Galaxies

Prof. Benedikt Diemer

Chapter 4 ¢ The formation of dark matter halos



§4.1 * Non-linear growth and halo collapse
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Figure by Frank van den Bosch



Violent relaxation '

(Source unknown)



Gaussian random field




N-body simulations

1900000000000 000000000000000000000000000000000000000000000000000000000000000000000000000000000000O0CO0TSE

1900000000000 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
1900000 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000080

10000 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
100 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000080

100 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
1900000000000 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000080

1900000000000 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
1900000 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000080
1900000000000 0000000000000 00000000000000000000000000000000000000000000000000000000000000000000000000




N-body simulations

: °
. ° 0
: oo
° .o
°
° T
: e o
: o
. o
: o0
H o0
oo e
oo Joe
oo Soe
° 2o
. °
°
. °
. °
°
° : X
° M o
i : LX)
: ; °
° ° :
° °
o : 'K
P ° ° 4
e ° ° 3
e0e : M ““
see : . H
coe * M b :
° ° ° o
1 : : ° eccocoe®
° LR . ° . oo S
i 1 .t MY TR RS
e sescsne . . .
'-a-oooo-ooonu E . -"
Jeeevccecccccsesosen u e
. .
°

LI
° ssee
. ceoe ©0000 00000, . eee °
®ecooccocooc0scss e crerteiea veles
.
LI Y X o-.o-oaoooo.o-o.oo.onoo-noon DN
®0ccso0ee c-ooooo-o-oo---oo----oo-o-o-oo o-oo-o
ecscove . .
Teiiiees . coooluono.o-cnooo.c-..no-o eooe® ..oo-lo
-ooo-oa--cooc-o-noooc-o-..o. °
P S

LU Y
Tatiee 000 0 0c0escssne, 000"’
..l......... .




Simulations of dark matter

Simulate the evolution of dark matter in a large cube of space
Start at a time...

e A while after recombination

e Early enough that initial fluctuations are still small
Physics in equations includes:

e Expansion of Universe, including dark energy

* Gravity of dark matter

e No collisions between dark matter particles
Solve Newton's law between N particles (N-body simulation)

Compute gravitational force, move particles a bit, and so on
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(movie page)


http://www.benediktdiemer.com/visualization/movies/

a—"/3l
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Visualization code:
Phil Mansfield
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Visualization code:
Phil Mansfield




Visualization code:
Phil Mansfield




Formation of halos

e Could occur...

* Top-down: Form big structures first,
which fragment to make smaller structures

* Bottom-up: Form small structures first,
which merge into big structures
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Evolution of power spectrum in simulation
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Evolution of power spectrum in simulation
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§4.1.1 * The tophat collapse model
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Figure by Frank van den Bosch





http://www.benediktdiemer.com/visualization/theory-toy-models/

Tophat collapse model
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Visualization code:
Phil Mansfield
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Halo finder: Rockstar
(Behroozi et al. 2013)




Halo finder: Rockstar
(Behroozi et al. 2013)
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$4.1.2 * The non-linear mass

and hierarchical structure formation
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Merger tree

Lacey & Cole 1993
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§4.2 » The halo mass function




Smoothed density fields
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§4.3 ¢ Halo structure

and its connection to formation history




Erebos N-body simulations
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2000 Mpc/h 1000 Mpc/h} .~ 500 Mpc/h
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Density profile

Scale radius:
d log(p) / d log(r) = -2

Outer radius (enclosing
some mean overdensity)

I's R200c Rvir R200m log r

Einasto 1965 e Frenk et al. 1988 ® Hernquist 1990 ® Dubinski & Carlberg 1991
Navarro et al.1995/1996/1997/2004



Einasto profile

d log(p) / d log(r) = -2 (r/rs)°

I's R200c Rvir R200m log r

Einasto 1965



Einasto profile

I's R200c Rvir R200m log r

Einasto 1965, 1969



Navarro-Frenk-White profile
-
D

Concentration:
CA = RA/ Is

I's R200c Rvir R200m log r

Navarro et al. 1995/1996/1997



Navarro-Frenk-White profile

>

Concentration:
CA = RA/ Is

I's R200c Rvir R200m log r

Navarro et al. 1995/1996/1997



log p

Navarro-Frenk-White profile

high concentration

low concentration

r's s R200c logr

Navarro et al. 1995/1996/1997






Initial peaks

Bardeen et al. 1986 o Dalal et al. 2010



Initial peaks

CENRSEIR

Bardeen et al. 1986 o Dalal et al. 2010



CENRSEIR

Bardeen et al. 1986 o Dalal et al. 2010



Initial peaks

Real peak

CENRSEIR

Bardeen et al. 1986 o Dalal et al. 2010



Mass accretion history

Slow accretion regime

Fast accretion regime g

Formation time time

Wechsler et al. 2002 e van den Bosch 2002 e Zhao et al. 2003/2009 e Dalal et al. 2010



Mass accretion history

Slow accretion regime

Fast accretion regime g

Formation time time

Wechsler et al. 2002 e van den Bosch 2002 e Zhao et al. 2003/2009 e Dalal et al. 2010



Mass accretion history

Slow accretion regime

Fast accretion regime g

Formation time time

Wechsler et al. 2002 e van den Bosch 2002 e Zhao et al. 2003/2009 e Dalal et al. 2010



log p

Density profile

Shallow inner profile [

time

Steep outer profile

s logr

Navarro et al. 1997 ® Wechsler et al. 2002 o Lu et al. 2006 e Dalal et al. 2010 ¢ Ludlow et al. 2013



Density profile

log p

Shallow inner profile [

time

Steep outer profile

s logr

Navarro et al. 1997 ® Wechsler et al. 2002 o Lu et al. 2006 e Dalal et al. 2010 ¢ Ludlow et al. 2013



log p

Density profile
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time
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Reading

e CFN§7.3.2,87.4.3-§7.4.4,87.5.2
e MvdBW §5.1,8§5.4.4,§7.2,87.5.1




