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©
A
.
P
o
n
tz
en

&
F
.
G
o
ve
rn
a
to
;
N
A
S
A
/
E
S
A
/
S
.
B
ec
k
w
it
h
(S

T
S
cI
)
a
n
d
T
h
e
H
U
D
F
T
ea
m



Mapping the Universe

©
O
n
d
re
j
K
rá
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IESC Cargèse 2025 | Katarina Kraljic 1/26



Mapping the Universe

©
O
n
d
re
j
K
rá
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Mapping the Universe
Large-scale galaxy distribution

2dF Galaxy Redshift Survey
Colless et al. 2001

∼ 150 000 galaxies

Peacock et al. 2001
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Mapping the Universe
Non-linear challenge
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From small to large scales
Hierarchical structure formation

Millennium • Springel et al. 2005
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Dark matter halos
Non-linear evolution

FLRW
ρm(t)

M

F̃LRW
ρ̃m(t)

r(t)

isolated, uniform, spherically
symmetric overdense region

ρ̃m(t) =
M

4/3πr3(t)

r(t) - physical radius

Spherical collapse
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isolated, uniform, spherically
symmetric overdense region

ρ̃m(t) =
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r(t) - physical radius

Spherical collapse

· 2nd Friedmann equation of the region:

ä

a
= −4πG

3c2
(ρc2 + 3p)

r̈(t) = − GM

r2(t)
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8πG

3
ρΛr(t)

Newtonian Λ term
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M
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Spherical collapse

· 2nd Friedmann equation of the region:

ä

a
= −4πG

3c2
(ρc2 + 3p)

r̈(t) = − GM

r2(t)
+

8πG

3
ρΛr(t)

Newtonian Λ term

· parametric solution for the case without Λ:

r(t) = A(1− cos θ)

t = B(θ − sin θ)

→ shell expands from r = 0 at θ = 0 (t = 0)

→ shell reaches rmax at θ = π (tmax = πB; turn-around time)

→ shell collapses back to r = 0 at θ = 2π (tcoll = 2tmax)
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ä

a
= −4πG

3c2
(ρc2 + 3p)

r̈(t) = − GM

r2(t)
+

8πG

3
ρΛr(t)

Newtonian Λ term

· parametric solution for the case without Λ:

r(t) = A(1− cos θ)

t = B(θ − sin θ)

· for Einstein-de Sitter cosmology:

1 + δ =
ρ

ρ
=

9

2

(θ − sin θ)2

(1− cos θ)3
- overdensity for spherical top-hat

δlin =
3

20
(6π)2/3

(
t

tmax

)2/3

- linearly extrapolated δ

δlin(tcoll) =
3

20
(12π)2/3 ≃ 1.686 - linearly extrapolated critical δc for collapseδlin(tcoll) ≃ 1.686

IESC Cargèse 2025 | Katarina Kraljic 11/26



Dark matter halos
Non-linear evolution
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· top-hat spherical collapse only valid up to point of collapse, δ(tcoll) = ∞
· collapse is never perfectly spherical· collapse is never perfectly spherical

· oscillating shells interact gravitationally → virialized halo

· estimate of final density of collapsed virialized halo:

virial equilibrium: 2Kf +Wf = 0

energy conservation: Ef = Kf +Wf = Eta

Eta = Wta = −GM

rta

Ef =
Wf

2
= − GM

2rvir

}
rvir =

rta
2

→ θvir =
3π

2
→ after virialization: ρvir = 8ρta

Dark matter
h
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lo
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energy conservation: Ef = Kf +Wf = Eta

Eta = Wta = −GM

rta

Ef =
Wf

2
= − GM

2rvir

}
rvir =

rta
2

→ θvir =
3π

2
→ after virialization: ρvir = 8ρta

· average overdensity of a virialized DM halo at tcoll = 2tta:

∆vir ≡ 1 + δ(tcoll) =
ρ(tcoll)

ρ(tcoll)
=

8ρta
ρ(tta)/4

= 32(1 + δta) = 18π2 ≃ 178

∆vir ≃ 178

Dark matter
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Dark matter halos
Halo mass function

Press-Schechter (PS) formalism
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Dark matter halos
Halo mass function

Press-Schechter (PS) formalism

δ

x

δc

halo

halo

· spherical collapse model: regions with δ(x, t) > δc ≃ 1.686 will have collapsed to
to produce dark matter haloes by time t
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Halo mass function

Press-Schechter (PS) formalism

· spherical collapse model: regions with δ(x, t) > δc ≃ 1.686 will have collapsed to
to produce dark matter haloes by time t

· ansatz: probability that δM > δc(t) is the same as the mass fraction that at time t
Press & Schechter 1974is contained in halos with mass greater than M
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Dark matter halos
Halo mass function

Press-Schechter (PS) formalism

· spherical collapse model: regions with δ(x, t) > δc ≃ 1.686 will have collapsed to
to produce dark matter haloes by time t

· ansatz: probability that δM > δc(t) is the same as the mass fraction that at time t
Press & Schechter 1974is contained in halos with mass greater than M

· for Gaussian random field:

P (δM > δc) =
1√

2πσM

∞∫
δc

exp

[
− δ2M
2σ2

M

]
dδM =

1

2
erfc

[
δM√
2σM

]

PS ansatz: F (> M, t) = P (δM > δc) =
1

2
erfc

[
δM√
2σM

]
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Dark matter halos
Halo mass function

Press-Schechter (PS) formalism

· spherical collapse model: regions with δ(x, t) > δc ≃ 1.686 will have collapsed to
to produce dark matter haloes by time t

· ansatz: probability that δM > δc(t) is the same as the mass fraction that at time t
Press & Schechter 1974is contained in halos with mass greater than M

· for Gaussian random field:

P (δM > δc) =
1√

2πσM

∞∫
δc

exp

[
− δ2M
2σ2

M

]
dδM =

1

2
erfc

[
δM√
2σM

]

PS ansatz: F (> M, t) = P (δM > δc) =
1

2
erfc

[
δM√
2σM

]
Note: lim

M→0
σM = ∞ → only 1/2 of all matter in the Universe is locked-up

in collapsed haloes . . .
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Dark matter halos
Halo mass function

Press-Schechter (PS) formalism

· spherical collapse model: regions with δ(x, t) > δc ≃ 1.686 will have collapsed to
to produce dark matter haloes by time t

· ansatz: probability that δM > δc(t) is the same as the mass fraction that at time t
Press & Schechter 1974is contained in halos with mass greater than M

· for Gaussian random field:

P (δM > δc) =
1√

2πσM

∞∫
δc

exp

[
− δ2M
2σ2

M

]
dδM =

1

2
erfc

[
δM√
2σM

]

PS ansatz: F (> M, t) = P (δM > δc) =
1

2
erfc

[
δM√
2σM

]
Note: lim

M→0
σM = ∞ → only 1/2 of all matter in the Universe is locked-up

in collapsed haloes . . .

“Solution”: F (> M, t) = 2P (δM > δc)

“fudge factor”
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Dark matter halos
Halo mass function

Press-Schechter (PS) formalism

· spherical collapse model: regions with δ(x, t) > δc ≃ 1.686 will have collapsed to
to produce dark matter haloes by time t

· ansatz: probability that δM > δc(t) is the same as the mass fraction that at time t
Press & Schechter 1974is contained in halos with mass greater than M

· for Gaussian random field:

F (> M, t) = 2P (δM > δc) =
2√

2πσM

∞∫
δc

exp

[
− δ2M
2σ2

M

]
dδM = erfc

[
δM√
2σM

]
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Dark matter halos
Halo mass function

Press-Schechter (PS) formalism

· spherical collapse model: regions with δ(x, t) > δc ≃ 1.686 will have collapsed to
to produce dark matter haloes by time t

· ansatz: probability that δM > δc(t) is the same as the mass fraction that at time t
Press & Schechter 1974is contained in halos with mass greater than M

· for Gaussian random field:

F (> M, t) = 2P (δM > δc) =
2√

2πσM

∞∫
δc

exp

[
− δ2M
2σ2

M

]
dδM = erfc

[
δM√
2σM

]

· Definition: PS halo mass function n(M, t)dM is the number of haloes with

masses in the range [M,M + dM ] per volume: n(M, t) =
dn

dM
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Dark matter halos
Halo mass function

Press-Schechter (PS) formalism

· spherical collapse model: regions with δ(x, t) > δc ≃ 1.686 will have collapsed to
to produce dark matter haloes by time t

· ansatz: probability that δM > δc(t) is the same as the mass fraction that at time t
Press & Schechter 1974is contained in halos with mass greater than M

· for Gaussian random field:

F (> M, t) = 2P (δM > δc) =
2√

2πσM

∞∫
δc

exp

[
− δ2M
2σ2

M

]
dδM = erfc

[
δM√
2σM

]

· Definition: PS halo mass function n(M, t)dM is the number of haloes with

masses in the range [M,M + dM ] per volume: n(M, t) =
dn

dM

n(M, t)dM =
ρ

M

∂F (> M)

∂M
dM = 2

ρ

M

∂P (> δc)

∂M
dM

n(M, t)dM =

√
2

π

ρ

M2

δc
σM

exp

[
− δ2c
2σ2

M

] ∣∣∣∣d lnσM

d lnM

∣∣∣∣ dM
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Dark matter halos
Halo mass function

Comparison with simulations

The Millenium simulation: Springel et al. 2005

∼ 10 billion particles, box length of 500 Mpc/h

Press & Schechter 1974 prediction
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Dark matter halos
Halo mass function

Comparison with simulations

The Bolshoi simulation: Klypin et al. 2011

∼ 10 billion particles, box length of 250 Mpc/h

Sheth & Tormen 2002 approximation
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Dark matter halos
Halo spin

Angular momentum
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Dark matter halos
Halo spin

Angular momentum

· DM halos acquire angular momentum in the linear regime due to tidal torques from

neighbouring overdensities
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Dark matter halos
Halo spin

Angular momentum

· DM halos acquire angular momentum in the linear regime due to tidal torques from

neighbouring overdensities

· growth of the angular momentum of proto-haloes - linear tidal torque theory:

Ji(t) = a2(t)Ḋ(t)ϵijkTjlIlk

Tij - tidal tensor
Iij - inertia tensor

White 1984
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Dark matter halos
Halo spin

Angular momentum

· DM halos acquire angular momentum in the linear regime due to tidal torques from

neighbouring overdensities

· growth of the angular momentum of proto-haloes - linear tidal torque theory:

Ji(t) = a2(t)Ḋ(t)ϵijkTjlIlk

Tij - tidal tensor
Iij - inertia tensor

White 1984

· halo’s spin parameter:

λ =
J |E|1/2

GM5/2

Peebles 1969

E, M - energy and mass

→ simulations: log-normal PDF

with λ̄ ≃ 0.03, σ ≃ 0.5
no mass or cosmology dependence

⇒ dispersion supported

Stewart 2017
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Dark matter halos
Halo structure

NFW profile
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Dark matter halos
Halo structure

NFW profile

· CDM halos in N-body simulations broadly follow a universal density profile, well fit

by a double power-law

ρ(r) =
ρ0

r
rs
(1 + r

rs
)2

Navarro, Frenk & White 1997

completely characterised by the virial mass Mvir

and the concentration parameter c = rvir/rs

Mvir =
4
3
πr3vir∆virρc(z)

ρc(z) =
3H(z)2

8πG log r

log ρ

rs

∝ r−2

∝ r−1

∝ r−3
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Dark matter halos
Halo structure

NFW profile

· CDM halos in N-body simulations broadly follow a universal density profile, well fit

by a double power-law

ρ(r) =
ρ0

r
rs
(1 + r

rs
)2

Navarro, Frenk & White 1997

completely characterised by the virial mass Mvir

and the concentration parameter c = rvir/rs

Mvir =
4
3
πr3vir∆virρc(z)

ρc(z) =
3H(z)2

8πG log r

log ρ

rs

∝ r−2

∝ r−1

∝ r−3

· halos that form earlier are more concentrated &

more massive halos form on average later

inverted concentration-mass relation

M
a
cc
iò

et
a
l.

2
0
0
7

· simulations have shown: even at fixed Mvir, c is

correlated with formation time
e.g. Wechsler et al. 2002, Zhao et al. 2003
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Dark matter halos
Halo structure

NFW profile

· models developped predicting c(M, z) - concentration-mass-redshift relation - of
CDM halos and its dependence on redshift z and cosmology:

→ at fixed z, c decreases (on average) with increasing mass M

→ at fixed M , c decreases (on average) with increasing z

e.g. Bullock et al. 2001, Dolag et al. 2004, Ludlow et al. 2012, Correa et al. 2015,

Diemer & Joyce 2019, Brown et al. 2020, Ragagnin et al. 2021, López-Cano et al. 2022
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Dark matter halos
Halo structure

NFW profile

· models developped predicting c(M, z) - concentration-mass-redshift relation - of
CDM halos and its dependence on redshift z and cosmology:

→ at fixed z, c decreases (on average) with increasing mass M

→ at fixed M , c decreases (on average) with increasing z

e.g. Bullock et al. 2001, Dolag et al. 2004, Ludlow et al. 2012, Correa et al. 2015,

Diemer & Joyce 2019, Brown et al. 2020, Ragagnin et al. 2021, López-Cano et al. 2022

· inner slope of halo density profile → controversial

)

B
o
sh
ka
ye
v
et

a
l.

2
0
2
0

IESC Cargèse 2025 | Katarina Kraljic 18/26



From halos to galaxies
Gas inside dark matter haloes

Shock heating
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From halos to galaxies
Gas inside dark matter haloes

Shock heating

· until a halo forms, gas is dragged by the dark matter’s gravity

→ baryonic fraction of resulting halo should be fb =
Ωb
Ωm

∼ 0.16
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From halos to galaxies
Gas inside dark matter haloes

Shock heating

· until a halo forms, gas is dragged by the dark matter’s gravity

→ baryonic fraction of resulting halo should be fb =
Ωb
Ωm

∼ 0.16

· gas ̸= dark matter due to thermal pressure and radiative cooling/heating

→ infalling gas collides and is shocked at the accretion shock (typically close to rvir)
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From halos to galaxies
Gas inside dark matter haloes

Shock heating

· until a halo forms, gas is dragged by the dark matter’s gravity

→ baryonic fraction of resulting halo should be fb =
Ωb
Ωm

∼ 0.16

· gas ̸= dark matter due to thermal pressure and radiative cooling/heating

→ infalling gas collides and is shocked at the accretion shock (typically close to rvir)
→ assume: shock thermalises all the kinetic energy of the infalling gas &

internal energy of the infalling gas can be ignored ⇒
internal energy of the shocked gas = kinetic energy of the gas at infall:

Eint,sh =
3

2
NkBTsh =

1

2
Mgasv

2
in (mono-atomic gas)

Tsh =
µmp

3kB
v2in =

ξµmp

3kB

GMvir

rvir
ξ - detailed density profile
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From halos to galaxies
Gas inside dark matter haloes

Shock heating

· until a halo forms, gas is dragged by the dark matter’s gravity

→ baryonic fraction of resulting halo should be fb =
Ωb
Ωm

∼ 0.16

· gas ̸= dark matter due to thermal pressure and radiative cooling/heating

→ infalling gas collides and is shocked at the accretion shock (typically close to rvir)
→ assume: shock thermalises all the kinetic energy of the infalling gas &

internal energy of the infalling gas can be ignored ⇒
internal energy of the shocked gas = kinetic energy of the gas at infall:

B
ir
n
b
o
im

&
D
ek
el

2
0
0
3

Build-up of a shock near the virial radius

in a collapsing structure (1D calculation)
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From halos to galaxies
Gas inside dark matter haloes

Hydrostatic equilibrium

· assume: non-radiative gas (no cooling/heating)
→ shocked gas heats until thermal pressure balances gravity

→ gas settles into hydrostatic equilibrium:

∇P (r) = −ρgas∇Φ(r)

dP

dr
= −GM(r)ρ(r)

r2
(spherical symmetry)
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From halos to galaxies
Gas inside dark matter haloes

Hydrostatic equilibrium

· assume: non-radiative gas (no cooling/heating)
→ shocked gas heats until thermal pressure balances gravity

→ gas settles into hydrostatic equilibrium:

∇P (r) = −ρgas∇Φ(r)

dP

dr
= −GM(r)ρ(r)

r2
(spherical symmetry)

Virial temperature

· virial equilibrium (2K +W = 0):

3
Mgas

µmp
kBTvir − ξ

GMgasMvir

rvir
= 0 (no external P )

Tvir =
ξµmp

3kB

GMvir

rvir

Caution: useful for order of magnitude estimates, in reality, gas inside virialised halos

has temperature profile . . .
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling time

· cooling function: Λ(T,Z) ≡ C
n2
H

with C - cooling rate (erg s−1 cm−3)
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling time

· cooling function: Λ(T,Z) ≡ C
n2
H

with C - cooling rate (erg s−1 cm−3)

· cooling time: tcool ≡
ρε

C =
ρε

Λ(T,Z)n2
H

for mono-atomic, ideal gas tcool =
3nkBT

2Λ(T,Z)n2
H

with ε =
3kBT

2µmp
, n =

ρ

µmp

tcool ∝ n−1 ∝ ρ−1 - denser gas cools faster
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling time

· cooling function: Λ(T,Z) ≡ C
n2
H

with C - cooling rate (erg s−1 cm−3)

· cooling time: tcool ≡
ρε

C =
ρε

Λ(T,Z)n2
H

for mono-atomic, ideal gas tcool =
3nkBT

2Λ(T,Z)n2
H

with ε =
3kBT

2µmp
, n =

ρ

µmp

tcool ∝ n−1 ∝ ρ−1 - denser gas cools faster

· age of the Universe (roughly the Hubble time):

tH =
1

H(z)
∝ (ρ̄)−1/2

with ρ̄ = Ωmρcrit
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling time

· cooling function: Λ(T,Z) ≡ C
n2
H

with C - cooling rate (erg s−1 cm−3)

· cooling time: tcool ≡
ρε

C =
ρε

Λ(T,Z)n2
H

for mono-atomic, ideal gas tcool =
3nkBT

2Λ(T,Z)n2
H

with ε =
3kBT

2µmp
, n =

ρ

µmp

tcool ∝ n−1 ∝ ρ−1 - denser gas cools faster

· age of the Universe (roughly the Hubble time):

tH =
1

H(z)
∝ (ρ̄)−1/2

with ρ̄ = Ωmρcrit

· dynamical time (or ‘free-fall’ time):

tff =

(
3π

32Gρ̄sys

)1/2

∝ (ρ̄sys)
−1/2 with ρ̄sys = ρ̄gas + ρ̄DM

Note: ρ̄sys ∼ 200ρ̄ tff ∼ tH/10
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling time

· three regimes:

Note: tcool ∝ ρ−1 ∝ (1 + z)−3

tff ∝ ρ−1/2 ∝ (1 + z)−3/2
cooling generally more efficient at high z
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling time

· three regimes:

tcool > tH
- cooling is not important

- gas is in hydrostatic equilibrium (unless disturbed)

Note: tcool ∝ ρ−1 ∝ (1 + z)−3

tff ∝ ρ−1/2 ∝ (1 + z)−3/2
cooling generally more efficient at high z
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling time

· three regimes:

tcool > tH
- cooling is not important

- gas is in hydrostatic equilibrium (unless disturbed)

tff < tcool < tH

- system is in quasi-hydrostatic equilibrium, evolves on tcool scale

- gas cools, slowly contracts, but enough time for a system

to re-establish hydrostatic equilibrium

Note: tcool ∝ ρ−1 ∝ (1 + z)−3

tff ∝ ρ−1/2 ∝ (1 + z)−3/2
cooling generally more efficient at high z
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling time

· three regimes:

tcool > tH
- cooling is not important

- gas is in hydrostatic equilibrium (unless disturbed)

tff < tcool < tH

- system is in quasi-hydrostatic equilibrium, evolves on tcool scale

- gas cools, slowly contracts, but enough time for a system

to re-establish hydrostatic equilibrium

tcool < tff

- catastrophic cooling: cooling proceeds faster and faster

- gas cannot respond to loss of P fast enough and falls to the

center of dynamic system on tff

Note: tcool ∝ ρ−1 ∝ (1 + z)−3

tff ∝ ρ−1/2 ∝ (1 + z)−3/2
cooling generally more efficient at high z
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling processes

· primary cooling processes relevant for galaxy formation → 2-body radiative processes

→ gas loses energy through the emission of photons due to 2-body interaction
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling processes

· primary cooling processes relevant for galaxy formation → 2-body radiative processes

→ gas loses energy through the emission of photons due to 2-body interaction

1 free-free (bremsstrahlung) - free electron is accelerated by ion, emits photon

e− +X+ −→ e− +X+ + γ
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling processes

· primary cooling processes relevant for galaxy formation → 2-body radiative processes

→ gas loses energy through the emission of photons due to 2-body interaction

1 free-free (bremsstrahlung) - free electron is accelerated by ion, emits photon

e− +X+ −→ e− +X+ + γ

2 free-bound (recombination) - free electron recombines with ion

- binding energy + free kinetic energy of e− are
radiated away

e− +X+ −→ X+ γ
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling processes

· primary cooling processes relevant for galaxy formation → 2-body radiative processes

→ gas loses energy through the emission of photons due to 2-body interaction

1 free-free (bremsstrahlung) - free electron is accelerated by ion, emits photon

e− +X+ −→ e− +X+ + γ

2 free-bound (recombination) - free electron recombines with ion

- binding energy + free kinetic energy of e− are
radiated away

e− +X+ −→ X+ γ

3 bound-free (collisional ionisation) - impact of the free e− ionises bound e−

taking energy from the free e−e− +X −→ X+ + 2e−
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling processes

· primary cooling processes relevant for galaxy formation → 2-body radiative processes

→ gas loses energy through the emission of photons due to 2-body interaction

1 free-free (bremsstrahlung) - free electron is accelerated by ion, emits photon

e− +X+ −→ e− +X+ + γ

2 free-bound (recombination) - free electron recombines with ion

- binding energy + free kinetic energy of e− are
radiated away

e− +X+ −→ X+ γ

3 bound-free (collisional ionisation) - impact of the free e− ionises bound e−

taking energy from the free e−e− +X −→ X+ + 2e−

4 bound-bound (collisional excitation) - impact of the free e− knocks bound e− to
excited state

- emits photon as it decays
e− +X −→ e− +X

′

−→ e− +X+ γ
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling function

· primordial gas∗ collisional ionization equilibrium∗∗ cooling:

K
a
tz

et
a
l.

1
9
9
6

→ at T < 104 K: all gas is neutral, no ions

→ at low T : collisional excitation dominates

→ at high T : gas is fully ionised, free-free

(bremsstrahlung) dominates

→ if T > few × 104 K: all H is ionized,
no longer contributes to cooling

→ He responsible for a second peak at

T ∼ 105 K

∗ X = 0.76, Y = 0.24 - H and He mass abundances
∗∗ absence of ionizing radiation and the system has equilibrated destruction and creation rates (rate of ionization from collisions

with free electrons equals the rate of recombination)
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: cooling function

· presence of metals and molecules → new cooling channels available:

→ mainly between 104 − 107 K, greatly
increasing Λ(T ): for Z⊙ by a factor of
100 compared to the primordial gas

S
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H, He, metals, H2 and HD molecules
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From halos to galaxies
Gas inside dark matter haloes

Radiative cooling: disk galaxies

· Ingredients: i) radiative cooling of baryons: unlike the dark matter, baryons are able

to cool radiatevely

ii) rotation of halo: dark matter halo has a rotation

· Disk formation:

· Hot shock-heated gas inside DM halo cools down

· Gas cools → pressure decreases → gas contracts

· Isotropic emission of photons → angular momentum

of gas is conserved

· Gas sphere contracts → spins up and flattens

· Disk density increases → star formation, . . .

· Disk galaxy forms
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From halos to galaxies
Gas inside dark matter haloes

Hot vs Cold mode halo accretion

· hot mode accretion: slow cooling regime (rcool ≪ rvir):

→ only the inner gas can cool → hot halo and accretion shock close to rvir form

→ newly accreted gas → shock-heated to Tvir, cools slowly in cooling flows, in

quasi-hydrostatic equilibrium

→ occurs in halos M ≳ 1012M⊙

ρ T

Hot mode
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From halos to galaxies
Gas inside dark matter haloes

Hot vs Cold mode halo accretion

· hot mode accretion: slow cooling regime (rcool ≪ rvir):

→ only the inner gas can cool → hot halo and accretion shock close to rvir form

→ newly accreted gas → shock-heated to Tvir, cools slowly in cooling flows, in

quasi-hydrostatic equilibrium

→ occurs in halos M ≳ 1012M⊙

ρ T

Hot mode
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· cold mode accretion: fast cooling regime (rcool ≫ rvir):

→ ‘catastrophic cooling’: all the gas within the halo is expected to have cooled

→ no hot gas → no accretion shock near rvir
→ newly accreted gas → not shock-heated, falls to the center cold

→ occurs in halos M ≲ 1011 − 1012M⊙ (primordial vs +metal cooling, filaments)

ρ T

Cold mode
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From halos to galaxies
Gas inside dark matter haloes

Hot vs Cold mode halo accretion
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From halos to galaxies
Gas inside dark matter haloes

Mergers: elliptical galaxies

· major merger → mass ratio of galaxies > 1 : 3

→ structure/morphology disruption/transformation

→ two merging disks can form an elliptical . . . if no/not enough gas

available, otherwise disk can re-grow (with a bulge)

· minor merger → mass ratio of galaxies > 1 : 10

→ global structure retained, internal structure impacted

→ many subsequent minor mergers → elliptical

©
F
.
R
en

a
u
d
,
J.

F
en

sc
h
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