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The standard model of
cosmology




The ACDM model of cosmogony

@ g

University of Durham

'1\_|

Cosmological constant Cold dark matter

°* Proposed in 1980s, it is an ab initio, fully specified model of
cosmic evolution and the formation of cosmic structure

* Has strong predictive power and can, in principle, be ruled out

* Has made a number of predictions that were subsequently
verified empirically (e.g. CMB, LSS, galaxy formation)

Three Nobel Prizes in Physics since 2006
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@ BECL | Non-baryonic dark matter
University of Durham can d | da teS
From the early 1980s:
Type example mass
hot neutrino few tens of eV
warm sterile v keV-MeV
axion
cold _ 10-%eV - 100 GeV
neutralino

Institute for Computational Cosmology




- The dark matter power spectrum
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These possibilites can be tested with astrophysics




Non-linear evolution

The linear power spectrum
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L Non-linear evolution: simulations

Assumption about content of Universe - Initial conditions

Relevant equations:
Collisionless Boltzmann:
Poisson; Friedmann eqgns;
Radiative hydrodynamics

Subgrid astrophysics

How to make a virtual universe
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Hot dark matter a0 ey S Q_ 1
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things are more complicated. The apparatus reso-
ongly affects the spectrum endpoint and rather
spectrum slope.

*
HAS THE NEUTRINO A NON-ZERO REST MASS?
(Tritium B-Spectrum Measurement)

V. Lubimov, E. Novikov, V. Nozik, E. Tretyakov
Institute for Theoretical and Experimental Physics, Moscow, U.S.S.

V. Kosik
Institute of Molecular Genetics, Moscow, U.S.S.R. R ————=t
ABSTRACT M, =0

The high energy part of the 8-spectrun of tritium in the
molecule was measured with high precision by a toroidal g-spect
meter. The results give evidence for a non-zero electron anti-

neutrino mass. Background

Fifty years ago Pauli introduced the neutrino to explain the
z-spectrum shape. Pauli made the first estimate of the neutrino
mass (E3 max z puclei mass defect): it should be very small or
maybe zéro. Up to now the study of the g-spectrum shape is the
most sensitive, direct method of neutrino mass measurement,

For allowed B-transitions, if Mv = 0, then S = (E_Eo)z_ The
Kurie plot is then a straight line with the only kinematic parameter
being Ey = E (total B-transition energy). 1f M, ® 0, then

S = (E,-E) (EO-E)Z-MS. The Kurie plot is then distorted, especially
near tge endpoint.

alistic Kurie plot.

extrapolation. However, we are unable

5 then once again the lack of counts near the
jcate that M_ = 0. If M, SR, the changes due to
ss and the influenceé of R are indistinguishable. For M
ination the knowledge of R is compulsory. The background de-
termines the statistical accuracy near the endpoint, i.e., in the
region of the highest sensitivity to the v mass. So: 1) R's ould
be v M, 2) the smaller M, ijs, the smaller §he background (A Mv)
must be and the higher the statistics (v M”) must be. For example,
suppose that for M, = 100 eV we need resolution R, background Q, and
statistics N. If Mv = 30 eV, to achieve the same AM/M they should
. be R/3, /10, and N x 30, respectively.

Mass-sensitive The shorter the B-spectrum, the less it is spread due to R (as
region R ~ Ap/p = const.). A classical example is 34 g-decay, which has

1) the smallest E, v 18.6 keV, 2) an allowed 8-transition, simple
nucleus, and simp?e theoretical interpretation, 3) highly reduced

1
'li’-*/§ YExtra-

-polation”

[}
! ‘\~. radioactivity. The first experiments with °H were by S, Curran
: ~. et al. (1948) and G. Hanna, B. Pontecorvo (1949). Using 3H gas in
E.cE E“"‘"‘E a prc_:portlonal c;ounter, they obtained M, < 1 ke\{. Further progress
XK -0 K™ (o] required magnetic spectrometer development. This allowed the reso-
4 lution to be improved considerably, and L. Langer and R. Moffat
A (1952) obtained M < 250 eV. The best value was obtained by
Fig. 1. Kurie plot for Mv = 0. Fig. 2. Xurie plot for Mv =z 0. K. Bergkvist (1972): R~ 50 eV and M, < S5 eV.
The ITEP spectrometer is of a new type: ironless, with toroi-
The method for the neutrinc mass measurement is to obtain E, from dal magnetic field (E. Tretyakov, 1973). The principle of the tor-
the extrapolation and obtain E; from the spectrum intercept. Then oidal magnetic field focusing systems was proposed by V. Vvladimirsky
H, = E, - Ey- Qualitatively, hv 2 ¢ if the 8-spectrum near the end- et al. (An example is a “Horn'" of v-beams.} It turns out that a
point runs helow the extrapolated curve. rectilinear conductor (current) has a focusing ability for particles

emitted perpendicular to the rotation axis. This system has infinite

* periodical focusing structure. The ITEP spectrometer is based on
Paper presented by Oleg Egorov. this principle.



Non-baryonic dark matter
cosmologies

Neutrinos
0Q=1

Frenk, White
& Davis ‘83
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Non-baryonic dark matter

cosmologies

wrong clustering

Neutrinos cannot

make appreciable

contribution to Q
-2 m,<< 30 ev

CfA redshift
survey

Neutrinos
0Q=1

Frenk, White
& Davis ‘83
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Non-baryonic dark matter
cosmologies

Neutrino DM -
wrong clustering

Neutrinos cannot

make appreciable

contribution to Q
-2 m,<< 30 ev

Early CDM N-body
simulations gave
promising results

In CDM structure

CfA redshift
survey

Davis, Efstathiou,
Frenk & White ‘85

Neutrinos
=1

Frenk, White
& Davis ‘83

forms hierarchically
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Temperature anisotropies in CMB
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Jim Peebles

Nobel prize 2019




The CMB

The cosmic microwave background radiation (CMB)
provides a window to the universe at t~3x10° yrs

In 1992 COBE discovered temperature fluctuations
(AT/T~10-°) consistent with inflation predictions



THE INDEPENDENT

/| A Nasa spacecraft has detected «
the stars after the Big Bang has

BACK TO CREATION

How the universe evolved
from the Big Bang, through
the first three minutes, to the
first clusters of matter 300,000
years on. By 15 billion years
humanity had emerged from
the dust of the stars.

15 billion years -
DNA, the molecule
of inheritance, and

.| lfeonEarthemerge 1 billion years

300,000 ears
Epoch of recombination: the first ripples of cosmi
Discovery announced yesterday
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FOURTEEN thousand million
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American scientists

'announadtm:heyhavehcaxd

the echo.
A Nasa spacecraft has detected
at the edge of the Cosmos
are the fossilised i t of
the birth of the stars and galaxies
around us today, -
According to Michael Rowan-

Robinson, a leading British

cosmologist, “What we are seeing

‘here is the moment when the

structures we are part of — the
stars and galaxies of the universe
-%rs(bcg:tofom." 5

¢ ripples were spotted by the
Cosmic

Explorer
(Cobe) sateliite and presented to

‘excited astronomers at a meeting

of the American Physical Society
in Washington yesterday.

“Oh wow ., .you can have no
idea how exciting this is,” Carlos
Frenk, an astronomer‘at Durham
University, said yesterday. “All
the world’s cosmologists are on
the telephone to each other at the
moment trying to work out what
these numbers mean.”

Cobe has provided the answer
to a question that has baffled sci-
entists for the past three decades
in their attempts to understand
the structure of the Cosmos. In
the 1960s two American research-
ers found definitive evidence that
a Big Bang had started the whole
thing off about IS billion years
ago. But the Big Bang would have
spread matter like thin .gruel
evenly throughout the universe,
The problem was to work out how

the lumps (stars, planets
and galaxies) got into the
porridge.

“What we have found is
evidence for the birth of
the universe,” said Dr
i it ety

at the
‘gf California, Berkeley, ‘4
and the leader of the Cobe
team.

Dr Smoot and col-
leagues at Berkeley joined
researchers from several
American research organi-
sations to form the Cobe
team. These mcludcd the
Goddard Space
Center, Nasa’s Jet Propul
sion Laboratory, the Massachu-
setts Institute of Technology znd
Princeton- University.  Joel
Primack, a physicist at the Uni-
versity of California at Santa
Cruz, said that if the research is
confirmed, “it’s one¢ of the major
discoveries of the century. In fact,
it’s one of the major discoveries
of science.”

Michael Turner, a University
of Chu:ago physicist, called the
discovery “unbelievably impor-
tant... The significance of this
cannot be overstated. They have
found the Holy Grail of cosmol-
ogy. ..if it is indeed correct, this
certainly would have to be consid-
ered for a Nobel Prize.”

Since the ripples were created
almost 15 billion years ago, their
radiation has been travelling to-
ward Earth at the speed of light.
By detecting the radiation, Cobe
is “a wonderful time machine”

3 minutes

02 ®

1 second

Stable subnuclear particles,
neutrons and protons,
are formed

10-'% second

able to view the young uni-
verse, Dr Smoot said.

A remnant glow from
the Big Bang is still around
today, in the form of mi-
crowave radiation that has
bathed the universe for the
billions of years since the
explosion, Galaxies must
have formed by growing
gravitational forces bringing mat-
ter together. To produce a
“lumpy” universe, radiation from
the Big Bang should itself show
signs of being lumpy.

Cobe, which has been orbiting
500 miles above the Earth since
the end of 1989, has instruments
on board that are sensitive to this
extremely old radiation. The rip-
gl;s Cobe has found are the first

d evidence of the long-sought
lumpiness in the radiation.

Cobe detected almost imper-
ceptible variations in the tem-

i i speet lig
throughout the uni By detecling the radiation,
fhe problem was towork outhow i “a wqbderful ti ine” @
~

~

Flammarion 1888: tete des etoiles
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@ICC Planck: CMB temperature anisotropies

Universitv of Durham
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6 model parameters

The six parameters of minimal ACDM model

Planck+WP
Parameter Best fit 68% limits
Q1% .density of baryons . (0.022032 0.0220(% é&\@@OOZS
__dak
Q.h? . density of CDM o.%)% 99199 + 0.0027
1000pc . . . .. (o0 o 0904119 1.04131 + 0.00063
eC
A0S 0 .. 00925  0.089+0012
........... 0.9619  0.9603 + 0.0073
In(10"45) . . . . . .. 3.0980 3.089+005

PIaan CO”aboration ‘ 1 3 Qtot_ 1 Institute for Computational Cosmology




R € The curvature of the Universe

University of Durham

The Planck power spectra (temperature and polarization)
(positions of acoustic peaks) - the Universe is spatially flat

Combined with LSS data, Planck - €, =0.0004 = 0.0018
9 QtOt — Qm + QA+ Qk: 1

Since Q. .er = 0.28 £ 0.005 ™ “dark energy”, e.g. Q,=0.72

A anticipated from galaxy distribution in 1991;

iInferred from accelerated expansion = 2011 Nobel prize

Institute for Computational Cosmology
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Observational tests of ACDM

Fundamental prediction of ACDM

- Primordial PS of density perturbations + random phases
Can test this in two regimes:

Linear regime: cosmic microwave background ¢/
large-scale structure

Evolved non-linear regime: dark matter halos -

® abundance

® structure

~ Cl USte r| ng Institute for Computational Cosmology
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The ACDM cosmology

Early ACDM N-body
simulations = realistic LSS

CfA redshift
survey

Davis, Efstathiou,
Frenk & White ‘85

Institute for Computational Cosmology
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Springel, Frenk & White
Nature, April ‘06



2020s

Galaxy distribution encodes info about dark matter and dark energy

DESI already has > 10 million spectra
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Neutrinos make
up < 1% of total
dark matter

STARS NEUT 0S

Can simulate their &= -
distribution with 1% g-{-:’
accuracy

k‘!

o«
%

L]
i IS
. \ y I »
-~ PV
'\ ? :
{. "
) AN

Jenklns Li, LG A*f}

Elbers;



ACDM

Basic ideas proposed in 1980s

Cosmic structure forms from primordial
from inflation amplified by gravity of (DM)

N-body simulations compared to large-scale structure data

- are bulk of DM
- promising
o T/T-fluctuations in ( Flatness ) 2
Impressive . modern &

A first appeared in ‘90s for CDM to agree

Era of IS here: test + measure v



The cosmic power spectrum: from
the CMB to the 2dFGRS
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the CMB to the 2dFGRS

B | The cosmic power spectrum: from

Free streaming =
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for thermal relic
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‘s*é Sterile neutrinos

University of Durham

Explain:

* Neutrino oscillations and masses
° Baryogenesis
* Absence of right-handed neutrinos in standard model

* Dark matter

Sterile neutrino minimal standard model (vVMSM; Boyarski+ 09):

* Extension of SM w. 3 sterile neutrinos: 2 of GeV; 1 of keV mass

° If QON=Qbwm, 2 parameters: mass, lepton asymmetry/mixing angle
* GeV particles may be detected at CERN (SHIP)

* Dark matter candidate can be detected by X-ray decay

Institute for Computational Cosmology
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Observational tests of ACDM

Fundamental prediction of ACDM

- Primordial PS of density perturbations + random phases

Can test this in two regimes:

Linear regime: cosmic microwave background ¢/
large-scale structure v

Evolved non-linear regime: dark matter halos -

Nature of the dark matter ® sbundance

¢ structure

-~ CI USte r| ng Institute for Computational Cosmology




Formation of CDM halos

596

LETTERSTONATURE
Fig. 1

NATURE VOL. 317 17 OCTOBER 1985

Z:

©1985 Nature Publishing Group

Frenk et al 1985



We now know:
- halo mass function down to cutoff mas

- the internal structure of halos of all mass
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The cold dark matter power

spectrum
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Planck cosmology
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Wang, Bose et al 2020




The VVV
simulation

Planck cosmology
Dark matter only
Dynamic range of
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magnitude in mass
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Z.oom Level 1

Wang, Bose et al 2020




The VVV
simulation

Planck cosmology
Dark matter only
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The VVV
simulation

Planck cosmology
Dark matter only
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Wang, Bose et al 2020
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25 kpc

The VVV
simulation

Planck cosmology
Dark matter only
Dynamic range of
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Z.oom Level 4

Wang, Bose et al 2020




LS

5 kpc

The VVV
simulation

Planck cosmology
Dark matter only
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Wang, Bose et al 2020




The VVV
simulation

Planck cosmology
Dark matter only
Dynamic range of

30 orders of
magnitude in mass
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Z.oom Level 6
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Wang, Bose et al 2020




_ The VVV
simulation

Planck cosmology
Dark matter only
Dynamic range of

30 orders of
magnitude in mass

I\/Ichar =10+ M@

Z.oom Level 7

L7c . | Tl . 150 pc Wang, Bose et al 2020



25 pc

The VVV
simulation

Planck cosmology
Dark matter only
Dynamic range of

30 orders of
magnitude in mass

I\/Ic:har =10 M@

Z.oom Level 8

The density of
this region 1s
only ~3% of the
cosmic mean
Wang, Bose et al 2020
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The denS|ty profile of cold dark
' matter halos en e ®

L ".Shap'e of halo profiles
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€ | Universal halo density profiles
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p(r) 0,

pcrit (7/7:9)(1+7'/7;,)2

Fits mean profiles
even better

Gao, N, F, W + 2008

Averaged cluster mass halos fit Wlth NFW and Einasto

ln(p (I')/ P _2) - (_2/ (1) [(I‘/ I'_2 )a o 1] | Einasto O'Qé | Elinasto
Log r/ry Log r/rVIr
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+JBCE | Density profiles of ALL halos
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Observational tests of ACDM

Fundamental prediction of ACDM

- Primordial PS of density perturbations + random phases

Can test this in two regimes:

Linear regime: cosmic microwave background
large-scale structure

Evolved non-linear regime: dark matter halos -

Nature of the dark matter ® sbundance

® structure

e CI USte r| ng Institute for Computational Cosmology
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CC A galaxy formation primer
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In which halos do galaxy form?

1. Before reionization,

_ Critical mass to form stars in a halo of
stars can only form if 10.0 -

: mass My,
atomic H cooling is LN
: J 99 1 ™\ After reionization cpitical
effective: 2 ~ : ~. Ve )
L 9.0 ~ /mass, MZ.
14+ 2\ 32 = : \\\7-200 =2 x 1n4
M7 ~ (4% 107 Mg) [ —-2 S g5 - ~ = 10%
§ o0 L _
2. After H reionization, gas '~ 7 | T y
. i reionizartion
is heated to T=2x10*K. It 7.0 ++——F—"+—F"""TF"—"—"T—"""1—
can only cool and form 0 2 4 6 8 10
: L Redshift
stars in halos with:
Tyir > Tiom = 2x104 K Benitez-Llambay & CSF 20
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CC A galaxy formation primer

University of Durham

1. Before reionization, Critical mass for stars to form in a

stars can only form if 10.0 halo of mass My,
gas can cool for which 953>
R \. Makes a galaxy eriiTer]
2 s 9.07 / mass, MZ,
—3/2 \8 i _ 200 =
Mf ~ (4 x 10" M) (%) < 8.5 — Z.X_I_Oi/(
E SR - luminous halo
o 8.0 ] star-free halo T T
2. After H reionization, gas  "° 7 ... - [Remainsdark i
: 1 B r Ization
is heated to T=2x10*K. It 7.0 ++—F—"F—"—F—"—"T—"F—1—
can only cool and form 0 2 4 o hﬁf 8 10
. . ift
stars in halos with: oS
Tyir > Tiom = 2x104 K Benitez-Llambay & CSF ‘20

Institute for Computational Cosmology




k7

iCC
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fraction of halos that host a galaxy

HOF

A galaxy formation primer

Halo Occupation Fraction (HOF): fraction of
halos of a given mass today that host a galaxy
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_ EPS assembly
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M<3x108M,
- dark
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The small-scale “crisis”: four

problems
“Solved” In:
1. “Missing satellites” 2002 ~
2. “Too-big-to-fail’ 2015 + Baryon effects
3. “Core-cusp” 1996 _
4

. “Plane of satellites” 2023

Institute for Computational Cosmology




DM-only CDM simulations predict many more subhalos in
the Milky Way than there are observed satellites




+HICC

University of Durham

Luminosity Function of Local

Group Satellites

' Semi-analytic model of galaxy
formation including effects of
_reionization and SN feedback

dark halos
(const M/L)

® Median model - correct
abundance of sats brighter
than M,=-9 (V> 12 km/s)

® Model predicts many, as yet 7

w-1

- . . B
undiscovered, faint satellites

Benson, Frenk, Lacey, Baugh & Cole '02

(see also Kauffman+ 93, Bullock+ '00, Somerville ‘02)

N/dM, (per central galaxy;

25-75%
10-90%
| B 5-957%
. mmsm 0-100%

Mateo (1998)

-15
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@ Luminosity Function of Local
University of Durham GrOUp Sate”ites
Semi-analytic model of galaxy

(] [ (] ' ' ' ' I ' ' ' ' I ) ' ' '
formation igncluding effects of Koposov et al 0
. . . 2
reionization and SN feedback | " f
® Median model - correct & '[
abundance of sats brighter ¢
than M=-9 (V> 12km/s) § ,
> |
!
. % . _25-75%
® Model predicts many, as yet T, _; [ 10-90%
. . . ] .. - o
undiscovered, faint satellites =~ [ wm= 0-100%
Mateo (1998)
-2 I ] ] ) il
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Benson, Frenk, Lacey, Baugh & Cole '02 S —
(see also Kauffman+ '93, Bullock+ '00, Somerville ‘02) Lo e e A e LT




+JBCC |The plane of satellites in the MW
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The plane of satellites in the MW

Problem: the 11 “classical” Milky Way satellites are in a thin, possibly
rotating plane (Lynden-Bell 1976)

Xplkpc]

Xelkpc]

Bechtol+ 2015

Sawala, Cautun, CSF et al Nature Astr ‘23
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1+ BCC | The plane of satellites in the MW

niversity of Durham

The plane could be a spinning disk

The orbital poles of 7 of the 11 satellites are clustered

GAIA DR2

Pawlowski & Kroupa (2020)
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1+ BCC | The plane of satellites in the MW

niversity of Durham

180 . : o e
160 |  Howrareisit?
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60 | i L | .
Eigenvalues
O 11 of inertia
" a0} 1 - tensor
=,
7 30y 11 | a>b>c
20 1 2%
10 X TNG100 - pre Gaia 2018 |1 [ 1
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0.0 0.2 0.4 0.6 0.8 SEEgEsTres Pawlowski & Kroupa (2020)
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Gaia EDR3 proper motions,
integrated in a fixed MW

B LMC
potential for +/- 1 Gyr. = SMC
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The MW plane of satellites is transient

t=-1.0Gyr
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The rotating plane of satellites

@ E

University of Durham

200 ACDM N-body
simulations of Local Group
analogues: m,=1x10°M,

We have 5/200 (2.5%) more clustered than the MW (compared to 0.04%)
Still rare, but not astronomically unlikely

Sawala, Cautun, CSF+ Nat Astr ‘22
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The VVV project
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cold dark matter warm dark matter

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘12
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NASAJESA

When the source and the lens are well aligned - strong
arc or an Einstein ring



SLAC sample of strong lenses

Einstein Ring Gravitational Lenses Hubble Space Telescope « ACS
»
' Q‘ -~ ’
e | ¥ . .
JOT3728.45+321618.5 2095629, 77+510006.6 J120540.43+491029.3 J125028,25+052349.0
. @ = @
J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

NASA,  ESA_ A Bolon (Harvard-Smithsonsan CfA), and the SLACS Team

STScl-PRC05-32



Additional lgnsing by .
line-of-sight halos Eann
perturb image

NASAJESA

When the source and the lens are well aligned - strong
arc or an Einstein ring



Gravitational lensing: Einstein rings

Halos projected onto an Einstein ring distort the image

Mg, = 2.8 x 1010 M,

QA
i



Gravitational lensing: substructures

Searched for substructure in 55 lenses with good HST imaging

2 detections:
- Log M, = 11.59 +0.18-0.34
- Log M, = 11.80 *0-16-0.30

ght + 22



EEPEDE Gravitational lensing: substructures

JWST

Model without subhalo Model with subhalo (red x)

And another one in JWST data:
- Log M, = 11.59 +0.18-0.34



Strong lensing: detecting small halos

HST “data”: Zgouree=1; Zens=0.2 107 M, halo — NOT so easy to spot

Image Residuals (image — smooth model)
7
Image (10" Mo) . Image Residuals (107 Mg)
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€ | Detecting halos w. strong lensing

A University of Durham

Can detect halos as small as 10’M,

7
Image (107 Mo) 45 Image Residuals (107 M)
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Conclusions

ACDM: great on scales > 1Mpc: CMB, LSS, gal evolution
But on these scales cannot be distinguished from
Need to test on

Non-linear problem halo abundance, structure, distr.

Halos of M < 5.108M, are dark; halos of > 5.10°M, have a galaxy

Satellite , TBTF, core/cusp in CDM - baryon effects
Distortions of gravitational detect
offer a of CDM vs WDM

can potentially CDM!



