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COSMOLOGY IN ANETSHELL

e homogenous
¢ inhomogeneous

e inhomogeneous

= at small scales
= beautiful and complete
= abundant information

e homogenous

= at large scales (~100Mpc)
= rathersimple ...
= we will focus here as beginning.

e (JWST deep field)




OUR ADDRESS IN THE UNIVERSE (F-f{&E)

&
NATIONAL
‘GEOGRAPHIC

Th ( H < | d The 13.8 billion year history of the universe scaled down to a single year, where
e OS I I I C O e n O r the Big Bang is January 1t at midnight, and right now is midnight 1year later

n America (12 S Ago)
iculture Leads

to Permanent Mohammed Born

observe from the last 'second' (wikipedia)




NATURAL UNIT
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h=c=kp=1
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AT 254 : WHY?

A modern view of the Universe - |

Foundation of modern cosmology
1920s-1930s

* Observation: galaxy recession => a
“hot & dense” start of the Universe.

» Theory of GR: the expansion speed is
decided by the

e 7R, %UE’J?E@%T\%L&E'}!
Albert Einstein Z:‘“i__l | $§XEE H{'XE/] | Edwin Hubble

Hubble’s
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e spacetime -> GR
¢ 0 order/ at background level -> FRLW metric

» FEHFREE (space)
o homogenous
o isotropic

e evolution -> Friedmann equation

GR: FROM METRIC TO FIELD EQUATION

e Metric / EEfM
= encode the information of spacetime
e Einstein field equation / 15572
» “WIREIRISTZ= 20a]Z5 B A discuss: geodesic and field equation are
independent?...




FRLW METRIC

= gu(x)dzdx”
dr?

2
—1—K7’2 + r°dQ

— —dt* + a*(t)

a(t) , BAKSL UL AR

BERTFENT, hEATEHNET (K)
= eg: inflation BA[B]AY de Sitter space

isotropic

homogenous (in case K=0, -1, +1?)

FRIEDMANN EQUATION

FRLW metric + Einstein field equation => Friedmann equations

22_87{'(;
a B 3,0

0 0 2
== (3> — 4GP
2\ a

e The 2 equations is not independent with energy conservation equation.
e radiation / matter / Dark energy dominate

= different stages of our Universe




OBSERVATION OF COSMOLOGY

comoving distance times e conformal time
angular distance e age
luminosity distance e look-back time
Horizon

distances

THERMAL HISTORY

inflation (?)

reheating / hot Big Bang

"first three minutes"

BBN

CMB

dark age

Cosmic Dawn: First stars and galaxies
Reionization

dark energy era

We are here!




Inflation Era

Quark/ <rLeptony/Nucleardy Atom
nucleon |

f(/)\rI(I:;lS Costmic Primordial |
neutrino .‘
splitted | background nuclei ‘ CMB

Relativistic non-
Vacuum quarks, y relativistic

energy I anti-quarks | quarks or « Neutrino decouple
nucleons and e~, e annihilate
QCD phase transition @ 150 MeV: @ 1 MeV (1s)
quark-gluon plasma -> quarks | [+ BBN (He* — Li’) @
confined to p, n 0.8 MeV - 30 keV « First stars &

» EW phase transition @ ~100 GeV, 1e-10' s galaxies form @
« Higgs mechanism gives SM particle mass = ZQ ~ 200 Myr
» Quark-antiquark annihilate @ 100 to 1GeV * Reionization @

z=6-10
« Strong force freeze out =

* Photon decouple

« Inflaton field phase transition * 400,000 yr, 3000 K:
« Baryon-genesis at end of Inflation « p, erecombine ->
« Start of standard “big bang” HI, Zree ~ 1300
->
« In GUT: strong and E CMB, zgec ~ 1100

(FFH89i%44) Adiscuss: inflaton looks like dark energy..

INHOMOGENEOUS UNIVERSE

e initial perturbation
e gravitational evolution




INFLATION

e perturbed initial condition
» quantum fluctuation -> classical fluctuation Adiscuss: X—iI 2= AERE, JLF
E—REFNE,
= Horizon
e Inflation itself ?
= cosmology beyond standard model
= Why we need Inflation?
= inflaton potential and interactive: slow-roll single field and beyond.. * (1R$EIR1%
e eRH)

STRUCTURE FORMATION

perturbation theory

super-horizon, sub-horizon

Euler perturbation, Lagrangian perturbation,

Zel'dovich approximation,
growth factor, transform function

dark matter / radiation / baryon dominate...




STRUCTURE FORMATION: SIMULATION
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FHFIRTT TRACERS

-> constrain cosmology parameters

e CMB
e |SS
e 21cm




CMB: FEZP“B—I "

50 1000
Multipole moment, ¢

¢ global signal and observation history
e monopole analysis -> power spectrum
= BAO
e beyond horizon: SW effect...
AREZRAIAFWayne HuStutorial, B (INRIEMFHARESHTMNMN) HE, L
http://background.uchicago.edu/~whu/intermediate/clcurvature.html

FEHYIRH: GALAXY SURVEY
ERESZERTM.

¢ 3D information!
e maybe significantly biased...



http://background.uchicago.edu/~whu/intermediate/clcurvature.html
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e also 3D

e overcome selection bias

e can be very clear at Dark Ages...
¢ hard to observe ...

FHFERHE: ...
o B FESEREY?
o [R¥IE| KRB R?

A Question: AR XMERMN?




GUtFERE
STATISTICS

Power Spectrum
High order statistic

= skewness, kurtosis...
= Bispectrum, Trispectrum...

Minkowski functional

Scattering transform function (in machine learning?)

FORECAST

e Fisher N\EE 45 parameters B fiducial value, B UALEEKER T 50

o MCMCMERN ST EERE, AARMKHITRR, RUURTHANT (2KF2RIETR
ERZRFRIRNER, EIRTERSDLEAEARRA




COSMOLOGY IN A NETSHELL

e homogenous

= spacetime
= expansion history
= thermal history

(Cosme X % p g
_ 3 £y, ] inhomogeneous
FHPMNRAD NRF R Linear cosmic structure formation
* Superhorizon scales

« Subhorizon scales L] |n|t|al COﬂdItIOI’l
"~ Galaxy formation and evolution| o ->inflation / fluctuations

r (mass-dependent)

rucue formation = structure formation

y formation ) )

s g o > gravity / perturbation
= how to observe inhomo.

o ->tracers + Statistics
o (FHFHRIRIG)

e Asummary , important!

=, WHFABNe




