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The epoch of reionization

The transition from the neutral intergalactic medium 
(IGM, H + He) left after the universe recombined at z~1100 

to the fully ionized IGM observed today
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Still many open questions:
● WHEN: When did it happen exactly? How long did it last?
● WHO: What were the sources responsible?
● HOW: How did it proceed? Was it gradual or sudden? 

What was its topology? Was it homogeneous or patchy?

The epoch of reionization
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The epoch of reionization
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The epoch of reionization

Probability for a CMB photon to be scattered = 1- exp(-τ) 

Density of free electrons
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Impact on CMB temperature angular power spectrum:

Effect (almost) degenerate with a change in As

Effects of reionization on the CMB
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Effects of reionization on the CMB

Impact on CMB temperature angular power spectrum:

After rescaling As by exp(-2τ)
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Effects of reionization on the CMB

Impact on all CMB angular power spectra:

r=0.01
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Effects of reionization on the CMB

r=0.01

Impact on all CMB angular power spectra:

r=0.01

LiteBIRD Collaboration, 2023, PTEP



10

Effects of reionization on the CMB

r=0.01

Impact on all CMB angular power spectra:
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Effects of reionization on the CMB

Impact on CMB angular power spectra:

Kinetic Sunyaev-Zel’dovich (kSZ) effect
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Current and future constraints on reionization

LiteBIRD Collaboration, 2023, PTEP
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Free electron density

ꭓe = ionization fraction as a function 
of the redshift?

How to model reionization
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τ = 0.06

How to model reionization
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• symmetric (standard tanh)
- 1 or 2 parameter(s):

zre, Δz, τ (pick 2 at most) 

τ = 0.06

How to model reionization

τ = 0.06
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• symmetric (standard tanh)
- 1 or 2 parameter(s):

zre, Δz, τ (pick 2 at most) 

• asymmetric
- emulates 2 populations of sources :

1. “gentle” : stars & DGs
2. “abrupt” : QSOs finish

- phenomenological description :
zstart, zend, ztrans ↔  zre, Δzbegin, Δzend

τ = 0.06

How to model reionization

τ = 0.06
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• symmetric (standard tanh)
- 1 or 2 parameter(s):

zre, Δz, τ (pick 2 at most) 

• asymmetric
- emulates 2 populations of sources :

1. “gentle” : stars & DGs
2. “abrupt” : QSOs finish

- phenomenological description :
zstart, zend, ztrans ↔  zre, Δzbegin, Δzend

• model-independent
- xe(z) in redshift bins
- Principal Component Analysis
- Piecewise Cubic Hermite 

Interpolating Polynomials (PCHIP) 
- FlexKnot (Milea & Bouchet 2018)
- ...

τ = 0.06

How to model reionization

τ = 0.06
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• symmetric (standard tanh)
- 1 or 2 parameter(s):

zre, Δz, τ (pick 2 at most) 

• asymmetric
- emulates 2 populations of sources :

1. “gentle” : stars & DGs
2. “abrupt” : QSOs finish

- phenomenological description :
zstart, zend, ztrans ↔  zre, Δzbegin, Δzend

• model-independent
- xe(z) in redshift bins
- Principal Component Analysis
- Piecewise Cubic Hermite 

Interpolating Polynomials (PCHIP) 
- FlexKnot (Milea & Bouchet 2018)
- ...

τ = 0.06

+ physical models (sometimes in combination with other astro data)

How to model reionization

τ = 0.06
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Phys. Rev. D. 2009

Reionization & inflation
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Effects of reionization on the CMB

r=0.01

Impact on all CMB angular power spectra:
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Impact of massive neutrinos

Massive neutrinos suppress structure formation:
● alter matter power spectrum, decreasing power at small scales
● in CMB, affect (among other things) lensing at higher multipoles

→ impact of neutrinos hard to estimate without a good handle 
on the primordial power spectrum (As) 

→ if As is incorrectly inferred due to inaccurate τ: interferes with 
accurate measure of neutrinos power suppression
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Impact of massive neutrinos

LiteBIRD Collaboration, 2023, PTEP
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Impact of massive neutrinos

LiteBIRD Collaboration, 2023, PTEP

?
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Impact of massive neutrinos

LiteBIRD Collaboration, 2023, PTEP
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Impact of massive neutrinos



34

Purpose of the Working Group

Optical Depth, Reionization of the 
Universe and Neutrino Masses

Working group

Goals:

● Assess sensitivity on optical depth expected from LiteBIRD

● Forecast constraints beyond instantaneous reionization

● Forecast constraints on neutrinos masses (and other light relics)

● Address prospects for determining neutrino mass ordering



35
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Plans and additional perspectives 

● Fisher and MCMC-based forecasts, focusing on 
the benefits brought by LiteBIRD

● Explore large range of reionization histories, with 
careful treatment of potential prior effects

● Explore extended datasets:
• ground-based CMB e.g SO, S4, TBD
• background measurements e.g. BAO
• LSS measurements
• astrophysical measurements

● Check dependency of neutrinos constraints on 
reionization history



Thank you very much
for your attention!

The end
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