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Figure 4. The subtraction of a residual 2D PS with traditional per-frequency antenna calibration methods (left) and a reference residual 2D PS without
simulated calibration effects (middle) to create a difference 2D PS (right). Red indicates a relative excess of power, and blue indicates a relative depression of
power. Spectral contamination power at all modes in the EoR window is evident. The most sensitive, theoretically contaminant-free EoR modes have excess
power on levels of 107 mK2 h−3 Mpc3, making the measurement impossible with reasonable calibration catalogue errors and traditional per-frequency antenna
calibration.

simulation. However, this varied spectral structure in the calibration
solutions is enough to couple power from the bright, intrinsic fore-
grounds to the Fourier modes in the EoR window. This fills every
possible EoR measurement mode with foreground power.

Not only are sensitive regions of the EoR window dominated
by coupled power from intrinsic foregrounds, but there is a cor-
responding depression of power in the foreground wedge as well.
This is also the result of small spectral deviations captured in the
calibration solutions. The measured fluxes of modelled sources do
not accurately reflect the true fluxes due to the residual PSF of un-
modelled sources. Allowing calibration solutions to be modified by
this residual structure results in overfitting and oversubtraction.

Using the modulation theorem, we can quantitatively associate
the level of contamination seen in the PS with the observed cal-
ibration errors. Data that are modified by spectrally variant cali-
bration solutions are Fourier transformed into PS space, and the
modulation theorem of Fourier transforms results in mode-mixing
between the modes of the unmodelled spectral structure and the
bright foreground wedge. This couples the response of foregrounds
with calibration deviations along the frequency axis.

Excess power can be estimated given a modulated signal

h(ν) = f (ν)(1 + "g cos η0ν), (1)

where h(ν) is the modulated instrumental response as a function of
frequency, f(ν) is the original instrumental response as a function
of frequency, η0 is the Fourier dual of a mode in the amplitude
deviations of the calibration gain, and "g is the amplitude deviation
associated with the frequency mode η0. The modulation theorem
results in the Fourier transform

H (η) = "g
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Fourier transforms of the original signal f construct signal at η, η −
η0, and η + η0. Equation (2) is squared to obtain the PS, and cross-
terms between F(η) and F(η ± η0) can be neglected since overlap is
small for an η0 in the EoR window. An order-of-magnitude estimate
of the positive PS of this modified signal is
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As a result, the modulated power response O(|H (η)|2) has power
contributions as a function of η and, to a lesser extent, η ± η0. When
all η and η0 values are considered, the result is equivalent to the
convolution of the foregrounds with the Fourier transform of the
calibration deviations.

For small η values, intrinsic foregrounds dominate. Power
will be modulated from these intrinsic foregrounds into any fre-
quency mode η0 captured in the amplitude deviations in cal-
ibration. Given simulation values of the intrinsic foregrounds
(O(Pk0 ) ≈ 1014 mK2 h−3 Mpc3) and the amplitude deviations
(O(|"g

2 |2) ≈ 10−7, or a "g of the order of 1 part in 103), the ex-
cess contamination in frequency mode η0 of the PS is estimated to
be 107 mK2 h−3 Mpc3. This agrees with the level of contaminated
power in Fig. 4 generated by calibration simulations.

The satisfactory performance of traditional per-frequency an-
tenna calibration depends on a highly accurate calibration catalogue.
When we use the same sources to generate the sky and calibration
models – even with an added EoR signal – the resulting calibration
and foreground suppression in the PS is excellent, as seen in Fig. 3.
However, this is not a realistic situation for current and planned EoR
observatories. When the calibration catalogue is not perfect, tradi-
tional per-frequency antenna calibration distributes spectral power
and overwhelms the faint cosmological signal as seen in Fig. 4.
This sets very strong constraints on the accuracy of the calibration
catalogue if the traditional calibration approach is to be used for
EoR measurements.

4 MI T I G ATI O N BY SM O OTH
C A L I B R AT I O N S O L U T I O N S

Spectral contamination in the EoR window from traditional cal-
ibration techniques necessitates mitigation. If the instrument is
spectrally smooth across the frequency band, we can use this as
a prior that must be met in our calibration solutions. We explore
constraining the spectral variation of the calibration to be smooth
relative to the band size to avoid contamination of the EoR window.
However, non-smooth spectral features of the instrument must be
incorporated into the calibration, and therefore we also investigate
the consequences of fitting specific instrumental features.
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If you’re interested in our 
techniques…

• All code is freely available: https://github.com/EoRImaging

• email me about our FHD/eppsilon workshop in 2018 
miguelfm@uw.edu
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