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Biggest Challenge :
Foregrounds
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A challenging experiment
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Motivation:

« ELAIS-NL1 field is at high galactic latitudes.
» Characterization of diffuse radio background at 183MHz with uGMRT.

Previous work in ELAIS N1 field :

» Performed direction-independent calibration in
Band-3.

* The angular power spectrum using TGE.

* Upper limit in Band-3.

NEW:

+ Direction-Dependent calibration in Band-2.

* Power spectra estimation using Image-based estimator.

» Image-based estimator is promising tool to retrieve low multipoles at low-
frequency.
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Observations from uGMRT near 150 MHz



The Data Monitoring Console(GPU) (on qwbhé.gmrt.ncra.tifr.res.in)
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Direction-Dependent Calibration : SPAM

Image &
calibrated
Visibilities

lonospheric
Delay
Calibration

Direction-
Independent
Calibration

AN

Pre-calibrated
Visibilities

« SPAM : Pre-processing, Main pipeline.

» Solves ionospheric phases & corrects
ionospheric phase errors.

 Correction in ionospheric delay improves
the background noise & flux-scale
accuracy.

RFI f
Raw DATA :
* Flagging
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SuGMRT 183MHz [MJY]

Comparison with other catalog: Source catalog reliability
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Angular Power Spectrum : BAND-3
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Estimated PS using Polynomial Fitting (order n = 3) from point source subtracted data

Image area = central 2.8x2.8 degrees
Bandwidth ~ 14.6 MHz
Observation Time ~ 8 hour

Estimated PS, Poly Fitting
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k“ [MPC_I]

Estimated PS for point source and residual data

Image area = central 2.8x2.8 degrees
Bandwidth ~ 6.6 MHz
Observation Time ~ 8 hour
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Understanding Systematics:

Development of 21cmE2E Pipeline for DI and DD calibration Errors from
visual observation of 2D and 1D PS

18



In A. Mazumder et al. 2022, they have developed the 21cmEZ2E pipeline to simulate interferometric

observation.

Flowchart: Observational Pipeline - 21cmE2E

Inputs:
signal model,
foreground
model, array
layout

Simulate

model

visibility
(Vi)

Residual
visibility
Vtruij . VObSij

Corrupted
visibility
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Image

or
Power Spectrum

«—

Keep model
visibility
only?

Introduce
calibration

or
position error

(A Mazumder et al. 2022)
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Simulation inputs for the Synthetic Observation

21cm Signal

Telescope Model

Global sky model »
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Utility of this Observation Pipeline for Various Scientific Case Studies
[ Visibility obtain from ]

21cmE2E

/ AN

[ DI Gain Error ] [ Position Shift ]
[ DI-Effect ][ DD-Effect
(Resolution) (lonosphere)

PS Estimation
or
Image-based Statistics
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Power Spectrum Estimation : DI Gain Calibration Error

(1 Power spectrum analysis - Spherical averaged PS follows signal power if residual calibration erroris > 0.1%is
exceeds signal power significantly for greater error

0 T rams T —y g 10° o —— Signal —— 0.001% error 0.1% error—— 10.0% error
10 = g 14—t Observed Sky—— 0.01% error —— 1.0% error
_ < 10 _ — : : = —— y |
— o
¥ 103 E 1012
Q.
= =
I_:‘ » 1010
"4 -1 -
10 1~
10 ~
Q. m— 108
W
T T TTIIT 17T 109 — E
' " = 108
g— X
7 ¥ Yo
9]
$ 107 £
—_— = 102
= X
~ 3
X 10°
105
-1 —2 L
10
10 100
k, [Mpc—1] k [Mpc—1] k [Mpc~!]

Mazumder et al. 2022



Effect of ionosphere on Radio Observation
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Animation of source offset in presence of Kolmogorov turbulence
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lonosphere activity on Murchison Radio-astronomy Observatory location

Type 1 (Obsid: 1126975144)

(4 main ionosphere activity types categorized at ~15
MRO location based on apparent position shift -
and spatial structure. B

o5 SR
Jordan et. al. 2017 :
—30
A Galactic and Extragalactic All-Sky MWA
Survey shows the the angular scales of the

ionospheric structure are typically 100 km.

—35

10 5 0 -5 —-10 10
Type 3 (Obsid: 1129560064)

Declination [deg]

Helmboldt & Hurley-Walker et. al., 2020

(1 lonospheric activity - simulated extremely quiet
to active condition.

(1 Median ionospheric offset (MI1O) - quantifying
metric of ionospheric activity.

10 5 0 =5 —10
Right Ascension [deg]

Image credit: Jordan et. al., 2017
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lonospheric Models : Refractive Shift

Apparent position shift added to each source along RA
direction using Gaussian distribution.

The ionospheric activities are simulated are comparable in 300
real MWA observation based on Jordan et al. 2017.

Apparent position offset of the cosmic sources : < 200
VIEC =1.20 % 104( s ) (ﬁ) TECUkm™!
100MHz) |1
100
Helmboldt & Hurley-Walker et al., 2020
For each timestamp of 2 minutes, the local structure 0 -20 -10 0 10 20
remains the same and consistent. ARA (arcsec)

Wayth et al. 2015

Pal et al., in prep 25



lonospheric Models: Kolmogorov Turbulence Model

SOF T &l

The power spectrum of the spatial phase function is
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Schematics representation of Earth’s Ionosphere 26
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Power Spectrum Estimation : Refractive Shift
1 Foreground leakage to the EOR window with increasing source displacement.

(1 Power spectrum analysis - Spherical averaged PS follows signal power if sources are displaced by ionospheric median
offset of 0.2 arcsec, greater error lead to higher amplitude of residual power wrt signal power.
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Power Spectrum Estimation : Kolmogorov Turbulence

Foreground leakage to the EoR window with increasing source displacement.

Power spectrum analysis - Spherical averaged PS follows signal power if sources are displaced by ionospheric
median offset of 0.1 arcsec, greater error lead to higher amplitude of residual power wrt signal power.

Beyond the 0.1 arcsec, residual power surpasses the target signal PS across all accessible k-modes
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Summary/Takeaways

We assess the effects of different ionospheric conditions ranging from quiet to extreme conditions.

We observed that depending on the specific type of disturbance induced, ionospheric corruption significantly affects
the recovery of the target signal in the k-scales .

For the case of a time-varying phase offset, if sources are shifted by up to 0.2 on average, the HI power spectrum is
recoverable.

The most realistic turbulent condition generated using Kolmogorov’s statistics shows that beyond ~ 0.1"” , residual
power is too high for 21 cm signal recovery.

These results indicate that understanding the ionospheric conditions during observation runs for EoR science is
essential since such unaccounted effects, even to first order, can adversely affect signal recovery.
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Extracting the 21-cm Power Spectrum and associated parameters
With DI Calibrated Gain Error

30



Training Data sets
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Observed PS with SKA

Theoretical PS

Emulating Power Spectrum and
Parameter Extraction

Test Data set
(Astrophysical
Parameters)

- I T T I
i — True 1
[ SKA'l IOW e e Prediction |] Test Data set
. d (PS)
10%1 E
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10 E
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MCMC Prediction for different Astrophysical Conditions

Observed PS

Parameters True Value with SKAT low (MCMC)
Rngp 34.67 —
PS1 { ¢ 27.92 316732
L 5428 543948
By 12.2 20,0714
PS2 { ¢ 1842 20075
Toir 4.738 4.76410.0%
Rypp 44.33 -
PS3 { ¢ a2 50.8°08
L sozs o'y

Tripathi A et al. (in prep)

In all cases, the ANN-based MCMC model's inferred ionizing efficiency () and T,;, closely
match true values, but R, is highly degenerate.
Indicates model robustness for further study of calibrated Gain error and position error.



SKA1-Low with Calibrated Gain Error

VI = g (0)gf (VY

gi = (ai + dai)exp(—i(¢i + d¢i))

Gain error
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Summary/Takeaways

Inherent bias in the 21cm power spectra due to the effect of the PSF of an radio
interferometer.

If the gain error exceeds 0.001% for both interferometers, our derived astrophysical
parameters will be biased due to the presence of gain error.

Position errors exceeding 0.05 arcsec will bias the astrophysical parameters.

This pipeline can be extended to study effects of chromatic primary beam, radio frequency
interferences, foregrounds with spectral features.
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