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Reionization: Imprint on the CMB

CMB Signatures

1 Temperature anisotropies

2 Polarization

3 kSZ (kinetic Sunyaev–Zel’dovich) effect

Key quantities:

Free electron fraction: Xe(z) �
ne(z)

nH(z)

Electron Thomson scattering optical
depth:

�(z) =

Z z

0

c �T nH(z
0)Xe(z

0)

(1 + z0)H(z0)
dz0

New Physics Sources: Dark matter decay, primordial black holes, exotic energy injection
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Constraints on Reionization Optical Depth
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Planck 2018 results (arxiv:1807.06209)

Planck 2018 Results:

I � = 0:0519+0:0030
�0:0079

(lowE; flat prior; TANH)

Key Points:

I Large-scale polarization
tightens constraints

I Planck low-‘ EE-only
SimAll likelihood provides
strongest constraints on
reionization history
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Split optical depth into low-z and high-z

d�

dz
=

c �Tne(z)

(1 + z)H(z)
; �total � �(0; zmax) = �lowz + �highz

Low redshift: 0 � z < zc

�lowz =

Z zc

0

dz
c �Tne(z)

(1 + z)H(z)

Standard astrophysical reionization

+ low-z exotic injection.

High redshift: zc � z � zmax

�highz =

Z zmax

zc

dz
c �Tne(z)

(1 + z)H(z)

Exotic high-z energy injection.

zc = 30 isolates the exotic-search window.
zmax = 800 stays below recombination-era

physics.

Source: H. Cheng et al., arXiv:2506.19096.
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Overview of our work

A nonparametric bridge from CMB polarization to high-redshift new physics

1. Flexible re-
construction

reio gpr tanh

Gaussian-process module

implemented in CLASS

Parameterization-

independent recon-

struction of Xe(z)

2. CMB inference

Planck 2018 low-‘ EE

+
High-redshift ion-

ization histories

+
p(τhighz j CMB)

3. New-physics
constraints

Use the �highz posterior

to constrain exotic

high-z energy injection
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Workflow

MCMC samples
fzi; XIN

e (zi)g
+ hyperparams

Condition GP
(RBF kernel)

Predict XGP
e

on adaptive grid

Tanh transitions
! smooth Xe(z)

CLASS ! CEE‘
Planck low-‘
likelihood

Posteriors:
Xe(z); �lowz

�highz

Constrain
new physics

�lowz, �highz posterior

�2 test
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Gaussian Process Method

RBF Kernel:

k(z1; z2) = �2f exp

�
�(z1 � z2)2

2l2

�
(0.1)

GP Prediction:

XGP
e (z) = m̄(z) + kT�K�1[Xtrain � m̄(ztrain)] (0.2)

Key Parameters:

I �f : Overall variance scale

I l: Correlation length in redshift space

I Training points: f(zi; XIN
e (zi))g

I k� is the vector of covariances between the new point z and each training redshift
zi (i.e. k�; i = k(z; zi))

I K�1 is the inverse matrix of the kernel function K (Kij = k(zi; zj))

I m̄(z) = 0: mean function (Set = 0 in our case.)
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Tanh Transitions Between Adaptive Bins

Adaptive binning: Smaller intervals at low-z, larger at high-z

Tanh Transition Formula:

Xe(z) = XGP
e (zi) +

1

2

�
1 + tanh

�
z � zjump

∆z

��
� [XGP

e (zi+1)�XGP
e (zi)] (0.3)

Boundary Conditions:

I Low-z (post-reionization): Xe � 1 + YHe
4(1�YHe)

I High-z (pre-reionization): Xe � 10�5
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Fixed-As robustness check

Areio � CEE;reio
‘ / As

�
1 � e��

�2 ’ As�
2

Compare the two conditionings

AreiojAs
/ As(1� e�� )2;

AreiojS / Se
2� (1� e�� )2; S � Ase�2� :

Fixed As is more conservative;
fixed S is � 13% tighter.

Direct SimAll stress test

Sample: random 51 posterior histories;
Planck As � 3�.

max j∆�2j = 0:72 < 1

Conclusion: fixed As is conservative, and the

�3� test leaves the �highz bound unchanged.

Source: H. Cheng et al., arXiv:2506.19096.
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