
Useful equations

Friedmann equation (here c = 1):
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0

[
ΩM(1+z)3+ΩR(1+z)4+ΩK(1+z)2+ΩΛ

]
,

with ρΛ = Λ
8πGN

, ΩM = ρm(t0)/ρ0
c , etc, also ρk = − 3k

8πGNa2
, ΩK =

ρk(t0)/ρ0
c .

The critical density at the present time t = t0 is

ρ0
c = (3H2

0 )/(8πGN) = 1.05h2 · 10−5 GeV cm−3.

Fluid equation:

ρ̇+ 3 ȧ
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)
= 0

Equation of state:
p/c2 = w · ρ
Acceleration equation:
ä
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For a sum of different components ρi in the universe, pi/c

2 = wiρi
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”Deceleration parameter”:

q0 = − ä(t0)
a(t0)

1
H2

0

Coulomb potential:

V (r) = Q1Q2

4πε0r
= Z1Z2αh̄c

r
,

where Qi = Zie, α = 1
137

is the fine-structure constant and

h̄c = 1.973 · 10−7 eV·m



Constants (W,Z masses and Hubble h are 2017 values)

Name Symbol value

Newton’s constant GN 6.672 · 10−11 m3kg−1s−2

Speed of light c 2.998 · 108 m s−1

or 3.076 · 10−7 Mpc year−1

Planck’s constant h̄ = h/2π 1.055 · 10−34 m2 kg s−1

Boltzmann’s constant kB 1.381 · 10−23 J/K
or 8.619 · 10−5 eV/K

Radiation constant αrad = π2k4B/15h̄3c3 7.565 · 10−16 J m−3 K−4

Stefan-Boltzmann constant σSB = π2k4B/60h̄3c2 5.670 · 10−8 W m−2 K−4

Electron rest mass energy mec
2 0.511 MeV

Proton rest mass energy mpc
2 938.3 MeV

Neutron rest mass energy mnc
2 939.6 MeV

W boson rest mass energy mW c2 80.4 GeV

Z boson rest mass energy mZc
2 91.2 GeV

Planck energy MPlc
2 1.2 · 1019 GeV

Thomson cross section σe 6.652 · 10−29 m2

Neutron half-life (free neutron) t 1
2

611 s

Hubble constant H0 100 · h km s−1 Mpc−1

h 0.70 ± 0.03

Critical density ρ0c 1.05h2 · 10−5 GeV cm−3

Conversion factors

1 pc = 3.261 light-years = 3.086 · 1016 m
1 AU = 1.5 · 1011 m
1 year = 3.156 · 107 s
1 eV = 1.602 · 10−19 J
1 M� = 1.989 · 1030 kg



253 10  

253 10  
91.2 
80.4


