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|) The standard model of cosmology

« The ACDM paradigm: a (relatively) simple model, with many successes...

103 seconds 1 second 100 seconds 380 000 years 300-500 million years Billions of years 13.8 billion years
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ofthe §
Universe

Inflation Formation of Light and matter Light and matter  Dark ages First stars Galaxy evolution The present Universe
light and matter are coupled separate
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|) The standard model of cosmology

« The ACDM paradigm: a (relatively) simple model, with many successes...

103 seconds 1 second 100 seconds 380 000 years 300-500 million years Billions of years

13.8 billion years

N,

Beginning
of the
Universe

\
NV

Inflation Formation of Light and matter Light and matter  Dark ages First stars Galaxy evolution The present Universe

light and matter are coupled separate

. but rests on some pillars that are “shrouded in darkness”:

Primordial Universe, inflation - Dark matter (""CDM"")

Dark ages & reionisation - Dark energy (""A"")

e ... and is shaken by some persistent tensions :

H, discrepancies - O0g tensions - ISW excesses - CMB "anomalies”
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Years after the Big Bang
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Loeb A., 2006, SciAm, 295, 46
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|) The epoch of reionisation
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Stages John H. Wise (Georgia Tech)
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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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|) The epoch of reionisation
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|) The epoch of reionisation

First evidence from distant quasars (Gunn & Peterson 1965)

Lyman \‘n‘ e\
limit Lyman-$8 \g, "

Flux

Credit: ].H. Wise Wavelength
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|) The epoch of reionisation
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|) The epoch of reionisation

Redshift ————~30 ———15-20 =6 >
Time! ~100 Myr— 200-300 Myr—— 950 Myr ~13.8 Gyr
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_ Cosmic Reionization |
Reionization | Pre-overlap ~ Overlap Post-overlap Highly ionized

Cosmic Dark Ages

Stag €S John H. Wise (Georgia Tech)
Decades later, still many open questions:

« WHEN: When did it happen? 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? 23
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1) Reionisation & the CMB
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Impact on CMB angular power spectra:
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Impact on CMB angular power spectra:
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1) Reionisation & the CMB

Impact on CMB angular power spectra:
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1) Reionisation & the CMB

Impact on CMB angular power spectra:
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1) Reionisation & the CMB

Impact on CMB angular power spectra:
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1) Reionisation & the CMB

Impact on CMB angular power spectra:
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1) Reionisation & the CMB

Impact on CMB angular power spectra:
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1) Reionisation & the CMB

Phys. Rev. D. 2009

CMB polarization features from inflation versus reionization

Michael J. Mortonson,> 2 * Cora Dvorkin,!'2: T Hiranya V. Peiris,® * and Wayne Hu% 2:%

! Department of Physics, University of Chicago, Chicago IL 60637
“Kavli Institute for Cosmological Physics and Enrico Fermi Institute,
University of Chicago, Chicago IL 60637, U.S.A.
? Institute of Astronomy, University of Cambridge, Cambridge CB3 0HA, U.K.
4 Department of Astronomy € Astrophysics, University of Chicago, Chicago IL 60637
(Dated: November 5, 2018)

The angular power spectrum of the cosmic microwave background temperature anisotropy ob-
served by WMAP has an anomalous dip at £ ~ 20 and bump at £ ~ 40. One explanation for this
structure is the presence of features in the primordial curvature power spectrum, possibly caused
by a step in the inflationary potential. The detection of these features is only marginally significant
from temperature data alone. However, the inflationary feature hypothesis predicts a specific shape
for the F-mode polarization power spectrum with a structure similar to that observed in temper-
ature at £ ~ 20 — 40. Measurement of the CMB polarization on few-degree scales can therefore
be used as a consistency check of the hypothesis. The Planck satellite has the statistical sensitiv-
ity to confirm or rule out the model that best fits the temperature features with 3 ¢ significance,
assuming all other parameters are known. With a cosmic variance limited experiment, this signifi-
cance improves to 8 o. For tests of inflationary models that can explain both the dip and bump in
temperature, the primary source of uncertainty is confusion with polarization features created by a
complex reionization history, which at most reduces the significance to 2.5 ¢ for Planck and 5—6 o
for an ideal experiment. Smoothing of the polarization spectrum by a large tensor component only
slightly reduces the ability of polarization to test for inflationary features, as does requiring that po-
larization is consistent with the observed temperature spectrum given the expected low level of TE
correlation on few-degree scales. If polarized foregrounds can be adequately subtracted, Planck will
supply valuable evidence for or against features in the primordial power spectrum. A future high-
sensitivity polarization satellite would enable a decisive test of the feature hypothesis and provide
complementary information about the shape of a possible step in the inflationary potential.




1) Reionisation & the CMB

Impact on CMB angular power spectra:
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1) Reionisation & the CMB

Impact on CMB angular power spectra:
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1) Reionisation & the CMB

Impact on CMB:

* suppression of power at high multipoles
(degeneracy with other cosmological parameters - and foregrounds)

* new anisotropies at large angular scale
(horizon has grown to a much larger size)

41



(Thermal) Sunyaev-Zel'dovich effect
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1) Reionisation & the CMB

B
VE

Kinetic Sunyaev-Zel'dovich (kSZ) effect
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1) Reionisation & the CMB

Kinetic Sunyaev-Zel'dovich (kSZ) effect

Energetic

electron
photon

Bulk velocity of free
electrons relative to the
| oien CMB introduces a Doppler
- shift to the scattered
photons

Bulk
velocity

Commonly divided into two components:

* homogeneous kSZ, sourced by density perturbations of the late,
fully ionised Universe

« patchy kSZ, sourced by ionization perturbations during reionisation

44



1) Reionisation & the CMB

Kinetic Sunyaev-Zel'dovich (kSZ) effect
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1) Reionisation & the CMB

Impact on CMB:

* suppression of power at high multipoles
(degeneracy with other cosmological parameters - and foregrounds)

* new anisotropies at large angular scale
(horizon has grown to a much larger size)

* kinetic Sunyaev-Zel'dovich effect
(small scale re-scattering of photons off newly liberated electrons)

46
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1) How to model the EoR

Mo
— vrd
T /0 l@ TAarn

Free electron density

X. = lonization fraction as a
function of the redshift
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14 16
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1) How to model the EoR

* symmetric (standard tanh)
- 1 or 2 parameter(s):
Z., Az, T (pick 2 at most)

14 16
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1) How to model the EoR

* symmetric (standard tanh)
- 1 or 2 parameter(s):
Z., Az, T (pick 2 at most)

* asymmetric
- emulates 2 populations of sources :
1. "gentle” : stars & DGs
2. "abrupt” : QSOs finish
- phenomenological description :
Z Z < Zre' Azbegin' AZend

startr “~end: Ztrans

14 16




1) How to model the EoR

* symmetric (standard tanh)
- 1 or 2 parameter(s):
Z., Az, T (pick 2 at most)

* asymmetric
- emulates 2 populations of sources :
1. "gentle” : stars & DGs
2. "abrupt” : QSOs finish
- phenomenological description :
Z Zend' Ztmns < Zre'zxzbegww AZend

startr

* model-independent
- X (z) in redshift bins
| - Principal Component Analysis
14 16 - Piecewise Cubic Hermite
Interpolating Polynomials (PCHIP)
- FlexKnot (Milea & Bouchet 2018)
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* symmetric (standard tanh)
- 1 or 2 parameter(s):
Z.. 0Nz, T (pick 2 at most)

* asymmetric

- emulates 2 populations of sources :

1. "gentle” : stars & DGs

2. "abrupt” : QS0Os finish
- phenomenological description :
Z Z < Zre' Azbegm' AZend

startr “end: Ztrans

* model-independent

- X.(2) In redshift bins
Principal Component Analysis
Plecewise Cubic Hermite
Interpolating Polynomials (PCHIP)
FlexKnot (Milea & Bouchet 2018)

+ physical models: see Daniela Paoletti poster (combination with other astro data)
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1) How to model the EoR

Modelling the kSZ effect

- homogeneous kSZ — density perturbations — &,

— need to know about small-scale matter
distribution

« patchy kSZ - ionization perturbations - 0,

— depends on duration of reionisation and
distribution of ionised bubble sizes
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Modelling the kSZ effect

J. H. Wise
N-body +

Radiation Radiation Hydro
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Analytic Semi-numeric

volume-averaged analytic models

spatially-dependent semi-numeric models

radiative transfer calculations using matter distributions

from N-body sims

full radiation hydrodynamic galaxy formation simulations



Modelling the kSZ effect

J. H. Wise
N-body +
Analytic Semi-numeric Radiation Radiation Hydro
T T T T T T T T T T T T TR e xR ai .. -' B » f_;‘.’.?." ! F
- | dx : |
= bty S I . 4 . o=
E 1 dt A z T
-| 1 /I 1 | | 11| I [ | | | '.;_‘.-"““' a (
Realism
Computational Cost & Effort

Ease of parameter studies
Size of cosmological volume possible
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Best of both worlds ?

e.g. Gorce et al. 2022 (2202.08698):
machine learning algorithm
trained on predictions of the parametric model
of Gorce, llic, et al 2020
(itself calibrated on full hydro simulations)




In CMB studies like Planck: templates with rescaling

* homogeneous kSZ

T 1044
D?‘kSZ oc (0076) [Shaw et al., 2012]

* patchy kSZ

Dg—ksz . [(1 + Zreio) B 0.12](

0.51
11 ) [Battaglia et al., 2013]

A,
1.05
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V) Current constraints on reionisation
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V) Current constraints on reionisation

Symmetric reionisation:

LR | | | I | I
|
Planck_PR3++ 2018 0.0561 + 0.0071
L
Planck_PR2++ 2015 0.066 = 0.012
L
WMAP9++ 2013 0.081 =0.012
——
WMAP1++ 2003 0.117 = 0.055
Boomerang prior 2002 < 0.5
41 1 1 1.8 1 1.1 J. IIIIIIIII I lllllllll I lllllllll I IIIIIIIII I 1 1 1.1
0.0 0.1 0.2 0.3 0.4 0.5

Optical Depth to Reionization, t

LAMEDA - September 2018

Significant progress in the past two decades
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V) Current constraints on reionisation

Symmetric reionisation:

TT,TE.EE+lowE
Parameter 68% limits

Quh* . . ... ... 0.02236 + 0.00015 0.67%
Qh* ... 0.1202 + 0.0014 1.16%
1000mc « . oo 1.04090 + 0.00031 0.03%
T o 0.0544*+)-0070 13.9%
In(10"°A¢) . . . .. .. 3.045 +0.016 0.53%
Mg oo 0.9649 + 0.0044 0.46%

But remains one of the most poorly known
aspects of our cosmological model
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Symmetric reionisation:

“Planck constraints on reionization history”
[Planck intermediate results. XLVII (2016)]
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V) Current constraints on reionisation

Symmetric reionisation:

B lowP + Planck TT W Lollipop + Planck TT
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V) Current constraints on reionisation

Symmetric reionisation: Asymmetric reionisation:




V) Current constraints on reionisation

Symmetric reionisation

Asymmetric reionisation

1, 1.0
0.8 0.8
0.6 £0.6
a
0.4 ~ 0.4
0.2 \ - 0.2
005676 0101112 9% "6 6 10 12 12 16
Zend Zheg
i 1.0p
0.8 0.8
0.6 £ 0.6
s
0.4 L 0.4
0.2 0.2
0056 7 6 0101112 9036 & 10 12 17 16 &

Zend

Zheg



V) Current constraints on reionisation

Model-independent approaches

Piecewise Cubic Hermite Interpolating
Polynomials (PCHIP)

Conservative bounds

PCA reconstruction

" Samples from 20
0.14 I I I I I 1l 0.12
012k - == tanh ML PC 0.11
—— PC mean 0.75 | 0.1
0.10 : B PC 68,95% CL 7] = .
0.08 & 051 -
— 0.08
5 0.06
& 025 | 0.07
2 0.04 0.06
= e
N - .
0.02 0 5 10 15 20 25 30 35 40 °°
2
0.00 Optimistic bounds
—0.02 ' ' " Samples from 2 b
—0.04 l l l l l 1} 0.12
0 5 10 15 20 25 30 011
075 0.1
L g 009 b
05}
[Heinrich, Miranda & Hu PRD 95, 023513 (2017)] i
[Heinrich & Hu, arXiv:1802.00791 (2018)] 025} L
0.06
OC_I 0.05

[Hazra & Smoot, JCAP, 11, 028 (2017)] 68



V) Current constraints on reionisation

Model-independent approaches

Piecewise Cubic Hermite Interpolating
Polynomials (PCHIP)

Conservative bounds

PCA reconstruction

" Samples from 20 &
0.14 I I I I I 1l 0.12
0.12 - ——— tanh ML PC o1l
—— PC mean 075} 0.1
0.10 : W PC 68,95% CL &
~ 0.09 |
0.08 € o5t
,_;2 0.08
2 0.06
& 025 | 0.07
€: 0.04 0.06
0.02 O —%—10 5 20 25 30 3 a0 °°
0.00 Optimistic bounds
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—0.04 l l l l l 1} 0.12
0 H 10 15 20 25 30 0.11
0.75 + 0.1
= g 009 b
05}
[Heinrich, Miranda & Hu PRD 95, 023513 (2017)] i
[Heinrich & Hu, arXiv:1802.00791 (2018)] 025} L
0.06
) ) OC_I . . 0.05
Some care required concerning :

non-explicit priors [Hazra & Smoot, JCAP, 11, 028 (2017)] 60




V) Current constraints on reionisation

[Planck 2018 results. VI (2019)]

—— TANH (flat r prior)

—— PCA 5 modes (flat r prior)
~, 3 FlexKnot (flat 7 prior) |
“, --- FlexKnot (flat knot prior) |
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V) Current constraints on reionisation

Planck is not able to measure kSZ independently

— need high resolution CMB data (ACT,0 SPT)

Planck+ACT+SPT

1.0 :
—— kSZ homogeneous
08l —— kSZ CSF & patchy
' —— kSZ patchy
0.6}
0.4}
0.2}

08905 10 15 20 25 30 35 4.0
Aysy [pK? ]

Current constraints from CMB on kSZ amplitude are very
weak and model dependent
- need high-sensitivity, small-scale measurements
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V) Current constraints on reionisation

Gorce et al. 2022 (2202.08698)

1.2
——— SPT data + Planck priors

--- Large-scale results
¥ Ly-a emitters
¢+ QSO spectra

E
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 CMB results consistent with a fully reionised Universe atz ~ 6

 Good agreement with recent constraints from particular objects
(QSOs, GRB, Ly-a)

* Disfavors large abundances of star-forming galaxies beyond z = 15

« Sufficient to comply with all the observational constraints without
the need for high-redshift (z = 10 to 15) galaxies.

« CMB results on reionisation history is model dependent
* Need to be careful about “model-independent” approaches
« Emphasis on the need for complementary probes of reionisation

(especially given the small tau value)
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V) Perspectives & future constraints




2015
2016
2017
2018
2019
2020
2021
2022
2023

Target

Sensitivity
(HK?)

Stage 2
1000
detectors

Stage 3
10,000
deleclors

~500,000
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g1g=

106

108

CLASS 1.5m x 4
> detectors @
512 at 95 GHz
2000 at 147 and 217 GHz
22,764 detectors
150, 220

H0MISOUThIEOIENEIESCOPE

=le =
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Future:

Simons Observatory
LiteBIRD

CMB Stage-4
Balloons




V) Upcoming CMB surveys

Credit: Taurus
0.010

0.009
0.008
0.007

0.006

o(7)

0.005

0.004

0.003

Cosmic Variance

0.002 = A NN NN I NN NN NN NN

0.001

Temp Noise (pK—arcmin)

+ improvements on analysis pipeline (foregrounds cleaning, etc.)
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V) Upcoming LSS surveys

DETF classification: ey § @R R
« Stage II: SDSS, KiDS§, ...

e Stage llI: DES, ...

« Stage |IV: DESI, LSST, Euclid

Fact sheet:

* Orbit around L2

« ~6 years of mission

« Launch date (!): Feb. 5" 2023
Q1 after 17 months, DR1 at 29
* VIS & NISP instruments

« ~15,000 sqg. deg.

» Spectro + photo survey

* Gal. Clustering & Weak Lensing




CMB-LSS joint analysis




V) CMB-LSS joint analysis

kSZ x LSS cross-correlation

ACT x BOSS, Hand++ ‘12
ACT x BOSS, Schaan++ ‘15
ACT x redMaPPer, de Bernardis++ ‘16
SPT x DES, Soergel++ ‘16
Planck x SDSS, ‘15

~ 5 sigma, but expected to improve quickly with
(deeper) CMB x galaxy overlap
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ABSTRACT

The combination and ofess-oorrelation of he upooming Ewelid data with cosmic microwave background (CMB) mesurements B a source of great expectition
aince it will provide the larges lever am of epochs, ranging from recombinstion to stracture formation across the entine past light cone. In this work, we present
fosecasts for the joint analysis of Ewelid and CMB data on the cosmalogical parameters of the standard cosmological model and some of its extensions. This work
expands and complements the recently published forecast based on Euelid-specific probes, namely galaxy clstering, weak lensing, and their cross-come lation. With
aome asumptions on the specifications of current and future CMB experiments, the predicted constraints are obtained from both a standard Fisher formalism and a
poaterioe-fitting approach based on actual CMB data, Companed toa Ereld-only analysis, the addition of CMB data leads to a substantial impact on constraints for
all cosmological parameters of e standard A-colddark-mater model, with improvements reaching up 10 a factor of ten. For the parameters of exended models,
which include a redshifi-dependent dark energy equation of stale, nos-zero curvature, and a phenomenslogical modification of gravity, improvements can be of
the onder of two to three, reaching higher than ten in some cases. The resulis highlight the crucial importance for cosmological constraints of te combination and
crnaa-Comme kation of Eire el probes with CMB daw.

Key words. Cosmology:lage-scale structure of Universe, cosmic background radiation, Surveys, Methods: statistical




V) Focus: Pessimistic Euclid+CMB from SO
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V) Focus on tau

Optimistic Euclid + Planck, flat LCDM 0 1.0 1.0
non-flat LCDM 3.9 4 16 1.6
flat wow,CDM 6 0 16 1.4 0
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V) Focus on tau
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V) Focus on tau
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V) Further observations

* QSO spectra
* Lyman-alpha forests

* IGM temperature measurements



QSO spectra

Lyman-alpha forests

IGM temperature measurements

Neutral hydrogen (21cm) absorption/emission
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The end

Thank you very much
for your attention !
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