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Chronology of the Universe



Big Bang Nucleosynthesis (BBN) Ingredients

• The expansion rate of the Universe

• Baryon density parameter

• Neutrino Degeneracy 

(i.e. lepton asymmetry)

Input parameters

Standard Model Assumptions

• Laboratory measured 
reaction cross-sections

• General Relativity (i.e. the 

Friedmann equations)

• 3 families of neutrinos

• No lepton asymmetry



Reaction rates

Marcucci et al. (2016), Phys. Rev. L, 116, 2501
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Timeline of Big Bang Nucleosynthesis



Variation with baryon-to-photon ratio

}

Steigman et al. (2007),

ARNPS, 57, 463
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Pitrou et al. (2018), arXiv:1801.08023

Variation with baryon-to-photon ratio



Planck



CMB Baryon Density

Hu & Dodelson (2002), ARAA, 40, 171



BBN - Beyond the Standard Model 

 Nollett & Holder (2011), arXiv: 1112.2683
• 4He/H is commonly thought 

of as being the most 
sensitive to Neff


• D/H offers tightest bound 
on the baryon density, but 
is also very sensitive to Neff


• Lithium-7 disagrees with 

the Standard Model by 6𝜎


• Helium-3 doesn’t currently 
have a good primordial 
estimate



Standard Model values

Pitrou et al. (2021), MNRAS, 502, 2474
(PRIMAT code)

Note: different BBN codes currently produce different results



Credit: A. Pontzen



Energy levels of hydrogen and deuterium
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Energy levels of hydrogen and deuterium

Hydrogen Deuterium
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How to precisely measure D/H

• Ease of measuring the H I column density from the wings of the 
damped Lyman-α line.

• Many transitions available for the D I Lyman series to measure 
deuterium column density

• Low metallicity implies negligible D astration

Potentially the best systems are the most metal-poor DLAs

• Quiescent kinematics help to resolve the 82 km/s isotope shift

H ID I

-100 100



Benefits of absorption lines
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Benefits of absorption lines
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0.0

0.5

1.0

N
or

m
al

is
ed

F
lu

x

   Area ∝ Number of D0 atoms    

   Area ∝ (Number of H0 atoms)½        



High precision D/H measures

Cooke et al. (2014) ApJ, 781, 31

log N(H I)/cm-2 = 20.495 ± 0.008



High precision D/H measures

Cooke et al. (2014) ApJ, 781, 31



The primordial deuterium abundance
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The primordial deuterium abundance

Pisanti et al.Pitrou et al.

Yeh et al.
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The primordial helium mass fraction

YP = 4nHe/nb
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Matsumoto et al. (2022), arXiv:2203.09617

The primordial helium mass fraction



Matsumoto et al. (2022), arXiv:2203.09617

The primordial helium mass fraction

— Matsumoto et al. (2022)

Standard Model



Timeline of Big Bang Nucleosynthesis

Pitrou et al. (2018), arXiv:1801.08023



3He abundance (3He/H)

Balser & Bania (2018), AJ, 156, 280



3He abundance (3He/H)

Balser & Bania (2018), AJ, 156, 280



3He abundance (3He/H)

Millenium simulation
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3He abundance (3He/H)

McQuinn & Switzer (2009), Phys. Rev. D, 80, 063010

z = 5.0 z = 4.2

z = 3.6 z = 2.9



Benefits of the helium isotope ratio

Cooke (2015), ApJL, 812, 12

• 3He and 4He have very similar ionisation potentials

• The isotope shift is different for different transitions

• Primordial helium and hydrogen isotope ratios offer 

orthogonal bounds on Neff and the baryon density



Next thing



Where to look…



Helium isotope ratio

Cooke et al. (2022), ApJ, 932, 60

3He
4He
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VICE: Versatile Integrator for Chemical Evolution
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Next thing
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Next thing

0 2 4 6 8 10 12 14
Time (Gyr)

1.0

1.2

1.4

1.6

1.8

2.0

2.2

10
4

£
3
H

e/
4
H

e

BBN Standard Model

Protosolar

Orion

Cooke et al. (2022), ApJ, 932, 60



The near future…

There’s potential for more helium-3 absorbers — stay tuned!
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There’s potential for more helium-3 absorbers — stay tuned!



The far future… extragalactic absorbers

Fynbo et al. (2014), A&A, 572, A12
GRB140506A, z=0.88

Credit: NASA, ESA, M. Kornmesser

Some low redshift, long-duration GRBs 
may be ideal environments to measure 
the helium isotope ratio, especially if 
their host is a metal-poor galaxy.



Summary and Conclusions

• The most metal-poor DLAs allow us to place 
tight limits on Big Bang Nucleosynthesis, 
and of physics beyond the Standard Model.



Pisanti et al.
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Summary and Conclusions

• The most metal-poor DLAs allow us to place 
tight limits on Big Bang Nucleosynthesis, 
and of physics beyond the Standard Model.

• The baryon density derived from BBN and 
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• Recently reported a new determination of 
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Summary and Conclusions

• The most metal-poor DLAs allow us to place 
tight limits on Big Bang Nucleosynthesis, 
and of physics beyond the Standard Model.

• The baryon density derived from BBN and 
the CMB agree with astonishing precision.

• Recently reported a new determination of 
the 3He/4He.

• The helium isotope ratio offers a promising 
approach for a future determination of the 
primordial 3He/4He.


