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2 Main Sources of Bias and Error in 21-cm Signal 
Extraction
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● Inevitable as these 
vector spaces are not, in 
general, orthogonal. 

● Main focus of pipelines.
● Decrease overlap by 

utilizing 
LST-dependence of FG 
and polarization.

1. Overlap between 
FG-space and 
Signal-space

2. Inadequate FG Models

● Models which cannot fit the FG 
down to the noise level IN THE 

SIGNAL will introduce 
ADDITIONAL bias and error, 

regardless of (1).
● Requires testing the ability of 

FG models to fit realistic 
FG-only spectra.

● Less attention, if any, in the 
literature. 

THIS WORK
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Unmodelled 
FG

The Flowchart of Despair
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Increase number of FG 
parameters/complexity

Biased 
Signal 
Extraction

Overlap with 
Signal Model

Complex, HD 
Parameter FG

Overlap with 
Signal Model

Large Signal 
Errors

joshua.hibbard@colorado.edu



The FG Test
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● Generate 
hyper-realis

tic mock 
spectra (NO 

21-cm 
SIGNAL)

● Compare 
which 

model(s) 
produces the 
best fits and 
remove all 
FG power 

down to the 
noise level

● Fit the 
spectra 

with seven 
different 

commonly 
employed 
FG models

STEP ONE STEP TWO STEP THREE
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Foreground Tests: Mock Spectra Simulations
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Intrinsic FG

Beam Simulation, 
51-87 MHz band

Horizon, pointing

Discrete time-sampling Radiometer noise

Figures from Hibbard et al. 2023, under review
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Mock Spectra
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Figures from Hibbard et al. 2023, under review
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● Add more terms to increase 
complexity

● Good at modelling 
high-order ripple effects 
(unknowns)

● Difficult to include 
time-dependence, other 
Stokes parameters

● Unclear if they capture all 
kinds of systematics 
effectively without 
forward-modelling.

Phenomenological models Forward Models

● Require simulations of the 
beam, intrinsic FG, local 
environment, etc.

● Can be computationally 
expensive, requiring physics 
simulations and models of all 
effects

● Can include time dependence, 
other Stokes parameters

● Easy to model and include 
other “physical” effects

● Break degeneracies with signal 
model 
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Phenomenological Forward-Models

Maximally-Smooth

Polynomial Nonlinear 

Linear
(Anstey et al. 2021, etc., REACH Collab.)

● Split sky 
into N_r 
equal-perce
ntile regions

● Assign 
index, 
magnitude, 
and 
curvature to 
each region

● Generate ten 
thousand example 
spectra using 
nonlinear 
forward-model and 
large parameter 
ranges

● Eigenmodes (spectra) 
from SVD.

● “...ought to rebrand as 
SBI, because that’s 
what it is…” - W. 
Handley

(Pylinex paper series, Tauscher et al. 2018, etc.)

● Polynomials, modulated 
by a constant power-law 
representing the 
“average” galactic 
spectral index.

● 5-6 terms, traditionally.

(Pritchard and Loeb 2012, Bernardi et al. 2016, Mozdzen et al. 2016, 
Bowman et al. 2018, Singh et al. 2021, etc.)

● Polynomials with 
derivatives set to have no 
inflections or “ripples.”

● Supposed to account for 
smoothly varying 
foregrounds without 
accidentally picking up 
any signal power.

(Rao et al. 2017, Bevins et al. 2021, Singh 
et al. 2021)
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Goodness-of-fit Model Preference

Bayesian 
Evidence, 
Bayes Ratio, 
Likelihood Ratio

Reduced 
chi-squared 
(for LINEAR 
models ONLY)

KS Test of 
noise-normalized 
residuals.
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Testing Model Spatial Inputs (Maps)
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Spatial “Error” in input spectral index 
patch map (PM).

Spatial “Error” in input base 
temperature map (BM).
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Comparison - 1 LST Bin
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Figures from Hibbard et al. 2023, under review
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1 LST Bin–Statistics
Gold - Pass KS Test, Gray - Fail
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Forward Models

Polynomial MSF

Tables from Hibbard et al. 2023, under review
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1 LST Bin - Incorrect Map Inputs?

● BM → Wrong Input Base Map to Mock spectra
● PM → Wrong Input Patch Map to Mock spectra
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Tables from Hibbard et al. 2023, under review
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Comparison - Multiple LST Bins

● Nonlinear model performs well for Ideal case, but begins to break down.
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Tables from Hibbard et al. 2023, under review
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Comparison - Multiple LST Bins
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Tables from Hibbard et al. 2023, under review
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Conclusions
● Inadequate FG Models are a significant source of bias and 

error in 21-cm signal extractions.
● For 1 LST bin, the nonlinear forward-model is preferred 

(slightly)
○ Linear forward-model also works
○ Polynomials and MSFs require >5 parameters, at least, 

and some don’t work at all.
● For multiple LST bin fits, linear forward-model is highly 

preferred
● KS-test is a robust way of measuring goodness-of-fit and 

model preference.
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Nonlinear FG Reconstruction?

Even with the corruption of the beam, we can still recover Intrinsic FG’s with less than 
~10 % error across the band. 
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Figure from Hibbard et al. 2023, in prep
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