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The Epoch of Reionisation (EoR)

Epoch of Reionisation
Last big transition of our
S Universe: the intergalactic gas
After the emission of the goes from totally neutral to
CMB, all the gas of the tota"y ionised
Universe is neutral.
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We know that today the gas
of the Universe is ionised.

Warmer gy
and
ionised gas

Timeline from CMB
Rctual Univile Credit: ESA
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Constraining cosmology with Alcock-Paczynski tests

Introduction

MY AIM: put
constraints on the
product Do H at
reionisation redshifts
Dp: comoving angular

diameter distance
H:Hubble rate

Current constraints:

®  As compared to
Planck+20 results
(DAH')

m  Obtained from
cosmic voids

m At redshifts < 0.6

1.4

o = =
(00] o N

AP parameter, DaH/(DaH)'

o
o

Thelie+25

EoR potential
forecasts

—————— Planck Collaborartion 2020 ¥ BOSS DR12 CMASS (Mao et al. 2017)
— SDSS DR7 (Sutter et al. 2012) 4 BOSS DR12 CMASS (Nadathur et al. 2019)
SDSS DR7+DR10 (Sutter et al. 2014) BOSS DR12 (Hamaus et al. 2020)
+ BOSS DR11 CMASS (Hamaus et al. 2016) & SKA EoR bubbles forecast (this work)
B s T
Redshift, z
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EMILIE THELIE — 13-14t% October 2025

Texas TACOS @ SHSU

3/13



Constraining cosmology with Alcock-Paczynski tests
Introduction

v

Standard rulers (e.g. CMB, BAO)

Uncalibrated standard spheres (e.g. cosmic
voids, ionised bubbles)

Measuring the Hubble rate H >

—> Standard candles (e.g. cepheids, supernovae)
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Constraining cosmology with Alcock-Paczynski tests

Introduction
> Standard rulers (e.g. CMB, BAO)
Measuring the Hubble rate H S Un.call!ara'fed standard spheres (e.g. cosmic
voids, ionised bubbles)
—> Standard candles (e.g. cepheids, supernovae)
2 e yoicstacc +0.6
+0.4
11 +0.2 Example with cosmic voids (Hamaus+20):
L 0.0 ®  Cosmic voids = uncalibrated standard spheres (size
o unknown)
=, 0 r-0.2 m |dentification of voids using galaxy surveys
” - Stacking of voids
' Alcock-Paczynski (AP) test to constrain Dy H among other
~1- --0.6 parameters
% b 0.8
6 dpoe e = T112
-9 o, : p— 1.0
—2 ~1 0 1 2
S| / R Hamaus+20
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Constraining cosmology with Alcock-Paczynski tests
Introduction

v

Standard rulers (e.g. CMB, BAO)

. _ Uncalibrated standard spheres (e.g. cosmic
Measuring the Hubble rate H 7 i el b e

—> Standard candles (e.g. cepheids, supernovae)

Bubble stack

30 1000
Nbubbles = 0
15F 730 In this work:
= ® Jonised bubbles = uncalibrated standard spheres (size
-3 5 . unknown)
= Identification of bubbles using reionisation observations
‘N Stacking of bubbles
m AP test to constrain DH
—15 250
1 1 1
— -0
3930 —15 0 15 30
x [cMpc/h]
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Constraining cosmology with Alcock-Paczynski tests

Introduction
> Standard rulers (e.g. CMB, BAO)
Measuring the Hubble rate H S Un.call!ara'fed standard spheres (e.g. cosmic
voids, ionised bubbles)
—> Standard candles (e.g. cepheids, supernovae)
Bubble stack
30 1000
158 750 In this work:
< ® Jonised bubbles = uncalibrated standard spheres (size
3 ok 500 unknown)
5 Identification of bubbles using reionisation observations
N Stacking of bubbles
_15| e AP test to constrain Dy H
930 15 0 15 30 °
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Constraining cosmology with Alcock-Paczynski tests

AP test
- A7 = XAH()

®  Use of observed ”standard spheres”
(e.g. cosmic voids) to constrain the
expansion history of the Universe

®  Standard spheres in our case: ionized
bubbles during Reionisation

7
Standard sphere as
kobserved on the sky

Thelie+25

I I
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Constraining cosmology with Alcock-Paczynski tests

AP test /Correct cosmology\

cAz = X/H@
A

®  Use of observed ”standard spheres”
(e.g. cosmic voids) to constrain the
expansion history of the Universe

Converting
angles to
distances

®  Standard spheres in our case: ionized
bubbles during Reionisation

®  Geometrical distortions when \
converting sky angles to
comoving distances %

Standard sphere as
kobserved on the sky

Thelie+25
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Constraining cosmology with Alcock-Paczynski tests

AP test

®  Use of observed ”standard spheres”
(e.g. cosmic voids) to constrain the
expansion history of the Universe

®  Standard spheres in our case: ionized
bubbles during Reionisation

®  Geometrical distortions when
converting sky angles to
comoving distances

/

cAz = X/H(%
A

Standard sphere as

Kobserved on the sky

The

lie+25

/Correct cosmology

Converting
angles to
distances

\\\\ Ta

e

\

Wrong cosmology
(e.g. contraction)

'

Wrong cosmology
(e.g. elongation)

A
Texas TACOS @ SHSU
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Constraining cosmology with Alcock-Paczynski tests
AP test /Correct cosmology\ Wrong cosmology

(e.g. elongation)
O Az = g H()
A

®  Use of observed ”standard spheres”
(e.g. cosmic voids) to constrain the
expansion history of the Universe

~

Converting

angles to
®  Standard spheres in our case: ionized distances
bubbles during Reionisation
B Geometrical distortions when wrong cosmok,gy
converting sky angles to (e.g. contraction)

comoving distances

\ 7
\/

Standard sphere as
Kobserved on the sky \ ‘/ Q /

Thelie+25
f (. _H®
X = ¢ Az Xi = H (2 )Xll = q(2)x We can probe q, D, H
4 H(z) S 9 é the following @ = =
= DA(2)A0 .= D@ o: q. (DaH)
X1 =Da(2) XL= e = @ ratio: 1 A
\ \

L |
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2|-cm signal

®  Mapping the distribution of neutral hydrogen gas at

many frequencies

Photon at a
2l cm
wavelength

1420 MHz

"M/n, = 3exp(— 10/ )
10 = 0.068 K
is the spin temperature.
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2|-cm signal

®  Mapping the distribution of neutral hydrogen gas at
many frequencies

x [cMpc/h]
64 96 128

g I |,:""'
o 'TL | -
g A
= 4
> m 1
21 cm map (21cmFAST 32 . , ! rt et
semi-analytical model — i .
256 cMpc/h)
0
Hiegel, Thélie+23

-30 -20

N ‘.
1 -
-10 0 10 20 30
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Photon at a
2l cm
wavelength

= c<m

1420 MHz

"M/n, = 3exp(— 10/ )
10 = 0.068 K
is the spin temperature.

8Ty(2)  xyi(2) (1 + 8,(2)) (1 — ~2E2) mK

Ts(z)
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2|-cm signal

®  Mapping the distribution of neutral hydrogen gas at
many frequencies

x [cMpc/h]
64 96 128

y [eMpc/h]

21 cm map (21cmFAST 32 .J_._ -
semi-analytical model — A T,

256 cMpc/h) Rl
ol s

N ‘.
1 -
-10 0 10 20 30

Hiegel, Thélie+23

-30 -20
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Photon at a
2l cm
wavelength

= cm
= 1420 MHz

"M/n, = 3exp(— 10/ )
10 = 0.068 K
is the spin temperature.

8Ty(2) o (rgy(2)(1 + 8,(2) (1 — ~2E2) mK
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2|-cm signal
SKA light cones

®  Mapping the distribution of neutral hydrogen gas at
many frequencies

= 0Tp(z) < xy(2)(1+ 8,(2))F(T)

SKA-Low characteristics:
= 50—-350MHz~z €[6,25]
= 200 square degrees (> 1 cGpc)
Resolution (see Giri+18):
= > 7 cMpcfor z > 6.5 on the sky
= > 1 cMpcin the line of sight

SKA1-Low

the SKA's low-frequency telescope

Frequency range
¢ 50 MHz

350 MHz

SKA-Low: Observations of the redshifted 21 cm
signal via tomography imaging.
NB. Scanning frequencies is equivalent to scanning time/redshift.
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2| -cm signal
SKA light cones

®  Mapping the distribution of neutral hydrogen gas at
many frequencies

= O0Tp(z) x xui(2)(1+ 6,(2))F(T)

SKA-Low characteristics:
= 50-350MHz ~z € [6,25]
= 200 square degrees (> 1 cGpc)
Resolution (see Giri+18):
= > 7 cMpcfor z > 6.5 on the sky
= > 1 cMpcin the line of sight

6.0 7.0 3.0 9.0 10.0

D e e i S ST

Reionisation

N ' _,, 4 3 | Frequency [MHZ]
200 190 180 170 160 150 140 130

SKA1-Low

the SKA's low-frequency telescope

antenn

W

SKA-Low: Observations of the redshifted 21 cm
signal via tomography imaging.
NB. Scanning frequencies is equivalent to scanning time/redshift.

2| cm ligthcone from 21cmFAST
100 90 80 70 60 Park+19

30

—30

—-90

1w 4re

150

11.0 16.0 18.0 200 25.0

R e L TR SEE TR

Cosmic Dawn Dark Ages

EMILIE THELIE — 13-14t% October 2025

Texas TACOS @ SHSU 8/13




Constraining cosmology with Alcock-Paczynski tests
Bubbles from the future SKA observations of the 2 I-cm signal?

6.19

6.57

®  Observations: 6T, lightcones, which will include

21cmFAST (Mesing

Kennedy+24

foregrounds and noise a_ ,, v
3 } 0Ty lightce £
:— I" ‘ | e (u’ {ii ‘ ."“ | ).cf | )
E"‘: ’ 'n | " Q
< 6Ty, - foreground wedge \ P ' o £
Kennedy+24 / L AW . | ) ‘\‘ , E, ““““
g | 1000
, 3l 8T+ noise o %2
EoR Window s | , |
Zh {1000
-y Foreground [ i s -
m%- | “.‘ ) - 20
Wedge 28 | 6T), - foreground wed'gg s 5 )
e 5 : + noise ¢ o E
45 Intrinsic Foregrounds % | g o e 12
ad 75 205 375 505 675 96 192
k 1 [cMpc] [cMpc]
I
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Constraining cosmology with Alcock-Paczynski tests
Bubbles from the future SKA observations of the 2 I-cm signal?

) Xy reconstruction from 4T},
®  Observations: 6T, lightcones, which will include
l 6.24

foregrounds and noise

Kennedy+24

® Trained Unet on §T}lightcones/coeval boxes to
recover the binarized xy;

m  Extraction of the bubbles via a watershed
algorithm (Lin+16)

Ground-Truth

Xy reconstruction from 46T},
- foreground wedge

|

Xy reconstruction from 6T},
- foreground wedge + noise

|

SKA-noisy Pred. Noiseless Pred.

|
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Constraining cosmology with Alcock-Paczynski tests

Mock bubble stacks

Mock observation data:

z [cMpc]

m 25 X400 ground truth xy; maps and U-
Net recovered xyy mapsatz =7.5

= With a deformation along the line of sight
representing different cosmologies:

A data € {O- 8' 1}
Bubble stacks:

m 400 stacks from 25 maps (to represent the
total surface that SKA will probe)

z [cMpc]

Thelie+25

25

15

I
=
(92

1

—-15

N/N max
0.0 0.2 0.4 0.6 0.8 1.0
Ground truth (GT) - agats = 0.8 Foreground wedge removed
+ Noise (NFWR) - agsts = 0.8
5 2
_5 -
1 1 1 1 1 1 1 1
NFWR = adata - 1.0
15} ' '
5 »
_5 -
1 1 1

1 1 1
-25 -15 -5 5 15
X [cMpc]
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Constraining cosmology with Alcock-Paczynski tests
Sphericity test
1.025

Thelie+25

Qyars = 0.80 | N:bubble stack
N: spherically symmetric stack B
H, H: histograms of 0 weighted by N, N

Then (H/H)(0;) =1 a = dgaa

|
~ 1.000
T

1.025
adata = 100
|
~ 1.000
T a=0.98
a=0.98
—_— GT e NFWR
0.975 | | | | |
' 0.5 1.0 1.5 2.0 2.5
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Constraining cosmology with Alcock-Paczynski tests

Making the forecast

EMILIE THELIE — 13-14t% October 2025

Thelie+25
1.025
Agata = 0.80
T
~ 1.000 :
T :
1.025 l l l l l
adata = 100
|
~ 1.000
I a=0.98
a=0.98
— GT  -eee NFWR
l l l l l
0.375 0.5 1.0 1.5 2.0 2.5

N: bubble stack
N: spherically symmetric stack B
H, H: histograms of 0 weighted by N, N

Then (H/H)(0;) =1 a = dgaa

x2(a@)=D-MTc'(D-m)
- E(Di —1)C;t (D - 1)
¥

D:data, D; = (H/H)(6;)
M:model, M; =1

C: covariance matrix,
computed from the 400
stacks

Texas TACOS @ SHSU

102

Thelie+25

- Qgata = 0,80

1 'l- UL |

N 10'F
100 =
- Qdata = 1.00
102 =2
- +0.04
- 0.982¢,04
R 10'F
100 GT
o newr 0987003
I I
0.7 0.8 0.9 1.0 1.1
a
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Constraining cosmology with Alcock-Paczynski tests

Forecast

We will be able to
put constraints on the
product D, H at
reionisation redshifts!
Dp: comoving angular

diameter distance
H:Hubble rate

Forecast:
a(7.5) = 0.987992

~10% precision

1.4

o = =
(00] o N

AP parameter, DaH/(DaH)'

o
o

Thelie+25

EoR potential
forecasts

____________________________________________________  Em—
—————— Planck Collaborartion 2020 ¥ BOSS DR12 CMASS (Mao et al. 2017)
= SDSS DR7 (Sutter et al. 2012) 4 BOSS DR12 CMASS (Nadathur et al. 2019)
SDSS DR7+DR10 (Sutter et al. 2014) BOSS DR12 (Hamaus et al. 2020)
4 BOSS DR11 CMASS (Hamaus et al. 2016) & SKA EoR bubbles forecast (this work)
| | | | | | | | | | | [ | | | | | | | |
10~1 10° 10!
Redshift, z
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Constraining cosmology with Alcock-Paczynski tests

Forecast

Forecast:

Thelie+25
1.4 EoR potential
forecasts
We will be able to \:\: 1.2
put constraints on the S
product D, H at =
reionisation redshifts! I< 10k — % ---------------------------------------------------------------------
Q- [}
Dp: comoving angular O
: . 0]
diameter distance o
H:Hubble rate € o8l
< O
g
7 &) = 0.9g+0.02 a | Planck Collaborartion 2020 ¥ BOSS DR12 CMASS (Mao et al. 2017)
a(7.5) = 0. —0.02 < 0.6} SDSS DR7 (Sutter et al. 2012) 4 BOSS DR12 CMASS (Nadathur et al. 2019)
~10% precision SDSS DR7+DR10 (Sutter et al. 2014) BOSS DR12 (Hamaus et al. 2020)
4 BOSS DR11 CMASS (Hamaus et al. 2016) & SKA EoR bubbles forecast (this work)
| | | | a1 | | | | | | | | | | | | | a1
10~1 109 10!
Redshift, z
Thank you for your attention!
¥ |
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