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What do we do?

Credits: Aman Chokshi, University of Melbourne

Epoch of Reionisation (EoR)
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21-cm Global/Sky-Averaged signal                         21-cm Power Spectra

What do we actually measure?
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HI 21-cm statistics

Balu+, MNRAS, 520, 3368-3382 (2023)
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• SMF (z=0.6-8) 
  [Mutch+ (2016), Qin+ (2017)] 

• BH-M⭑ relation (z=0.6) 
  [Qin+ (2017), Marshall+ (2019)] 

• QSO UV LFs (z>1) 
       [Qin+ (2017), Marshall+ (2020)] 

• Ionizing emissivity (z>4) 
      [Mutch+ (2016), Davies+ (2019)] 

• Galaxy UV LF (z>5) 
      [Liu+ (2016), Park+ (2017), Qiu+ (2019] 

• Thompson scattering optical depth (z>6)  
        [Mutch+ (2016), Geil+ (2016)] 

• Galaxy size evolution (z>5) 
       [Liu+ (2017), Marshall+ (2019)] 

• LBG correlation functions (z>4) 
       [Park+ (2017), Qiu+ (2018)] 

•Constraining UV escape fraction 
       [Mutch+ (2023)] 

• High-z Ly  optical depth 
  [Qiu+2021]

α

What do we do? Meraxes SAM

SIMPLE BUT 
DETAILED 

PRESCRIPTIONS
Galaxy population

http://s-balu.github.io
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α

What do we do? Meraxes SAM

SIMPLE BUT 
DETAILED 

PRESCRIPTIONS
Galaxy population

• Temporally and spatially coupled treatment of reionisation


• Radiative cooling, Star formation, Supernova feedback, 
AGN, etc


• Coupled with 21cmFAST for reionisation calculations

http://s-balu.github.io
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● Need large volumes for EoR studies


● Larger boxes                                Lower resolution


● Higher resolution                             more particles                              computationally more expensive

Typical bubble sizes ~ 10 Mpc

~ 100 Mpc typical X-ray mean free path

What did we do? Augmentation: What & Why?
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L210 

•Pure DM N-body simulation 

•  Mpc box 

•    

210 h−1

Mres ∼ 2 × 108 h−1 M⊙

L210_AUG 

•Monte-Carlo Augmented N-
body simulation 

•  Mpc box 

•    

210 h−1

Mres ∼ 2 × 107 h−1 M⊙
Mass of smallest 
haloes hosting 

galaxies

What did we do? Augmentation: What & Why?
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What did we do? Reionisation histories
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•  L210 has less number of DM haloes w.r.t  L210_AUG.


• L210 has less photon sources w.r.t L210_AUG


• L210_AUG_highX(lowX) has more(less) amount of X-
rays.


• More heating in highX.

21-cm Global/Sky-Averaged signalWhat did we do?

http://s-balu.github.io
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What did we do? 21-cm power spectrum

http://s-balu.github.io
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What did we do?

What can we learn using the 21-cm PS from the EoR?

http://s-balu.github.io
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Ionisation morphology

13

“… first model of both reionisation and galaxy formation with low-mass galaxies and large enough to explore the impact of X-rays 
on the 21-cm signal.”

How do we do this? L210_AUG & Meraxes SAM

L210_AUG

• 210  Mpc box; .


• Augmented GENESIS L210_N4320 N-body 
simulation.


• Statistically complete population of all atomically 
cooled galaxies down from .


• Calibrated w.r.t UV luminosity functions, CMB optical 
depth, IGM neutral fraction observations.

h−1 Neff ∼ 1012

z ∼ 20

Balu+, MNRAS, 520, 3368-3382 (2023)
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Something else we did…  JWST analogue galaxiesz ≳ 12

arXiv:2305.17959

• Using  the  forward-modelled  JWST  photometry,  we 
looked for analogues for 8 of the  galaxies. 

• Faint  galaxies  ( )   are  consistent  with 
; slight tension for massive  galaxies. 

• For  JWST  galaxy  candidates,  boosted  star-
forming  e!ciencies  and  reduced  feedback  regulation 
are  necessary  relative  to  models  of  lower-redshift 
populations.

z ≳ 12

MUV ≳ − 19
ΛCDM z ∼ 12

z ≳ 16

http://s-balu.github.io
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How do we do this? Galaxy formation & evolution crash course

Artist’s impression of a 
DM halo

Mutch+, MNRAS, 462, 250–276 (2016)

http://s-balu.github.io
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How do we do this? Galaxy formation & evolution crash course

Intergalactic 
medium

Gas cools down to the DM halo 

Mutch+, MNRAS, 462, 250–276 (2016)

http://s-balu.github.io
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How do we do this? Galaxy formation & evolution crash course

Intergalactic 
medium

Gas cools down to the DM halo 

Gas cools

Gas cools

Mutch+, MNRAS, 462, 250–276 (2016)

Cold gas disk
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Cold gas disk
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How do we do this? Galaxy formation & evolution crash course

Intergalactic 
medium

Gas cools down to the DM halo 

Gas cools

Gas cools

Mutch+, MNRAS, 462, 250–276 (2016)
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Cold gas disk
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Gas cools
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How do we do this? Galaxy formation & evolution crash course

1.  - star formation efficiencyαSF

2.  - minimum cold gas needed for star formation to begin ΣSF

3.  - Supernova reheat efficiency η0

4.  - Supernova ejection efficiency ε0

5.  - X-ray luminosity per SFR of the galaxyLX /SFR

6.  -  Minimum energy of the X-ray photon capable of 
escaping the galaxy

E0

7.   - UV photons’ escape fraction normalisation.fesc,0

8.  - UV escape fraction power law dependence on redshiftαesc

Intergalactic 
medium

Gas cools down to the DM halo 

Gas cools

Gas cools

Mutch+, MNRAS, 462, 250–276 (2016)

fesc = fesc,0( 1 + z
6 )

αesc

http://s-balu.github.io
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What did we do?

1.  - star formation efficiency

2.  - minimum cold gas needed for star 

formation to begin 

3.  - Supernova reheat efficiency 

4.  - Supernova ejection efficiency 


5.  - X-ray luminosity per SFR of the galaxy

6.  -  Minimum energy of the X-ray photon 

capable of escaping the galaxy

7.   - UV escape fraction normalisation


8.  - UV escape fraction power law 
dependence on redshift

αSF

ΣSF

η0
ε0

LX /SFR
E0

fesc,0

αesc

What can we learn using the 21-cm PS from the EoR?

http://s-balu.github.io
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Fij = ∑
k,z

1
ε2(k, z)

∂Δ2(k, z)
∂θi

∂Δ2(k, z)
∂θj

Constraints using Fisher Matrix

Pober+, ApJ, 782, (2014)

How did we do this?
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Error/noise on 
your data points

Derivative of your observations 
w.r.t parameters
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Fij = ∑
k,z

1
ε2(k, z)

∂Δ2(k, z)
∂θi

∂Δ2(k, z)
∂θj

Constraints using Fisher Matrix

Error/noise on 
your data points

Derivative of your observations 
w.r.t parameters

Cij = F−1
ij

The Covariance matrix is the inverse of ***Fij

Pober+, ApJ, 782, (2014)

How did we do this?

*** conditions apply: Gaussian likelihood.

http://s-balu.github.io
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How did we do this? SKA1-low sensitivity

• 11 redshifts between .


• 1,000 hours observation with SKA1-low.


• Moderate foreground scenario of 21cmSENSE 


( -modes falling in EoR wedge not considered).

z ∈ [5,24]

k

http://s-balu.github.io
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What did we do? Fisher matrix constraints with 21-cm PS
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• A lot of correlations between the model parameters


• UV escape fraction and supernova feedback

What did we do? Fisher matrix constraints with 21-cm PS
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•Tight constraints on the X-ray properties.

•Moderate constraints on the UV escape fraction and 
star formation efficiencies.

•Only weak constraints on Supernovae feedback 
properties.

What did we do? Fisher matrix constraints with 21-cm PS
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•Tight constraints on the X-ray properties.

•Moderate constraints on the UV escape fraction and 
star formation efficiencies.

•Only weak constraints on Supernovae feedback 
properties.

What did we do? Fisher matrix constraints with 21-cm PS

•To improve constraints, we add in the UV LFs 
z ∈ [5,10]

•Vastly improves the constraints on star formation and 
supernova feedback.

http://s-balu.github.io
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What did we do? Fisher matrix constraints with 21-cm PS & UV LFs

http://s-balu.github.io
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Summary

• X-ray properties of the galaxies in the early Universe tightly constrained by 21-cm PS.


• Synergy between different high-z observations. 


• Adding in the UV LFs improve constraints (star formation and supernova feedback).


• 10% constraints on most of the parameters.

What did we do?

Balu, Greig & Wyithe; arXiv:2305.05104

Balu+, MNRAS, 520, 3368-3382 (2023)
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