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INTRODUCTION

THE EPOCH OF REIONISATION
& ITS OBSERVATIONS
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INTRODUCTION

The Epoch of Reionisation (EoR)

Reionisation history — Credit: ESA Today,
380,000 yrs 100 Myrs Time I Gyrs 13.8 Gyrs

4]

3 RATE TR

)
=

CERy Pk 5 “
Microwave Background
~

Neutral gas

-

.

\ 2 Simulation with 10243 cells and
. a volume of 1283 Mpci/h

lonized gas

Release of the Cosh

o ~
Neutral Universe  First stars A M J’OCh ijpﬂi#,'

z=1000 z=30 z>20 Redshift z= Today, z=0

Last big transition our Universe has known: the gas goes from totally neutral to totally ionised
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INTRODUCTION

Indirect observations of the reionisation process

Lyman a & Gunn-Peterson
trough
Emission from distant quasars
= distribution of hydrogen clouds along
their line of sight

Post-reionisation case During reionisation case

Absorption by the Lyman-a peak
neutral hydrogen
Continuum without

absorption Bosman+22

Ly-a redshift
5.0 5 2 5.4 5.6 5.8 6.0 6.2 6.4

VDESJ0408 5632 z= 60345
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Flux
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Credit: https://astro.ucla.edu/~wright/Lyman-alpha-
forest.html
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INTRODUCTION

Indirect observations of the reionisation process

CMB power spectrum
= constraints on e.g. the optical

depth T
Lewis+22
0.065 | i | | I
Constraints on 7, which is a 0.060— & -
+
way to: 0.055[==— =
= estimate the density of - e
the IGM. e -
= probe the ionisation 0.045 7
. . state of the IGM. " 0.040 -
IGM contains a diffuse » constrain the mid-
component of ionised gas reionisation redshift — -
(mainr:y HI) th?t ;cag;r; the (Planck+18: Zyiq re = 0.030 —
otons of the
p 7- 68). 0.025 —
| | | | |
0:020— 6 8 10 12 14
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INTRODUCTION

Indirect observations of the reionisation process

Deep surveys of distant
galaxies (z < 15) with HST and

JWST
= galaxy properties distribution during
the EoR
Eateaiiaalll SMACS 0723 galaxy cluster Fujimoto+23
NIRCam Image’JWST _23 : LI DL lltlé’;‘l(ll; LI | lll 1IN I.I ICIEII;‘II{SI LI LI l;il L ldl LEBLELELI I LI l:
.. C photo, literature) spec-z confirme 3
Credit: NASA E O JWST (photo, literature) [] NIRSpec/Medium gratings :
—22 E ® JWST (spec, literature) O NIRSpec/prism ™
" | 12.6 billion years F ' © CEERSz >~9 candidates ¥ 3
E B < m | 5
B 1 | o 3
> By ° q', [ :
D _20 E-r- . o (o) I £ _:
o > s . &% ]
13.0 billion years : ;‘, L 3 [C] @ : g Cb - E
9E. wi W : 3
— :,,"'. x ; & O : ® % - =
E m o0 = : (m] " o E
- o@ 'o o = ]
—18 :. 8 Bo E O 'i
13.1 billion years E NIRSpec : E
E " [ONI]5008 Limit™ 3
o 17 1.1 1 L h 11 1.1 Il 1 I L1 11 I i 11 I 1 11 I 1. 11 I 1 11 l L1 11 l T

7 8 ) 10 11 22 13 14 15 16 17
redshift
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INTRODUCTION

Indirect observations of the reionisation process: what do we learn?

Reionisation history:
time evolution of the reionisation process

1.0
Greig+2022
0.8 -
0.6 1
z
I8
0.4 - ® Dark pixels
B Lyafraction
% LAE Clust.
‘ LBGs
Bh QSO DW (Combined)
0.0

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
Redshift, z

Constraints from forward-modelling, including:

*  Large-scale Lya forest opacity fluctuations

=  CMB optical depth

®  Fraction of dark pixels in the Ly and Lyf3 forests
= Observed UV luminosity functions at z = 6 — 10
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INTRODUCTION

Indirect observations of the reionisation process: what do we learn?

1.0

0.8 1

0.6 1

ZH:

0.4 -

0.2 1

0.0

Luminosity functions of galaxies:
constraints on e.g. star formation rate
(SFR) & galaxy parameters

Reionisation history:
time evolution of the reionisation process

Harikane+2023

2~ 9 A 2~12 |

Greig+2022

]
(98]

(S
(e

JWST (this work)

[u—y
S,
EN
[

Previous studies
@Donnan+22 —3
EBouwens+22 ]
M Oesch+13

10" ¢ ¢
[ : n » McLeod+16 i
6 I ® Morishita+18 )
10 A Stefanon+19 ]
E ®Bowler+20 E
F ¥ Bouwens+20 :

Previous studies
@Donnan+22 (z ~12)
@Harikane+22 (z ~13)

WV Naidu+22 (z ~10-13)

B Bouwenst22 (z ~12-13)

Dark pixels
Lya fraction

Number /mag/Mpc?®
Number /mag/Mpc?®

Poéxme

LAE Clust. 5 OMeLeod+16 (= ~10)
LBGs . [ ® Rojas-Ruiz+20 ] / [1Oesch+18 (z ~10)
QSO DW (Combined) [ = ¥ Leethochawalit+22 ] [ / OMorishita+18 (2 ~10)
-7 Finkelstein+22 -8 / Bowler+20 (z ~10)
10 £/ | | | Lo £ 10, Ledl | AN
t =28 =22 21 =20 -19 =18 =11 =24 —23 =22 =21 20 —19 =18 =17
. . . . : . . . Myv Myy
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
Redshift, z
Constraints from forward-modelling, including: Example of galaxy parameters that these studies allow to constrain:
»  large-scale Lya forest opacity fluctuations s : . :
- CMB opical depth ionising photon production rate. anc.l efficiency, escape fraction, dust
*  Fraction of dark pixels in the Lya and Ly forests extinction
= Observed UV luminosity functions at z = 6 — 10
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. : . 1=21
Direct observations of the reionisation process 40 MHs
+ Upcoming observations of the brightness temperature - .
with the 21 ¢cm signal Photon at a no
e . . 2| cm
= distribution of neutral hydrogen gas at many frequencies oo e "/ = 3exp(—Tio/Ts)
= 2l cmsignal: 6T (z2) ~ xy1(2)(1 + 6, (2))F(T) é - T1p = 0.068 K
L 2 T is the spin temperature.
Excitation state of the hydrogen gas
- depends on the contrast T¢ — Tcyp
1 1
8Ty (2) ~ 27(xpy (2 () ( mK
b(%) H1(%) 10 \0.04407/ \027/
|
*  Tcmp: CMB temperature Cosmology
= T:spin temperature = local
Density fluctuation excitation temperature of the
two-spin states of the neutral
of baryons hydrogen

I S T
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INTRODUCTION

Direct observations of the reionisation process

= Upcoming observations of the brightness temperature

with the 21 ¢cm signal
= distribution of neutral hydrogen gas at many frequencies

= 21 cm signal: 8T (2) ~ xy;(2)(1 + 8,(2))F(T)

Park+19 Frequency [MHZ7]
200 190 180 170 160 150 140 130 120 110 100 90
300 - . ——

30 70 60

[yu] 410

° 200
2. 100
~
30
S 3 . — — — = == == == o= o= = = - - —— = — — — — — — — — s
% _30 {Reionisation Reionisation First Dark Ages|
e ends begins galaxies ]
By o0y T Heating begins ]
150 4 ; = % %T= % ——————— e |
6.0 I 7.0 8.0 9.0 | 10.0 Redshift12.0 1.0 | 16.0 18.0 20.0 [25.0
Ly-a coupling by Gas is thermalised

No more neutral gas
xHI - 0
5Tb =0

Reheating by X-ray sources
Ts = Tgas > Tems
6Ty, > 0

stellar radiation
Ts = Tgas < Tcums
6T, <0

1 ———
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INTRODUCTION

Direct observations of the reionisation process
HERA collaboration. 2022b

= Upcoming observations of the brightness temperature ol z2~12 21cmMC Derived Constraints From: | 7 10 t o
: . 10 e 95% poster!or without H!ERA I r”f 1
with the 21 cm signal 108} i BeRa (e o . Py ?? ’mﬁ?
— . . . . fa— 3?% posteriori:fvzeorrm nights t
= distribution of neutral hydrogen gas at many frequencies = .| (955 posteror Y P T ee?
: ?
= 2l cmsignal: 6T (z2) ~ xy1(2)(1 + 6, (2))F(T) g 10} :
W 10—
10!
10° 20 Upper Limits:
® HERAatz=104(94 mg:z :12iszzvork)
1071} E [‘gs:ka;:;l;f ((I}l:r:;gr\s etal. zo)zo)
PAPER at z = 10.9 (Kolopanis et al. 2019)
106} Z~ 8 ! ) | Z~6
PR 'Y
o r t”tﬂ’h"@? ' 1y u}f’ Er
104} SRR ,g??’ ' TI”N TTT
g 103/—;7 ? ﬂ ! T !
£ SR SR R—
N< 102 _\;"‘C.\:}Wﬂ;‘:
° . 10° L 20 Upper Limits:
We have now limits on the 21 cm power spectrum that | T ‘
will be useful to constrain on astrophysical parameters and the . et s
* GMRT at z = 8.6 (Paciga et al. 2013) ® MWAatz=6.5(Lietal. 2019)

reionisation process. - T , TR 1o
- e.g. ”IGM must have been heated above the adiabatic k(0 o) € Hpe)

cooling”, maybe by X-ray photons.
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I NTRO D U CTI O N 1 _ SKA-Low characteristics:

Direct ob . the reionisati Redshifts range:
Irect opservations Of € reionisation PrOCCSS '50—-350MHz ~z € 6,25]

Field of view:
200 square degrees
(> 1 cGpo)
Resolution (see Girit+18):
= On the plane of the sky:
> 7 cMpc forz > 6.5

= Upcoming observations of the brightness temperature
with the 21 ¢cm signal
= distribution of neutral hydrogen gas at many frequencies

= 21| ecm signal: 8T (z) ~ xg;(2)(1 + 6,(2))F(T)

9 72=6 (<6To>=2.9e-01||(z=7 [<6Tb>=l.1e+00]7 <5Tb>=1.9e+00 <56Tb>=3.0e+00 u In the frequency dlreCtlonZ
& - ‘s L‘ C : > 1 cMpc
50 - * " { 4 ﬁ r ‘ﬁ
2 ‘ -
- * * ' k oy
End of the . it o
100 EoR & "" 6 on i
4
0 — — 40
<6Tb>=4.4e+00 <6Tb>=5.8e+00 ffz=8.5 y <6Tb>=9.0e+00 §§ z=9 <6Tb>=1.2e+01 §§ z=9.5 <6Tb>=1.3e+01 §{[ z=10 <61’b>=l.2e.+01
20
a 2D images of the 21 cm signal at
° many frequencies: 6T, (z)
100 . 21cmFAST semi-analytical model
; (256 cMpc/h)
b ;f* z=12:- <6Tb>=-2.1e+01  [z=13 <6Tb>=-6.3e+01 | [z=14 <6Tb>=-1,1e+02 | [z=15 <6Tb>=-1,5e+02 >
N K , Hiegel, Thélie+ (in prep.)
y .$_"7 " —-60
% e = -
‘."Y‘ - b g ; -80
100 4 S
3 x4 . D {=55
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 B4
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INTRODUCTION

The Epoch of Reionisation (EoR) Coball (6gc§41|:i/2h3
Cvir

Physical properties of

individual sources Properties of the gas density

(e.g. luminosity, spectrum, f,¢. fraction) et field
% & (e.g. ionisation fraction)
T e
Properties of the source
population e ™
(e.g. number density, time evolution, F. k|
spatial distribution) 4

Effects of the first generation

of sources on the IGM

(through e.g. ionisation, photoheating,
shock-heating, chemical enrichment)

e

1 ———
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INTRODUCTION

TOPOLOGY OF MODELS OF THE REIONISATION
PROCESS
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INTRODUCTION — It is challenging! ~

Modelling the Epoch of Reionisation High resolution Radiative transfer
to take into account the

to model star formation Large volume
radiation field

to represent the cosmic
density field

I S T
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INTRODUCTION

Modelling the Epoch of Reionisation

Fully analytical models

—> Accessing the 2| cm
global signal & power
spectrum

= Barkana & Loeb 2005
=  Pritchard & Furlanetto

2007
= Munoz 2023

It is challenging! ~

High resolution

to model star formation Large volume

to represent the cosmic
density field

Cosmological simulations

—> Implement hydrodynamics + radiative
transfer, see e.g.:

= RAMSES (Teyssier02)

" Gnedinl4

= EMMA (Aubert+15)

= LICORICE (Semelinl6)

= SCORCH (Doussot+20)

= THESAN project (Kannan+21)

Examples of simulation suites based on

RAMSES/ATON:
= CoDal,ll &Ill (Ocvirk+16, Ocvirk+20,
Lewis+22)

= SPHINX-MHD (Katz+21)
= Sherwood-Relics simulations (Puchwein+22)

Radiative transfer
to take into account the
radiation field

Semi-analytical models

2lcmFAST
(Mesinger+1 1):
the most ”
famous one,
based on the -
excursion set :
formalism "’

Furlanetto+04, Battaglia+ | 3, Hutter 18, ...

AMBER (Trac+22): through the calculation
of the reionisation redshift field

EMILIE THELIE — 21t March 2023

Nice seminar
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|NTRODUCT|ON Topological studies of xy;; or 21 cm maps to analyse:

C . How does the .
Topology of the reionisation process EoR h ) Growth of structures
OR Nappen: | « [onised/neutral bubbles geometry, distribution, organisation
= Percolation, evolution of the process

Size of neutral and ionised bubbles...  Spatial correlations...
... with diverse methods (e.g. FOF in Giri+19, ... with 2] cm power spectra (e.g.
spherica] averages in Giri+18, ...) Shimabukuro +22) and bispectra (e.g. Hutter+20)

A lot of
existing
methods
within this
field
Counts of 3D structures like Geomet:i y of bubbles and
peaks, tunnels and voids... percolation...
. with Betti numbers (e.g. Giri+20, = ... with Minkowski functionals
Bianco+21) (e.g. Friedrich+1 I, Chen+19)
= ... with the triangle correlation

function (Gorce+19)
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REIO N I SATI O N TI M ES EMMA cosmological simulation (512 cMpc/h):

Deﬁnition ®  Hydrodynamics + radiative transfer
Reionise first Adaptative Mesh Refinement (AMR)

500F al E
‘ I

400 ‘ ~ ¥ s 2
I - . .
ke > - 1™ Cell value = time
= 300 . .
g ~ #|: atwhichthe gasis
E— ¢ o
> 200 * reionised
I’ -1
100 - " -
Collection of
binary x;; 0 —L

0 100 200 300 400 500
x [cMpc/h]

Thélie+ (arxiv:2209.11608) Relonlse last

ty snapshots
4

Map of reionisation times:

B | ocal histories of reionisation of the gas
m  Spatial and temporal information about the reionisation process
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REIO N I SATI O N TI M ES EMMA cosmological simulation (512 cMpc/h):

Deﬁnition ®  Hydrodynamics + radiative transfer
Adaptative Mesh Refinement (AMR)

21cmFAST semi-
analytical simulation
(256 cMpc/h)

500F al E 250 - 3
. ‘
- 2 2
400 » -

Reionise first

-
‘ g x | 200 .

| .
e % P % " 4T Cell value = time
‘ ‘ 50

=
(O]
o

at which the gas is

y [cMpc/h]
-
~
-
t;
o
y [cMpc/h]

>00k reionised

=
o
o

-
. ‘ |
| 100 - 50 ' -
Collection of
binary x;; 0 —L 1

o

. _ 1 1 1 1 _
snapshots 0 100 200 300 400 500 0 50 100 150 200 250 3
P x [cMpc/h] x [cMpc/h]

Thélie+ (arxiv:2209.11608) Relonlse last

Map of reionisation times:

B | ocal histories of reionisation of the gas
m  Spatial and temporal information about the reionisation process

Reionisation simulations:

= EMMA cosmological simulations (Aubert+15) or 21cmFAST semi-analytical models (Mesinger+11)
®  |arge scales: box size >128 cMpc/h,l cMpc/h resolution
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REIONISATION TIMES

Topology as seen through a mountainous landscape

Credit: C. Gay thesis (201 1)

a=at

o
T

i 0 P f*:'p’
Altitude isocontours (IGN map)

®  Mountainous landscape = 2D
field with the altitude as the
field value

I T
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REIONISATION TIMES

Topology as seen through a mountainous landscape

Peaks = maxima Pass = saddle point
Credit: C. Gay thesis (201 1)

i e

urs N ma)

Altitude isocon

®  Mountainous landscape = 2D
field with the altitude as the
field value

Valley hollow = minimum
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REIONISATION TIMES

Topology as seen through a mountainous landscape

Peaks = maxima Pass = saddle point
Credit: C. Gay thesis (201 1)

W

Altitude isocontours (IGN

®  Mountainous landscape = 2D

E 7 ol R . A field with the altitude as the
| field value
m  Set of valleys = segmentation in

void patches
m Set of ridge lines = skeleton

Ridge line = skeleton filament Valley hollow = minimum Valley = void patch

I T
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REIONISATION TIMES

Evolving topology of the EoR EMMA cosmological simulation maps (512 cMpc/h)
Thélie+ (arxiv:2209.11608)

Minima:
m  “Reionisation seeds’”:
sources from which the

ionisation fronts propagate L . & ~‘
. . . -18 *. '* - ' ~\l § —1
m  First places to reionise A\ \ /, n“\%
-2 * = " / 4 -2
_ ~ 5 : » A ‘ .'Q,"Q\/E
N | * L * J. * 1 }dh L‘."v O\ -
; @@ ':O t@ » < e ) J. \ .‘ —_— |
21k * X *0) ® * - < )
@ . \“ ) ( N *‘. 0 ..o\ h 15
1 | 'y 5 0" * .o/ 2)
018« I “ 1.0
CI S S\t
0/ e : @
-1} PR .
s e ° 2 i
5 | ? ® @
" *: '®
=370 100 200 100 200 300 29

[cMpc/h] [cMpc/h]
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REIONISATION TIMES

Evolving topology of the EoR EMMA cosmological simulation maps (512 cMpc/h)
Thélie+ (arxiv:2209.11608)

ORCLS
N
CRAZSS

O‘ s
P ' . .
Minima: | C 2 "‘2

m  “Reionisation seeds’:
sources from which the
ionisation fronts propagate

®  First places to reionise

Isocontours:

m  Regions reached by
ionisation fronts at the
same time

m  Size evolution of bubbles

oS S I} i
0 100 200 300 400 500 100 200 300 400 500
[cMpc/h] [cMpc/h]

]
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REIONISATION TIMES

Evolving topology of the EoR

Minima:

m  “Reionisation seeds’:
sources from which the
ionisation fronts propagate

®  First places to reionise

Isocontours:

m  Regions reached by
ionisation fronts at the
same time

m  Size evolution of bubbles

EMILIE THELIE — 21t March 2023

EMMA cosmological simulation maps (512 cMpc/h)
Thélie+ (arxiv:2209.11608)

oS S I} i
0 100 200 300 400 500 100 200 300 400 500
[cMpc/h] [cMpc/h]

Nice seminar

Reionisation patches:
m  [Extension of the radiative
influence of a source

Patches edges = skeleton:

B Percolation lines between
ionisation fronts
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REIONISATION TIMES

Evolving topology of the EoR EMMA cosmological simulation maps (512 cMpc/h)
Thélie+ (arxiv:2209.11608)

Q' 3 &
k‘,"“ ’ << 2 Reionisation patches:
Rod

Minima: @ m  Extension of the radiative

®m  “Reionisation seeds’: ' » OO |
2 , \ aa" influence of a source

sources from which the . v . 0 qo ~
ionisation fronts propagate :OQQA"’ 4 X I:atPches; e.dgcis = Zkeleton.
= First places to reionise - | ’ . | B ercolation lines between

ionisation fronts

Isocontours:

m  Regions reached by
ionisation fronts at the
same time

m  Size evolution of bubbles

Gradients:

- | Vtreion”"’ 2_; ereion_1

®  |nverse of the ionisation

Ios fronts speed

®

P 4 i s ) i i

0 100 200 300 400 500 00 200 300 400 500
[cMpc/h] [cMpc/h]

0.0

]
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REIONISATION TIMES

What can we do with it?

Analysing this map:

®m  Comparisons between models of simulations

®  Geometrical characterisation of models of the EoR
®m  Comparison to the gaussian random fields theory
|

Study of the evolving topology of the reionisation process

21cmFAST semi-analytical
simulation (256 cMpc/h)

EMMA cosmological

simulation (512 cMpc/h) 7 ionisation

7 ionisation

fronts speed

fronts speed

2.5 1035 2.5 10.35
{0.30 0.30
L 2.0 2.0
= 0.25 =2 0.25
* 5 z 3
‘s =15 = =15 —
Thélie+ 5 g 0-20 B g 0-20
2 i Z =
(arxiv:2209.11608) e~ g . s g ..
= 1.0 N =10 >
T T
0.10 0.10
0.5 0.5
0.05 0.05
(Alya)]

e S T
Nice seminar

EMILIE THELIE — 21t March 2023

treion — treion

Jtreian

treion — Creion

Jt‘reion

Infinite ionisation
fronts speed
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RESULTS

A. REIONISATION TIMES
RECONSTRUCTED FROMTHE 21 CM SIGNAL

Hiegel, Thélie+ (to be submitted)

1 ———
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A.21 CMTO t,pion

Reconstruction of reionisation times from 21 c¢cm signal maps

Future observations with SKA :

Is it possible to reconstruct
= 2D maps on the plane of the sky...

reionisation times maps from
observations?

= ... at many observational redshifts

2D images of the 21 c¢m signal at many frequencies: 8T}, (z)

<6Tb>=32e-03 <6Tb>=4.3e-02 [<6Tb>-2.ge-01| <5Tb>-l.le+00’ <6Tb>=1.9e+00
‘ ¢ ¥ ve v
% b <
50 *" o r . 20
2 . s
» £ B . ‘ X} :
) r
100 1 X % & “ 40
<6Tb>=5.8e+00 jz=8.5 . <6Tb>=9.0e+00 | z=9 <6Tb>=1.2e+01 j§f2=9.5 <6Tb>=1.3e+01 |l z=

z=12 <6Tb>=-2.1e+01 jfz=13 <6Tb>=-63e+01 jfz=14

120

0 20

50 100 0 50 100 0 50 100

EMILIE THELIE — 21t March 2023 Nice seminar

= ... of neutral gas distribution during the EoR...

40 60 80 100 120

21cmFAST semi-analytical model (256 cMpc/h)
e Hiegel, Thélie+ (in prep.)
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A.21 CMTO t,pion

Convolutional neural network (CNN)
Encoder Decoder

Up sampling x4 [ [PrED

T || — Lad e b d (G2 B (64%) Lo 4

treion

. Ay Max pooling x4

=) : 2D Convolution operations |*

21cmFAST semi-analytical (wert) - size of images

model (256 cMpc/h)

. 7. . 32 64 128 256 512 256 128 64 32
Hiegel, Thélie+ (in prep.) .
Filter Number

CNN
* Developed with Tensorflow
and Keras

= U-net:2 parts with the same
number of images and filters
=  Fncoder = convolve and reduce
dimension
=  Decoder = deconvolve and
increase back to original
dimension
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A.21 CMTO t,pion

Convolutional neural network (CNN)
Encoder Decoder

Up sampling x4

L d G NE29N R 2

treion

4_;-'-"?‘: =) (642) - | 0 | | )

A b -I’>*.
. s i

21cmFAST semi-analytical
model (256 cMpc/h)

Max pooling x4

=) : 2D Convolution operations
axx?) : Size of images

Hiege I’ Thé Iie+ (’n prep. ) 32 64 128 256 512 256 128 64 32>
Filter Number
CNN SIMULATIONS
" Developed with Tensorflow
and Keras * 50 21cmFAST semi-analytical
= U-net:2 parts with the same simulations (256 cMpc/h)
number of images and filters o .
O Ermdlr = anmelve and redhiee = 2 models of reionisation with
dimension varying ionisation emissivity

= Decoder = deconvolve and
increase back to original
dimension

of galaxies { € {30,55}
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A.21 CMTO t,pion

Convolutional neural network (CNN)

Encoder

Decoder

- F-

21cmFAST semi-analytical
model (256 cMpc/h)

(329 [ —

Max pooling x4

Up sampling x4

—» — |

=) : 2D Convolution operations
axx?) : Size of images

treion

Hiegel, Thélie+ (in prep.)

128 256 512 256 128

64

CNN
" Developed with Tensorflow
and Keras

= U-net:2 parts with the same
number of images and filters
=  Fncoder = convolve and reduce
dimension
=  Decoder = deconvolve and
increase back to original
dimension

Filter Number

SIMULATIONS

50 21cmFAST semi-analytical
simulations (256 cMpc/h)

2 models of reionisation with
varying ionisation emissivity
of galaxies { € {30,55}

LEARNING

" One prediction per

observational redshift

= 35,000 images:

= 90% for the training set
= |0% for the test set

EMILIE THELIE — 21t March 2023

Nice seminar
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A.21 CMTO t,pion

Reconstruction of reionisation times from 21 c¢cm signal maps

z =11 CNN
x [cMpc/h] x [cMpc/h] x [cMpc/h]
0 32 64 96 128 32 64 96 128 32 64 96 12¢
’ [ ,: z h ' ;' >, v —

21 cmFAST semi-analytical model (256 cMpc/h)

Hiegel, Thélie+ (in prep.)

y [cMpc/h]

Example with z,,¢ = 11:less small structures but
really close to the true map

I S T
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A.21 CMTO t,pion

Reconstruction of reionisation times from 21 c¢cm signal maps

z =11 CNN

x [cMpc/h] x [cMpc/h] x [cMpc/h]
0 32 64 96 128 32 64 9% 128 32 64 96 12¢

21 cmFAST semi-analytical model (256 cMpc/h)

Hiegel, Thélie+ (in prep.)

-
a
=
=
> approx z
11:3 8.4 6.7 5.7 5.0
O \ eee Pred 230
i, —— Pred {55
® Zops 5.5
0.8 ® Zops 6
Zops 8
Zobs 10
0.6 ® Zobs 1l
® Zops 15
= Example with z,,; = 11:less small structures but Volume |
really close to the true map fraction of
neutral gas
. o 0 g g g [T True 30
= Access to the entire reionisation history with a 021 True 255
unique observational redshift: reconstruction of the past X slanalimetion;Se0
. @® Signal fraction {55 :
and eXtraPOIat’on Ofthe fUture 0%-3 0f4 OjS Of6 0f7 0.8 0.9 . 1 1.2

Cosmological time [Gyrs]
. |
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A.21 CMTO t,pion

Reconstruction of reionisation times from 21 c¢cm signal maps including instrumental noise

z =8 CNN Noise characteristics (Tool2|cm, Giri+20)
= Daily scan: 6h
x [cMpc/h] x [cMpc/h] x [cMpc/h] . .
0 32 64 9 128 32 64 9% 128 32 64 96 128 * Integration time: |0s

=  Number of observations hours: 1000h
=  Maximum baseline: 2 km

- 21 cmFAST semi-analytical model (256 cMpc/h)
% Hiegel, Thélie+ (in prep.)
; 11.3 8.4 approx zgfcjln 5.7 <5

1_0 O YR L T T
- T With noise
= Without noise

0.8F

reionisation *f G

0.8 . 0.6

. Volume a4l
= Example with z,,; = 8: reconstructed .

fraction of
WORKIN maps even more smoothed neutral gas
PROGRESS . b2f
But statistics not that far away from
reconstructions without noise S N

0.8 0.9 1.0 1.1 1.2
treion [Gyl’S]
A .
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RESULTS

B. PROPAGATION OF IONISATION FRONTS AROUND
MATTER FILAMENTS

Thélie+22 (A&A)

1 ———
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B. REIONISATION PATCHES

Propagation of ionisations fronts in 21cmFAST maps

Analysis of the topology of reionisation redshifts with DisPerSE (Sousbie+| |):

* Radiative influence of reionisation sources on their environment: orientation of
reionisation patches with respect to the matter filaments

= Geometry of reionisation patches, percolation

How does the radiation
from reionisation sources
propagate?

Gas density + filaments Reionisation redshifts + patches

Zyeion
100 1 100 = Maxima = first places to
reionise
80 80 . S
1.0 F14 = Propagation of ionisation
” 60 ° > 6 o fronts along gradient
0.5 lines
* 0 10 = Reionisation patches =

extension of radiative

20 & .
influence of the sources

LIS >a’ " ﬁl‘ )|
AP o .
g=30- tgm(rw-r) ='4.6989#

E'_ .30 lQQlo(Twr) =E598ﬁ£‘.’
! .slice,;z=64

slice z=64' o | i
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Maps from a 21 cmFAST semi-analytical model (128 cr'i(pclh)
Thélie+ (2022)
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B. REIONISATION PATCHES

Examples of reionisation patches

B Reionisation . =12 and log(Tyy) = 4 20019
¢(=6.5and WT 3.5 T e . PatCh 3 3
y 0/ N 25 2.5 b
‘ , o 52 2 E
15 g 5534 1.5 g
] 2 . 1 'S
w —05
_ 05 56 0
-0 — -5.1e:01
—-5.1e-01
\ 52 1.0e+01
. 72 1.0e+01 -
Gas density [9.5 > [Z.s
filament Y e M . jes
%\ e g § 735 &
rvx‘ Z 555\4\ \\\ 4 Z Axis = '-g l Lo ) *7' ke
. 53 \ “62 7
\zm é{ 65 I ¥ " E 2'5
68 66 4, R2s 60 58 5(5/3 6 s J 5.5e+00
5.5e+00
From a 21cmFAST semi-analytical model (128 cMpc/h)
Thélie+ (2022)
Reionisation patch aligned with the filament Reionisation patch in a butterfly shape
= radiations follow the matter filament = radiations follow the path of least resistance
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B. REIONISATION PATCHES

Results: orientation of patches with respect to filaments

—— {=6.5-10910(Tyir) = 3.5 Aligned patches
30 £=12.0-logie(Tui) = 4.0 with the matter
Reionisation patches shape —— §=30-log10(Tvir) = 4.69897 filaments
—— (¢=55.0-10910(Tvir) =5.0
12 -2 2.5F —— (=150.0-10910(Tvir) = 5.4
[ | Triaxia“ty Parameter: T = ﬁ —— =30 - log1o(Tvir) = 4.69897 with fil rotation

®  Majority of prolate patches 201

1.5+ Perpendicular
patches to the
matter filaments

| oblate

d(Nregions/N) / dcos({zrejon, 6})

: triaxial

100 2 0 ) Ty I i WPy U

'je“ 0.0 0.2 0.4 ofs ois 1.0

E . cos({Zrejon, 0))

g 107t ¢=6.5-log10(Tvir) = 3.5

g —— 7=12.0 - log10(Tyiy) = 4.0

% — C= 30 - |Og]_0(Tvir) =4.69897
¢=40-logio(Tvir) = 4.69897 Orientation of reionisation patches with
Z= 55 - |0910(Tvir) =4.69897

| £=100 - logio(Tyi1) = 4.69897 respect to matter filaments
10 5'/ ¢ =300 - log1o(Tyir) = 4.69897
— €=550-10g10(Tur) = 5.0 ®  Majority of aligned patches to the matter

—— {=150.0 - log10(Tyir) =5.4

filaments

0.0 0.2 0.4 06 0.8 1.0
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B. REIONISATION PATCHES

Results: orientation of patches with respect to filaments

= - \$5 Axs 4.0e+00

(=12 and log(Tyir) =4

Z=6.5and | i) =3.5 n o >
é@f?/ \\?i\éé ) 25 29 5
ey 2 % 2 g
z A(S%f(js// \\\39\5\5\3\ 5, 1 5 § 5:5 :: 5 ‘5\:
6/ AN 0 —05
/ // \70 05 56 ¥
68 —0 = =l
l \\w —-5.1e-01 e
X % 2 °4 X Axis
éig\ \ ( A 58 X Axig3
61&\\ \ .56
656‘}\ 2, ¢ 54
X Axlqsggé\ : \ o 1.0e+01
S 1.0e+01 72 [9_5
70 9.5 7734 9
4 Ve [9 52 L85
3 66 -5 < —8 -5
\ . o -8 o . o
{V( P4 55;4\ z\\ ) {d Z Axis 75 Ne l . .Y\‘ | o ; 5 N
' 5:\ N\ //62 7 R 65
SQM e 65 | v " 2
YN 25 " - B 5.56+00
From a 21cmFAST semi-analytical model (128 cMpc/h)
Thélie+ (2022)
o,
DOMINANT CASE (47%) UNDER-REPRESENTED CASE (2%)
Prolate-aligned patch
g P “Butterfly’”’ patch
= beaded sources along the matter filament
(that supposedly have same properties of emissivity, age. .. ) = isolated and/or strong emitter driving reionisation

I T T
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RESULTS

C. REIONISATION TIMES:
TOPOLOGY AND GAUSSIAN RANDOM FIELD
(GRF) THEORY

Thélie+ (accepted for publication in A&A, arXiv: 2209.11608)

1 ———
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C.TOPOLOGY AND GRF THEORY

Characterisation of the evolving topology of the EoR

By using topological statistics that are...

" ... measurable in reionisation times maps,

= ... predictable with GRF theory,

= ... and entirely defined with the power spectrum of the gaussian field

How to characterise the
evolution of reionisation?

5007 L R K I b O oA"Y =3 ul §
AN SR =1 [W&Sa 25ty IR =2 |0 = : Ri=6
ve Xy '”n'{'_t'!_;J.-.,'}, ?:’. Wy )\ T ‘.": F . . 108 |- =~
so0 B At S A A Tt FLA bRl cr LA 2
e Phe y o s s, L 7 ar.y - as
{:f! whgt 1P g NN S R T NI AR
o P e "'._‘-Q\ LA AL 'r* ’ L ".‘., LR~ ’ i J l -1 1016 |-
_ iﬁ‘;‘ PR g'*';_-‘ 2 ey p e Ji i 2 r e 'l -
R AR Y A S S P TR Y Al w R J N ’ .
%- "—::‘. ? .'}'.l:f“‘“;; '."’s"t..": 4G o g O A | '.‘N. 2 o " - .| z0 1014
o ;ia.. ,ﬁ‘. ' 'l'i“ .-‘. :_H.. () | i ) R “.. Lo ’ +~ . -
R e S i | S SRR | M | . )
‘I‘_":‘.,l._?'-'.b LT B raatt s foa] NAY < ’6\.\" {2 |
“31 ; P.:-;"'.‘it ¥ 4 }il G ¥k LR € y N 4 - - lo* [ theoretical P,
100 EC R j"" P 2D slices of EMMA cosmological S* . d "5k . theoretical pimoated \
, e 8T simulations (512 cMRclh) treion Maps - == GRFs \
3 YN B . | ST PV 5 TS S i 'dl_e-_z‘ - ' 10%0 f= X EMMA - traon 7' smoothing
500 PR g ot gt e LA PRy e g Ty s e L PR » \{ N S : ]
*}1 _;j*-,‘_;.-:,;*‘--.!;. 2 M P T " 2 ¥ = e kernel size
.‘:‘ /2 o 'o.:,..-?"._ '. ‘... .-'.:':.“~. 'l,' ?. .P’. -‘....' il .’. / g 4 . ’ ‘ 108 | | L ‘I—1 =
40077 s Nk s 1 | 0 Rt - AN A " A ' 1 10 10
RIS AV .’1 ’9‘. _-:“-.“ - i ..{ s 2 ¥ -.-. pun ¥ 5 . . k [h/cMpc]
T"_’. . o "..!' ,--"* »Q" 2, - .- ~ ."_ .‘. '. 7 e s .
B St g SN | RS N AR ol ¢ Wl - . A W9 Thélie+ (arxiv:2209.11608)
T 300 [N {0 Al (AR R g [ " S A N »
o Rihg et Seal Rt g e glim dag e Lo dils
U 5 S o 0 [ ey B ;) ’ ﬂ 6 data sets
200:25_ g n';),x ,-,,,%{;_“ﬁtg i‘- /; Q‘!‘-\ . ‘tzt-.- ( “- S ‘.
rl .-' .._... "“._-‘ L * O . » " ’ .
SE STt o R S SV R i . ® 100 EMMA maps of tpion (X
e R GRSl TR A GNP 2 A e P ©f reton )
| % A3 "; .1'. » P "
y LTS .g_k. GRFs generated with the same power spectrum 5 ® |00 GRFs
&.. ./-’:.ru":"~ .'rr'n. D s VN S B L VL o LA O W N WY MEE 1 ‘ |" 1 1 -3
0 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 . .
X [cMpc/h] x [cMpc/h] x [cMpc/h] u 3 dlffel’ent SmOOthIngS

]
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C.TOPOLOGY AND GRF THEORY

Gaussian random fields theory (Rice+44, Longuet-Higgins+57, Bardeen+86, Gay+12)

Probability
distribution
functions

(joint PDFs of the
field/its derivatives)

o
® O
® »
0@ °,
Normalised o

° gaussian field and
‘ its derivatives

Filling factor
= reionisation history

Filling factor of the gradient field norm
= jonisation fronts speed

Isocontour length
= evolution of the
neutrallionised bubbles size

Analytical
predictions

of statistics

PDF of field values at its minima
= reionisation seed counts

Skeleton length

= places of percolation of the
ionisation fronts
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C.TOPOLOGY AND GRF THEORY

Simulation measurements & GRFs predictions

B |socontours = regions reached by ionisation fronts at the same time
—> follow the size evolution of ionised/neutral bubbles

= EMMA measurements close to gaussian predictions

- 3
500 A, ) % C‘ = 6' tl';?o‘-.> o Lod l'. C . 2= 60 o oW I z ° L4 i .
ol ot R DR X B TR R PR T & Thélie+ (arxiv:2209.11608)
Pa Bs vl [ &L Bol e 2 Bpo TP g - o
400 R0 8 e Sl * s i s | T N - SECHE 53 (/RRS :
@@ ’:% oAk A ¥ rb«d(@’f".’} 6@, @§>a ;.o ’o“ . 00%0 .wséj % o@ 1 ' — GRF
— 35 o268 .+ > 4 - ° o7, A
E 300[% Sl L e ol AR s ¢ i ey M "5 0 —— Prediction
S ey @GN Ty, e L e LR e @0 e SS9 2. ¢ § ;
= ¢ L o ) Q s 710 0.10F
R PO SR e | ERTRIRUE Vo ¥ B Tamllo & : lonised bubbles — Re=1
> 200p& 5.0 7 X o 07 s)& 5 | SEOiee oc 904 o 0 “aAl . growing and —— Rf=2
. AL b r e AT > | J b o (i
B ""”._‘..- %,,’-.&bn' Y A o 'm.ﬁv%@uo. 8 b@ ] 0.08 lati Rr=6
g o y ) £ .
100fc g il A1 2D slices of EMMA cosmological P 1 percolating Neutral bubbles
o ey simulations (512 cMpc/h) t,..;o, maps @ @ X
e on s B UL e TP o Ve Pe g0 o S ML T /e . : {1 ~ 0.06f getting smaller
500 PR g o . . = ~ — 7 oF =113
R "‘& R & ‘?Q' :a &G 9& S v .0 . 12) o © (o)
‘:: p,'{g; *':’,ol..‘ ‘\:\f"f"é v A | oy Rt d ”%&' \J = ° 12 0.04
aoo =" iy ool sy LT AR g0 - NS Sy T C9 o - g '
J ) v.ﬁ ©.0lo e “‘r'; 00 . ° . H
Y . ,,vqé) P ol le ) °% O e o i
AR S SR LR Q o| " |
= x " b > 3 O o ° £ . f—
PR o T B R R Spae - g,
s ¥ %, Q’ﬂ‘ RS @u\ . ® @0 AP Eo 0 ~ ¢
> 200 c@'@ "‘¢ “’;;‘:‘ °° ."@'A”hg' 8%, & ; 0;’3“ @O ? 0 S Q@Og RORVE Y ol X
s;g s sif_,;uacf %%W e Pt n DAY \ oYe = 0.00 1 1 1 i 1 1 A
) o aQ‘;: 2 S 2 Be?. o' |2 RALS 43 €2 &% g6 fe) ®) ] -4 -3 -2 -1 0 1 2 4
100 9.5 00 £2:@ Yo 9 o\ |-  EoR beginning v EoR end
y S5 B GRFs generated with the same power spectrum Average -
YR T A g AR ~ 100 Myrs 1000 Myrs
o e TN ]y SV 2 i 958 ;) ) A A A N all | _ i i i i
0 100 ‘200 300 460 500 100 200 3(J)0 480 500 100 200 300 4(l)0 500 3 reionisation time
x [cMpc/h] x [cMpc/h] x [cMpc/h] ~ 800 Myrs

]
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C.TOPOLOGY AND GRF THEORY

Simulation measurements & GRFs predictions

500 % - T S /o oo X |FT LS g »~ ey | = > 1]
v 224JRe=1]5,8% L 2ciiy[e, s S d Rr= 25" ‘aub Rr=6
B R T SR e R R0 S
LN S % ’A.‘- ¢ o = Cige. s a. oo S 7 . —
Y Stk SEEE R SIPRCACSNO) ICIOLRNE ©,09
S BTV A A T RN Y (Y i) QS 9 [
A YW A X B A\ o By > v e °
= 300 oA, S TSN '”(‘*v:’m;?@@ AT 0-%700'.@35 N ©
= AR b e O I oo A iy 7 o,
S Poay Fad e “‘)}-‘:& A | SR ARG AT B“a? 1A Q §
S ) : % s ) o ° 0 : =
> 200 ‘@ ’,c‘q“’ 2 '(;““ ) ‘) [ ﬁ ’ni o 0@ o 2 ﬂé (3] 01 0 X4 o -O
B Q’:*’.A: i ab%a’-dubh-" A = e 0 Ob&o‘6$%@,§(} s b@ I
< el 2 ¥ - Y 3
100fc g il A1 2D slices of EMMA cosmological P %
o7 s Ay R simulations (512 cMpc/h) t,.;,, Mmaps q‘
® Vit s T cMip reion p ©
PRI o L S'% s Fi i | R LS D > U T Ul — q @ N |§_
500 e g oo TP o o e S B o0 . F D
ro P e S 7 a8 1L 92 & o : 2° Q o
3 8550 g i € TS B IGE 0 0 ¥ A NASED) : B
400 " LA A S R Ry SONLEEG Yos | o : -
3 :,'°' ..»e .v°.aJ> ..v‘? o, # g =\ o °p B O e 0,
AR S % \% Koofa s, gl @ 3 o~ %0 Q o
< 300[® ; D TR S SR | 8B ‘e, - NOIR@ s T
g b.“V’;: %. é? '@ L \‘i& Ak & %. @D 4? S ‘(& (? @ Fa
s s B g PR o 9 s @0 b4 TAY o9 ~
B e ) A ;A M AL <EA G-
A e SR R (vc A o RS TG of B ¢ (o) «
> 200 g B % B aellCa0 B g B esel (2 01 99 ‘a0l
R T e N 2.0 g2l A . 9.2,
r’a_‘ % ? R 20 a 2 oo @ % b @ (0) O O |
1008 Avopnes 5% A B S0 o IS e g A K% go S ) :
o T, A IS A o |4
y £ ez 27" GRFs generated with the same power spectrum @ %
8 R DA Ll | O W) | < s : S o A W | 12 A=Y X YA 4 |
0 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
x [cMpc/h] x [cMpc/h] x [cMpc/h]

Isocontours = regions reached by ionisation fronts at the same time
—> follow the size evolution of ionised/neutral bubbles

= EMMA measurements close to gaussian predictions
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Thélie+ (arxiv:2209.11608)

0.12- X I(E;I\;:lflA
—— Prediction
0-101  Jonised bubbles — Rr=1
growing and — Rr=2
0-081"  percolating Ri=6
Neutral bubbles
~ 0.6 oetting smaller
0.04
0.02}
0.00 [565¢ 1 1 i 1 ; |
-4 -3 -2 -1 0 1 4
EoR beginning v EoR end
~ 100 Myrs ~ Average ~ 1000 Myrs
reionisation time
~ 800 Myrs
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C.TOPOLOGY AND GRF THEORY

Simulation measurements & GRFs predictions

ff o’r‘,’;’ss‘;zzg Thélie+ (arxiv:2209.11608)

2. M
| =

EMMA cosmological simulation measurements

= EMMA measurements close to § o
gaussian predictions -

" When Ry 7 : EMMA measurements 05 R
more symmetric 3

2.5
* Ry € (1,2) sasymmetry (non-

2.0

1/?\,

=
(2]

_,
| |Vtrelon I | ~
—
o

gaussianity)
®  Slow reionisation before it accelerates

®  Acceleration of ionisation fronts at the end
of the EoR

=
w

|IVGRF]|
5

0.5

-3 -2 -1 0 1 2 3 -2 -1 0 1 2 3 -2 -1 0 1 2
— treion

treion = treion treion — treion treion

Otreion Otreion Otreion
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CONCLUSIONS & PERSPECTIVES

Topological studies to analyse: Reionisation times
) = Growth of structures . o .
EoR happen? | . | . iccd/neutral bubbles geometry, distribution, organisation ®  Geometrical characterisation of different EoR model

=  Percolation, evolution of the process

How does the

®m  Comparisons of cosmological and semi-analytical simulations

A.21 CM > t,5i0n

®  Good reconstruction of reionisation times map, even if they
are a little bit smoothed (with and without noise)

B Best reconstructions with observed redshifts 8 < z < 12

B. Reionisation patches
®  Beaded sources along the matter filaments

®  Minority of butterflies (isolated sources or strong emitters)

C. Reionisation times: topology and GRFs theory

®  Diverse statistics on the evolution of the reionisation
process...

m .. that are analytically computable ¢,,;,,,
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CONCLUSIONS & PERSPECTIVES

Topological studies to analyse:

How does the| Growth of structures

EoR happen? | . onisedineutral bubbles geometry, distribution, organisation
=  Percolation, evolution of the process

A.21 CM > t,5i0n

®  Good reconstruction of reionisation times map, even if they
are a little bit smoothed (with and without noise)

B Best reconstructions with observed redshifts 8 < z < 12

B. Reionisation patches
®  Beaded sources along the matter filaments

®  Minority of butterflies (isolated sources or strong emitters)

C. Reionisation times: topology and GRFs theory

B Diverse statistics on the evolution of the reionisation
process...

m .. that are analytically computable ¢,,;,,,

Thank you for your attention!

Reionisation times

Geometrical characterisation of different EoR model

®m  Comparisons of cosmological and semi-analytical simulations

®  |mproving the neural network to reconstruct well
the small scales

®  Topological analyses of the CNN reconstructions

treion maps

®  Take into account the asymmetries in the GRFs
predictions (e.g. with Gram-Charlier expansion)

®  Same study but with larger or more resolved
simulations (e.g. with Dyablo)

®  |nference of the power spectrum parameters
from topological measurements

Nice seminar
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INTRODUCTION

Topology of the reionisation process

Size of neutral and ionised bubbles
... with diverse methods (e.g. mean free path
in Giri+19, spherical averages in Giri+18)

lonised bubble size distribution (BSD) Neutral island size distribution (ISD)
0.304 — zyyy =0.01
N Ty =0.05 = BSD > early phases of the EoR
0.25 - - i =010 ISD = late phases of the EoR
/—-"’ “\,\ —emea Ty =0.25
R "\,

i P k! = BSD/ISD are different
= i X .
8 o15d T~ % depending on the way to
el o . .
kg N % measure it: they give different

0.10{ . % % information on the size

:
M. 'R ¥ properties of bubbles.
0.05 - N "\,
\ k. Y
\\ Nuie
0.00 = — = s
10! .
R (Mpc) R (Mpc) Giri+19

I T
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INTRODUCTION

Topology of the reionisation process

Analyses of spatial structures
... with 2] cm power spectra (e.g.
Gazagnes+21) and bispectra (e.g. Hutter+20)

XH/=O.3O

XH/=O.51

N

ao.z-/\ L 0.2 -

o o

0.0 A 0:0:5
1

&JlO‘l-ﬁ/‘ gc.llo
1073 — U 10~

w

100 10! 107
R[Mpc]

XH/=O.80

/X

109 10! 102
R[Mpc]
XH/=O.67
E 0.2 4 /\ LDL 0.2
Q. a
0.0 A 0.0 A
L 10_1 7] /___\/ w 1071 A
(a'
1073 +Z———r—A 10-3
100 10! 102
R[Mpc]

]
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10° 10! 102
R[Mpc]

Nice seminar

Example of (model dependent) predictions of
BSDs from the 21 cm power spectrum.

Use of an artificial neural network (ANN).

—> The observed 21 cm power spectrum will be
a tracer of the BSD, which will help us to
understand the bubble geometry and its
time evolution.

— True
-== ANN

Shimabukuro+2 |




INTRODUCTION

Topology of the reionisation process

Counts of 3D structures like
peaks, tunnels and voids

... with Betti numbers and Euler
characterstic (e.g. Giri+20, Bianco+21)

New ionised regions,  Substantial ionised bubbles overlapping,

i
i
appearing | isolated neutral regions start to form
! * [, = rank of the k;;, homology group =
1750 1 : gO number of connected components, |D holes,
i oas 1 2D cavities...
1500 0 B2
1250 - = They trace the evolution of the HIl regions
Isolated topology.
a 10907 opjects
750 | = They can be parametrized as a function of xy
. iri+19).
500 1 4 Cavities (G )
250 * They are more informative than the Euler
characteristic y = — 1+ 0.
0 ' Giri+2 1 x=Fo —hth
0.0 0.2 1 0.4 0.6 0.8 1.0
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INTRODUCTION

lonised fibres stage
Topology of the reionisation process

Iomsed bubbles stage overlap of bubbles Sponge stage + neutral islands stage
Ch en+ I 9 1.0 \ —— 2=13.000, %3=0.9925, T,=33.62[mK) —— 2=8.875, %5=0.7920, T;=20.01[mK] —— 2=7.875, %5=0.5250, T;=11.04[mK] —— 2=7.375, %3=0.2548, T;=4.74[mK)
o8  \ - 2=10.750, %7=0.9573, T;=28.80[mK] || ) - 2=8.500, ¥=0.7230, T5=17.12(mK] [\ --- 227500, X5=0.3362, Tp=6.44[mK] [§ ... 2=7.250, XHi=0.1601, T;=2.87[mK)
. 2=0.750, %3=0.9027, T;=25.09[mK] ' ~f‘;.. ..... =8 250, %3=0.8569, T,=14 89[mK) ' . 2=7.375, %3=0.2548, T, =4 74[mK] -+ 2=7.100, XHI=0.0230, T;=0.39[mK]
0.6 d
3
04
0.2
0.0 Volume

Geometry of bubbles and percolation...

Surfag

= ... with Minkowski functionals (e.g. Friedrich+11, =
Chen+19) E
= .. with the triangle correlation function < - .
(Gorce+19) J
Mean curvature
® IN
<
-10 A . e
- ' Euler characteristic
) 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 4
Tolor, Toloy,
. : :

TD/UT,, Tb/oT

Minkowski functionals are measurements of topological features (e g!‘ volume...)
of regions exceeding a given threshold.

With them, we can follow the time evolution of the EoR, through different
phases.
I I —— =
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INTRODUCTION

Filaments
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with its gradients and critical points
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A.21 CM S t,oi0n

Monitoring performances of the CNN

0.90 T T T T
0.85F
0.80F
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~
«
§0.7041 ;-5 2z=65 2=9.0 2=11.0 = z=13.0 ~
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S o3}
0.2 t
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\
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A.21 CM S t,oi0n

Monitoring performances of the CNN

10—1 -

1072 4
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1073
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1
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Predicted t [Gyrs]
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B. PATCHS DE REIONISATION Thélie+22

Simulations

21cmFAST semi-analytical simulations (1283
cellules - 1283 cMpc3/h3 ; Mesinger+11):

m ( :galaxies ionising efficiency

Tyir~M3 . :minimal virial temperature so that a halo
min 1.0k ——— 21CMFAST - {=6.5 - log1o(Tvir) = 3.5
start to form stars —— 21CMFAST - =12.0 - 10g1o(Tyir) = 4.0
e 21¢MFAST - ¢ =30 - l0g10(Tyir) = 4.69897
21CcmFAST - =40 - log1o(Tir) = 4.69897
08l 21CMFAST - =55 - log1o(Tyir) = 4.69897
’ 21cmFAST - =100 - l0g10(Tyiy) = 4.69897
21cmFAST - =300 - l0g10(Tvir) = 4.69897
e 21¢MFAST - ¢ =55.0 - 10g10(Tvir) = 5.0
0.6 s 21CMFAST - {=150.0 - log10(Tvir) =5.4
’ —— EMMA
EMMA cosmological simulations (5123 cellules - 5 — = EMMA Mslow
5123 cMpc3/h3 ;Aubert+15,Gillet+21) : o
®  Mass resolution for the stellar particle (107 M, for the
Mslow one and 10° M, for the other) 0ol
0.0} ———
4 6 8 10 12 14 16
V4
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B. REIONISATION

Patches shape

PATCHES

A3 —A5

Triaxiality parameter: T = —5——
13 _Al

Majority of prolate patches

Less prolate patches for halos that are stronger emitter and more

massive

" oblate : triaxial

100

dan regions / dTreg
=
<

1072}

Ratio with model
¢ =30

—

C=6.5-log1o(Tyir) =3.5
=12.0 - log19(Tyir) =4.0
=30 - l0910(Tyir) = 4.69897
(=40 -10g10(Tvir) = 4.69897
Z=55 - 10g10(Tyir) = 4.69897
Z=100 - 10g10(Tyir) = 4.69897
=300 - log10(Tyir) = 4.69897
¢=55.0 - logyo(Tyir) = 5.0
=150.0 - log1o(Tyiy) =5.4

d(Nregions/ N lmodel) / dTreg

0.0
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0.6 0.8 1.0
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Thélie+22

1.2

=
=
T

=
o
T

o
o
T

oblate

triaxial

: prolate

—— {=6.5-10910(Tvir) =3.5

—— {=12.0 - log10(Tvir) = 4.0

—— 7=30-10g10(T) = 4.69897
T =40 - log1o(T,;) = 4.69897
=55 - l0g1o(Tyir) = 4.69897

¢ =100 - log10(Tyir) = 4.69897

=300 - log10(Tvir) = 4.69897
—— {=55.0-10g910(Tyir) =5.0
—— §=150.0-l0og10(Tvir) =5.4

0.0

0.2 0.4

Treg

0.6 0.8

1.0



B. REIONISATION PATCHES Thelie+22

Orientation of patches with respect to the matter filaments

1.15
—— 7=6.5-10g10(Tvir) = 3.5 H —— {=6.5-10910(Tvir) =3.5 —— {=55.0-log10(Tvir) =5.0
30F __ zo120. |0;010(Tvir) _40 Ahgne.d PatCheS —— {=12.0 - log1o(Tyi) =4.0 —— {=150.0 - 10g10(Tyir) = 5.4
—— (=30 -10g10(Tyir) = 4.69897 W'th matter 110} T 6730 logulTun) =4.69897
—— {=55.0-1l0og10(Tyir) =5.0 fllaments = Tvir' ( /7
~ 25L —— 7=150.0 - log1o(Tyir) = 5.4 <
< —— =30 - logyo(Tyiy) = 4.69897 with fil rotation N§ 1.05}
2 Ratio with model %
3 = :
£ = 100}
g E w \\/
5 £
2@» 1.5} §0.95¢F
5 | Perpendicular patches . \
3
1.0 Lo thenatter framents <8 -~ 0.90 | Aligned patches
Perpendicular patches with matten
to the matter filaments , filaments
1 1 1 1 0 8
0.0 0.2 0.4 0.6 0.8 1.0 ‘ %.0 0.2 0.4 0.6 0.8 1.0
cos({Zreion, 0)) cos({zreion, 0))

®  Majority of aligned patches to the matter filaments

®  |ess aligned patches for halos that are stronger emitter and more
massive

I S T
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B. REIONISATION PATCHES Thelie+22

Shape vs. orientation of patches with respect to the matter filaments

1.0 0.007
0.006
0.8
L 0.005
0.6 E
£ 0.004 =
2
- §
=
L 0.003 2
0418 o
0.002
0.2
0.001
0. ' 0.000
%0 0.2 0.4 0.6 0.8 1.0

cos({Zreion, 6))
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B. PATCHS DE REIONISATION

Comparaison avec EMMA, une simulation cosmologique

10710}

AN regions/dVregion [Vgolx ~h3-Mpc~3]

10—15 n

®  Same conclusions for both type of simulations

m BUT EMMA can also produce models with
rather different topologies (for the same

Xu11(2))

10—11 L
10—12 L
10—13 3

10—14 L

Diffuse

Thélie+22

Cos((zreionr 6))

N
Stochastic
= 21cmFAST - {=6.5-10910(Tyir) =3.5
e 21CMFAST - =12.0 - l0g10(Tvir) = 4.0
—— 21cmFAST - =30 - l0g10(Tyi) = 4.69897
21cmFAST - =40 - l0g10(Tir) = 4.69897
21cmFAST - =55 - 10910(Tyir) = 4.69897
21cmFAST - =100 - log1o(Tvir) = 4.69897
21cmFAST - =300 - log10(Tyir) = 4.69897
= 21cMFAST - {=55.0 - l0g10(Tyir) = 5.0
= 21cmMFAST - {=150.0 - log10(Tvir) =5.4
— EMMA
== EMMA Mslow
L Bl n PR S S | PR | PR
10? 103 104 10°
V'region [h=3-Mpc3]
1.2
)
§11f
N
Q
Qo
3
— 1.0
3
<
o
£
=
=
5
209t
IS
=
3 —— 21CMFAST - Z=6.5 - log1o(Tyir) = 3.5 21cmFAST - =300 - logso(Ty;r) = 4.69897
—— 21CcMFAST - {=12.0 - l0g10(Tyi) = 4.0 —— 21CMFAST - {=55.0 - logyo(T,ir) = 5.0
0.8 F —— 21cmFAST - 7=30 - log10(Tyir) = 4.69897 —— 21CMFAST - =150.0 - log10(Tyir) = 5.4
21cmFAST - =40 - l0g10(Ty;y) = 4.69897 —— EMMA
21cmFAST - =55 - 10g10(Tyir) = 4.69897 == EMMA Mslow
21cmFAST - =100 - log1o(Tyi) = 4.69897
L L L L
0.0 0.2 0.4 0.6 0.8

e S T
Nice seminar
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C.TOPOLOGY AND GRF THEORY

X EMMA
o . . . 0.4
Simulation measurements & GRFs predictions o eton
— Rf=1
03— Rr=2
Rf=6
g 0.2 l;
0.1pF %
| }
=><_,/X// Average reionisation time J T
. . . . _ 0.0 ~ 800 Myrs X X
®m  PDF of reionisation times = counts the number of . . Myrs .
-3 -2 -1 0 1 2 3

cells that have reionised as a function of time

Beginning of the EoR

PDF of t,eion

End of the EoR

~ 1000 Myrs

m  CDF of reionisation time = reionisation history ~ 100 Myrs
= EMMA measurements close to gaussian LOf X EMMA
° ° — GRF
Pred“:t'ons —— Prediction
08— Rf=1
—— Rf=2
Rr=6
0.6 =
0.4
0.2
Neutral ggsx”
0.0 fpee¢ |‘

lonised gas

Gas being reionised
by ionisation fronts

11111

Thélie+ (arxiv:2209.1 1608)
. |
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3

= normalised reionisation time

Cumulated PDF
of tyeion = filling
factor




C.TOPOLOGY AND GRF THEORY

1 2 3

X EMMA
. . . . 0.4
Simulation measurements & GRFs predictions o
— Re=1
03— Rf=2
Rf=6
so7r 7 PDF of t,.g50r,
0.1 %
=><_/X/ Average reionisation time J 1~
T 0.0 ~ 800 Myrs xR
®m  PDF of reionisation times = counts the number of . . Myrs . j1
cells that have reionised as a function of time Beginning of the EoR. - ¥ ' ? End of the EoR
®  CDF of reionisation time = reionisation history ~ 100 Myrs ~ 1000 Myrs f
= EMMA measurements close to gaussian Lo % Emma ¥ Ml o8
° ° — I T - 1 1
predictions o o fonised gas
08— Rs=1
—— Rf=2
Ri=6
0.6
- )y Cumulated PDF
° of t,ei0m = filling
04} é
/" Gas being reionised factor
i ’/ by ionisation fronts
Neutral ggsx/x/
0.0 e |‘ ) | ' | |
0

Thélie+ (arxiv:2209.1 1608)
. |
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C.TOPOLOGY AND GRF THEORY

PDF of the gradients field norm: ionisation fronts speed

/' ionisation
fronts speed

2.5

2.0

=
w

_,
| |Vtreion | |

=
o

0.5

2.5

2.0

=
5]

||VGRF]|
L
o

0.5

-3 -2 -1 0 1 2 3 -2 -1 0 1 2 3 -2
V = Temps normalisé v
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dN / (d||VF]] dF)

dN / (d||VF]] dF)
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-0.35

1 0.30

0.25

0.20

0.15

0.10

0.05

Thélie+ (arXiv:2209.11608)

X EMMA
== GRF
—— Prediction
— Rf=1
—_— Rf=2
Rf=6

0.8

0.6

aN
dw
04

0.2
1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

< w= ||§treion||

/7 ionisation fronts speed

0.0

] Rf 7 : EMMA measurements more
symmetric

" Ry € {1,2}:imprints of non-
gaussianity in the form of an
asymmetry

= acceleration of the ionisation
fronts at the end of the EoR




C.TOPOLOGY AND GRF THEORY el (et e

PDF of the field value at its minima: reionisation seed counts

1072
_ ...more and more : X EMMA
[ reionisation seeds m==  GRF
- releasing ionising TR —— Prediction
‘ *X* \1. — Rr=1
= —— Rf=2
Rf=6
\
‘ R
3 ...gas being more
> 1077 = \ 7
o i and more ionised by
E B ‘ already existing
o L \ \ireionisation seeds.
107 = \
: B \
First B
reionisation | |
seeds... —4 2 3 4
Beginning of the EoR v End of the EoR
~ 100 Myrs Average reionisation time ~ 1000 Myrs

~ 800 Myrs

]
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Thélie+ (arXiv:2209.11608)

C.TOPOLOGY AND GRF THEORY

Skeleton length: places where the ionisation fronts percolate

0.08 :
. X EMMA
......................................................................... P ¢ == GRF
tot 1 \/i 1 0-07f= Y —— Prediction
L ot _ | Z + 7 — R=1
8 47 | R " 0.06 |- lonisation fronts - gfié
percolate more and d
0.05 = more wI;en ionised Less percolations
B bubbles grow of fronts as the
SR IR A (S gas is more and
= more ionised
m "Stiff” approximation + global (measurements) or 0-03I
local (GRFs) calculations = predictions under- 002k
estimating the skeleton length: measurements— | ... L.
have to be renormalised 0.01f= 4 M \ .
: 7 &
) S oo S
" R /: EMMA measurements more symmetric 0.00 pérsaroeTie~" i K
| | | i fH | | |
-4 -3 -2 -1 0 1 2 3 4
- Rf € {1, 2} . as)’mmetr)’ Beginning of the EoR A v End of the EoR
c o 0 o ~ ti t
= acceleration of ionisation fronts at the end of 100 Myrs o Myrs ~ 1000 Myrs

the EoR

1 ———
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C.TOPOLOGY AND GRF THEORY

Thélie+ (arXiv:2209.11608)

Comparisons with 2 [cmFAST 10| X 21cmFAsT T
— GRF //X/
—— Prediction T &
25 0.35 :
08— R=1 s s
0.30 — Rf=2
2.0 j
Rf=6 ;
0.25 :
i 0.6 ;
=15 ° <
s =0.20 -
2 “l:; S g
> 3 :
=10 N1 sl g
° :
0.10
0.5
0.05 ok
25 £0.35
§0.30 0.0fpepet
2.0 ] ] i ] ]
0.25 -3 -2 -1 0 1 2 3
m v
T 82 0.20
3 B|
= 1.0 & 0.15 0.12 X 21cmFAST
| 3 — GRF
0-10 —— Prediction
05 0.10} Re=1
0.05 e
—— R=2
-3 0 ) 0.00 0.08}- Ri=6

< 0.06 -

m  Same behaviour as the EMMA measurements globally

" Ry 7 :21cmFAST measurements more symmetric
0.02p~
" RfE {1,2, 6} : asymmetry because of the absence of modelisation of

radiation propagation within 21cmFAST 0.00
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