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Lecture.l
Galaxy formation: From the high-z to the Local Universe

Lecture.ll

Galaxy formation: models and simulations

e Basic concepts

e Main ingredients

e Disc-dominated and Bulge-dominated galaxies

Lecture.ll
Galaxy formation: chemical evolution
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MAIN INGREDIENTS FOR GALAXY FORMATION

+ Initial conditions : ACDM

+ Gravity: large and intermediate
scale evolution

+ Gas cooling

+ Star formation

+ Stellar evolution: energy and
chemical feedback

+ AGN feedback

+ others: Cosmic rays, Magnetic
fields

+ etc
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COSMOLOGY: INITIAL CONDITIONS >

1965 Penzias and

1992 o COBE

Gravitational instability scenario
assumes the early universe to be
almost perfectly smooth, with the
exception of tiny density deviations
with respect to the background
density.

These small perturbations are
accompanying by small velocity
perturbation to the general Hubble
expansion.

The CMB research history:

From the CMB observations:

AT ~ 105K 1) The discovery of the CMB by Penzias &
Wilson in 1965.
2) The COBE satellite, first discovery of the
primordial fluctuations in 1992,
3) WMAP (2003) detailed temperature
perturbations ‘fix’ the universe’s
parameters.



DENSITY PERTURBATIONS IN THE NON-LINEAR REGIME

op/p <1

d?8(x, t) za(t)dé(x,t)_ c:

dt? - a(t) dt a(t)?

Jeans scale: pressure
gradients balance gravity

Jeans Mass: the minimum
mass that can collapse

Fo the time for pressure response is larger than the perturbation growth time.



GRAVITATIONAL INSTABILITY

If the fluctuations are YAl —>

they grow via gravity and can be described by
linear perturbation theory.

When they grow so that —>

They are able to separate from the global
expansion and collapse to form a bounded
system.

At the turnaround radius, fluctuations
reach it maximum radius and collapse,
entering the non-linear regime.

Finally, the system will reach virialization.




GALAXY FORMATION: HIERARCHICAL GROWTH

@ Galaxies containing gas ' Galaxies with stars, gas and BH

O Galaxies containing gas and BH [eMclent.star fymers)

Galaxies with stars but no gas - IGM smooth accretion
(SN feedback limited)




COOLING AND STAR FORMATION

] A R Y P EOp iR B e EOp e

virialise

Fig. 8.6. Cooling diagram showing the locus of 7., = fg in the n—T plane. The upper and lower curves
correspond to gas with zero and solar metallicity, respectively. The tilted dashed lines are lines of constant
gas mass (in M), while the horizontal dotted lines show the gas densities expected for virialized halos
(6 = 200) at different redshifts. All calculations assume fgas = 0.15 Q,, 9 = 0.3, and h = 0.7. Cooling is
effective for clouds with n and T above the locus.

SaGapmy ~ 210 Sl =& =22




N-BODY: DARK MATTER HALOES

“DM density map

Dark matter evolution is well described
numerically by N-body codes

Dark matter profiles are self-similar



N-BODY - DARK MATTER HALOES -AQUARIUS PROJECT
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N-BODY - DARK MATTER HALOES

Cusp vs. core problem
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BASIC HYDRODYNAMICS

The governing equations of an ideal gas can also be written in
Lagrangian form

BASIC HYDRODYNAMICAL EQUATIONS

dv
di

Euler equation:

dp

Continuity equation:

First law of
thermodynamics:

Equation of state of an
ideal monoatomic gas:

courtesy of V. Springel




LAGRANGIAN/EULERIAN METHODS

What is smoothed particle hydrodynamics?
DIFFERENT METHODS TO DISCRETIZE A FLUID

Eulerian Lagrangian

discretize space discretize mass

representation on a mesh representation by fluid
(volume elements) elements (particles)

° / ./"
ﬁ o
:;/'/

o’c/' ® ki

principle advantage: principle advantage:

high accuracy (shock capturing), resolutions adjusts
low numerical viscosity automatically to the flow

collapse > .gg




SMOOTH PARTICLE HYDRODYNAMICS

Kernel interpolation is used in smoothed particle hydrodynamics to
build continuous fluid quantities from discrete tracer particles
DENSITY ESTIMATION IN SPH BY MEANS OF ADAPTIVE KERNEL ESTIMATION

; : RN t  SPH kernel (B-spline)
Kernel interpolant of an arbitrary function. 251 normalized to 1

20k

{(A(r)) = /W’(r — 1/, h) A(r)) &% o

10F

If the function is only known at a

set of discrete points, we m;

J

W, .
approximate the integral as a d™r’ - °

sum, using the replacement:

N E

</Lj> = Z i) x/‘lj ”/'(I' ijs ]I,) 5

ji=1 P o

This leads to the SPH density estimate, for/-\j — (X

N This can be
_ oo SKAEE ! differentiated !
Pi = Z m ;W (|1'1:j , 1)
7=1




SMOOTHED PARTICLE HYDRODYNAMICS

Good kernel shapes need to fulfill a number of constraints
CONDITIONS ON KERNELS

» Must be normalized to unity
» Compact support (otherwise N2 bottleneck)
» High order of interpolation

» Spherical symmetry (for angular momentum conservation)

Nowadays, almost exclusively the cubic spline is used:

(=6’ +6u’, 0<u< %,
2(1—u)’, -;-<u§ .
(), > 1.

\




SMOOTHED PARTICLE HYDRODYNAMICS

Smoothed particle hydrodynamics is governed by a set of

ordinary differential equations

BASIC EQUATIONS OF SMOOTHED PARTICLE HYDRODYNAMICS

Each particle carries either the energy or the entropy per unit

mass as independent variable

N

= Z m ;W (|r;;,

1=1

—m= Bo=ilqy = 1) g

Density estimate /i

dV,’ Lt
Euler equation 1 = — Z m;

First law of
thermodynamics

Continuity equation
automatically fulfilled.
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SMOOTHED PARTICLE HYDRODYNAMICS

Smoothed particle hydrodynamics is governed by a set of

ordinary differential equations

BASIC EQUATIONS OF SMOOTHED PARTICLE HYDRODYNAMICS
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NUMERICAL SIMULATIONS » 19

Numerical (Eulerian and Langragian) codes that include gravity, hydrodynamics
and other processes have been developed in the last decades.

Smooth Particle Hydrodynamics (Gingold & Monaghan 1997, Lucy 1977) has
probed to be a powerful technique to study the formation of the structure,
particularly in a cosmological context because it has more flexibility to adapt to
the non-linear growth of the structures

AREPO (Springel 2010) and GIZMO (Hopkins+2017) provide alternative new
approaches.

MFM | FIRE-1 SPH

10 kpe




MAIN INGREDIENTS: GAS COOLING

The cooling rate depends
on gas density and
chemical composition.

p&  3nkgT
€ 2nZA(T)

[ cool =

assuming collisional ionization equilibrium

N
£
Q

Y]
”n
Qp
=
(3

N

total
excitation

ionization -

recombination
free—{ree

Katz et al. 1996



MAIN INGREDIENTS: COOLING RATES AND METALLICITY

Most current cosmological codes
include metal-enrichment and
metal-dependent radiation
equilibrium cooling (e.g. Mosconi
+2001; Lia+2002;Kravtov2003;
Scannapieco+2005;
Oppenheimer+2016;
Tornatore+2007; Ceverino+2009;
Wiersman+2009;
Vogelsberger+2013).

Non-equilibrium cooling for
regions where gas cools down
very efficient (or the radiation
field changes rapidly) are being
explored in galaxy-scale
simulations (e.g.Ritching et al.
2014; Hu+2016; Riching & Schaye
2016).

MNRAS, 393,99

Source! Wiersma. Schave & Smith. 2009 |



MAIN INGREDIENTS: COOLING RATES AND METALLICITY

The chemical abundances of
gas phase is crucial to
estimate the cooling rates
correctly (e.g. Mosconi+2001)

How metals are mixed in the

ISM, CGM and IGM affect the

evolution of the different gas-
phases.
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T <104 K —> molecular cooling + metal cooling in non-equilibrium




MAIN INGREDIENTS: STAR FORMATION SCHEMES

23

The transformation of gas into stars involves physical processes processes
acting in spatial and time scales that are not resolved in cosmological
simulations. The complexity of the interstellar medium is also difficult to
represent in these simulations.

Subgrid modelling is an approach that intent to model the effects of physical
processes acting on unresolved scales on those scales are numerical
resolved.




STAR FORMATION SCHEMES

24

The transformation of gas into stars involves physical processes processes
acting in spatial and time scales that are not resolved in cosmological
simulations. The complexity of the interstellar medium is also difficult to
represent in these simulations.

Subgrid modelling is an approach that intent to model the effects of physical
processes acting on unresolved scales on those scales are numerical
resolved.

Star formation schemes are in general quite simple and based on the
Schimdt relation (Schimdt 1959):

Pstar "‘Pgas/ Tc

Tc is a characteristic time. In general it is assumed to be the dynamical time:




STAR FORMATION SCHEMES

In general, gas above a certain density
threshold and temperature (n) is eligible
for star formation:

Pstar = € Pgas 1.5

where ¢ is the efficiency of star formation
and is adjusted to reproduce the observed
KS law that relates the star formation
surface density with the gas surface
density (Kennicutt 1998).

See Schaye+2015, Hopkins+2018 (and references
there in) for different star formation
implementations.

Kennicutt+1998

Scannpieco+2006



STAR FORMATION SCHEME

Numerical space

Type Il SNe

Type la SNe

AGBs

Physical space Need

IMF:
SNe / long-lived
stars

Mstar > 8 Msun,
typical life-times
~106 yr
Produce most O, Si,
Ca, etc

Nucleosynthesis

Intermediate stars/binary :
yields

systems
typical life-times ~1 Gyr
Produce most Fe

Intermediate stars
life-times ~1-2 Gyr
C,N



SUPERNOVA FEEDBACK

Supernova Feedback

/\

CHEMICAL ENRICHMENT HYDRODYNAMICAL HEATING

“*SN: Main source of heavy elements  “*evaporates cold-dense gas

“*galactic winds which can results
**Change the cooling time in outflows or galactic fountain

o=

Regulates the star formation activity and enriches the ISM and IGM
Affects the gas dynamics: disc formation




CHEMICAL FEEDBACK » 28

When SN explosions take place, metals are distributed according to the SPH technique

(Mosconi+2001). For a given chemical element x at a particle i,

ijs

hy)
Neighbours will receive

Exploding star particle

(i) |

Metal diffusion?

courtesy of S. Scannapieco



SUPERNOVA FEEDBACK

total cooling

K
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The energy is injected mainly in high
density regions with short cooling
times compared to the typical time

step of integration (overcooling):

There is no time for this energy to
modify the dynamics.
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Thermal feedback:
injection of SN energy
directly into the ISM
directly -

it is radiated away very
efficiently

pé” . 3nkgT
€ 2nZA(T)

5 6 7
log { Temperature / K )




STAR FORMATION SCHEMES

Alternative implementations show that strong stellar feedback can modulate
the star formation and

Momentum-driven wind model:
wind velocity scales with the velocity dispersion
of stars (Vwind & O)
the momentum input scales with the star-

First ad hoc solution was kicking particles: a
fraction of SN energy is dumped as thermal
energy and the remaining one as kinetic energy

as proposed by Navarro & White (1993). formation rate
the mass-loading factor (the ratio of the wind

mass loss to the star formation rate) is inversely
proportional to the velocity dispersion

Simulations of IGM enrichment 1271
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Figure 20 - continucd
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Redshift

Navarro & White 1993 Oppenheimer & Davé 2006




STELLAR FEEDBACK

Gerristsen (1997) and Thacker & Couchman (2000) explored the effects of
turning off the cooling for certain selected particles. The model has to decide

which particles will be affected and for how long, introducing ad hoc

parameters.
Stinson et al. (2006), followed this model and extended by using the blast

wave solution of Chevalier (1974) and McKee & Ostriker (1977) to estimate
the maximum radius and the time.

FFigure 6. Left-hand panel: baghtness mape of the edge-on discs of (from
op to battom) GALL, MW and DWFI at z = 0. Each star particle 1o the
umulations has been weighted by its age-dependent bolometric luminosity.
Right-hand panel: the face-on surface desity of the gas for DWF1atz = 0.
Each frame 18 30 kpc acroes.

Governato et al. 2006

Stinson et al. 2006



STELLAR FEEDBACK: EXAMPLE

110" — No fead’

6 8
Time [Gyr]

Two-phase approach: hot and cold gas
phases are evolved separately . SN energy is
stored in cold phase until reaching the
entropy of the hot phase (Scannapieco et al.
2006)

_ x[h'kpe]

no feedback

feedback




THE FORMATION OF DISC-DOMINATED GALAXIES

33

The Formation of Disk Galaxies

Hot (shock-heated) gas inside extended
dark matter halo cools radiatively,

As gas cools, its pressure decreases
causing the gas to contract

Since emission of photons is

isotropic, angular momentum
ok Ea K of cooling gas is conserved.

¥

As gas sphere contracts,
it spins up, and flattens

Surface density of disk increases, " friggering’
star formation; a disk galaxy is born...

taken from Van den Bosch lectures




THE FORMATION OF DISC-DOMINATED GALAXIES

34

.
The improvement of the subgrid
physics related to stellar

feedback: Stinson et al. 2013

e prevents the overcooling and : .
early transformation of gas e
into stars.

o the formation of gas reservoir d
(with high angular
momentum) to be accreted
later at lower redshift. Hopkins et al. 2014

o extended discs can form that
reproduce the size-mass
relation and have the
expected angular momentum
content, on average.

b

Marinacci et al. 2014a

Aumer et al. 2013

R

R

Guedes et al. 2011

-

Agertz & Kravtsov 2015




THE FORMATION OF DISC-DOMINATED GALAXIES

THE ASTROPHYSICAL JOURNAL LETTERS, 769:L.26 (5pp). 2013 June | FALL & ROMANOWSKY
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Figure 2. Specific angular momentum plotted against mass for the disks alone
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baryons in discs is
similar to that of the dark

matter.

Figure 3. Specific angular momentum plotted against mass for entire galaxies

Hydrodynamical
simulations show a
global angular
momentum conservation
for discs (Pedrosa &
Tissera 2015; see also
Telku+2015,Lagos+2017)



THE FORMATION OF DISC-DOMINATED GALAXIES

J/M = cte x M« a~0.6
The trend is consistent with

the theoretical expectations
for A ~0.037.

_ J|E|*?

A= G M>5/2

The specific angular
momentum (j=J/M) of
baryons in discs is similar
to that of the dark matter.

Hydrodynamical simulations
show a global angular
momentum conservation for
discs (Pedrosa+2015; see
also
Telku+2015,Lagos+2017)

dark matter halo

THE ASTROPHYSICAL JOURNAL LETTERS, 769:L26 (5pp), 2013 June 1
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MINOR/MAJOR MERGERS

Perez et al. 2011

R

“
= L
L2
ar

metallicity distribution star-formation region

metallicity gradients

Cosmological simulations
provide the global
environmental effect
naturally: mergers rates
and configurations
the interaction of galaxies
and with the CGM /IGM.

Mergers have been
reported to:

e induce bars (secular
evolution);

e drive starbursts

e mix chemical elements



THE FORMATION OF BULGE-DOMINATED GALAXIES

38

Massive bulge-dominated galaxies have larger escape
velocities and hence galactic outflows are less efficient at
regulating the star formation.

They are more massive than observed —> AGN feedback is
required (Croton+2006).

Simulations reproduce bulge-dominated galaxies with
structural properties in global agreement with observations
(Kobayashi 2004, 2005; Johansson+2012)

-

’
U \

T -



FORMATION OF BULGE-DOMINATED GALAXIES

Possible two-phase formation scenario:

Phase 1: At z> 1.5 galaxies grow by in
situ star formation in the deep potential
well of massive dark matter haloes.

Gas is efficiently transformed into stars — - AR FRIEEE e ]
> galaxies are compact. S ===
Major merger can take place. @ = e i
Phase 2: star formation is quenched | .
because gas inflows cannot easily 5
penetrate the hot gas haloes (CGM; HE s .
Birnboim & Dekel 2003). EiEE
Mergers continue to feed galaxies via dry © 42
mergers, being larger more massive = "
systems (Rogriguez-Gomez+2016). The o7
contribution of accreted stellar

Naab+2014

populations is important principally in the
external regions. They are expected to
contribute to increase the mass and size
of galaxies (Naab 2009).



AGN FEEDBACK » 40

AGN feedback models in cosmological
simulations assume that the accretion rate on
the blackhole based on the Bondi-
Hoyle_Lyttleton formula.

-2 23372
s 3 Urcl)

= Uboost
(

In general, these models reproduce
the galaxy and black hole masses (Di
Matteo 2005) at the high mass end,
The evolution of the BH population and
agn luminosity across cosmic time.

Several approaches have been
developed in different numerical codes
(e.g. Springel+2005; Dubois+2012;
Rosa-Guevara+2015; Sijacki+2015;
Hopkins+2016; Springel+2016)

Different response depending on the halo mass

Rosas-Guevara+2015



MsTar/MuaLo RELATION-EAGLE PROJECT

e | N

- = 3509
o: NO AGN

w=  Moster et al 2010 (W3)
* + Guo et al 2010 (W1) * Bandara et al. (2009)

1010 1oH 1012 1 10! 1012 1013
:\]21’)(] [.\1 ] :\[;}U() [\[ ]

AGN feedback models can be
tuned to reproduce the MBH-
ostar relation and the Msta/Mhaio

Gulketin et al. 09
v« McConnell & Ma 13
Early type

(McConnell& Ma)
" Late type (McConnell&Ma)

102
o, (kms™)

Rosas-Guevara+2015



MsTar/MuaLo RELATION-NIHAO PROJECT

cosmic baryonic fraction

simulated galaxy

z=0 Moster+13 ¥ . simulated galaxy
z=0 Behroozi+13 : : z=1 Moster+13 |
z=0 Kravtsov+ (2014) z=1 Behroozi+13

simulated galaxy _ ® simulated galaxy
z=2 Moster+13 : e 7=4 Moster+13

z=2 Behroozi+13 z=4 Behroozi+13

10 10 10"
M.y [M]

NIHAIO project:
Evolution of the Mstar/Mnaio

Wang+2915



DARK MATTER HALOES

Cusp vs. core problem
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DARK MATTER RESPONSE TO BARYONS AND SN FEEDBACK

The DM distribution in NIHAO
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DARK MATTER RESPONSE TO BARYONS AND SN FEEDBACK

Core creation and core destruction

Time [Gyr]
B

5 10 11 12 13

21911 —
8 06611

NIHAO IV
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o
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<
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)
N
7
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—
o
O

Resolution limit

1.5

1
Redshift

courtesy of A. Maccio

ls this the core/cusp problem solve?




