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State of the art of the field

Barry et al. (2022)



21 cm interferometric observations are (still) challenging

courtesy V. Jelic

• Sensitive instruments (large radio 

interferometric arrays)

• Exquisite control over systematic 

effects/calibration 



Foreground separation ALWAYS works in simulations

Chapman et al. (2015)



What does an interferometer measure?

𝑉𝑖𝑗 𝜈 =  
Ω

𝐴 𝜈 𝐼 𝜈 𝑒2𝜋𝑖  𝑏⋅  𝑠 𝑑𝑠

𝑝𝑜𝑤𝑒𝑟 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 ∝  𝑉𝑖𝑗 𝜈  𝑉𝑖𝑗
∗ 𝜈 𝑘⊥ ∝ 2𝜋𝑢

𝑘∥ ∝
2𝜋

Δ𝜐

 𝑉𝑖𝑗 𝜏 =  
𝐵

𝑉𝑖𝑗 𝜈 𝑒2𝜋𝑖𝜈𝜏 𝑑𝜈
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The wedge paradigm

Pober et al. (2013)
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HERA



deBoer et al. (2016)

HERA

The HERA 

collaboration (2012)
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LOFAR
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LOFAR

Gehlot et al. (2019)



MWA

Rahimi et al. (2021)
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Also the receiving element matters

Thyagarajan et al. (2015)



What does an interferometer measure? (aka, a walk 

through calibration)

𝑉𝑖𝑗 𝜈 = 𝑔𝑖 𝜈 𝑔𝑗
∗

𝜈  
Ω

𝐴 𝜈 𝐼 𝜈 𝑒2𝜋𝑖  𝑏⋅  𝑠 𝑑𝑠

What we measure

Calibration parameters
We assume we know it

We assume we know it (at 

some level)



continue walking…

We think we can 

separate

≈ 𝑉𝑇
𝑖𝑗 𝜈 − 𝜀𝑖 𝜈 + 𝜀∗

𝑗 𝜈 𝑉𝑇
𝑖𝑗 𝜈 = 𝑉𝑇

𝑖𝑗 𝜈 + ∆ 𝜈 𝑉𝑇
𝑖𝑗 𝜈

Contamination term that can 

easily jeopardize the EoR

 𝑔𝑖 𝜈 = 𝑔𝑖 𝜈 + 𝜀𝑗 𝜈  𝑔𝑗 𝜈 = 𝑔𝑗 𝜈 + 𝜀𝑗 𝜈

𝑉𝑚
𝑖𝑗 𝜈 = 𝑔𝑖 𝜈 + 𝜀𝑖 𝜈

−1
𝑔∗

𝑗
𝜈 + 𝜀∗

𝑗 𝜈
−1

𝑉𝑜
𝑖𝑗 𝜈 =

≈ 𝑉𝐹
𝑖𝑗 𝜈 + 𝑉𝐸𝑜𝑅

𝑖𝑗 𝜈 + ∆ 𝜈 𝑉𝐹
𝑖𝑗 𝜈

The EoR signal we want to 

measure



What does the wedge look like in real life?

Kern et al. (2020)

Garsden et al. (2021)



What does the wedge look like in real life?

Kern et al. (2020)

Mertens et al. (2021)
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Do we know what corrupts our “wedge ideal picture”?

Sometimes yes, sometimes no…



1) Know thy sky

𝑉12(𝑢, 𝑣)

= 𝐺1 𝑡 𝐵1 𝜈  
Ω

𝐸1 𝑙, 𝑚, 𝜈 𝑍1 𝑡 𝐼 𝑙, 𝑚, 𝜈 𝑍2
𝐻 𝑡 𝐸2

𝐻 𝑙, 𝑚, 𝜈 𝑒−2𝜋𝑖 𝑢𝑙+𝑣𝑚 𝑑𝑙𝑑𝑚 𝐵2
𝐻 𝜈 𝐺2

𝐻 𝑡

Offringa et 

al. (2016)



1) Know thy sky

Procopio et al. (2017)

• incomplete sky models bias calibration;

• limited angular resolution prevents detailed 

source modeling…

• good uv-coverage allows modeling of 

complex extended structures…



2) Ionosphere

𝑉12(𝑢, 𝑣)

= 𝐺1 𝑡 𝐵1 𝜈  
Ω

𝐸1 𝑙, 𝑚, 𝜈 𝑍1 𝑡 𝐼 𝑙, 𝑚, 𝜈 𝑍2
𝐻 𝑡 𝐸2

𝐻 𝑙, 𝑚, 𝜈 𝑒−2𝜋𝑖 𝑢𝑙+𝑣𝑚 𝑑𝑙𝑑𝑚 𝐵2
𝐻 𝜈 𝐺2

𝐻 𝑡

Lonsdale et al. 

(2004)



2) Ionosphere

van Weeren et al. (2016)

𝑉12(𝑢, 𝑣)

= 𝐺1 𝑡 𝐵1 𝜈  
Ω

𝐸1 𝑙, 𝑚, 𝜈 𝑍1 𝑡 𝐼 𝑙, 𝑚, 𝜈 𝑍2
𝐻 𝑡 𝐸2

𝐻 𝑙, 𝑚, 𝜈 𝑒−2𝜋𝑖 𝑢𝑙+𝑣𝑚 𝑑𝑙𝑑𝑚 𝐵2
𝐻 𝜈 𝐺2

𝐻 𝑡
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3) Know thy primary beams

𝑉12(𝑢, 𝑣)

= 𝐺1 𝑡 𝐵1 𝜈  
Ω

𝐸1 𝑙, 𝑚, 𝜈 𝑍1 𝑡 𝐼 𝑙, 𝑚, 𝜈 𝑍2
𝐻 𝑡 𝐸2

𝐻 𝑙, 𝑚, 𝜈 𝑒−2𝜋𝑖 𝑢𝑙+𝑣𝑚 𝑑𝑙𝑑𝑚 𝐵2
𝐻 𝜈 𝐺2

𝐻 𝑡
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Trott et al. (2020)

Beams are time variable (larger stations/dishes have good sidelobe rejection/bad power spectrum 

footprint)

Beams are frequency variable!

3) Know thy primary beams
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Trott et al. (2020)

Beams are time variable (larger stations/dishes have good sidelobe rejection/bad power spectrum 

footprint)

Beams are frequency variable!

3) Know thy primary beams

• time and frequency beam structure 

couples with foregrounds and leaks 

power in the EoR window;

• keep beams steady (if possible);

• model beams and sky accurately –

not easy as they are degenerate;

• redundancy does not help much 

here…



3) Know thy primary beams (better)

𝐸1 𝑙, 𝑚, 𝜈 ≠ 𝐸2 𝑙, 𝑚, 𝜈
Fagnoni et al. (2021)

Particularly “bad” as it 

invalidates redundancy

Bolli et al. (2022)



4) Mitigating systematics

Kern et al. (2020)



4) It has worked well so far in some cases…

The HERA collaboration (2023, 2022), Aguirre et al. (2021), Kern et al. (2020a, b)



5) Mitigating systematics: fringe rate filters

Charles et al. (2023)



6) Mitigating systematics: closure phase

Keller et al. (2023)

𝑐𝑙𝑜𝑠𝑢𝑟𝑒 𝑝ℎ𝑎𝑠𝑒 = 𝜙12 + 𝜙23 + 𝜙31
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The SKA is no longer so far in the future


