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Big Bang Expansion

13.77 billion years
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Imagine that the entire
universe is an ocean of dark

energy. On that ocean sail billions

of ghostly ships made of dark matter...
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Core condensation in heavy halos: a two-stage theory
for galaxy formation and clustering 1978
S. D M White and M. J. Rees mstiture of Astronomy,

Madingley Road, Cambridge

Summary. We suggest that most of the material in the Universe condensed at
an early epoch into small ‘dark” objects. [rrespective of their nature, these
objects must subsequently have undergone hierarchical clustering, whose
present scale we infer from the large-scale distribution of galaxies. As each
stage of the hierarchy forms and collapses, relaxation effects wipe out its
substructure, leading to a self-similar distribution of bound masses of the type
discussed by Press & Schechter. The entire luminous content of galaxies,

however, results from the cooling and fragmentation of residual gas within
the transient potential wells provided by the dark matter. Every galaxy thus
forms as a concentrated luminous core embedded in an extensive dark halo,
The observed sizes of galaxies and their survival through later stages of the
hierarchy seem inexplicable without invoking substantial dissipation; this
dissipation allows the galaxies to become sufficiently concentrated to survive
the disruption of their halos in groups and clusters of galaxies. We propose a
specific model in which © = 0.2, the dark matter makes up 80 per cent of
the total mass, and half the residual gas has been converted into luminous
galaxies by the present time. This model is consistent with the inferred pro-
portions of dark matter, luminous matter and gas in rich clusters, with the
observed luminosity density of the Universe and with the observed radii of
galaxies; further, it predicts the characteristic luminosities of bright galaxies
and can give a luminosity function of the observed shape.
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Hubble's Law & Constant

v = Hd

v = velocity
H = Hubble constant
d = distance

Also weriten as w= HQD

Recessional Velocity

Distance
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Transfer T
Functions N W T P

 pt® Lo

Transfer function is defined
by this relation:

Pure (k) = T” - Pug (K) "

isn CDM

Firaure 2. A plot of transfer functions for varions adiabatic models, in which Ty — 1 at small
Eo A mumber of possible matter contents are illnstrated: pure baryons: pure CDM: pure HDM.
For dark-matter models. the characteristic wavenumber scales proportional to O h®. marking
the break scale corresponding to the horizon length at matter-radiation equalitv. The scaling for
barvonic models does not obey this exactly: the plotted case corresponds to (O, = 1. = (.5,
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The cosmic web

The Zel’dovich approximation, plus the statistics of Gaussian fields,

qualitatively describes large-scale structure.
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Springel, Hernquist & White (2000)




Sheets, filaments & voids

The “cosmic web” of sheets, filaments and voids is the same in
N-body simulations and Zel’dovich simulations ...
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Bottom—Up Siructure Formation

in a bottom—up scenario, small, dwarf galaxy—sized lumps form
first, then merger to make galaxies and clusters of galaxies




HDM{REE : top-down

in a top—down scenario, large pancakes of matier form first, than fragment
into galaxy—sized lumps




Large Scale Siructure

HDM and the top—down scenario predict smooth, weak features in the
large scale disiribution of galaxies

DM and the botiom—up scenario predict sharp features with weak
connecting filaments
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“From 1985 to 1988 the DEFW collaboration produced five papers that changed cosmology forever."
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Davis, Efstathiou, Frenk & White 1985
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The cosmological constant and
cold dark matter

G. Efstathiou, W. ). Sutherland & S. ). Maddox

Department of Physics, University of Oxford, Oxford OX1 3RH, UK

§ (degreas)

Efstathiou et al 1990
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Mass function of collapsed halos: Press-Schechter

Smoothly fluctuating density field; randomly scattered
equal volume spheres, each has some overdensity 6.
Some of these volumes will have a large enough
overdensity (6c>1.69) that they will eventually
collapse and form gravitationally bound objects.

What is the mass function of these objects at any
given cosmic epoch?

rms dispersion in mass, or, equivalently,
overdensity 3, in spheres of radius R

_ =n/6+1/2
(M B M)Q a=n/6+ n/ :
oy =——L=(4-M™) large R
M A ‘8
time dependence: o, oc a o 123 S
o
>
Press-Schechter (1974) main assumption: %
the fraction of spheres with volume V' having | <
overdensity 6 is Gaussian distributed +
1 2 /952 1 2 S
5 V — -0 /ZO-M — 4 =
POV) = a7 a5 e >
0 1.69 )
4] dx 5 these spheres

— — A7 a1
T J2on M oY aM collapse



Mass function of collapsed halos: Press-Schechter

The fraction of spheres that will eventually collapse is

00 1 © 2
P(s,V) = /5 (V)i = /w i
The fraction of spheres that have just collapsed ( of all possible M, but same 0¢)
P(M) — P(M + dM) = j—ﬂ};dM — %j—ﬂ"’;dﬂl — #e-mﬁaﬂﬁj dM
o 07 2AMT ( M )m
2AM—22  2AM—2c M,

How much mass in every unit of volume is contained in these objects?

define M.: 8, =2AM.>"

Le

_dP _
How many of the collapsed objects are there? Mper vor = deM P
_ 8P oy P P L Mye g
n(M)dM = - dM-= 5 MQ(M*) =% dM

| Ofﬁ 1 M a—2 —(M/M*)2a
n(M)dM | S5 o ( M*) : dM

power exponential
law

Note: characteristic mass M.
1s time dependent, through A :
M. oC Al/(2a) oc t2/(3a) oC al/a



Press-Schechter halo mass function

large R
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z = 48.4 i

I

0.05 Gyr

e
200 kpc

JW etal 2011




Spherical collapse and density profile:
a simple model

Gunn & Gott (1972

Given the mean density within a collapse shell

M
A3 (M)’

for de sitter case:

p(ryecr 7 with y=09¢g/(1+3¢).

0 /4

e=landp(rjocr /.

Similarity solutions: Fillmore & Goldreich 1984 Bertschinger , 1985
White & Zaritsky 1992



1-D simulation test

pure radial

Y= —dlnp/dlnr=3—a

~ constant _#

Lu et al, 2006




E=HIAEREIE -- NFWESER

Navarro

Frenk

Navarro, Frenk, & White 1996, 1997



L6

25 pc

Wang et al 2020
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Lovell et al, 2016
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The differential subhalo mass function converges quite well to a power-law

RESULTS FROM A RESOLUTION STUDY OF AQUARIUS HALO AQ-A
Springel et al
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The subcritical slope of the differential subhalo mass function implies that
the total mass in substructures converges at the faint end

THE DIFFERENTIAL SUBHALO MASS FUNCTION
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The cumulative mass fraction in resolved substructures reaches about
12-13%, we expect up to ~18% down to the thermal limit

FRACTION OF MASS IN SUBSTRUCTURES AS A FUNCTION OF MASS LIMIT

1.000
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Springel et al 2008



The radial distribution of
substructures is strongly
antibiased relative to all dark
matter, and independent of
subhalo mass

RADIAL SUBSTRUCTURE
DISTRIBUTION IN Ag-A-1

Most subhalos are at large radii,
subhalos are more effectively
destroyed near the centre

Subhalos are far from the Sun

Springel et al
2008

see also Diemand et al. (2007, 2008)
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The local mass fraction in substructures is a strong function of radius
MASS FRACTION IN SUBSTRUCTURES AS A FUNCTION OF RADIUS IN HALO AQ-A
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Subhalos in subhalos

O6E+10 M,

1000

100

Springel et al 2008




Taken at face value, the number of luminous satellites in the Milky Way is
much smaller than the number of dark matter lumps

THE SATELLITE PROBLEM

l DDD [ 1 L L B I I I ! T T I T T T T T T ]
E n:\ ]
\ . Jimulated cluster |
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Cluster

Method used

Ref.

Bullet Cluster
(1E 0657-358)

< 0.7 em’
< 1.25 em?/g

Scattering depth (X4, =~ 0.3 cm?/g)
Mass loss < 23%
DM-galaxy offset 25 + 29 kpc

[208]
[106]
[106]

Abell 520

3.8+1.1 {111““‘1}

0.94 + 0.06 cm? /g

- ' il i__:| /
Scattering depth (Xgm =~ 0.07 em*/g)

| o} 4
g|Scattering depth (Xgm = 0.14 cm*/g)

[326]

[ 128]

Abell 2744

oo )
2 1.28 em* /8
: 9
< 3ecm*/g

Offset

Scattering depth (Xgqm =~ 0.3 cm?/

/8)

[ 340]
[329]

Musket Ball Cluster
(DLSCL J0916.2+2951)

. ::J',.'
< fcm”/g

- : )
Scattering depth (Xgm =~ 0.15 cm*/g)

[316]

Baby Bullet
(MACS J0025.4-1222)

< 4cm?/g

Scattering depth (Xgm ~ 0.25 cm*® ;m‘l

[318]

Abell 3827

- 9
~ 1.5 cm* /g

Offset

[127]

Tulin & Yu , 2018




Positive observations o/m Vel Observation Refs.

Cores 1n spiral galaxies > 1cm?/g 30 — 200 kmm/s |Rotation curves 1102, 116]
(dwarf/LSB galaxies)
Too-big-to-fail problem
Milky Way

Local Group

> 0.6 cm? /g 50 km/s Stellar dispersion [110]

e
-
oud

0.5 cm?/g 50 km /s Stellar dispersion [111]

.
-
o

Cores in clusters ~ 0.1 cm?/g 1500 km /s Stellar dispersion, lensing|[ 116, 126]
Abell 3827 subhalo merger|~ 1.5 cm? /g 1500 km /s DM-galaxy offset [127]

Abell 520 cluster merger ~ 1 em?/g | 2000 — 3000 km/s |DM-galaxy offset [ 128, 129, 130]

Constraints

Halo shapes/ellipticity < 1lem?/g 1300 km /s Cluster lensing surveys  |[95]
Substructure mergers < 2 em?/g |~ 500 — 4000 km/s|DM-galaxy offset 115, 131]
Merging clusters < few cm?/g| 2000 — 4000 km/s |Post-merger halo survival | Table 11
(Scattering depth 7 < 1)
Bullet Cluster < 0.7 cm?/g 4000 km/s Mass-to-light ratio 1106]

Tulin & Yu , 2018







