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1. INFLATION
A rapid expansion
that smooths and
flattens the Universe

TIME AFTER
INFLATION

TEMPERATURE
OF UNIVERSE

INFLATION:

A period of exponential expansion
that occurs before the hot Big Bang,
smoothing and flattening the Universe.

HISTORY OF THE UNIVERSE

2. BIG BANG 3. RECOMBINATION 4. DARK AGE 5. FIRST STARS 6. REIONIZATION
The hot, dense Light and matter No stars or galaxies yet. AND GALAXIES The first stars and galaxies
beginning of the decouple; the Cosmic The Universe is dark Light up the darkness ionize the neutral hydrogen
Universe Microwave Background in the Universe

is released |

DARK AGE

7. PRESENT DAY
The Universe
as we see it today
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BIG BANG: DARK AGE: REIONIZATION: CMB:

Ultraviolet light from the first stars and galaxies
breaks apart neutral hydrogen, making the
Universe transparent to light.

The Universe is filled with
neutral hydrogen, No stars
or galaxies to emit light.

The beginning of the hot,
dense Universe, initiating
the hot Big Bang phase.

13.8 billion
years
(present day)

~2.7K
(CMB today)

Cosmic Microwave Background,
the afterglow of the hot Big Bang,
observed in all directions.



AXION DECAY & PRIMORDIAL BLACK HOLE EVAPORATION
IN THE UNIVERSE

AXION DECAY . e PRIMORDIAL BLACK HOLE EVAPORATION
Axions are stable or long-lived, X 4 3 3 Primordial black holes lose mass via Hawking radiation
and can decay into photons. % . ¥ : and eventually evaporate completely.

"% A hot
S / i Y photon
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Both processes inject € electron
f “energy into the Universe, .
S X 'V neutrino
. affecting its evolution oY
- and leaving observable q quark/ hadron
- imprints. S

-
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EARLY UNIVERSE INFLATION RECOMBINATION STRUCTURE FORMATION PRESENT DAY FAR FUTURE

(High temperature) ~10%s ~380,000 years ~100 million years ~13.8 billion years H (Black holes evaporate away)

COSMIC TIME
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.,Re"lbnizati-o’h: : _'mi)riﬁtv on the CMB

CMB Signatures

@ Temperature anisotropies

ol @® Polarization
c © kSZ (kinetic Sunyaev—Zel’dovich) effect
E 0.01}1
Key quantities:
0.001 . Ne(Z
Free electron fraction: X.(z) e(2)
100 104 1060 108 1010
T(K) Electron Thomson scattering optical

depth:

z ¢ T nH(ZO) Xe(ZU)
o (1I+2Z)H(@")

New Physics Sources: Dark matter decay, primordial black holes, exotic energy injection

dz°

(z) =
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Planck 2018 results (arxiv:1807.06209)
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Planck 2018 Results:
I =0:0519"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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d C The(z
E = (1_’_1—2—)‘:_('()2); total (0; Zmax) = Jowz t+ highz

Low redshift: 0 z <z
z

_ 4, C TNe(z) Z ax
lowz =

o PTUT2H©@ e = dz%

Exotic high-z energy injection.

High redshift: z; z  Zpax

Zc

Standard astrophysical reionization
+ low-z exotic injection.

Zmax = 800 stays below recombination-era
physics.

Zc = 30 isolates the exotic-search window.

Source: H. Cheng et al., arXiv:2506.19096.
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. Overview of our work
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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(Thighz J CMB)

3. New-physics
constraints

Use the nhighz posterior
to constrain exotic
high-z energy injection
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MCMC samples
fzi; X!N(zi)g
+ hyperparams

Condition GP
(RBF kernel)

Posteriors: CLASS ¥ CEE

Xe(z); lowz Planck low-*
highz likelihood

2 test

lowz; highz POSterior(  Constrain

new physics
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Predict XEP
on adaptive grid

Tanh transitions
¥ smooth Xe(z)
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RBF Kernel:

GP Prediction:
XSP (Z) = m(Z) + kT K 1[xtrain m(ztrain)] (0.2)

Key Parameters:
I ¢: Overall variance scale
I I: Correlation length in redshift space
I Training points: f(zi; XN(zi))g
I k is the vector of covariances between the new point z and each training redshift
zi (i.e. ki =K(z;2)))
I K ! is the inverse matrix of the kernel function K (Kj; = K(zi; Z;))

I m(z) = 0: mean function (Set = 0 in our case.)
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Adaptive binning: Smaller intervals at low-z, larger at high-z

Tanh Transition Formula:

1 z Z'um
Xe(z) = X§F(zi) +3 1 + tanh f X$P(zig1)  XEF(z3)] (0.3)

Boundary Conditions:
I Low-z (post-reionization): Xe 1+ ﬁ

I High-z (pre-reionization): Xe 10
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EE;reio
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Compare the two conditionings

AreiojAS /As(]. e
Aciojs 7 S€% (1 e

)2.
)2.
Fixed As is more conservative;
fixed S is 13% tighter.

S A ?:

Direct SimAll stress test

Sample: random 51 posterior histories;
Planck As 3 .

maxjA %j=072<1]

Conclusion: fixed Ag is conservative, and the
3 test leaves the high; bound unchanged.

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







