
From the Big Bang to the First Molecules



Outline

- Historic Remarks: why we believe in the Big Bang 
- Some particle physics 
- The first second 
- Some basic Nuclear Physics 
- Big Bang Nucleosynthesis 

- The First Molecules 
- The Role of Molecules for the Formation of the First Stars

Part I

Part II



Most galaxies are redshifted

z  = 
λobserved  - λemitted

λemitted
Redshift:

(blueshift for z<0)

1912-14: Vesto Slipher (Lowell Obs.) was first to find 
that M31 Andromeda galaxy is blue-shifted: V = - 300 
km/s 

          
1917–25: Slipher had observed the spectral lines of 40 
galaxies: nearly all were redshifted

PART I

Edwin Hubble interprets redshift as non-relativistic 
Doppler shift to determine velocities: 

                        ∆ 𝜆/𝜆 = 𝑧  =  
𝑣
𝑐



Spectrographic observations in the 1920s

Arrows above the spectra 
point at the H and K lines of 
calcium and show the 
amounts these lines are 
displaced to the red. The 
comparison spectra are of 
helium.



The Universe is Expanding

Edwin Hubble, PNAS, vol. 15 no. 3, pp.168-173 (1929)

- Distance estimated using the variability of Cepheid stars and their apparent brightness 
- Velocity determined through the measured red shift 

Hubble’s law 
𝑣 = 𝐻0𝑟

With  km s-1 Mpc-1𝐻0 = 500



Cepheids are luminous stars with a pulsation period of days or weeks.

Cepheids as standard candles



Cepheids as Standard Candles

Henrietta Swan Leavitt 
(1868 – 1921)
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Pulsation period (days) 

Apparent magnitude m < –– > Absolute 
magnitude M and Distance d: 

 

Problem: extinction and calibration  

Henrietta Swan Leavitt (Harvard College 
Obs.):  Cepheids' pulsating stars show a 
period-luminosity relation 



Cepheids as Standard Candles

Image: Hubble Space Telescope and American Association of Variable Star Observers (AAVSO) 



Cepheids as standard candles: period vs 
luminosity depends on stellar metallicity

Spitzer observations. Image Credit: NASA 



The Universe is Expanding

Edwin Hubble, PNAS, vol. 15 no. 3, pp.168-173 (1929)

- Distance estimated using the variability of Cepheid stars and their apparent brightness 
- Velocity determined through the measured red shift 

Hubble’s law 
𝑣 = 𝐻0𝑟

With  km s-1 Mpc-1𝐻0 = 500



Consequences of Hubble’s Observation

Hubble’s law 
𝑣 = 𝐻0𝑟

Initial Hubble constant wrong (500 km s-1/Mpc-1), 
 Universe younger than Earth!

(Age of the Earth: ca. 4.5 billion years)

= 0)-1𝑡0 =  
𝑟
𝑣

𝑟
𝐻0𝑟

= (𝐻

If H0 constant, density is 
decreasing with time, and the 
age of the Universe (Hubble 
time) is:

With  km s-1 Mpc-1𝐻0 = 500

𝑡0 ~ 2 𝑥 109 yr or only 2 Gyr



Modern determinations of H0

Source: Wikipedia

Age of the Universe: t0 = 1 / H0

H0 = 67.8                =                        =  2.2 x 10-18 s-1 
km/s
Mpc

67.8
3.1x 1019

km/s
 km

t0 = 4.55 x 1017 s = 14.5 x 109 yr                         

Expansion makes H0 variable. Currently, H0  =  7% / Gyr



Time

The Big Bang
Georges Lemaitre

Singularity 
T=0

Einstein: 
"Vos calculs sont corrects, mais votre physique est abominable“ 

 ("Your math is correct, but your physics is abominable.") 

Lemaitre 1927: A homogeneous Universe of 
constant mass and growing radius 
accounting for the radial velocity of 
extragalactic nebula

Alex Friedmann Friedmann 1922:  Idea of an expanding 
universe that contained moving matter in the 
context of general relativity. Friedmann 
equations describing the expansion.



Steady-State Model

Thomas Gold

Herman Bondi

Fred Hoyle

Density of matter in expanding universe does 
not change.  
  
Requires continuous creation of matter!

Creation of 1 hydrogen atom per m3 per billion years



 The Cosmic Microwave Background 
and 

Big Bang Nucleosynthesis (BBN) 
  

CMB

The downfall of the Steady-State model:

Abundances  
of the elements



Standard Model: Elementary Particles

u u

d

Proton

u

d

Neutron

d

Baryons 
(made out of 3 quarks) 

Protons, Neutrons, 
etc …

Mesons 
(made out of 2 quarks) 

Pions, Kaons, etc….

Hadrons

gluons gluons

Nucleons

Lifetime: 
2 µs

Lifetime: 
3 x 10-13 s

Describes 3 of the 4 known fundamental forces (electromagnetic, weak, and strong 
interactions) and all elementary particles.  

Current formulation finalized in mid-1970s (confirmation of quarks).



Standard Model: Fundamental Forces

Force Acts on Particles 
experiencing

Exchange 
particle

Coupling 
constant

Strength

Strong Color
Quarks, 
Gluons

Gluons αS 1

Electromagnetic
Electric 
charge

Electrically 
charged

Photon α 1/137

Weak Flavor
Quarks, 
Leptons

W+, W-, Z0 αW 10-6

Gravitation Mass All (Graviton) αg 10-39

        Gravitation is extremely weak, but has a very long range 
        irrelevant on atomic scale, very important on astronomical scales

Neutrinos only experience the weak force (and gravity)



Everything you need to know about Nuclear Physics

Mass M(A,Z) =

- avA Volume term (nucl. force)

+ asA2/3 surface term

+ ac 
Z2

A1/3
Coulomb term

+ aa 
(N-Z)2

 4 A
asymmetry term

neutrons protons
electrons

NMn + ZMp + Zme

Bethe-Weizsäcker semi-empirical mass formula 
(Liquid drop model of Gamov et al. 1935)

Good approximation for atomic masses 

Fails to explain the existence of magic nuclei (requires nuclear shell model)



Semi-Empirical Mass Formula

Magic numbers 
(2,8,20,28,50,82)

yield  
from 
fusion

yield  
from 
fission



Nuclear Shell Model (1949)

Magic  
Numbers

Maria Goeppert Mayer 
(1906 – 1972)

Johannes Hans D. Jensen
(1906 – 1972)

Model of atomic nuclei  (Pauli exclusion principle) 

Similar to atomic shell model for e-: filled shell 

results in better stability 

1963 Nobel Prize in Physics (M. Goeppert 

Mayer and J. Hans D. Jensen)



H He

C N O Ne

Mg

Fe

Si S Ar

Astronomer’s Periodic Table

Magic numbers 
(2,8,20,28,50,82)

Protons/neutrons = 2/2

8/8

26/30 (magic number 28)



Timeline: The First Second of the Universe
Time

< 10-37 s Universe is filled with high energy density, expanding, cooling

10-37 s Inflation, the Universe expands exponentially 

< 10-11 s The Universe is filled with a Quark-Gluon plasma,  
elementary particles are being created and destroyed continuously 

Baryogenesis: creates in imbalance in the matter / antimatter ratio 
 of 100,000,001 to 100,000,000 →  the universe is matter-dominated

10-6 s
Quarks and Gluons combine, Protons and Neutrons (Baryons) form 
and annihilate immediately, leaving 10-10 of the initial baryons 
due to the matter / antimatter imbalance 

1 s Electrons and positrons (leptons) form, annihilate,  
leaving 10-10 of the leptons as electrons

Temp.
1030 K

1010 K



Ingredients in the fist second after Big Bang

Photons
Protons

Neutrons

Electrons

Time after Big Bang:      0.1 - 1 s 
Temperature:                  1010 K      (≈ 0.86 MeV) 
Photons, neutron, protons, electrons ….   

How did it end up here?

Helium mass fraction Y=0.24



Neutron/Proton Freeze-out

Qn = mnc2 – mpc2 = 1.29 MeV     =>       
𝑛𝑛

𝑛𝑝
=  𝑒− 𝑄𝑛

𝑘𝑇

t < 0.1 s 
Neutrons and Protons 

 in equilibrium via 

n + νe             p + e- 
n + e+             p + νe

Interaction time scale 
larger than Hubble time

[n] 
[p] ~ 1/7

Free neutrons 
live for 880 s and 
decay: 

n           p + e- + νe 

Weak interaction frequency 
Drops rapidly with time  ~ 𝑡−5/2



Big Bang Nucleosynthesis (BBN): 
 Ways to form Deuterium

1)   p + p                   D + e+ + νe 

3)   p + n                   D + γ

2)   n + n                   D + e-  + νe

Good approximation:  
all neutrons are used up to form deuterium via Reaction 3) 

has to overcome Coulomb force weak interaction

Occurred at t ~ 10 s to 20 min (D atoms can survive) 



BBN:  Beyond Deuterium

D + p                           3He + γ
D + n                           3H  + γ

D + D                          4He  + γ

D + D                          3H  + p
D + D                          3He  + n

3He + p                          4He  + γ
3He + n                          4He  + γ
3H + D                           4He  + n
3He + D                         4He  + p

all D, 3He, 3H rapidly converted to 4He



BBN: helium yield approximation

1) Neutron/proton freeze-out at 1010 K with [n] 
[p]

≈ 1/7

2) All neutrons converted to deuterons via  n + p       D + γ 

3) All deuterons end up as 4He via various nuclear reaction paths

Sample of primordial matter: 
10 protons and 2 neutrons

Yields  1 4He and  8 protons2), 3)

Estimate primordial helium mass fraction Yp

Y   ≈  =  =  0.33
𝑴𝑯𝒆

𝑴𝑯𝒆 + 𝟖𝑴𝒑

𝟒
𝟒 + 𝟖

Helium mass fraction:

(take into account neutron lifetime)

  Y = 0.24 in reality



Nucleosynthesis Roadblocks
4He very stable Universe filled with protons and 4He:

p + 4He                     5Li + γ
4He + 4He                 8Be + γ            

Mass-5 and Mass-8 instabilities



Mass-5 and Mass-8 instabilities



Big Bang Nucleosynthesis

“It seemed unfair to the Greek alphabet to have the article signed by Alpher and Gamow only, and 
so the name of Dr. Hans A. Bethe (in absentia) was inserted in preparing the manuscript for print. 
Dr. Bethe, who received a copy of the manuscript, did not object, and, as a matter of fact, was 
quite helpful in subsequent discussions. There was, however, a rumor that later, when the alpha, 
beta, gamma theory went temporarily on the rocks, Dr. Bethe seriously considered changing his 
name to Zacharias.”     
       G. Gamov

BBN predicted to 
set in at t0 = 20s

(the „alphabetical article“ or „αβγ-paper“)



 The Cosmic Microwave Background 
and 

Big Bang Nucleosynthesis (BBN) 
  

Intense isotropic background at a wavelength of 7cm

Microwave 
antenna

Interpreted as Big Bang signature by R.H. Dicke and J. Peebles

Nobel  
Prize 2019

Nobel  
Prize 1978



Density fluctuations on the order of 10-5

z ~ 1090.51 ± 0.95 t ~ 380081 ± 5343 yr

The last scattering surface
Before z>1090 : Matter and radiation highly coupled  

(Compton scattering with free electrons)

At T = 380 000 yr (after recombination) matter and radiation de-couple



10000 K

30 K

Timeline
PART II

First  
molecules 

First stars



Recombination 
t < 380000 yr  

                 Ionization potentials [in eV] 

  1st 2nd 3rd 4th 
   
 H 13.6  

 He 24.6 54.4 

 Li 5.4 75.6 122.5 

   

He+ recombines first to form the first neutral atoms He 

H+ recombines second to form neutral H

Li3+ + e       Li2+  + γ

Li2+ + e       Li+  + γ
He2+  + e         He+  +   γ 
He+   + e        He   +   γ

H+  + e      H   +  γLi+  + e       Li    + γ



Formation of Molecules (z > 1000)

The First Molecule: HeH+

The first neutral molecule: H2

Lepp, Stancil, Dalgarno, J. Phys. B., At. Mol. Opt. Phys 35 (2002) R57-R80

T = 380000yr



Güsten et al, Nature 568, 357 (2019) 

Sofia Teleskop
First Molecule detected!

Recent astronomical detection of HeH+

Ground state 
rotational transition 
at 149.1 μm

(But: in a planetary nebula)



Formation of Molecules (1000> z > 100)

More hydrogen: the H2
+ channel

D2
+ , H3

+, H2D+, D2H+, D3
+ 

HeH+, HeD+, He2
+ 

LiH+, LiD+, LiD, LiH+

More molecules:

t = 480 x106 yrt = 380000yr



Formation of Molecules (z < 100)

The H-  channel:

Binding energy 0.75 eV

H2 associative detachment

t = 480 x106 yearsT = 380000yr

Peebles, P.J.E. and Dicke, R.H. (1968) 
Astrophys. J., 154, 891–908.

Peebles and Dicke find H- channel more proficient than H2
+ channel

Nobel  
Prize 2019



H- in Space: Source of the Sun’s Opacity

Photodetachment 
H- + γ       H + e

Astrophysical Journal, vol. 90, p.611 (1939)

This process happens 
in the photosphere, and 
it is responsible for 
the suns‘ opacity. 
(Otherwise the 
Sun would be  
transparent).



Stars and Metallicity*

Population I stars      :

Population II stars     :

Metal-rich stars, formed out of clouds 
that were enriched by previous 
generations 
(example: our Sun)

Metal-poor stars, formed out of clouds 
that have been contaminated by the first 
generation of stars 
(example:  galactic halo stars) 

Population III stars      : Metal-free stars. 

*Metals in astronomy: anything heavier than He



H(0.9)

He (0.1)
Li (10-10)

Gravitation But: 
Ideal Gas Law 
pV = nRT

γ

γ

γ

γ

Radiative 
cooling through 
atomic H transitions  

T           104 K 

The Onset of Star Formation in the Early Universe

Below 104 K: 
Molecular 

cooling



H(Ek) + H2(v,R) → H(Ek-Δ) + H2(v',R')

H2(v',R') → H2(v,R) + photon(s) 

Through collisions H atoms transfer some of their energy to H2

The excited H2 radiates that energy out of the cloud

Cooling through Rovibrational Transitions of H2

Kinetic energy vibrations, rotations



Primordial Cooling: H2 and HD

Rotational constant:  B ~ 64K

HDH2

Rotational constant: B ~ 85K

J=1

6B

12B

J=0

J=2

J=3

2B
2B

6B

12B

J=1
J=0

J=2

J=3

E = B J (J+1)

A = 2.94E-11 s-1

A = 4.76E-10 s-1

A = 5.1E-8 s-1

A = 4.9E-7 s-1

ΔJ ± 1 allowed (dipole)only ΔJ ± 2 allowed (quadrupole)

170K

510K

1020K

768 K

384 K

128 K



Deuterium Fractionation

Kolos and Rychlewski, J.Chem. Phys. 98, 3960 (1993)

H2: 4.47792 eV 
HD: 4.51359 eV     

ΔE = 0.0357 eV   =  413.9 K

H2 + D+                 HD + H+

D insertion into molecules preferred at low temperatures 

overabundance of deuterated molecules



H2

H2 vs. HD cooling function

HD

nH = 104 cm-3

HD is a much more efficient coolant at low temperature!



Formation of Molecules (z < 100)

The H-  channel:

Binding energy 0.75 eV

H2 associative detachment

t = 480 x106 yearsT = 380000yr



H2 associative detachment AD

Protogalaxy Formation in the Early Universe

Simulation: Simon Glover

Jeans mass   ≈   T3/2 n-1/2

Kreckel et al., Science 329, 69 (2010)

The mass of the first stars can 
 be determined more precisely

Simulations for different 
AD rates of H-



Summary

At times t = 3- 20 minutes,  nuclear physics 
dominates at MeV energies (T ~ 1010K). Big 
Bang Nuleosynthesis model reproduces the 
elemental abundances accurately.

Just before t ~ 380 000 yr, protons and 
electrons recombine and the Universe becomes 
transparent. Temperatures are around 
 T ~10000K, energies around 1eV. 
 The first molecules form shortly thereafter!

Around t ~ 400 x 106 yr the First Stars are born. 
Molecular cooling (mainly H2) is essential for 
the formation of the First Stars. 

Dark ages
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