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1. Hubble Expansion 
2. Big Bang Nucleosynthesis (BBN) 
3. Cosmic Microwave Background (CMB) 

Empirical Pillars of the Hot Big Bang

Hubble expansion BBN 
t ~ 3 minutes

CMB 
z = 1090 

t = 380,000 yr

Hubble (1930)

Alpher, [Bethe], & Gamow (1948)

Penzias & Wilson; Peebles & Dicke (1965)

αβγ paper



T(a) ; ρm(a) ; ρr(a)

a(t) ∝ t1/2

Big Bang Nucleosynthesis occurs during the radiation dominated era

Solve nuclear reaction chain as the universe expands and cools. 
Must also keep track of neutron decay!

τN = 10.2 minutes
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Ωb

BBN gets the abundances of 
deuterium, helium, and 
lithium right if the mass 
density is about 4% of the 
critical density.

Depends on the absolute scale 
through the Hubble constant, 
so often phrased as

η =
Ωb

Ωr
=

nb

nγ
≈

1
2 × 109

or in terms of the baryon-to-photon ratio

ωb = Ωbh2

where

h =
H0

100



Helium

NGC 628

Pink spots are HII regions - interstellar 
gas ionized by the UV light of hot stars

Helium

Helium is measured in the HII 
regions of nearby galaxies. 



Helium

UGC 12695

Spectrum of HII 
region S1(2)

Helium

Helium is measured in the HII 
regions of nearby galaxies. 



Intercept is Primordial Helium; 
slope due to production in stars

Fukugita & Kawasaki (2006)

YP = 0.25 ± 0.01
with lots of debate over the 3rd place of decimals!

Helium



Helium is a poor baryometer because 
it varies little with the baryon density. 

However, it is a strong corroboration 
of BBN that the abundance is that 
required. 

Observationally, it is challenging to 
measure helium lines with great 
accuracy, and interpret their 
abundance as the percent level. It is 
also challenging to differentiate 
between primordial helium and 
stellar helium production

Ωb

Helium

YP = 0.25 ± 0.01
with lots of debate over the 3rd place of decimals!



D/H in absorption along the line of sight to high redshift QSOs

deuterium regular H 
damped

Deuterium



D/H in absorption along the line of sight to high redshift QSOs

Deuterium

Deuterium is a good baryometer 
because D/H varies sensitively 
with the baryon density. 

In addition, we also expect the gas 
observed in absorption at high 
redshift to be minimally affected 
by stellar nucleosynthesis 
subsequent to BBN. 

Observationally, it is challenging 
to estimate the continuum level 
against which the absorption 
happens, and to compare a very 
weak deuterium line to a very 
strong hydrogen line.

Ωb



Stellar spectra 
showing Lithium absorption

Lithium

Lithium is measured in old, metal 
poor stars for which there is hope 
that the surface abundance is little 
altered from the primordial 
abundance - the Spite plateau. 



Lithium

Spite plateau



BBN gets the 
abundances of 
deuterium, helium, 
and lithium right if 
the mass density is 
about 4% of the 
critical density.

There is some 
tension in that 
lithium prefers a 
somewhat lower 
baryon density, but 
the basic picture is 
sound. 

Lithium is a challenging as a 
baryometer because the variation 
of Li/H with the baryon density is 
double-valued thanks to the 
competition between lithium and 
beryllium. 

It is hard to be sure that no 
astrophysical processes have 
altered the primordial abundance.

Ωb

Lithium
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BBN gets the abundances of 
deuterium, helium, and 
lithium right if the mass 
density is about 4% of the 
critical density.

h =
H0

100

BBN is one of the most robust elements of the hot big bang, 
as each isotope provides independent corroboration. 

ωb = Ωbh2 = 0.022

ωb = Ωbh2 = 0.017

from deuterium

from lithium

Consequently, the baryon density is well-known, 
but far short of the critical density.

ωb = Ωbh2 = 0.019
from deuterium prior 
to CMB constraints[ ]

so ωb = 0.02 and H0 = 70
Ωb = 0.04means



BBN already old news in 1991

Ωbh2
50 = 0.05 ± 0.01

Walker et al. (1991)

ωb = 0.0125 ± 0.0025

so

was canonical for many years. Now

h =
H0

100

h50 =
H0

50

ωb = 0.0224 ± 0.0001 (Planck 2018)

take error bars with a grain of salt!
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Lithium remains put

Helium has drifted upwards



There has been more growth in the baryon density than anticipated by the uncertainties, but the basic picture is sound. 



Despite tensions between independent measurements of different isotopes, the baryon density is much less than critical.

baryon density

critical density



Back to expansion dynamics
Friedmann equation can be written

(
·a
a )

2

=
8πG

3
(ρm +

εr

c2
) −

kc2

(aR0)2
+

c2

3
Λ

Ωm + Ωr + Ωk + ΩΛ = 1the sum of density parameters must be unity:

where

Ωm =
8πG
3H2

ρ

ΩΛ =
c2Λ
3H2

mass density; radiation density

curvature and cosmological 
constant terms as before

Ωk = −
kc2

(aR0H)2

H ≡
·a
a

split density into 
mass and radiation Ωr =

8πG
3H2

εr

c2
=

8πG
3H2

αT4
r

c2

Can play this trick with any substance you want to make up. 
E.g., we can distinguish between baryons and dark matter, 
both of which contribute to Ωm here because they share the 
same equation of state (w=0). Different equations of state 
lead to different redshift dependences.



Expansion dynamics
Friedmann equation can be written

(
·a
a )

2

=
8πG

3
(ρm +

εr

c2
) −

kc2

(aR0)2
+

c2

3
Λ

where

Ωm =
8πG
3H2

ρ mass density; radiation density

H ≡
·a
a

split density into 
mass and radiation Ωr =

8πG
3H2

εr

c2
=

8πG
3H2

αT4
r

c2

Want to make this distinction because mass evolves as (1+z)3 and radiation as (1+z)4.

Now the Friedmann equation becomes

( H
H0 )

2

=
Ωm

a3
+

Ωr

a4
+

Ωk

a2
+ ΩΛ

1
a

= 1 + z



Expansion dynamics

Using H ≡
·a
a

( H
H0 )

2

= Ωm(1 + z)3 + Ωr(1 + z)4 + Ωk(1 + z)2 + ΩΛ

1
a

= 1 + z

Friedmann equation can be written

Where these are the Ω0 at the current time, but I’ve left off the 0 because there are enough subscripts already.

E2(z)Peebles’s book calls this as this expansion term appears in many contexts.

In general, this must be solved numerically - see the cosmology calculators linked from the course web page. 
  Sometimes it is possible to obtain an analytic solution if one term or another can be ignored. 
    E.g., the universe is either matter or radiation dominated except very near the epoch of equality, so one 
term or the other can usually be neglected. If there is no cosmological constant, the curvature can be 
replaced by Ωk=1-Ωm ; similarly for the Lambda term if the geometry is flat.



Solutions from Felten & Isaacman (1986) Reviews of Modern Physics, 58, 689

No cosmological constant Flat geometry



Solutions from Felten & Isaacman (1986) Reviews of Modern Physics, 58, 689

Can in principle have solutions in which 
there was no Big Bang in the past, 
depending on the value of Lambda.


