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There are many profound puzzles and paradoxes:

Why is there an apparent arrow of time?

How could the universe have emerged from a single point?

Why are we heading towards a strange “vacuous” future?

Why is the universe so incredibly simple on large scales? 

With recent data, we may be on the brink of new understanding …
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quantum mechanics works on the largest accessible scales!
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Statistically, a Gaussian random field, like a quantum field in its vacuum 



ESA Planck satellite



FLRW metric: homogeneous and isotropic 3-space
         

                                                                                               

𝑑𝑠! = −𝑑𝑡! + 𝑎 𝑡 !𝛾"#𝑑𝑥"𝑑𝑥#; 	 𝑎(𝑡$) ≡ 1
proper time comoving coordinates: for a maximally symmetric space

       

𝑅(") = 6𝜅Purely kinematical effects

1. Redshifting of wavelengths and momenta
      e.g. photons 
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        likewise the de Broglie wavelength and momentum  of massive particles

2. Distances: objects which comove with expansion obey
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Newtonian derivation

Einstein’s derivation:      𝐺45 ≡ 𝑅45 − )
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Friedmann-Lemaitre-Roberston-Walker Dynamics

Equation of state
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Conservation of energy-momentum  ∇/𝑇/0 = 0 ⇒ 𝜌̇ = −3(̇((23.)
Types of energy:

1. cosmological constant	 𝑇45= −Λ	𝑔45⇒ 𝑃 = −𝜌, 	 𝜌 = 𝑐𝑜𝑛𝑠𝑡	 > 0
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conformal symmetry

(involves only first time derivatives)

(dE=-P dV)



i.e., 𝑎̇5 − 𝜆𝑎5 −𝑚𝑎%& − 𝑟𝑎%5 = 𝑘,	with 𝜆,𝑚, 𝑟, 𝑘	𝑐𝑜𝑛𝑠𝑡
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FLRW metric: homogeneous and isotropic 3-space
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                      curvature

proper time comoving symmetric space
       

𝑅(") = 6𝜅
"̇
"
#
= $%&

' (121)
*
"3

         = 𝐻+# Ω, + 45
63
+ 47

68
+ 49

6:

                                              (Ω!+ Ω"+ Ω#+ Ω$ ≡ 1)

Friedmann equation > 0	sphere
= 0 torus
< 0 hyperboloid
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History of the universe:

“adiabatic” evolution

𝜌3 = Ω3𝜌<
𝜌: = Ω:𝜌<
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Today, 

𝐻) ≡ 100ℎ km s-1 Mpc-1 ; ℎ = 0.7 ± 0.05;	1pc=3.26 light years

Hubble time:  𝐻)!$= 9.78×10?ℎ!$ years

Hubble radius: 𝐻)!$𝑐 = 2998	ℎ!$ Mpc
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0.68 for 3 light  𝜈‘s

(reheating of photons due to 𝑒±	annihilation



Recent tension…

SHOES 73 ± 1

Planck 67.4±0.5

A. Shahib



Review: Verde et al.  arXiv:2311.133905 (2023)



Freedman et al.
arXIv:2408.06153



Exact solution for LCDM model (neglecting radiation and spatial curvature)
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LCDM “loitering” universe



Riechers et al. 
Nature 602, 58 (2022)
“Microwave background
temperature at a redshift of 
6.34 from H2O absorption”T ∝ 1 + 𝑍

= 𝑎(𝑡))/𝑎(𝑡2)
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1923, Leiden



Cosmological perturbations (“Newtonian” derivation)
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Fractional matter
density perturbation

(recommended exercise!)

(recommended exercise!)



R.G. Crittenden and NT
Phys. Rev. Lett. 76, 575 (1996) –

Giannantonio et al 
arXiv:1209.2125 (2012)

Seraille et al. 
arXiv:2401.06221 (2024)

Detecting Lambda with  the ISW effect 



“seeing” the dark matter with gravitational lensing



Atacama Cosmology Telescope
                    (2023)

Projected Dark Matter Mass Density

our galaxy

ACT collaboration arXiv: 2304.05203,
     2304.05196, 2304.05202



LCDM provides a remarkably good 
fit to the large-scale universe, with
just 5 fundamental physics parameters

the energy content
1. 𝜌'	 = (2.3 meV)# (± 1%)
2. ⁄𝜌YC 𝜌Z = 5.36 (± 1%)
3. ⁄𝑛Z 𝑛* = 6×10!$) (± 1%)
the perturbations

Φ% = ∫ '>
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T
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4. amplitude	𝐴\≈ 7.6 ± 0.1×10!$) 
5. “tilt”	 𝑛X−1 ≈ −0.041 ± 0.0056	
many parameters so far consistent with zero: 
tensor and “isocurvature” perturbations, 
spatial curvature 𝜅, non-Gaussianity…



ESA Planck satellite

𝑙

LCDM is an amazingly successful fit
Polarization

Temperature

Coulson, Crittenden, NT (1994))
no free parameters!

Type	equation	here.
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Sachs-Wolfe plateau
acoustic peaks (sound waves in plasma)


