = —=
. —pot,g
5 Rvir

T . — llflmp GMvir
vir 5 k Rvir

virial temperature of halo

lumy ,

Tyir = ET vir
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* the virial temperature of a dark matter halo T =

1um
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* supernova feedback — relevance for galaxy formation

* ejection, heating, and enrichment

lumy

* the virial temperature of a dark matter halo T = ETVvir

* reheat cold gas to T,

3 M
Ereheat,g = EMWQ k(Tvir - Tg,cold)
p
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* supernova feedback — relevance for galaxy formation

* ejection, heating, and enrichment

1um
* the virial temperature of a dark matter halo T = ngszir

* reheat cold gas to T,

3 M,

3 T, ,cold
Ereheat,g = zmk(’rvir - Tg,cold) = EMgVér (1 — ?’C.o )
p vir




Galaxy Formation internal baryonic processes

* supernova feedback — relevance for galaxy formation

* ejection, heating, and enrichment

. e 1:ump 2
* the virial temperature of a dark matter halo T = ETVvir
* reheat cold gas to T,
3 M 3 Ty cold
E ==—L k(Tpy — T =—M,V3 (1— 22 )
reheat,g Z,ump ( vir g,cold) 10 gVvir Tvir

available supernova energy Ef), =|esn fsyM.Egy

Vvir )_2 ( Tg,cold)
.~ 17w (200km/s ==

IS
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* ejection, heating, and enrichment

. e 1‘lep 2
* the virial temperature of a dark matter halo T = ETVvir
* reheat cold gas to T,
3 M 3 Ty cold
E ==—L k(Tpy — T =—M,V3 (1— 22 )
reheat,g Z,ump ( vir g,cold) 10 gVvir Tvir

available supernova energy Ef), =|esn fsyM.Egy

Vvir )_2 ( Tg,cold)
.~ 17w (200km/s ==

IS

In MW, every | solar mass formed can reheat 17Mg
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* ejection, heating, and enrichment?
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* supernova feedback — relevance for galaxy formation

* ejection, heating,and enrichment

enriching environment with heavy elements
(even going beyond °°Fe!)

remember:
star formation requires cold gas, and heavy elements facilitate cooling

SN type Il - core collapse




Galaxy Formation internal baryonic processes

» supernova feedback — relevance for galaxy formation




Galaxy Formation internal baryonic processes

" supernova feedback

* stellar evolution

* relevance for galaxy formation and cosmology




Galaxy Formation internal baryonic processes

" supernova feedback — relevance for cosmology




Galaxy Formation internal baryonic processes

" supernova feedback — relevance for cosmology

The progenitor of a Type la supernova

. ‘ f
- .y “ ‘ ©
O )

...which spills gas onto the
Two normal stars The more massive secondary star, causing it to
are in a binary pair. star becomes a giant... expand and become engulfed.

The secondary, lighter star = The common envelope is .
and the core of the giant ejected, while the separation The remaining core of
star spiral toward within between the core and the the giant collapses and
a common envelope. secondary star decreases. | becomes a white dwarf.

The aging companion _ The white dtvarf
star starts swelling, spilling - increases until it reachés a ' ...causing the companion
gas onto the white dwarf. critical mass and explodes... star to be ejected away.
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internal baryonic processes

" supernova feedback — relevance for cosmology
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Galaxy Formation

" biased galaxy formation
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" active galactic nuclei
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" active galactic nuclei — history

* first observed late 1950s as radio sources

* first visible counterpart found by Maarten Schmidt® in 1963
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Galaxy Formation internal baryonic processes

" active galactic nuclei — history

* first observed late 1950s as radio sources

* first visible counterpart found by Maarten Schmidt in 1963

Diffraction spikes
produced in telescope;
only for point source.

— “quasi-stellar object”

.

-

z =0.158 => 2 billion lyr

(1963)
(1966)




Galaxy Formation internal baryonic processes

" active galactic nuclei — history

* first observed late 1950s as radio sources
* first visible counterpart found by Maarten Schmidt
* spectrum revealed strange emission lines

* interpreted by Schmidt as redshifted hydrogen lines
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Galaxy Formation internal baryonic processes

" active galactic nuclei — history

* first observed late 1950s as radio sources

* first visible counterpart found by Maarten Schmidt
* spectrum revealed strange emission lines

* interpreted by Schmidt as redshifted hydrogen lines

* gradually drawing relation to Seyfert galaxies, i.e.

* optically identified galaxies w/ extremely high central luminosities
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" active galactic nuclei — history
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Seyfert: NGC 5548 Normal galaxy: NGC 3277




Galaxy Formation internal baryonic processes

" active galactic nuclei — history

quasar-like point source

i I
L

Seyfert: NGC 5548 Normal galaxy: NGC 3277
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Galaxy Formation internal baryonic processes

" active galactic nuclei — history

* first observed late 1950s as radio sources
* first visible counterpart found by Maarten Schmidt

* spectrum revealed strange emission lines

interpreted by Schmidt as redshifted hydrogen lines

gradually drawing relation to Seyfert galaxies, i.e.

* optically identified galaxies w/ extremely high central luminosities

distance and observed flux => unknowingly high energy production

what else do we observe?




Galaxy Formation internal baryonic processes

" active galactic nuclei — observed properties

strong, point-like nucleus

highly luminous (outshining host galaxy)

SED very different to stars or galaxies

signatures of highly excitated elements (e.g. O[VI], C[IV], ...)

broad emission lines suggesting high internal velocities

high variability (in X-rays)
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Galaxy Formation internal baryonic processes

circular logic: AGN is already the explanation for all this...

= Active Galactic Nluclei — observed properties

strong, point-like nucleus

highly luminous (outshining host galaxy)

SED very different to stars or galaxies

signatures of highly excitated elements (e.g. O[VI], C[IV], ...)

broad emission lines suggesting high internal velocities

high variability (in X-rays)

different types of objects with similar properties —
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* Seyfert galaxy:  emits energy of order host galaxy luminosity

* quasar: emits energy of order >100 x host galaxy luminosity
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Galaxy Formation internal baryonic processes

* Active Galactic Nuclei — types

* Seyfert galaxy:  emits energy of order host galaxy luminosity

* quasar: emits energy of order >100 x host galaxy luminosity

* blazar: highly variable, many powerful (gamma-ray) bursts
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internal baryonic processes

" active galactic nuclei — types

all the same,

just seen from different angles...

Radio loud :
quasar Radio galaxy

w P4

oo/

Radio quiet
fquasar
(QS0)

(image credit: Paolo Padovani)
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all the same,

just seen from different angles...

Radio quiet
fquasar
(QS0)

(image credit: Paolo Padovani)
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Galaxy Formation internal baryonic processes

" active galactic nuclei — model(s)

* accretion of mass onto black hole (M,,~10°-10'°Mg )

* gravitational collapse releases energy

quiescent accretion of hot gas (‘radio mode’)

P, = K Mpp (fhot) ( Vvir )
bh = TAGN\ 108 Mg ) \ 0.1/ \200km /s

s 2
Ly, =nmy, c

3

black-hole mergers (driving cold gas to centre, ‘quasar mode’)

KbnMcold

2
1+ (28?/km/s>
vir

— 2
Lyp =nmp, C

Ambh =

(cf. Croton et al. 2016)
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" active galactic nuclei — model(s)

* accretion of mass onto black hole (My,~106-10'Mg)

* gravitational collapse releases energy
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Galaxy Formation

internal baryonic processes

" active galactic nuclei — model(s)

* accretion of mass onto black hole (My,~106-10'Mg)

* gravitational collapse releases energy

AEyin= — 2 AE,,: (exercise)

only half of the gained potential energy is converted into kinetic energy!

the remaining half is released...
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volume re‘ndc%rerd AGN jet (green/blue)
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internal baryonic processes

" active galactic nuclei — feedback

* the energy output from the AGN impacts its environment via

- radiation
- particle winds

- plasma jets

- prevents gas cooling, and/or

> expells gas...

volume re‘ndc%rerd AGN jet (green/blue)
propagating through proto-galaxy
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Galaxy Formation

internal baryonic processes

" active galactic nuclei — feedback

* the energy output from the AGN impacts its environment via

- radiation
- particle winds

- plasma jets

- prevents gas cooling, and/or

> expells gas...

...on galactic scales!*

*and even on galaxy clusters scales (cf. Galaxy Cluster lecture)

volume re‘ndc%rerd AGN jet (green/blue)
propagating through proto-galaxy

(image credit: Ajay Limaye)
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internal baryonic processes

" active galactic nuclei — feedback

* the energy output from the AGN impacts its envi

- radiation
- particle winds

- plasma jets

- prevents gas cooling, and/or

> expells gas...

...on galactic scales!
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internal baryonic processes

" active galactic nuclei — feedback

151.5 Myr

(Gabor & Bournaud 2014)




Galaxy Formation internal baryonic processes

" active galactic nuclei — problem

how to form these super-massive black holes in the first place?

(SMBH with My, ~ 10° M)

(M87, featuring a plasma jet)




Galaxy Formation internal baryonic processes

" biased galaxy formation

" internal baryonic processes:
v' supernova feedback
v active galactic nuclei feedback

* dwarf galaxies
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radiative processes prevent star formation!
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- — - theoretical prediction .
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Galaxy Formation internal baryonic processes

radiative processes prevent star formation!

is that the only consequence?

« —— theoretical expectation

AL observations

l 1 1 1 l
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log(mass [Mg])
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" influence of (internal) baryonic processes — cusp-core crisis




Galaxy Formation internal baryonic processes

" influence of (internal) baryonic processes — cusp-core crisis

(dark matter halo ‘Aquarius-A‘, Springel et al. 2008)

averagé &ensn:y profllem s'ph,élfic'al shells...




Galaxy Formation internal baryonic processes

" influence of (internal) baryonic processes — cusp-core crisis

RTS8 o o B Lok 8 T T
prediction from cosmological simulations

Log p/10% M, kpe-3

(Navarro, Frenk & White 1996)
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internal baryonic processes

" influence of (internal) baryonic processes — cusp-core crisis

log(p)
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prediction from cosmological simulations
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internal baryonic processes

" influence of (internal) baryonic processes — cusp-core crisis

log(p)

a_
dlog(r)

prediction from cosmological simulations

_dlog(p) _ |

— central ‘cusp’

o= oglp) _
dlog(r)
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internal baryonic processes

" influence of (internal) baryonic processes — cusp-core crisis

...but cusps do not comply with the dynamics of galaxies

extrapolation

h 2 de Blok et al. (2001a)
Id¢ Swaters et al. 2003
—— SWTS (Stoehr, White, Formen & Springel 2003)

Navarro et al. (2004): P —

> mass modeling of LSB’s

J

Stoehr (2006)

~
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internal baryonic processes

" influence of (internal) baryonic processes
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Galaxy Formation internal baryonic processes

" influence of (internal) baryonic processes

stellar feedback also affects the distribution of dark matter in the centres of galaxies...
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Galaxy Formation internal baryonic processes

" biased galaxy formation

* ijnternal baryonic processes: profound influence on

galaxy formation and evolution
and
internal galaxy properties

v' supernova feedback

v active galactic nuclei feedback

* dwarf galaxies
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Galaxy Formation internal baryonic processes

internal baryonic processes influence galaxy formation!

I T T T I T T T I T T T

- — - theoretical prediction .
—— theoretical expectation

observations

log(mass [Mg])

SN xplosions | AGN
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internal baryonic processes

internal baryonic processes influence galaxy formation!

SN explosions

| only internal influences? ||

AN
(%) . —— theoretical expectation
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AL observations
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" biased galaxy formation
" internal baryonic processes:
* supernova feedback
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Galaxy Formation

" biased galaxy formation
" internal baryonic processes:

* supernova feedback

* active galactic nuclei feedback
* dwarf galaxies:

* internal vs. external effects...
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dwarf galaxies

the missing satellite problem
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dwarf galaxies

the missing satellite problem — quantified

max)

N (>V

1000

100

10

-ComaB;Her
~LeolV,CVII, Wil

Madau et al. (2008)




Galaxy Formation

the missing satellite problem — quantified
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Galaxy Formation dwarf galaxies

the missing satellite problem — quantified for Local Group dwarf galaxies
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the missing satellite problem — possible solutions?
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Galaxy Formation dwarf galaxies

the missing satellite problem — possible solutions

* not (yet) discovered (e.g. observational problem)
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DES Collaboration (arXiv:1508.03622)
(red: new form DES, green: new from others, blue: previously known)




Galaxy Formation dwarf galaxies

the missing satellite problem — possible solutions

* not (yet) discovered (e.g. observational problem)

* missing physics: (e.g. modeler problem)
— internal baryonic feedback
— external UV background

* tinkering with fundamental physics (gravity, WDM, cDE,VDE,...)




Galaxy Formation dwarf galaxies

the missing satellite problem — possible solutions

* internal baryonic feedback

A galaxy with vigorous star formation can
drive gas out of its own halo and cease
to form stars.

* ejecting gas
* heating gas
* enriching ISM

image credit: NASA, ESA, and A. Feild (STScl)




Galaxy Formation dwarf galaxies

the missing satellite problem — possible solutions

* internal baryonic feedback

(Sam Geen, PhD thesis)

the majority of dwarf galaxies (as modelled in cosmological simulations) show outflows of material...
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the missing satellite problem — possible solutions

* not (yet) discovered (e.g. observational problem)

* missing physics: (e.g. modeler problem)

— internal baryonic feedback
— external UV background

* tinkering with fundamental physics (gravity, WDM, cDE,VDE,...)
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dwarf galaxies

the missing satellite problem — possible solutions

* external UV background

g219vinU |s13usk
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* external UV background

g219vinU |s13usk




Galaxy Formation

dwarf galaxies

the missing satellite problem — possible solutions

* external UV background

dwarf galaxy (w/ dark matter halo)
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—
«——— external photons

C——
C—




Galaxy Formation dwarf galaxies

the missing satellite problem — possible solutions

* external UV background

dwarf galaxy (w/ dark matter halo)

gas has been heated




Galaxy Formation dwarf galaxies

the missing satellite problem — possible solutions

* external UV background

dwarf galaxy (w/ dark matter halo)

«———— external phdtons

gas has been heated
and/or blown out of halo’s potential well...
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dwarf galaxies

the missing satellite problem — possible solutions

» external UV background - calculation?
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dwarf galaxies

the missing satellite problem — possible solutions

* external UV background

* halos with T < T}yckgrouna 2re unable to accrete gas

UV background radiation:
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Galaxy Formation dwarf galaxies

the missing satellite problem — possible solutions

* external UV background

* halos with T < T}yckgrouna 2re unable to accrete gas

application of idea to simulations
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Galaxy Formation dwarf galaxies

the missing satellite problem — possible solutions

* external UV background

* halos with[T i < T backgmund]are unable to accrete gas

application of idea to simulations
\ \ ‘

10* = all sugviving halos

|

obseryable halos (z,>z_) ]

translates into... B . A vW/M}1 satellites

“dark matter haloes

with V<30 km/s are

N

not able to form

galaxies”

Bullock et al. (2000)
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the missing satellite problem — possible solutions

* external UV background — simulation of influence

WITH RADIATION FROM GALAXIES AND QUASARS WITHOUT RADIATION
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the missing satellite problem — possible solutions

* external UV background — simulation of influence




Galaxy Formation summary

dark matter halo

" biased galaxy formation

galaxy at centre

" internal baryonic processes:

SN feedb —S't o \'\'\ I--- Welller etal. (Iin press)
eedbac SN Bell ez al. (2003)
* supernova feedback %*
* active galactic nuclei feedback E
§ “15F - .
20k ;‘::_21,'5{110—14 %9_ AGN feedback
M, =131x10!
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= dwarf galaxies: log (Msun)

* internal & external effects




Galaxy Formation summary

dark matter halo

" biased galaxy formation

galaxy at centre

" internal baryonic processes:

SN feedb _Slk | \ -‘--‘ V‘Ve‘lle‘r e‘ta‘l. (‘in‘pr;:ss‘)‘
eedbaclk o Bell ez al. (2003)
* supernova feedback | %*
T 1ok L

* active galactic nuclei feedback EE

5 ]
_20-_ 3*1_215{1 10-14 %9_ AGN feedback
r M, =131x101 ; 1
. ‘6‘“‘2‘3“‘1‘0“‘12:“‘14
= dwarf galaxies: log (Msun)

dwarf galaxy (w/ dark matter halo

* internal & external effects

photons




Galaxy Formation

Alexander Knebe (Universidad Autonoma de Madrid)

"It's somewhere between a nova and a
supernova -- probably a pretty good nova."




