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A Schematic Outline of the Cosmic History
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Dark matter halo

Milky Way model






Die Rotverschiebung von extragalaktischen Nebeln
von F. Zwicky.
(16. I1. 33.)

Um, wie beobachtet, einen mittleren Dopplereffekt von 1000
km/sek oder mehr zu erhalten, miisste also die mittlere Dichte
im Comasystem mindestens 400 mal grosser sein als die auf Grund
von Beobachtungen an leuchtender Materie abgeleitete!). Ialls
sich dies bewahrheiten sollte, wiirde sich also das iiberraschende
Resultat ergeben, dass|dunkle Materie |in sehr viel grosserer Dichte
vorhanden ist als leuchtende Materie.

In order to obtain, as observed, a medium-sized Doppler effect of 1000
km/s or more, the average density in the Coma system would have to
be at least 400 times greater than that derived on the basis of
observations of luminous matter. If this should be verified, it would lead

to the surprising result that/dark matter kxists in much greater density
than luminous matter.
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Bottom~Up Structure Formation Top=Down Structure Formation

in a bottom—up scenario, small, dwarf galaxy—sized lumps form in a top—down scenario, large pancakes of marter form first, than fragment
first, then merger to make galaxies and clusters of galaxies into galaxy-sized lumps
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Element Abundance (Relative to Hydrogen)
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Photoionization

(X-ray — UV radiation A+hV—AT+e 3 Eq(€)=nV - Eonzaton

from stars, AGN, ...) High-energy photons: He has larger cross-section than H

- example: e+ H(1s) — e + H(2p) — e + H(1s) + hv
Cosmic rays P / (excitation)
(protons, nuclei, p+Hop+H +e
electrons with T~ e+ H(1s) - e+ H*+e
MeV energies) (ionization)
Molecule Direct photo-dissociation

) .. AB+hv > A+ B Molecule fragments carry
PhOtOdlSSDCIﬂtIDI’I away some of photon energy
as kinetic energy
. Photoelectric emission of electrons (few eV). If

Dust grain (1) efficient, one of the most important heating sources hv — ._’ =
heati ng (2) If the dust Is warmer than gas, atoms escaping from grains can heat the

gas. Can be enhanced If dust grains move at high speed vs. gas (e.g.
near a bright star where radiation pressure accelerates the dust grains)

Gas com pI'ESSiOH (e.g. during collapse, shocks, ...)

Credit:
Cimatti
Andrea



General scheme of the process

However, the increase
of T to 2104 K helps to

collapse begnns . increase A(T)

=> M eans INCreases
(preventing or impeding
a fast collapse)

The collapse can \ \ >

continue because . _ = — hv
cooling prevents S

The key question is

HOW FAST ?

T to rise too much

Radiative cooling Credit:
starts to be efficient Cimatti
(if the cloud is
optically thin)

T and p are the key parameters

Andrea



Radiative Cooling Rate Coefficient (erg ecm3 s71)
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Objects that lie above both the red and black curves are able to cool efficiently
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Late-type galaxy star formation quenching schematic

(1) prior to t=0

cosmological
gas inflow

galaxy
cold gas
reservoir

(3) t~100-1000 Myr past quenching

cosmological
gas inflow
blocked

either

blocked
cold gas
0 reservoir

log SFR

log stellar mass

Galaxy is on main sequence
Mslellar ~ SFR8

Inflows balance outflows:
system in quasi-equilibrium
(Bouche+10; Lilly+13)

log SFR

log stellar mass

SFR goes into exponential
decline, galaxy enters green
valley

Gas reservoir is slowly used
up

(2) t=0, quenching event

cosmological
gas inflow
blocked

either

galaxy
cold gas
reservoir

(4) t~ several Gyr past quenching

cosmological
gas inflow
blocked

either

log SFR

log stellar mass

Either cosmological inflows or
cooling from halo are stopped,
galaxy gas reservoir is now no
longer replenished

Galaxy leaves main sequence

SFR = eMgas/tdyn

log SFR

log stellar mass

Several Gyr later...
Passive, red spiral galaxy

No morphological transform-
ation > “red spiral”

Very low SSFR
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Radio galaxy/

blazar Normal elliptical

Central

‘ Merger black hole Maijor

[ L Ny e merger

»

Irregular p Quasar
galaxies

Supermassive

‘ black hole

Minor

‘ merger

Normal spiral
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Early-type galaxy star formation quenching schematic

(1) ~100s Myr prior to quenching (t=0) (2) quenching time (t=0)
inflows/cooling
blocked
-
g 8
log stellar mass log stellar mass

Merger may drive SFR above main

Two galaxies on main sequence sequence, or not.

are about to merge
Morphology is transformed to

Both bring in gas reservoir and are spheroid

connected to cosmic gas inflow
Some process drives outflows of

gas to rapidly deplete the cold gas
reservoir, perhaps AGN feedback?

. Further cosmological inflows and/or
(3) t~100s Myr post quenching (4) t~1-2 Gyr post quenching cooling stopped?

inflows/cooling

inflows/cooling
blocked

blocked

3
2]
) '
: o
log stellar mass
SFR drops rapidly to zero,
RSB ReY With no gas reservoir and no
5.2 further gas inflows, new early-
Gas reservoir is destroyed, X ;
further inflows not allowed to type becomes passive red
sequence galaxy.

replenish

AGN active
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Gas cools
very slowly
forming a
stable disc

Globally
unstable gas
infalls rapidly
toward the
galaxy center
and a
supermassive
star forms

Locally
unstable

gas flows
toward the
galaxy center

o

First stars:
maybe one
star per
galaxy, up

to several
hundred times
larger than
the sun

The stellar
core collapses
into a small
black hole,
embedded in
what is left

of the star

Gas
fragments
into stars,
and a dense
star cluster
forms

L]

If the star is
more massive
than ~300 solar
masses, it
collapses into
a black hole,
~200 times the
mass of Sun

The black hole
swallows

the envelope
growing up

to ~one million
solar masses

Stars merge into
a very massive
star that
collapses into a
black hole ~1000
times more
massive than
the Sun




What causes quenching in massive galaxies?

Gas inflow <«

v
@/

Gas outflow \

(i) Gas does not accrete
* Cosmological starvation

(ii) Gas does not cool
* Virial shock heating

* AGN feedback

* Gravitational heating
* Stellar feedback

(iii) Cold gas does not form stars
* Morphological quenching

* Bar quenching

* AGN feedback

* Magnetic fields

(iv) Cold gas is rapidly consumed
* Mergers

* Disk instabilities

 Positive AGN feedback

(v) Gas is removed
 AGN feedback



» Distribuzione della Materia Oscura
» Distribuzione del Gas

» Tasso di raffreddamento del Gas
» Formazione stellare

» AGN e altri Feedback

» Merging di galassie
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