
the universe is an amazing natural 
laboratory for fundamental physics
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Neil Turok Lecture 1



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:      𝐺./ ≡ 𝑅./ − $
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where, for a perfect fluid at rest in comoving coords, 𝑇.	/=
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Friedmann-Lemaitre-Roberston-Walker Dynamics

Equation of state



𝐺)) equation is a constraint:         3 (̇
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Conservation of energy-momentum  ∇-𝑇-. = 0 ⇒ 𝜌̇ = −3(̇((01,)
Types of energy:

1. cosmological constant	 𝑇./= −Λ	𝑔./⇒ 𝑃 = −𝜌
2. matter   (nonrelativistic)               𝑃 = 0 ⇒ 𝜌 ∝ 	𝑎!" (approx.)
3. Radiation (relativistic) 𝑃 = $

&𝜌	 (or, more fundamentally, 𝑇.
. = 0)

        ⇒ 𝜌 ∝ 	𝑎!#
        i.e., energy per photon 𝐸3 ∝ 𝜆!$ ∝ 𝑎!$
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conformal symmetry

(involves only first time derivatives)

(dE=-P dV)



i.e., 𝑎̇3 − 𝜆𝑎3 −𝑚𝑎#$ − 𝑟𝑎#3 = 𝑘,	with 𝜆,𝑚, 𝑟, 𝑘	𝑐𝑜𝑛𝑠𝑡
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FLRW metric: homogeneous and isotropic 3-space
         

                                                                                               

𝑑𝑠! = −𝑑𝑡! + 𝑎 𝑡 !𝛾"#𝑑𝑥"𝑑𝑥#; 	 𝑎(𝑡$) ≡ 1

Lambda          space            matter       radiation
                      curvature

proper time comoving symmetric space
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                                              (Ω!+ Ω"+ Ω#+ Ω$ ≡ 1)

Friedmann equation > 0	sphere
= 0 torus
< 0 hyperboloid



Today, 

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

Hubble time:  𝐻)!$= 9.78×106ℎ!$ years

Hubble radius: 𝐻)!$𝑐 = 2998	ℎ!$ Mpc

Critical density: 𝜌7 = &
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% = 2.8×10$$ℎ%	𝑀⨀ Mpc-3
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0.68 for 3 light  𝜈‘s

(reheating of photons due to 𝑒±	annihilation



Exact solution for LCDM model (neglecting radiation and spatial 
curvature)
𝑎 𝑡 = $!?*

?*

$/"
sinh "

%A/?*
$/%B

%/" ⇒ 𝑡, = "
)𝐻,

-. !
*+

sinh-.( /+/(.-/+))
(recommended exercise!)



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

(recommended exercise!)



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. ⁄𝜌LM 𝜌N = 5.36 (± 1%)
3. ⁄𝑛N 𝑛3 = 6×10!$) (± 1%)
the perturbations
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4. amplitude	𝐴P≈ 7.6 ± 0.1×10!$) 
5. “tilt”	 𝑛K−1 ≈ −0.041 ± 0.0056	
many parameters so far consistent with zero: 
tensor and “isocurvature” perturbations, 
spatial curvature 𝜅, non-Gaussianity…


