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Reionization Epoch

Recombination: at z ∼ 1100
Dark Ages: z ∼ 1100 − 30
Cosmic Dawn: z ∼ 30 − 10
Reionization: z ∼ 20 − 5
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τreio parameter

τreio −→ reionization optical depth

Causes supression in CMB TT spectra

Degeneracy between As and τreio
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Effect of τreio on CMB TT spectra
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Probing τreio with CMB EE spectra

Thomson scattering of photons −→ anisotropy in photon polarization
Peak at ℓ < 10, size depends on τreio

low-ℓ EE spectra breaks Ase
−2τreio degeneracy

τreio = 0.0544+0.0070
−0.0081 at 68% C.L. (Planck 2018)
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τreio from Recent Galaxy Surveys

↑ ionizing efficiency
↑ photon escape fraction
Enhanced population of galaxies (z ≳ 9)
Higher inferred value of τreio ≳ 0.07
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τreio Measurements of Planck: Small vs Large scale
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Full Planck Planck w/o low-` EE

Full Planck data −→ lower τreio
(most precise measurement till date)

Planck excluding large scale (ℓ < 30) EE data −→ higher τreio
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τreio and H0
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τreio - H0 Correlation
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τreio - H0 Indirect Correlation
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τreio - H0 Indirect Correlation
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τreio - H0 Correlation

Fix Angular sound horizon: H0 ↑ =⇒ ωcdm ↓
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τreio - H0 Correlation

Change in relative heights of even and odd peaks: ωb ↑
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τreio - H0 Correlation

EISW and radiation driving due to ωcdm ↓: enhancement at ℓ ∼ 200
Red-titled CTT

ℓ : ns ↑
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τreio - H0 Correlation

Overall Enhancement of CTT
ℓ : As ↑, τreio ↑
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Datasets

B: Planck CMB + CMB lensing + Supernovae dataset.

BEE: B with low-ℓ (ℓ < 30) EE data removed.

BAO: BAO from 6DFGS, BOSS, and SDSS BOSS.

BAODESI: BAO measurements from DESI DR1.
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Models

ΛCDM

Dark Radiation (DR): ∆Neff
1 Free-Streaming Dark Radiation (FSDR)
2 Self-Interacting Dark Radiation (SIDR)

Early Dark Energy (EDE): fEDE

DR and EDE models helps alleviate H0 tension:

Extra energy injection
pre-recombination
{∆Neff, fEDE} > 0

Sound Horizon−−−−−−−−→
constant

H0 ↑ (1)
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Results: ΛCDM Model

R(τreio,H0) : 0.34 −→ 0.58
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Results: DR Models

R(τreio,H0) : 0.17 −→ 0.27 (FSDR) R(τreio,H0) : 0.23 −→ 0.35 (SIDR)
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Results: EDE Model

R(τreio,H0) : 0.11 −→ 0.22
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Remarks and Conclusion

JWST hint towards larger τreio ≳ 0.07

Excluding low-ℓ CMB EE data → τreio ↑

τreio has positive and indirect correlation with H0

τreio ↑ =⇒ H0 tension ↓

For DR and EDE −→ correlation ↓∑
mν related to increasing τreio

(Jhaveri et al 2025, Sailer et al 2025)
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τreio parameter

Probability that N photons undergo Thomson scattering after
recombination zrec:

P(N) =
τNreioe

−τreio

N!
=⇒ Probability of no scattering = e−τreio

=⇒ Probability of re-scattering = 1 − e−τreio

(2)

Observed temperature today along line of sight n̂:

T0(n̂) = T̄0[1 +Θ(n̂)]e−τreio + T̄0
(
1 − e−τreio

)
= T̄0

(
1 +Θ(n̂)e−τreio

)
T̄0 −→ background CMB temperature
Θ −→ CMB temperature anisotropy

(3)
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Effect of τreio on CMB Temperature Spectra

CMB anisotropy Θ(n̂), along line of sight, n̂ after reionization:

Θ(n̂) −→ Θ(n̂)e−τreio

=⇒ CTT
ℓ −→ CTT

ℓ e−2τreio
(4)

Suppression occurs for multipoles: ℓ ≳ 100
Scales entering during reionization (ℓ ≳ 10) are relatively less
suppressed.
Effect of τreio degenerate with overall amplitude of the primordial
power spectrum, As .

=⇒ CMB TT spectrum measures Ase
−2τreio (5)
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Photon Polarization Modes
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E-mode Polarization Physics

Thomson-scattering differential cross-section:

dσ
dΩ

=
3σT
8π

∣∣ϵ̂ · ϵ̂′∣∣2
ϵ̂ −→ incoming photon polarization
ϵ̂ −→ outgoing photon polarization

(6)

Assuming incident radiation −→ unpolarized
For perturbations sourced from scalar adiabatic fluctuations:

E (n̂, k⃗) ∝ 4π
5

[
1 − (n̂ · k̂)2

]
Θ2(k)

Θℓ −→ multipole moments of temperature anisotropy
(7)

Flat sky approximation: n̂ near k̂
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E-mode polarization during Recombination

In tight coupling regime (Γ ≫ k), anisotropy erased by frequent
scattering.
Polarization generated near recombination when photons free streams.
Θ2 −→ sourced by velocity gradients in photon-baryon fluid:

Θ2(n̂, k⃗) ≈− 8
15

k

Γ
Θ1 ≈ − 8

15
k

Γ

(
−1

3
vb

)
vb −→ scalar perturbation in baryon velocity
δγ −→ photon density perturbation

(8)

Θ0 ∝ δγ and Θ1 ∝ −vb dominant terms than for Θℓ≥2.

δ′γ = −4
3∇⃗ · v⃗b =⇒ CTT

ℓ and CEE
ℓ oscillations out of phase.

CEE
ℓ suppressed compared to CTT

ℓ
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Modeling of Reionization

Reionization depends number ionized hydrogen atoms, nHII .

ṅHII ∝ ṅion (9)

Ionizing photons, nion, are produced via star-forming galaxies.

Praniti Singh arXiv:2503.05691 May 19, 2025



31/41

Probing τreio via Luminous Galaxies

Study rate of ionizing photons, ṅion from galaxies to infer τreio.

ṅion =

∫
dMUVΦUVLUVξionfesc

ΦUV −→ UV luminosity (LUV) function
MUV −→ absolute UV luminosity
ξion −→ ionizing efficiency
fesc −→ photon escape fraction

(10)

Galaxy surveys model these parameters to study the evolution of
ionized hydrogen in the universe.
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τreio - H0 Indirect Correlation
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τreio - H0 Correlation

Fix Angular sound horizon: H0 ↑ =⇒ ωcdm ↓
Change in relative heights of even and odd peaks: ωb ↑
EISW and radiation driving due to ωcdm ↓: enhancement at ℓ ∼ 200
Red-titled CTT

ℓ : ns ↑
Overall Enhancement of CTT

ℓ : As ↑, τreio ↑
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ΛCDM Model

Three components in the universe: radiation, ordinary (baryonic)
matter, and cold dark matter (CDM).
Standard Model (SM) neutrinos: one massive species with mass,
mν = 0.06eV and two massless species.
Free parameters: {As, ns, τreio, H0, ωcdm, ωb}
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Dark Radiation (DR) Model

Refers to additional light degrees of freedom which remain
ultra-relativistic until after the epoch of recombination.

ρr =

[
1 +

7
8

(
4
11

)4/3

Neff

]
ργ

ρr −→ radiation energy density
ργ −→ photon energy density

(11)

The total relativistic degrees of freedom, Neff is a free parameter.
Two different DR scenarios:

1 Free-Streaming Dark Radiation (FSDR): DR species either do not
interact with themselves or other species, or interact so feebly that
their interaction rate, Γ ≪ H.

2 Self-Interacting Dark Radiation (SIDR): DR species exhibit strong
self-interactions such that their interaction rate, Γ ≫ H.
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Early Dark Energy (EDE) Model

Introduces a new component parameterized by a scalar field, ϕ, with a
potential:

V (θ ≡ ϕ/f ) =m2f 2[1 − cos(θ)]3

m −→ mass of scalar field
f −→ decay constant

(12)

Initially θi → fixed, behaves as dark energy fluid, w = −1.
Begins oscillating at redshift, zc when H2 ∼ ∂2

θV (θ)/f 2, diluting
faster than radiation.
Decays around recombination: does not affect late-time dynamics.
Free parameters:

1 Critical scale factor, ac = 1/(1 + zc)
2 fEDE : fraction contributed by EDE to the total energy density at zc
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Datasets

B: CMB data from the Planck satellite, including Planck PR3 low-ℓ
(ℓ < 30) TT and EE likelihoods, Planck PR4 CamSpec high-ℓ (ℓ > 30)
TT, TE, and EE likelihoods, and CMB lensing likelihood from Planck
PR4 /ACT DR6. These are combined with the Pantheon+ supernova
dataset.
(Aghanim et al 2018, Efstathiou et al 2021, Akrami et al 2020, Rosenberg et al 2022, Qu

et al 2023, Madhavacheril et al 2023, Carron et al 2022, Scolnic et al 2022)

BEE: B with low-ℓ (ℓ < 30) EE data removed.
BAO: BAO from 6DFGS, BOSS, and the CMASS and LOWZ samples
of the SDSS BOSS.
(Beutler et al 2011, Ross et al 2015, Alam et al 2017)

BAODESI: BAO measurements from DESI DR1.
(Adame et al (DESI VI) 2024)
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EDE

(Kamionkowski et al 2023)
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Results: ΛCDM Model

H0 (Tension)
B+BAO 67.18 ± 0.38 (5.3σ)

↓
BEE+BAO 67.58 ± 0.44 (4.8σ)
B+BAODESI 67.60 ± 0.37 (4.9σ)

↓
BEE+BAODESI 68.05 ± 0.40 (4.5σ)
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Results: DR Models

H0 (Tension)
FSDR

B+BAO 68.13+0.58
−0.92 (4.1σ)

↓
BEE+BAO 68.45+0.60

−0.91 (3.8σ)
SIDR

B+BAO 68.14+0.59
−0.94 (4.1σ)

↓
BEE+BAO 68.69+0.69

−1.1 (3.5σ)
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Results: EDE Model

H0 (Tension)
B+BAO 68.52+0.77

−1.2 (3.5σ)
↓

BEE+BAO 68.78+0.74
−1.2 (3.3σ)

B+BAODESI 69.32+0.92
−1.3 (2.7σ)

↓
BEE+BAODESI 69.43+0.80

−1.2 (2.8σ)

Praniti Singh arXiv:2503.05691 May 19, 2025


	Reionization Optical Depth, reio and CMB
	reio and JWST observations
	reio and Hubble parameter, H0 correlation in CMB
	Results

