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ABSTRACT

Studying the redshifted 21-cm signal from the neutral hydrogen during the Epoch of Reionisation and Cosmic Dawn is fundamental
for understanding the physics of the early universe. One of the challenges that 21-cm experiments face is the contamination by
bright foreground sources, such as Cygnus A, for which accurate spatial and spectral models are needed to minimise the residual
contamination after their removal. In this work, we develop a new, high-resolution model of Cygnus A using Low Frequency Array
(LOFAR) observations in the 110-250 MHz range, improving upon previous models by incorporating physical spectral information
through the forced-spectrum method during multi-frequency deconvolution. This approach addresses the limitations of earlier models
by providing a more accurate representation of the complex structure and spectral behaviour of Cygnus A, including the spectral
turnover in its brightest hotspots. The impact of this new model on the LOFAR 21-cm signal power spectrum is assessed by comparing
it with both simulated and observed North Celestial Pole datasets. Significant improvements are observed in the cylindrical power
spectrum along the Cygnus A direction, highlighting the importance of having spectrally accurate models of the brightest foreground
sources. However, this improvement is washed out in the spherical power spectrum, where we measure differences of a few hundred
mK at k < 0.63 hcMpc™", but not statistically significant. The results suggest that other systematic effects must be mitigated before a
substantial impact on 21-cm power spectrum can be achieved.

Key words. methods: data analysis — techniques: interferometric — cosmology: observations — dark ages, reionization, first stars —

radio continuum: galaxies

1. Introduction

If we look at the sky at 150 MHz, we expect to find more than one
source per deg” with a flux density lower than 1 Jy (Wilman et al.
2008; Intema et al. 2017). Radio sources become increasingly
rare as their brightness increases (e.g. Franzen et al. 2019), with
only a few having flux densities higher than 100 Jy. The bright-
est radio sources in constellations are named after their constel-
lation with an ‘A’ suffix, forming the so-called ‘A-team’. The
most powerful A-team source at 150 MHz is currently Cygnus A
(Cyg A; 3C405, RA 195928536, Dec +40°4402”/10 in J2000;
Baumgartner et al. 2013; Charlot et al. 2020; Vinyaikin 2014),
an FR-II radio galaxy with a flux density of about 11klJy at
150 MHz, that, together with Cassiopeia A (Cas A), Taurus A
(Tau A), and Virgo A (Vir A), forms the northern A-team (e.g.
de Gasperin et al. 2020).

* Corresponding author; emilio.ceccotti@inaf.it

The high brightness of the A-team sources is a double-edged
sword for radio interferometric observations. On the one hand,
these sources are so easy to measure even for low sensitiv-
ity instruments that their fluxes are well known, making them
good (amplitude) calibrators, especially when unresolved. On
the other hand, they can affect observations of a given target field
even when they are tens of degrees away. This poses a challenge
for wide-field instruments, such as LOFAR! (van Haarlem et al.
2013) and MWA? (Lonsdale et al. 2009), which have strong pri-
mary beam sidelobes. Different techniques have been devel-
oped to reduce such a contribution in the targetted observations.
Examples are fast flagging of the data where the predicted con-
tamination is above a certain threshold (Shimwell et al. 2017),

! Low-Frequency Array, https://www.astron.nl/telescopes/
lofar
2 Murchison Widefield Array, http://www.mwatelescope.org
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more computational demanding direction-dependent (DD) cal-
ibration (Gan et al. 2023), demixing (Van der Tol 2009) when
the A-team source is more than 30° away, or peeling (Noordam
2004; Mitchell et al. 2008) when it is closer. In all of these
cases, good spatial and spectral models of the A-team sources
are required to minimise the residual contamination after the
removal.

Minimising the A-team contamination is particularly impor-
tant for those experiments that aim to probe the neutral hydrogen
(HI) during the Epoch of Reionisation (EoR) and Cosmic Dawn
(CD) via the redshifted 21-cm line (see e.g. Furlanetto et al.
2006; Pritchard & Loeb 2012; Liu & Shaw 2020, for some
reviews on 21-cm cosmology). Because the current generation
of instruments does not have the sensitivity to make direct
images of the 21-cm signal, they mainly focus on estimating
the spatial fluctuations of the 21-cm signal by measuring its
power spectrum. Increasingly more stringent upper limits
have been set on the 21-cm power spectrum from the EoR by
radio interferometers such as LOFAR (Mertens et al. 2020)
and MWA (Trott et al. 2020; Kolopanis et al. 2023) with the
highest frequency band, GMRT (Paciga et al. 2013), PAPER?
(Parsons et al. 2010; Kolopanis et al. 2019), and HERA*
(DeBoer et al. 2017; Abdurashidova et al. 2022), and from the
CD by instruments such as LOFAR (Gehlot et al. 2019) and
MWA (Yoshiura et al. 2021) with the lowest frequency band,
OVRO-LWA® (Greenhill & Bernardi 2012; Eastwood et al.
2019), NenuFAR® (Zarka et al. 2012; Munshi et al. 2024), and
AARTFAAC? (Gehlot et al. 2020). The next generation of
instruments, such as HERA and SKA-Low® (Dewdney et al.
2009; Koopmans et al. 2015) are expected to have the sensitivity
to detect the cosmological signal via power spectra, and SKA-
Low has the potential to directly make tomographic images (e.g.
Giri et al. 2018a,b; Bianco et al. 2024).

In all of the aforementioned cases, the extra-galactic and
Galactic foreground emission must be mitigated, being up to
five orders of magnitude brighter than the cosmological 21-cm
signal (e.g. Jeli¢ et al. 2008; Bowman et al. 2009; Bernardi et al.
2009, 2010). In principle, a separation between the two sig-
nals can be made based on the spectral smoothness. The fore-
ground emission, being dominated by synchrotron radiation,
is expected to be smooth over tens of MHz, while the 21-
cm signal, being a hyperfine spectral line, fluctuates rapidly
over MHz-scales (Shaver et al. 1999; Morales & Hewitt 2004;
Santos et al. 2005; Morales & Wyithe 2010). However, instru-
mental systematics and incorrect calibration can cause spatial
and spectral fluctuations in the observed data and mix the sig-
nals, making it harder to separate them (e.g. Datta et al. 2010;
Vedantham et al. 2012; Barry etal. 2016; Ewall-Wice et al.
2017; Mazumder et al. 2022; Gorce et al. 2023). For this reason,
having a precise model of the sky emission, with correct spectral
information, is vital to minimise such errors.

3 Precision Array for Probing the Epoch of Reionization, http://
eor.berkeley.edu

4 Hydrogen Epoch of Reionization Array, https://reionization.
org/

3 Owens Valley Radio Observatory Long Wavelength Array, https:
//leo.phys.unm.edu/~1lwa

6 New Extension in Nangay Upgrading LOFAR, https://nenufar.
obs-nancay. fr

7 LOFAR Amsterdam-ASTRON Radio Transients Facility and Analy-
sis Centre, http://aartfaac.org

8 Square Kilometre Array, https://www.skao.int/en/explore/
telescopes
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Foreground avoidance methods, such as the ones used by
the HERA collaboration, are less dependent on sky mod-
elling, because they mitigate the foreground by using the
foreground avoidance technique, which discards the Fourier
modes dominated by the foregrounds (e.g. Parsons et al. 2012;
Thyagarajan et al. 2015). However, they might still need accu-
rate sky models to improve the calibration (e.g. Lietal
2018; Kern et al. 2020) or to access the most sensitive small
Fourier modes (e.g. Kerrigan et al. 2018; Ghosh et al. 2020).
On the other hand, sky-modelling subtraction methods, such
as the ones used by the LOFAR team, require an accurate
sky model (Mertens et al. 2020; Gan et al. 2022). The latest
upper limits published by the LOFAR-EoR Key Science Project
(KSP) showed an excess variance that, on the larger angu-
lar scales, reaches 22 times the thermal noise in the resid-
ual power of the North Celestial Pole (NCP) field after fore-
ground removal (Mertens et al. 2020). There might be multi-
ple causes for this excess power, such as polarisation leakage
(Jeli¢ et al. 2015; Asad et al. 2015, 2016), model incompleteness
(Barry et al. 2016; Patil et al. 2016; Ewall-Wice et al. 2017),
low-level radio frequency interference (RFI; Wilensky et al.
2019; Offringa et al. 2019a), and uncorrected ionospheric effects
(Vedantham & Koopmans 2016). However, Gan etal. (2022)
concluded that the excess seen in LOFAR data is likely domi-
nated by residuals of bright sources outside the main lobe of the
primary beam. The sources that mainly affect the NCP field are
Cas A and Cyg A, which are approximately 30° and 50° away
from the field centre, respectively. At that distance, the chromatic
effects of the primary beam are stronger and can introduce rapid
spectral fluctuations to the sources, mixing their emission with
other foregrounds and the 21-cm signal (Pober et al. 2016). If the
beam sidelobes have large spatial and spectral gradients and the
source is extended enough, the beam could also imprint different
spectral structures to different parts of such a source, making it
even harder to calibrate for it (Cook et al. 2022).

Previous efforts to model bright and extended galaxies have
been made, for example, by Procopio et al. (2017) for MWA
observations. They demonstrated that when such sources are
incorrectly modelled as point sources, their subtraction leaves
strong residuals. As a result, an improved wide-field model was
made by Lynch et al. (2021) for use in the MWA processing
pipeline. Efforts to improve models of bright sources were also
made by Line et al. (2020) on the Fornax A radio galaxy. In this
case, shapelets (Refregier 2003) were employed to model the
extended emission. Shapelets allow a source to be modelled with
fewer components than when using a collection of point sources
and 2D Gaussian functions, thereby reducing the computational
time required for calibration. However, incorporating spatially
varying spectral information into shapelets remains challeng-
ing and has not yet been tested in real scenarios. Line et al.
(2020) showed that, while a theoretical improvement in the
21-cm power spectrum was achieved with the shapelet model,
the improvement was negligible in real observations due to
other systematics. Similar results were observed by Gehlot et al.
(2022) when modelling diffuse Galactic emission in AART-
FAAC observations. Shapelets have also been applied to LOFAR
observations by Yatawatta et al. (2013), who made a model of
3C61.1, the brightest source in the NCP field. This model was
subsequently used by Mertens et al. (2020). However, the fixed
spectrum of the shapelet components proved to be a limita-
tion, and Mertens et al. (2025) showed that using a multi-scale
model of 3C61.1 with a spatially varying spectral index led to
improved upper limits. McKinley et al. (2022) showed that com-
bining point sources and Gaussian components can still produce


http://eor.berkeley.edu
http://eor.berkeley.edu
https://reionization.org/
https://reionization.org/
https://leo.phys.unm.edu/~lwa
https://leo.phys.unm.edu/~lwa
https://nenufar.obs-nancay.fr
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an accurate, high-resolution model of a large source such as Cen-
taurus A. All these efforts suggest that having a spatially and
spectrally realistic model of A-team sources is a fundamental
requirement to further investigate the cause of the excess power.

In this paper, we will focus on Cyg A, which is the bright-
est A-team source at 150 MHz. It is a complex source, with both
extended and compact emission. At low-frequencies, its spectral
energy distribution deviates from a pure power law. Using sev-
eral measurements between 12 MHz and 15 GHz, McKean et al.
(2016; henceforth cited as MK 16) showed that the total flux den-
sity S at frequency v is well described by a third-order (n = 4)
logarithmic polynomial function of the form

n—1
S(v)=S) | | 101080070

i=1

ey

where ¢ corresponds to the spectral index @ and ¢, to the spec-
tral curvature 8 (see MK16 for the coefficients values). This
total spectral shape does not describe the spatial variation of
the Cyg A emission, whose spectral indices go from @ ~ —0.65
in the lobes to @ ~ —1.25 in the plume region, with a rapid
turnover in the two brightest hotspots, the western of which is
labelled A and the eastern D (Leahy et al. 1989; MK16). In par-
ticular, the spectral index of hotspot A, measured at 150 MHz, is
ap = +0.18 +0.01, with the turnover around 140 MHz, while for
hotspot D it is ap = +0.36 + 0.02, with the turnover at 160 MHz
(MK16).

The main goal of this work is to create an accurate low-
frequency spatial and spectral model of CygA and assess
its impact on the LOFAR 21-cm power spectrum. Both
Mertens et al. (2020) and Gan et al. (2022) used models of
Cyg A with a spatially fixed spectral index @ = —0.8 at a resolu-
tion that is not enough to capture the finest structures of the radio
galaxy. By using a better spatial and spectral model of Cyg A, we
can investigate whether an improved model of a bright off-axis
source reduces the observed excess power in the 21-cm signal
power spectra. In order to embed physical spectral information
into the Cyg A model, we take advantage of the forced-spectrum
method during a multi-frequency deconvolution Ceccotti et al.
(2023). This method uses an input spectral index map to con-
strain the spectral index of each component by fitting a loga-
rithmic polynomial function during the deconvolution. Without
this regularisation of the spectral behaviour, logarithmic (or ordi-
nary) polynomial fitting can generate unrealistic spectral indices,
especially when the frequency bandwidth is limited or system-
atics in data are high (Offringa et al. 2016). In this work, we
used an updated version of the method that supports higher order
terms, such as the curvature, as long as maps of the higher order
terms are also provided. The spectrally varying model of Cyg A
that we get from the forced-spectrum method is the first of its
kind in the analysis of the LOFAR power spectrum’. Another
important goal of this work is to provide a strategy to make a
model with physical spectral information by using the forced-
spectrum method, thereby making it easier to make accurate
source models. The final aim is given by combining the two
goals: assessing the importance of improved models of off-axis
sources, including spectral information, and the role they play in
the excess power that is observed in the 21-cm power spectra.

In Sect. 2, we describe how we obtained the new CygA
model, and compare it with the model used in the current

° Main field sources have different spectral indices, but they are only
described by single point-like components, so there is no spectral vari-
ation within a single source.

LOFAR-EoR processing pipeline. In Sect. 3, we introduce both
the simulated and observed NCP datasets that we use to test the
impact of the new model onto the 21-cm upper limits. In Sect. 4,
we describe the NCP data processing, from calibration to power
spectrum estimation. The results on the two datasets are pre-
sented in Sect. 5. Finally, in Sect. 6, we summarise and discuss
the results, drawing the conclusions.

2. Cygnus A modelling with LOFAR HBA

The current LOFAR-EoR processing pipeline uses the Cyg A
model obtained from low-frequency VLA observations!'® (see
Appendix A for the catalogue of the model components), which
we will refer to as the ‘old” Cyg A model. This model has been
used by standard LOFAR processing pipelines, such as LINC'!
(LOFAR Initial Calibration pipeline; de Gasperin et al. 2019),
for calibration or demixing. Here we identify three major issues
of this model when applied to HBA data:

1. Spectral extrapolation: the flux density of each component
has been derived from a clean-based model of VLA observa-
tions at 73.8 MHz, and it is then extrapolated to higher fre-
quencies using a given spectral index «;

2. Low resolution: the model consists of four point and eight
Gaussian components, five of which have a zero-length
minor axis, that are unable to model the complex structures
of the source visible at higher frequencies (see Sect. 2.3.4);

3. Spatially constant spectral index: each component has an
artificial, constant spectral index @ = —0.8, even though the
source has a strongly varying spectral index.

The total flux density given by the old Cyg A model at 73.8 MHz
is 15.9 kJy, while the results of MK 16 indicate itis 16.3+2.2 k]y
when extrapolated to that frequency using Eq. (1). Whereas this
offset is acceptable within the 1o error, issues (1) and (3) lead to
a much larger difference at higher frequencies. Extrapolating the
flux density of the old model to 150 MHz by using a first-order
(n = 2) logarithmic polynomial with @ = —0.8 results in a total
flux of 9.0kJy, which is 16% lower than the expected 10.7 kJy
(MK16). The inconsistent flux density scale is another reason for
improving the model of Cyg A. We will describe the new model
in the next section.

2.1. The new Cygnus A model

LOFAR has the capabilities to operate between 110 and
250 MHz, by selecting two sub-ranges of the high band antenna
(HBA) system, HBA-low in the 110-190 MHz range and HBA-
high in the 210-250 MHz range. For each observation, a total
of 488 sub-bands (SB) can be recorded, each with 195.3 kHz of
bandwidth, which are further divided into 64 frequency chan-
nels. LOFAR currently consists of 24 core stations (CS) near the
centre of the array, distributed within a diameter of ~4 km and 14
remote stations (RS) across the Netherlands, with a maximum
baseline of ~120km, forming what is called the Dutch array.
Another 14 (international) stations are spread across Europe,
providing baselines up to ~2000 km. Each CS includes two HBA
sub-stations (HBAO and HBA1) that can either function inde-
pendently (‘HBA Dual’ mode), improving the uv-coverage, or
be individually selected (‘HBA Zero/One’ mode).

Given the large frequency coverage of the HBA system
and the high spatial resolution provided by the Dutch array

10 https://github.com/lofar-astron/prefactor/tree/
master/skymodels
' https://linc.readthedocs.io/en/latest/
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Table 1. Observational details of the Cyg A dataset after flagging, aver-
aging, and calibration.

Parameter Value
Telescope LOFAR HBA
Project code LC1_013
Antenna configuration HBA One
Number of stations 36 (CS+RS)@
Phase centre (J2000):

Right Ascension 19h59m28500

Declination +40°44’02’/00
Obs. start time (UTC):

HBA-low 2014 May 13; 00:11

HBA-high 2014 May 14; 00:00
Frequency range:

HBA-low 110.7-181.4 MHz

HBA-high 210.0-248.6 MHz
Duration of observation 12h
Time resolution 6.0s
Frequency resolution 195.3kHz

Notes. “CS006 and RS208 did not participate in this observation.

(approximately 3 arcsec), our goals with the improvement of the
model for Cyg A are:

1. Obtain an accurate model at 120—-160 MHz: this is the fre-
quency range targeted by the LOFAR-EoR KSP and, there-
fore, we want to use HBA observations;

2. Increase resolution to 5 arcsec: hotspots are compact sources
and we need a sufficient high resolution to not mix their
emission with the surrounding lobes: 5 arcsec is the highest
resolution provided by LOFAR HBA to get a model that is
accurate for all Dutch baselines;

3. Capture the spatially varying spectral index: Cyg A is a mor-
phologically complex radio galaxy, where different regions
show very different spectral behaviours that have to be taken
into account.

To satisfy goal (1), we use a combination of 12h LOFAR HBA-
low and HBA-high observations taken in 2014. The data, previ-
ously processed and calibrated (see Appendix B), consist of 412
SBs spanning 111-181 and 210-249 MHz, with a frequency res-
olution of 195.3 kHz (i.e. one channel per SB) and an integration
time of 6 s. Other observational details are reported in Table 1. All
modelling and data processing described in this paper has been
performed on the ‘Dawn’ high-performance computing cluster
(Pandey et al. 2020) at the University of Groningen.

In the next sections, we describe how we achieved goals (2)
and (3) to get a new, more complete model of Cyg A. We used the
WSCLEAN imager software (Offringa et al. 2014) to make images
of the data. We start by describing the deconvolution methods
that we employed.

2.2. MS-MF deconvolution and forced-spectrum fitting

Modelling the spectral structures of a radio source requires
fitting some smooth function to the data from the frequency
channels. This can be done during a multi-frequency (MF)
clean approach, which models the spectral behaviour during
deconvolution (Sault & Wieringa 1994). In the joined-channel
deconvolution described by Offringa & Smirnov (2017) and
implemented in WSCLEAN, a wide frequency band is divided into
narrower output channels which are jointly imaged and decon-
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volved, and combined into a high dynamic range, frequency-
integrated continuum image. The integrated image is used by
the cleaning process to locate the peak of each model compo-
nent. The frequency-varying brightness is measured across the
images at each output frequency channel. This MF approach
allows the components to capture the spectral variations of the
source. Fitting the measured spectrum of each found component
to an ordinary or logarithmic polynomial function ensures spec-
tral smoothness of the model, which can be expected for sources
dominated by synchrotron emission (e.g. Reich & Reich 1988;
Tegmark et al. 2000; Jackson 2005; Jeli¢ et al. 2008).

However, a clean-component spectral model might contain
incorrect spectral information because, for instance, of the lim-
ited frequency bandwidth or when systematics in the data are
large (e.g. Rau et al. 2016; Offringa et al. 2016). As a result, such
spectral indices cannot be used for extrapolation. The forced-
spectrum method (Ceccotti et al. 2023) solves this problem by
using a spectral index map to assign to each clean-component a
specific spectral index value based on the position of the com-
ponent, fitting a logarithmic polynomial function of the form of
Eq. (1). A modified weighted linear least-squares is then used to
only determine the magnitude S (vy) of each clean-component.
Ceccotti et al. (2023) used the forced-spectrum method to pro-
duce a model with only spectral indices. In this work, we addi-
tionally constrain higher order terms, such as the spectral cur-
vature. This is necessary to model the spectral turnover of the
Cyg A hotspots. When using higher order terms, it is important
that the input spectral maps have been calculated at the same ref-
erence frequency at which WSCLEAN performs the MF spectral
fitting. In Sect. 2.3 we will show a method to make spectral index
and curvature maps from in-band data.

The forced-spectrum method, and in general the MF decon-
volution, works well in combination with a multi-scale (MS)
method (Cornwell 2008; Richetal. 2008; Rau & Cornwell
2011). The MS deconvolution can incorporate diffuse emis-
sion by making a cleaned model as a summation of delta (i.e.
point-like components) and basis functions (e.g. Gaussian or
tapered quadratic). In this work, we used the MS deconvolution
implemented in WSCLEAN (Offringa & Smirnov 2017) to model
the extended emission with (circular) Gaussian functions that
have an analytically defined Fourier transform, unlike tapered
quadratic functions used by the algorithm described by Cornwell
(2008). The combination of the MS and forced-spectrum meth-
ods result in a compactly described model, which is essential for
calibration.

2.3. Imaging and spectral modelling of Cygnus A

To build the high-resolution spectral model of CygA, our
imaging process was divided into four key steps: initial high-
resolution imaging, imaging for accurate spectral modelling,
spectral index extraction, and forced-spectrum fitting. This
approach was designed to first capture the spatial details of the
source, and then to accurately translate these observations into
a comprehensive spectral model. The first step, the initial imag-
ing, is optional and was done to check the data quality and the
spectral features of hotspots A and D at the highest resolution
allowed by the dataset.

2.3.1. High-resolution imaging and spectra of the hotspots

Our Cyg A dataset spans a wide bandwidth, from approximately
110 to 250 MHz, allowing us to create images with a synthe-
sised beam (i.e. the point-spread function) of about 2 arcsec in
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size at the highest frequency. Although we cannot take advan-
tage of this for reliable spectral index extraction, where main-
taining a consistent beam size across the bandwidth is essen-
tial to ensure each frequency samples the same spatial scale, we
can utilise it to generate high-resolution images for data quality
assessment. However, if we clean deep enough so that the resid-
ual is mostly free of emission from the source, we can set the
restoring beam to a fixed value and still get good spectral infor-
mation from the restored images. This is the approach used in
this section to extract the spectral behaviour of the hotspots.

For this initial step, we used the MF joined-channel decon-
volution, splitting the full bandwidth into 100 independent (i.e.
without spectral fitting) output channels. We did not use MF
weighting, ensuring a better image quality for each output fre-
quency by gridding the uv-plane of each channel on a separate
grid. The output channels were weighted with a Briggs weight-
ing scheme with a robust parameter of —2, resulting in an inte-
grated synthesised beam with a full width at half-maximum
(FWHM) of 3 x 2 arcsec. We used the MS deconvolution with
point and Gaussian components of size 5, 10, 15, 20, 40, and
80 arcsec. We performed the cleaning to an initial threshold
of 50 using auto-masking and a final threshold of 1o, where
o = 8.3mly/beam for the frequency integrated image, with a
dynamic range of 1:19 540. We found that using a 1o cleaning
threshold, the residuals of the 100 output channels are noise-
like at the hotpots location, but not completely on the rest of the
source. This produced 10 times stronger residuals at the edges of
the source at low frequencies and in the lobes at high frequen-
cies. These are probably deconvolution artefacts caused by to
the morphological complexity of the source. Because the condi-
tion of having the residual free of source emission is met for the
brightest structures of Cyg A, we can still set a constant restor-
ing beam to extract the spectra of hotspots A and D. We used a
restoring circular beam with a FWHM of 3 arcsec, slightly larger
than the frequency-integrated synthesised beam. Other imaging
parameters are listed in the “High resolution’ column of Table 2.

The resulting 111-249-MHz frequency-integrated image is
shown in the left panel of Fig. 1. At 3 arcsec resolution, the
two brighter hotspots, A and D, are well resolved and we can
extract their spectra from the 100 output images. We fitted their
peak brightness using a non-linear least-squares method with a
second-order (n = 3) logarithmic polynomial of the form

S(V)=S(v0)( ) 1ATEROI), o

v

Yo
which is equivalent to Eq. (1) when using three terms, where &
and g are, respectively, the spectral index and the curvature terms
evaluated at the reference frequency vy. We used 150 MHz as
reference frequency to compare our spectral values with MK16.
The panels on the right-hand side of Fig. 1 show these fits with
a blue dashed line. Here, the black solid line represents the peak
brightness as extracted from each output image, to which we
have associated 1o errors (grey shaded area). These are cal-
culated by adding in quadrature the standard deviation of the
noise of each image and a standard calibration error of 2% of
the flux density (MK16), where the latter dominates the uncer-
tainties. We find that the best fit values for the hotspot A are
ap = +0.1025 £ 0.0002 and B4 = —1.541 + 0.009, and for the
hotspots D are ap = +0.3081 +£0.0002 and Bp = —1.819+0.009,
confirming the presence of a turnover in both of them. Our val-
ues differ from those found by MK16 for a couple of reasons:
they only had HBA-low data in the range 109-183 MHz, and
they fitted a first-order logarithmic polynomial. Restricting our

Table 2. WSCLEAN parameters used for the initial high-resolution imag-
ing and the forced-spectrum method, which produces the final model of
CygA.

Parameter High resolution  Forced spectrum
Image size 1024 x 1024 256 x 256
Pixel scale 0.25 arcsec 1 arcsec
Weighting Briggs -2 Briggs -2
Gridder W-gridder W-gridder
Minor gain 0.01 0.01
Major gain 0.8 0.8
Spatial mask - 1Jy/beam [-]
Auto-mask @ S50 30 [607]
Auto-threshold ® lo lo

MS scales (arcsec) 0-80 0-99 (default)
MS gain © 0.2 0.05
Output channels 100 (joined) 41 (joined)
Spectral fitting - Log. pol. n = 3 [-]
uv-range (kA) - 0.16-45.5
Beam size 3arcsec 5 arcsec

Notes. Most of the parameters from the forced-spectrum method were
also applied when generating the images used to extract the spectral
index and curvature maps. The specific parameters for this imaging
process are provided in square brackets. Initial threshold at which a
mask is constructed by finding clean-components, based on the noise
standard deviation. ’Stopping threshold inside the mask, based on the
noise standard deviation. ©)Size of step made in the MS sub-minor loop.

analysis in the same frequency range and fitting a simple power
law without the curvature term (red dot-dashed line in Fig. 1),
we find @y = +0.1720 = 0.0004 and ap = +0.3917 + 0.0004,
which are consistent with the values reported by MK 16, namely,
ap = +0.18 £0.01 and ap = +0.36 = 0.02. The 10 uncertainties
on « and 3 assume uncorrelated errors, whereas systematics such
as calibration and deconvolution errors are typically correlated,
and are therefore not captured by these uncertainties.

2.3.2. Spectral index extraction

The second step towards constructing an accurate spectral model
of Cyg A was to generate images that could be used for a pixel-
by-pixel spectral index extraction. As mentioned in the previous
section, using the 100 high-resolution images was not ideal due
to the ~100 residual emission, which could affect the spectral
indices of fainter emission. While the clean model would be con-
volved with a consistent restoring beam across the bandwidth,
the residual images retain the synthesised beam of their respec-
tive output channels. This might result in a mix of components at
different spatial scales from low to high frequencies, preventing
the extraction of a reliable source spectrum. To address this, we
performed a separate imaging step with appropriate settings for
an accurate full-source spectral index extraction.

Because we could not be certain that the residual images
were noise-like across the entire bandwidth, we ensured a con-
sistent synthesised beam (i.e. the same uv-coverage) by applying
a strict uv-cut. We selected only the (projected) baselines in the
range 160—45500 4, where the lower value corresponds to the
shortest baseline at 249 MHz and the upper value to the longest
baseline at 111 MHz. By removing baselines shorter than 160 A,
we lost sensitivity to structures larger than ~20 arcmin, which
was not a concern since our focus was only on Cyg A, which
has a maximum extent of 2.3 arcmin. Conversely, the upper
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Fig. 1. High-resolution, frequency-integrated image of Cyg A between 111 and 249 MHz (left), and peak brightness of the hotspots A (top right)
and D (bottom right), extracted from the high-resolution images of the 100 output channels (black solid line, with 1o uncertainties shown as a
grey shaded area). The fits using a second-order (blue dashed line) and a first-order logarithmic polynomial function (red dot-dashed line) are
also shown, with the best fit parameters reported in the same colours. The latter has been fitted only between 111 and 181 MHz for a consistent
comparison with MK16. The image on the left has a noise level of o = 10mJy/beam, with contours starting at 1Jy/beam and increasing by a

factor of 2.

uv-limit reduced the resolution from 3 to 4.5 arcsec, leading us
to fix the restoring beam to a circular Gaussian with a FWHM
of 5Sarcsec. Consequently, we increased the pixel scale from
0.25 arcsec (used for high-resolution imaging) to 1 arcsec, pro-
ducing images of 256 x 256 pixels. We also reduced the number
of output channels to 41 to get a better noise per output image.
This number was still high enough to minimise any bias that
would occur during the later fitting process. We measured a noise
level of o = 12.8 mJy/beam for the frequency-integrated image
(dynamic range of 1:20 550). With these settings, we found that
the MS deconvolution gave better results with the default spatial
scales of 12, 25, 49, and 99 arcsec. The other WSCLEAN parame-
ters were similar to those used in the high-resolution imaging. As
we will apply similar settings in the next forced-spectrum fitting
step, all parameters are listed in the ‘Forced spectrum’ column of
Table 2, with specific parameters for this step provided in square
brackets.

The resulting 41 output images were used to extract spec-
tral index and curvature maps. The brightness of each pixel was
fitted using Eq. (2) at the reference frequency of 190.18 MHz,
which is the same frequency at which WSCLEAN extracted the
model clean-components for our specific settings'?. In this oper-
ation, we considered only pixels brighter than 10Jy/beam in
the frequency-integrated image (this roughly corresponds to
3.6Jy/beam in the frequency-integrated, high-resolution image
of Fig. 1). The extracted spectral index and curvature maps are
shown in Fig. 2. Although the image resolution is lower than
in the preliminary imaging step, the large LOFAR HBA band-
width and high image dynamic range still allow us to identify
the main spectral features across the entirety of Cyg A. Hotspots
A and D exhibit the flattest spectral indices and the lowest cur-

12 The reference frequency needs to be checked beforehand each time,
as different weighting and uv-coverage can shift it with the same dataset.
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vature, as expected due to their turnover. Additionally, in line
with synchrotron spectral ageing models (e.g. Carilli et al. 1991,
MK16), the spectral index map shows a steepening from the
hotspots, where relativistic particles are continuously acceler-
ated by the jets, to the outer regions of the lobe and counter-lobe,
where the primary energy loss mechanism is synchrotron radia-
tion. More energetic plasma, which emits at higher frequencies,
loses energy faster than less energetic plasma, creating a break
frequency that shifts to lower frequencies as the plasma ages
(unless re-acceleration occurs). Because the plume of Cyg A has
the steepest spectral index (@ < —1), it consists of the oldest
plasma in the source, indicating that this plasma underwent its
last acceleration much earlier than in any other region.

2.3.3. Forced-spectrum fitting and spectral rescaling

In both Sects. 2.3.1 and 2.3.2, the imaging was performed with-
out any constraints on the spectral behaviour. In the next pro-
cessing step, the extracted spectral index and curvature maps
were used as inputs to the forced-spectrum method, acting as an
imaging regularisation. We mostly applied the same WSCLEAN
settings as in the previous step, as listed in the ‘Forced spec-
trum’ column of Table 2. The same uv-range was used to ensure
that the sampled spatial scales were consistent with the spectral
index map. While we could have used higher resolution to obtain
a more detailed spatial model of Cyg A, the 5 arcsec resolution
of the spectral index map meant that this would not have pro-
vided any additional benefit on the spectral modelling side. Fur-
thermore, we preferred to maintain the same uv-cut and resolu-
tion to limit the number of clean-components in the final model,
which consisted of 2082 components (1320 point sources and
762 Gaussians).

Due to the spectral constraints of the forced-spectrum method,
the residual images may exhibit higher residuals, resulting from
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Fig. 2. Forced-spectrum input spectral index (left) and curvature maps (right) at 190.18 MHz, extracted from the 5 arcsec resolution images.
Contours in both figures are the same of the left panel of Fig. 1. The colour scale of the spectral index map spans the range —1.27 < @ < —0.38,

while the curvature is plotted in the range —1.04 < 8 < 1.04.

the clean-component overlap described in Ceccotti et al. (2023).
This occurs because the spectral index is assigned based on the
clean-component position, but for Gaussians, the wings overlap
with other components in regions where the spectral index differs,
causing a bias in the final model image and, consequently, in the
residual image. For spectrally complex sources such as Cyg A,
this bias can be significant, particularly in the extended regions
where many Gaussians are used during cleaning. To mitigate this,
we constrained the cleaning process using a spatial mask that
included only pixels brighter than 1 Jy/beam, based on the previ-
ous frequency-integrated image (corresponding to approximately
0.4 Jy/beam in the high-resolution image of Fig. 1). This approach
allowed us to push the initial cleaning threshold deeper, reduc-
ing residual emission and preventing artefacts from being cleaned
beyond the source extension. As a result, clean components can
still be selected between the spatial mask boundary and the spec-
tral index map extension, which was defined down to 10 Jy/beam.
To minimise the impact of the overlap bias in the spectrum of the
final model within the 10 Jy/beam contour, we assigned values of
a = 0 and 8 = 0 to the remaining areas of the spectral maps.
The output of our forced-spectrum imaging step is a new,
high-resolution model of Cyg A, whose total flux density
matches, between 110 and 250 MHz, the spectrum found by
MKI16 as shown in the top panel of Fig. 3. However, when
extrapolated outside the LOFAR HBA frequency range, the
spectral energy distribution diverges from MK16, likely because
a sum of components with varying spectra would not necessarily
follow the flux scale to which the data were calibrated. More-
over, the overlap bias might play a role. While extrapolation
always requires caution, this new Cyg A model could be use-
ful for applications at lower frequencies, such as calibrating or
demixing LOFAR low band antenna (LBA) data, between 10
and 80 MHz. To address this, we evaluated and corrected the
total flux density of our model at 10 frequencies between 10
and 300 MHz to match MK16. Each clean component was then
adjusted by the found correction factors and fitted to a logarith-
mic polynomial to restore spectral index and curvature values at
the model reference frequency. The rescaled model agrees with
MKI16 as shown by the black line in Fig. 3. The middle and
bottom panels show the flux density of hotspots A and D, inte-
grated within a circle of 5 arcsec diameter. Compared to Fig. 3,
the hotspot spectra appear flatter, with the turnover shifted to
lower frequencies. This is due to the lower resolution used for

both the spectral maps and the final model, allowing more lobe
emission to contaminate the hotspots. Such flattening is accentu-
ated by the rescaling, although most effects impact frequencies
outside the LOFAR HBA range.

2.3.4. Old versus new Cygnus A model

The new, rescaled model of Cyg A and the old model are shown,
respectively, in the top and bottom panels of Fig. 4, both ren-
dered at 150 MHz. It is immediately clear that the new model
is at a higher resolution than the old one. Hotspots A, B and
D are modelled with a dominant point component, while the
diffuse lobe and counter-lobe emission consists of a collection
of Gaussian components of different sizes. Because WSCLEAN
uses only circular Gaussians during the MS deconvolution,
point components are required to shape these Gaussians into
real source structures, such as the bow-shaped structure in the
counter-lobe. This explains the presence of components with
negative fluxes, that have no physical meaning but they are still
needed to get models resembling real data. The final result is a
model where also the fine structures of Cyg A are visible and
easily distinguishable, fulfilling goal (2), mentioned in Sect. 2.1.
On the other hand, we can hardly distinguish the different struc-
tures in the old model. Assuming that the two outermost Gaus-
sian components model the hotspots A and D emission, a shift
in the coordinates towards the north-west is present in the old
model, the cause of which is unknown. This issue would be eas-
ily solved by shifting back each components to the correct loca-
tion in the sky, but it is hard to find a reference point, such as
hotspot A, in this model. When the old model is used on its own
for calibration or demixing, such an offset, which is not too large,
is absorbed into the gain phases.

The new model also outperforms the old one in terms of
spectral modelling. The forced-spectrum method transferred the
pixel-by-pixel spectral information from the spectral index and
curvature maps into the new model, whose components have dif-
ferent spectra depending on their location, as we saw in the mid-
dle and bottom panels of Fig. 3. Thus, the resulting model of
Cyg A also satisfies goal (3). Plotting the old model in the top
panel, extrapolated from 74.8 MHz to the HBA frequency range,
shows the large difference in flux scale between the expected
values, as already discussed at the beginning of Sect. 2.
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Fig. 3. Flux density between 50 and 270 MHz measured from the Cyg A
models for the total emission (top), hotspot A (middle), and hotspot
D (bottom). The top panel shows the old model (solid blue line), the
new model before (dashed green line) and after spectral rescaling (solid
black line), and the third-order logarithmic polynomial used by MK16
(dashed orange line). In the middle and bottom panels, only the flux den-
sities from the new Cyg A models before and after rescaling are shown.
These values were extracted from a circular region with a 5 arcsec diam-
eter, centred on the peak of each hotspot. The filled points indicate
the spectral peaks, and the turnover frequency after rescaling is also
reported. The green shaded area in all panels marks the LOFAR HBA
range used to extract the new Cyg A model.

3. NCP datasets

To test the performances of the new model of Cyg A against the
old one, we used it within the LOFAR-EoR processing pipeline,
comparing the results both from a simulated dataset and from
a real observation of the NCP field. This allows us to assess
the impact of this better model on the 21-cm power spectrum
measurements, which is one of the main motivations of this
work. We selected an average-quality night from Mertens et al.
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Table 3. Observational details of the NCP dataset used for testing the
Cyg A model.

Parameter Value
Telescope LOFAR HBA
Project code LC2_019
Observation ID L246309
Antenna configuration HBA dual inner
Number of stations 62 (CS +RS)

Phase centre (J2000):
Obs. start time (UTC):
Frequency range:

NCP (0", +90°)
2014 Oct. 16; 17:11:36
134.1-147.1 MHz

Duration of observation 12.6h [6h]
Time resolution 2.0s
Frequency resolution 61.0kHz

Notes. The duration value within square brackets refers to the simula-
tion dataset.

(2020) where Cyg A is above an elevation of ~10° for most of
the observing duration. The observational details of the selected
dataset are reported in Table 3.

To produce the simulated dataset, we made a copy of the
same measurement set and forward predicted (i.e. Fourier trans-
formed from image space to visibility space) a sky model
into it. When predicting visibilities, the calculation of the pri-
mary beam is computationally expensive. The computing time
increases with the number of model components, because the
primary beam has to be calculated at each component coordi-
nate. Because the NCP sky model has more than 28 700 com-
ponents (Yatawatta et al. 2013; Mertens et al. 2020), we used a
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right). The all sky image has been obtained using a baseline range of 50-2504, the NCP zoom-in with 50—-5004, while the Cyg A zoom-in with
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the position and extension of Cyg A.

simpler NCP model with only 684 point components with a
flat spectrum, presented in Brackenhoff et al. (2024). This model
extends up to 6° from the NCP and consists of 14 source clusters
(i.e. directions), and its sources dominate the total power spec-
trum of the sky, making it sufficient for the purpose of this work.
More details are reported in Appendix C. We added a low res-
olution model of Cas A, consisting of 24 Gaussian components
with @ = —0.8 constant across the source and vy = 74 MHz,
similar to the old Cyg A model. Finally, we add our new Cyg A
model. Assuming that this new model is the true sky, we will
be able to measure the theoretical excess power that might
be caused by not having a Cyg A model with correct spectral
indices.

The combined sky model was predicted on to the visibili-
ties of the previously selected night with SAGECAL'? (Yatawatta
2016), which allows using GPUs to speed up the process (see
Sect. 4). The primary beam was applied during the prediction,
and we finally added a per-visibility noise estimated from the
radiometer equation (e.g. Thompson et al. 2017):

SEFD
2AIAY

where SEFD is the system equivalent flux density, Az = 2s is
the visibility integration time and Av = 61 kHz is the frequency

3

Tvis =

3 https://sagecal.sourceforge.net/

channel width. The SEFD of CS and RS is expected to be differ-
ent because RS have double collecting area (van Haarlem et al.
2013). However, our observations were carried with the ‘Inner’
setup, which sets the RS collecting area to the CS one by switch-
ing off the outer tiles of the station. For this reason, we assigned
to every visibility the same SEFD of 4253 Jy as estimated by
Mertens et al. (2020). To reduce the computing time, we kept only
the first 6 h of the dataset, where the elevation of Cyg A peaks
(77.9° after 35 min from the beginning) and stays above 35°.

The full-sky image of the NCP simulations is shown in
Fig. 5, with a zoom-in of the NCP main field (top-right panel)
and into the Cyg A field (bottom-right panel). Cyg A is 49.3°
away from the NCP, and, because of that, the primary beam
attenuates its flux by a factor of ~1074. However, its sidelobes
are still strong and extend across the whole image, reaching the
NCP main field and affecting its residuals if the source is not well
modelled and subtracted. The same holds for Cas A, the effect of
which could be even larger because it is closer to the NCP (31.2°
away) and has a higher apparent brightness.

4. NCP data processing

Both datasets have been processed through an updated LOFAR-
EoR production pipeline, which steps are extensively described
by Mertens et al. (2020, 2025). The pipeline consists essen-
tially of (1) pre-processing and RFI removal, (2) initial cal-
ibration, (3) DD solving and DD sky-model subtraction, (4)
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imaging, (5) removal of residual foregrounds, and (6) power
spectrum estimation. In this work, we skipped step (1) because
we did not include any RFI into the simulated measurement
set and we start with the already pre-processed observed data
from Mertens et al. (2020). Step (5), which is performed with the
Gaussian process regression (GPR) method (Mertens et al. 2018,
2024; Hothi et al. 2021; Acharya et al. 2024) was also skipped
for both simulated and observed datasets, because this step does
not use a sky model and we therefore do not need it to make the
final comparison. In the following, we briefly describe the steps
used for this work.

4.1. Initial calibration

The main goal of the initial calibration is to set the correct flux
scale and correcting the sky-averaged phase offset per station.
For the NCP, this is done in an unconventional way, by obtain-
ing calibration solutions for two directions. One direction cov-
ers 3C61.1, which is the brightest source in the main field with
a flux density of ~38Jy at 150 MHz (Baldwin et al. 1985) and
close to the first null of the primary beam, making it necessary
to solve the varying DD effects of the primary beam and imper-
fections in the LOFAR primary beam model. The other direction
includes the rest of the field, where only sources brighter than
35 mly are selected to reduce the computing time while keep-
ing a high enough signal-to-noise ratio. This reduces the NCP
sky model used for our real observations from 28 773 to 1416
sources, thereby reducing the computational cost. The remain-
ing sources account for only 1% of the total flux model, and
this has therefore only a small effect. For consistency, we per-
formed a similar procedure for the sky model used for the sim-
ulations, but such a flux cut has a relatively small effect here,
because the model has fewer sources (i.e. from 684 to 666 com-
ponents). During the initial calibration, we only use baselines
in the range 50-50004. The lower limit was applied in real
observations to avoid poor uv-coverage and the diffuse Galac-
tic emission which is not present in our model and would bias
the calibration (Patil et al. 2017), while the upper limit min-
imises ionospheric effects and avoids resolving compact sources
(Patil et al. 2016; Mevius et al. 2022).

The initial calibration was performed with SAGECAL, that
uses the space alternating generalised expectation maximisa-
tion (SAGE) algorithm (Kazemi et al. 2011). It distributes the
processing across multiple nodes using a consensus optimi-
sation (Boydetal. 2011). This method applies a frequency
smoothness regularisation with a third-order Bernstein polyno-
mial (Farouki & Rajan 1988; Yatawatta 2019), using an alternat-
ing direction method of multipliers (ADMM; Yatawatta 2015,
2016). The level of frequency smoothness for each iteration
is determined by the regularisation parameter p, whose value
depends on the apparent sky brightness for each source clus-
ter and is therefore direction dependent (Mevius et al. 2022).
More details about SAGECAL and its capabilities can be found
in Yatawatta (2015, 2016, 2018), Yatawatta et al. (2017), and
Gan et al. (2023). This smooth gain calibration was performed
with a frequency and time solution interval of 195kHz (i.e. one
solution per SB) and 30 s, respectively, to address relatively fast
direction-independent ionospheric effects on the longer base-
lines. We note, though, that we did not include any ionospheric
effects in our simulations. Recent studies have shown that the
effect of the ionosphere is currently still expected to be below
the thermal noise level (Vedantham & Koopmans 2015, 2016;
Brackenhoff et al. 2024). The data were corrected using the solu-
tions from the main field.
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After this high-temporal and smooth-spectral resolution cal-
ibration, we performed a low-temporal and high-spectral resolu-
tion bandpass calibration with the same sky model to solve for
the fine frequency response of the instrument. This was done
using a single solution per SB over a time interval of 3 h to miti-
gate the introduction of frequency structures due to an incom-
plete or inaccurate model as much as possible. We still used
SAGECAL, but each SB was solved independently and no smooth-
ness was applied to the solutions. As before, only the main field
solutions were applied to the data.

After the bandpass calibration, all visibilities with amplitude
higher than 70 Jy were flagged to prevent SAGECAL from diverg-
ing from the correct solutions in the subsequent DD calibration
step (Mertens et al. 2020). We also averaged the data to a time
resolution of 10s to speed up the next step, which is the most
demanding step of the pipeline.

4.2. Direction-dependent solving and source subtraction

The wide field of view of LOFAR introduces DD effects due
to, for example, the time-varying primary beam and the iono-
spheric effects, that have to be taken into account to perform a
good foreground subtraction. This is done by clustering the sky
model components into a number of directions and ensuring a
spectral smoothness using the consensus optimisation of SAGE-
CAL. These clusters typically are 1-2° in size to reach a suffi-
cient signal-to-noise with the sources inside the cluster and to
minimise spatially varying DD effects. For the simulations, the
NCP main field was divided into 14 clusters (see Table C.1),
while for real observations it currently consists of 108 clusters,
because the sky model extends up to 15° from the NCP. Two
extra clusters were added for Cas A and Cyg A, because, simi-
larly to the 3C61.1 case, they are so bright and so far away that
they need separate solutions. No flux limit was applied to the sky
model during this DD step. The gains were solved for all clus-
ters simultaneously using a frequency interval of 195kHz. We
set solution time intervals between 2.5 and 20 min for the main
field directions and an interval of 2.5 min for Cas A and Cyg A
to capture faster primary beam changes. All the sources in the
sky models are included in this step.

To avoid over-fitting, a wuv-cut at 2504 was introduced
between baselines used for calibration and 21-cm signal extrac-
tion, where only baselines in the range 250—-50004 were used
during the DD solving. This cut causes excess noise on the
uncalibrated baselines, which is reduced by enforcing spectrally
smooth solutions (Yatawatta 2016; Barry et al. 2016). Using
this approach, it has been shown that there is no signal loss
on the baselines of interest and very limited excess power
(Mouri Sardarabadi & Koopmans 2019; Mevius et al. 2022).

In contrast to the initial calibration, after the DD gain solving
we did not correct the data with the solutions. Instead, we used
the gains when subtracting the sky model from the visibilities,
to obtain the residuals that were finally used for creating power
spectra.

In order to compare the performance of the new Cyg A model
with the old one, we performed the DD calibration steps for
both Cyg A models. In addition, we did a third run in which we
modelled Cyg A as a point source with a spectral energy distri-
bution following a third-order logarithmic polynomial with the
coeflicients given in MK16. This extreme case will demonstrate
whether having a spatially resolved model is important, even
when the source is not resolved on the baselines used for calibra-
tion. In fact, calibration can still be affected by the source struc-
ture if the signal-to-noise ratio is high enough, as in the case of
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Cyg A. The results from the simulations (see Sect. 5.2) that used
the new model during the DD steps are only a benchmark for
the calibration efficiency within the LOFAR-EoR pipeline, and
do not say anything about how good our new model is. After the
DD calibration, we considered only the first 6 h of the observed
data, in order to better compare the results with the simulated
dataset.

4.3. Imaging and conversion to Kelvin

After calibration and foreground subtraction, we gridded and
imaged each SB of the residual visibilities using WSCLEAN, mak-
ing an (/,m,v) image cube. During the gridding, each visibility
received equal weight and we applied a Kaiser-Bessel anti-
aliasing filter with a kernel extent of 15 uv-cells, an oversampling
factor of 4096, and 32 w-layers. These parameters ensure that
any error arising from the gridding process is confined signifi-
cantly below the expected 21-cm signal (Offringa et al. 2019b,a;
Mertens et al. 2020).

We produced Stokes I and V images with a natural weight-
ing scheme. Additionally, we generated even and odd time-step
Stokes V images, the difference of which is used to estimate the
thermal noise variance. We used a baseline range of 0—6004
during the imaging, setting a pixel scale of 0.5 arcmin and an
image size of 512 x 512 pixels, which results in a field of view
of 4.3 x4.3°. After gridding, only the gridded uv-values between
50 and 2504 were used for the power spectrum.

The image cube, which has units of Jy/beam, has to be con-
verted into units of brightness temperature, which is Kelvin. This
is done by Fourier transforming the images into a gridded (u, v, v)
visibility cube and then using the conversion technique detailed
by Offringa et al. (2019a). Making the visibility cube, we applied
a spatial Tukey function with a 4° diameter to focus on the centre
of the primary beam, which has a FWHM of ~4.1° at 140 MHz,
while also mitigating its uncertainties farther from the centre.
The gridded visibilities (in units of Kelvin) and the number of
visibilities in each (u, v, v)-cell were used to estimate the power
spectrum.

4.4. Power spectrum estimation

If T(x) is the brightness temperature of a signal at the physical
coordinate x, its power spectrum as a function of the wavenum-
ber k (units of hcMpc™') is defined as

P(k) = VT (k) )

where V is the observed comoving volume and 7 is the dis-
crete Fourier transform of the brightness temperature. This 3D
power spectrum is usually in units of K243 cMpc®. The com-
ponents of the wavenumber k perpendicular and along the line
of sight are respectively defined as (Morales & Hewitt 2004;
Vedantham et al. 2012):

2n _ 2mHov21 E(2) )
Dy " cl+22 7"
where Dy (z) is the transverse comoving distance at redshift z,
vo1 = 1420 MHz, H is the Hubble constant, E(z) is the dimen-
sionless Hubble parameter, c is the speed of light, and 7 is the
Fourier dual of the frequency v (often referred as delay).

The power P(k) can be averaged in cylindrical shells of

radius k;, = |k.| to get the cylindrically averaged (2D) power
spectrum:

€L

ket oy P(K)

Pk = Nk, iy
LK)

(6)

where N, ) is the number of k voxels falling into the (., k)-

bin. If we choose spherical shells of radius k = |k| = /ki + kﬁ, a

spherically averaged (1D) power spectrum can also be obtained:

k_3 Zker P(K) @)
2 2 N, k ’

where Ny is the number of k voxels falling into the k-bin. This
is the power spectrum estimator used to set 21-cm upper lim-
its because it is in units of mK?. Both cylindrical and spheri-
cal power spectra are weighted by the gridded visibility thermal
noise noise (see Mertens et al. 2020, for more details).

Because kj is essentially the Fourier dual of the frequency, a
spectrally smooth signal is confined to low kj values. This is the
case for Galactic and extra-galactic foreground emission, which
is expected to be dominated by synchrotron radiation at low fre-
quencies and spectrally smooth over tens of MHz. On the other
hand, the 21-cm signal is fluctuating rapidly in frequency, and
its power extends over all kj (e.g. Santos et al. 2005). However,
every interferometer is intrinsically chromatic because a single
uv-cell is crossed by different baselines at different frequencies,
and this effect becomes stronger at longer baselines, correspond-
ing to larger kK, (Morales et al. 2012, 2019). Because of this, the
foreground power is spread at higher kj, generating a character-
istic shape known as the ‘foreground wedge’ in the cylindrically
averaged power spectrum (Datta et al. 2010; Liu et al. 2014a,b).
The maximum extent of the wedge in kj is given by the horizon
line, that can be accurately calculated in a non-flat sky formal-
ism knowing the horizon delay (Munshi et al. 2025). In the same
way, we could find the delay lines for every direction in the sky
(Munshi et al. 2025). We then expect that all the sky emission
lies in the wedge below the horizon line, leaving a foreground-
free region called ‘EoR window’. However, the finite bandwidth
of the data causes the Fourier transformation to leak some power
above the wedge, requiring some frequency window function to
reduce such a leakage (e.g. Vedantham et al. 2012). Also cali-
bration errors might introduce rapid frequency fluctuations that
contaminate the EoR window. This effect can be limited by using
frequency smoothed gains, as we did in the first calibration step
and during the DD solving.

In this work, we estimated the power spectra using the power
spectrum pipeline PSPIPE'4. We used only gridded visibilities
in the 50-2504 baseline range and applied a Hann window
function to the frequency bandwidth. The reported power spec-
trum uncertainties were estimated from the sample variance, as
described by Mertens et al. (2020).

A% (k) =

5. Results

In this section, we show the results from both the simulated and
observed datasets, comparing the residuals after the DD subtrac-
tion and their power spectra. We also compare results from the
three Cyg A models described previously: the old, new, and point
source models. All the cylindrical power spectra are shown as a
ratio between the Stokes 7 and the thermal noise power spectrum,
where the thermal noise was evaluated from time differences of
Stokes V images. This ratio removes most of the effects that are
caused by the sensitivity response of the instrument, allowing us
to focus on the differences between the different Cyg A models.

In the next section, we sketch how errors in the sky model
could propagate into the foreground-subtracted visibilities after
the DD subtraction. This is an important aspect to better under-
stand the following results.

4 https://gitlab.com/flomertens/pspipe
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5.1. DD gain errors due to model incompleteness

In the following sections, the effect of model incomplete-
ness for Cyg A, after its subtraction, is illustrated both in the
image domain via residual images and in the power spec-
trum domain. The latter is particularly relevant for 21-cm cos-
mology experiments on baselines where the 21-cm signal is
expected and illustrates that the effect in the image domain can
be extremely subtle because continuum images contain all base-
lines and are averaged over frequency, thereby averaging out
frequency-dependent fluctuations. In the cylindrical power spec-
tra (Sects. 5.2.1 and 5.3.1), however, the effects as a function of
baseline (proportional to k) and frequency (or its Fourier dual,
‘delay’, proportional to k) become much more evident.

In general, when determining LOFAR station-based gains,
especially their DD gains, the incompleteness of the sky model
can have a significant impact on the quality of the gains
as a function of baselines and frequency (Patil etal. 2016;
Ewall-Wice et al. 2017; Mouri Sardarabadi & Koopmans 2019;
Mevius et al. 2022). When solving for multiple directions, the
gains can modify the point spread function (PSF) used for sub-
traction in such a way that its sidelobes absorb unmodelled
structures in the sky, thereby removing diffuse foregrounds and
21-cm emission on larger scales (see Patil et al. 2016 for a
demonstration). This is why spectrally smooth gain regularisa-
tion was introduced (e.g. Yatawatta 2015; Gan et al. 2023), as
it suppresses the ability of gains to remove unmodelled source
structures.

Similarly, very bright sources far from the phase centre
(e.g. Cas A and CygA) can have a dominant impact via their
PSF sidelobes, leaking power into the main target field (e.g.
NCP or 3C196), as demonstrated by Ganetal. (2022) and
Munshi et al. (2024). Hence, an incomplete sky model for these
bright sources might lead to incorrect DD solutions in their
direction. When subtracting them with their DD gains applied,
the PSF-convolved source model will be incorrectly subtracted,
leaving residuals in the main field of interest (NCP in our
case). For fainter sources, this effect is much smaller and aver-
ages out when there are many sources in various directions
and at different distances. However, Cyg A and Cas A are two
extremely dominant sources, and their effect does not average
away (Gan et al. 2022; Munshi et al. 2024).

The errors on these source models can then enter the power
spectrum in several different and complex ways: (i) even if the
DD solutions in the direction of a bright source were known per-
fectly, applying them to an incorrect source model would leave
residuals in the main field via the sidelobes, as discussed above;
(ii) in practice, however, the incomplete sky model (not just the
bright source model) also leads to complex gain errors, even in
the case of strong gain regularisation as a function of frequency
(see e.g. Yatawatta 2015). The latter effect can redistribute power
across baselines depending on which baselines exhibit the largest
differences between data and model, as well as on which base-
lines have the most visibilities (both contributing to the minimi-
sation of the penalty function for the gain solutions).

In the following sections, we illustrate these effects for the
case of an incomplete model for Cyg A.

5.2. Results from simulations

After the DD subtraction step, we imaged the time and frequency
averaged residuals at the Cyg A position in the simulated dataset
for all the three tested models. In the top row of Fig. 6, from
second to fourth panel, we show these residuals divided by the
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apparent peak brightness of Cyg A in the initially calibrated data,
shown in the first panel. This gives an estimate of the relative
errors using different models during the DD solving. In the sec-
ond image, the model used for prediction and calibration was
the same. The residuals therefore do not reflect the quality of
the model, but the effectivity of calibration. The third and fourth
panels show the extra residual power caused by (i) not modelling
spectral indices, and (ii) assuming Cyg A is a point source. In
the bottom row we also report the differences between the three
residual images, to better highlight the structures affected by the
different Cyg A models.

Although the old model is incomplete and spectrally incor-
rect, it leaves residual similar to the new model, both with a
maximum ratio of approximately 0.13 close to the source cen-
tre. The point source model shows higher residuals, with a max-
imum of 0.17. The removal of all the three models generated
ripples far from the sources and directed toward the NCP, even-
tually affecting the power spectrum. The intensity of these rip-
ples are slightly larger for the extreme point source model, which
also shows stronger small-scale fluctuations in the perpendicular
direction. It is interesting to note that residuals for the new model
are not fully consistent with the noise, even though the same
model was used for both prediction and DD calibration. This
highlights that even in the perfect scenario, calibration errors
still affect the resulting residuals. This can be partly attributed
to the added noise and the non-linear behaviour of calibration.
However, in our experience, sources in the centre of the pri-
mary beam, are easier to subtract and leave lower residuals. A
possible explanation for the relatively large residuals with a per-
fect model might be that the source passes through nulls in the
primary beam and that not all stations have sufficient signal-to-
noise at all times to accurately solve the source.

5.2.1. Cylindrical power spectra and ratios

The cylindrical power spectra P(k,,k), centred on the NCP,
were estimated both after initial calibration and DD subtrac-
tion, and show that the DD steps removed most of the fore-
ground emission within the wedge. The top row of Fig. 7 shows
the Stokes I power spectra divided by the thermal noise, esti-
mated from time-differenced Stokes V. The thick line repre-
sents the horizon limit, above which the EoR window should
be foreground-free. The other two pairs of lines, the solid and
the dashed ones, show the range where we can maximally find
Cyg A and Cas A, respectively. Even with error-free simulations,
the residual power within the wedge is quite high after the DD
subtraction, up to 10 times the thermal noise. This might be due
to calibration errors occurring during the DD solving or inaccu-
racies in the primary beam prediction, which also leaks power to
higher kj, into the EoR window. Most of the residual power is
along the Cyg A direction, while Cas A seems better subtracted.
The maximum residual brightness of Cas A is 1% of the peak of
Cas A after the initial calibration and it is the same irrespective
of which Cyg A model was used in the calibration. This shows
that using spatially and spectrally different models of Cyg A dur-
ing the DD calibration step does not considerably affect the gain
calibration of other bright sources such as Cas A. The bottom-
left panel of Fig. 7 shows that the DD subtraction removes most
of the power within the horizon. The residual power is usually
taken into account with GPR, a step skipped in this work.
Ratios of DD subtracted power spectra for the three Cyg A
models are shown in the bottom row of Fig. 7. Overall, the
new model leaves the least residual power compared to the
other two models. This is expected because the new model
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Fig. 6. Dirty images of the simulated NCP dataset in the direction of Cyg A. The top row shows, from left to right: (i) the image after initial
calibration, and residual images after DD subtraction using the (ii) new, (iii) old and (iv) point source model, divided by the peak brightness of
the initially calibrated image. The bottom row shows the differences between residual images obtained after DD subtraction for the three Cyg A
models: Old — New (left), Point — New (middle), and Point — Old (right). All the images have been obtained with a natural weighting scheme and
using a baseline range of 50—-45004, resulting in the synthesised beam shown in the bottom-left corner of the top-left panel. The contour in every
panel is the 1 Jy/beam level from Fig. 1 to show the position and extension of Cyg A.

is the same model used during the prediction step. Most dif-
ferences are visible around the Cyg A lines (thin solid lines),
where the new model outperforms the old one, particularly at
k, < 0.12thpc*1. The point source model, however, leaves
the highest residuals across all k;, — kj values within the Cyg A
lines.

The top panel of Fig. 8 shows the 1D power spectrum P(k)
for the three models, extracted from the cylindrical power spec-
tra (i.e. top row of Fig. 7, but not divided by the thermal noise)
along the Cyg A direction and averaged within k-bins of size
0.07 hcMpc™'.'> The middle and bottom panels show the ratios
of these P(k) pairs (white-faced markers), alongside the ratio
values from bottom row of Fig. 7 for each (k_, kj)-cell within
the Cyg A delay lines (filled markers). We plotted the ratio
Prew(k)/ Poa(k) separately in the middle panel to make it easier
to see where the new model has improved residuals compared to
the old model. The 1o uncertainties associated with P(k) have
been calculated as

P2 (k. , ky)
Perr(k) = \/Z(kbkl)Ek 251’1” = s (8)
Nk

where N; is the number of (k,, kj)-cells falling in k-bin and
Pe(ky, ky) is the error on the cylindrical power spectrum, esti-
mated from the sample variance. For the ratio P;(k)/P;(k), the
sample variance is not a reliable uncertainty estimator, as all
three datasets were drawn from the same sample and have the
same noise. Therefore, the uncertainties of P;(k)/P;(k) were
set to the standard deviation over all (k,, k)-cells of the ratios
shown in the bottom row of Fig. 7. The New/Old ratio reaches
a minimum value of Ppew(k)/Poa(k) = 0.80 + 0.03 at k =

15 Our definition of P(k) differs from A%(k) due to how the averages are
done. In fact, P(k) is calculated as a simple average of P(k,, k) without
considering the weights, which are instead used to calculate A%(k) from
P(k) (see Eq. 7).

0.302cMpc™! and is significantly less than one for all k <
0.4 hcMpc~!. At higher k values, the ratio is close to one, sug-
gesting that the new model does not offer improvement over
the old model at smaller frequency and spatial scales. On the
other hand, both Ppey (k)/ Ppoini(k) and Pgja(k)/ Ppoini(k) are con-
sistently lower than one. The inverse-variance weighted aver-
ages across all k-bins are (Ppew(k)/Poa(k)) = 0.95 + 0.05,
(Pnew(k)/Ppoim(k» ~ <Pold(k)/Ppoim(k)> =07« 0‘17 indicat-
ing that the point source model performs worse than both the
new and old models. This highlights that, although the point
source model has correct spectral information, even a rough spa-
tial characterisation of the source is necessary to improve DD
calibration results.

5.2.2. Spherical power spectra and differences

Although the power spectra P(k) along the Cyg A direction give
a robust estimation of the impact that the three different mod-
els have on the residual power, we saw in the third and fourth
bottom panels of Fig. 7 that differences are present also in differ-
ent regions of the cylindrical power spectrum. We can then use
Eq. (7) to estimate the spherical power spectrum A?(k) in k-bins
spanning the whole (k,, k)-space and assess the overall impact
of the three models on the 21-cm upper limits.

The total Stokes I spherical power spectra are shown in the
top panel of Fig. 9, evaluated within ten logarithmically spaced
k-bins in the range 0.08 < k < 1.15hcMpc™!, with a bin size of
dk/k =~ 0.3. The differences between model pairs i — j and the
associated 1o~ uncertainties have been calculated as

2 2
Dij= A} - Ai, Dijer = /(A7) + (Aim) ,

where A2_ (k) is estimated from the sample variance of the power

spectrum (see P in Eq. 8). In this case, the sample variance is
used also for the uncertainties of the differences, because D;;
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Fig. 7. Stokes I cylindrical power spectra divided by the thermal noise power spectrum at different stages of the processing of the simulated NCP
dataset. Top row, from left to right: power spectrum ratio after initial calibration, after DD subtraction using the new, old, and point source model
of Cyg A. The bottom row shows ratios of results from processing with different models. From left to right: the initial calibration results over
new model results, new model results over old model results, new model results over point source model results, and old model results over point
source model results. ‘DD New/Point” and ‘DD Old/Point’ share the same colour bar. In all the panels, the thick line indicates the horizon delay
line (foreground wedge), whereas the thin solid and dashed line pairs indicate the delay ranges where we expect most of the power of Cyg A and

Cas A, respectively.

is calculated directly from A%(k). The values are reported in
Table D.1, with also the inverse-variance weighted mean of the
differences calculated over two representative k-bin ranges. The
difference Agl a— A2, (middle panel of Fig. 9) is larger than zero
across most of the k-bins, with just a few exceptions. However,
all these values are consistent with zero when the sample vari-
ance error is taken into account, except at k = 0.35hcMpc™!
where A%, > A2 significantly. We observe the strongest differ-
ences at this k-bin for all the model pairs, consistent with Fig. 8.
Looking at the differences with the point source model (bottom
panel of Fig. 9), we find that A2 . is higher than A2, and A?

point new old

across all k, with significant values at 0.19 < k < 0.85hcMpc™".

5.3. Results from real observations

For the actual observations, we follow a similar route compared
to the simulated data. In the top row of Fig. 10, from second
to fourth panel, we show the residuals at the Cyg A position for
all the three tested models, divided by the apparent peak bright-
ness of the initial calibrated Cyg A, shown in the first panel. Dif-
ferences between the residual images are shown in the bottom
row. The residuals left from the new and old model are similar,
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as we saw in the simulations, with a maximum ratio within the
Cyg A region of 0.09 and 0.11, respectively. The point source
model shows the highest residuals, with a maximum ratio of
0.23. Although the measured residuals for the new and old mod-
els are smaller than those in the simulations, the fluctuations
originated from the subtraction of these models are stronger even
far from the source and more complex. The subtraction of a sin-
gle point component leaves the strongest sidelobes and ripples,
both close and far from the source location.

5.3.1. Cylindrical power spectra

The top row of Fig. 11 shows the Stokes / cylindrical power
spectra after the initial calibration and the DD subtraction, all
divided by the thermal noise power spectrum. In this real case
scenario, the DD subtraction is not able to remove some fore-
ground emission at low kj. The power spectrum reaches 10%
times the thermal noise level, because of systematics such as
calibration errors and sky model incompleteness, including dif-
fuse Galactic emission not present in the model. However, the
decrease in power after the DD subtraction step is a factor of 103
at low k. Some residual power is also observed along the Cas A
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Fig. 8. Power spectra along the Cyg A direction after DD subtraction
(top panel) and their ratios (middle and bottom panels) for the simulated
NCP dataset. The top panel shows Stokes I P(k) after the DD subtrac-
tion step using the new (blue), old (orange), and point source (green)
models, along with the thermal noise level (dashed grey line). The
shaded areas represent the 1o~ uncertainties. The middle panel shows
the ratio New/Old (black dots), while the bottom panel shows the ratios
New/Point (pink squares), and Old/Point (purple diamonds). Filled
markers represent the ratio of the cylindrical power spectra P(k,, k) for
each (k,, ky)-cell within the Cyg A delay lines, while the white-faced
markers indicate the ratios of the power spectra P(k). For the latter,
the horizontal error bars indicate the k-bin extension, while the vertical
error bars indicate the 1o standard deviation over all (k,, k)-cells of the
ratios shown in Fig. 7. A small offset in k has been added to the white-
faced pink squares and purple diamonds in the bottom panel to avoid
overlapping of error bars.

direction, which might be the cause of some of the ripples visible
in Fig. 10.

In the bottom row of Fig. 11 (second to fourth panel), we
show the ratios of the DD subtracted power spectra for the three
Cyg A models. In all three cases, most differences are confined
along the Cyg A direction. Although residuals from Cas A are
observed in the top panels, the three different Cyg A models do
not affect them differently, and the power along the Cas A direc-
tion cancels out in the ratio.

The 1D power spectra P(k) along the CygA direction
for the three models are shown in the top panel of Fig. 12.
The ratio Ppey(k)/Poa(k) is shown in the middle panel, while
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Fig. 9. Spherical power spectra after DD subtraction (top panel) and
their difference (middle and bottom panels) for the simulated NCP
dataset. The top panel shows Stokes I A2(k) after the DD subtraction
step using the new (blue), old (orange), and point source (green) Cyg A
model, and the thermal noise level (dashed grey line). The shaded areas
represent the 1o~ uncertainties. The middle panel shows the difference
A%, — A%, (black dots), while the bottom panel shows the differences

old
A i — Aiew (pink squares), and A’ o — A2 (purple diamonds), with

oint
thljs associated 1o uncertainties (values reported in Table D.1). The hor-
izontal error bars indicate the k-bin extension. We added a small offset
in k to the pink and purple markers in the bottom panel to avoid overlap-
ping of error bars. The grey shaded area delimits the range in k where
A? upper limits are usually extracted from LOFAR data, being the most

sensitive range for LOFAR.

Prew (k) Ppoine(k) and Poig(k)/ Ppoin(k) are shown in the bottom
panel. In this real case, the 10~ uncertainties associated with ratio
P;(k)/ P j(k) have been estimated from the sample variance as

[Pi} _ Pi \/(Pi,err)2+(Pj,err)2
P; err P; P P;

where Py, is from Eq. (8). In real observations, the new model
results in a residual power spectrum similar to the old model at
low k. The ratio Py (k)/Poq(k) reaches a minimum of 0.8 + 0.1
at k = 0.89 hcMpc™!, with an inverse-variance weighted aver-
age of 0.91 + 0.05 over the entire k range. In contrast, the
point source model shows higher power at all scales, with
(Prew(k)/ Ppoint(k)) = 0.67 £0.03 and (Poia(k)/ Ppoint(k)) = 0.74 +
0.04. These values are consistent with those measured from the

(10)
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Fig. 10. Dirty images of the real observed NCP dataset in the direction of Cyg A. The top row shows, from left to right: (i) the image after initial
calibration, and residual images after DD subtraction using the (ii) new, (iii) old and (iv) point source model, divided by the peak brightness of
the initially calibrated image. The bottom row shows the differences between residual images obtained after DD subtraction for the three Cyg A
models: Old — New (left), Point — New (middle), and Point — Old (right). All the images have been obtained with a natural weighting scheme and
using a baseline range of 50—-45004, resulting in the synthesised beam shown in the bottom-left corner of the top-left panel. The contour in every
panel is the 1Jy/beam level from Fig. 1 to show the position and extension of Cyg A.

simulations. Interestingly, the new model leaves lower residu-
als than the old one at high k, whereas in the simulations we
observed the opposite trend, with larger differences at small k.
This discrepancy results from the DD calibration, which success-
fully removed most of the Cyg A power at k, < 0.12/cMpc™ in
the observed dataset (see Fig. 11), but not in the simulated one,
where the cylindrical power spectra where noise-like at higher
k. (see Fig. 7).

5.3.2. Spherical power spectra and differences

The total Stokes I spherical power spectra A%(k) are shown in
the top panel of Fig. 13. As already seen in the top panel of
Fig. 11, the power is a few orders of magnitude higher than
the thermal noise at k < 0.3/hcMpc™!, which corresponds to
approximately ky < 0.3 4 cMpc™! in the cylindrical power spec-
trum. Here, the foreground emission within and close to the main
lobe of the primary beam has not been completely removed,
because of either calibration errors or an incomplete sky model
(e.g. extended Galactic emission is not removed and may affect
low k). At higher £, A? is closer to the thermal noise, even if
some excess power is present because of poorly subtracted off-
axis sources, mainly Cyg A and Cas A. In fact, the difference
between model pairs, shown in the middle and bottom panels
of Fig. 13 and evaluated with Eq. (9), increases in these k-bins,

reaching peaks of ~(1600 mK)?* for A2 —AZ,, and ~(4500 mK)?
for both Aﬁoim - A2, and Aioim - A§1 qatk=0.385h cMpc™!. The

real observed data do not prefer one model at k < 0.35hcMpc ™,

where all the differences have large uncertainties and are con-
sistent with zero. This is in contrast with the simulations, where
differences and uncertainties were smaller. This happens because
in the observed data there are other systematics, such as model
incompleteness, calibration errors, and inaccuracies in the pri-
mary beam modelling, that play a bigger role during the DD sub-
traction. Given the current situation of the systematics, we do not
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expect to see larger differences by using different Cyg A models.
However, an overall improvement is achievable by using the new
model instead of the old one in the range 0.63—1.15hcMpc™!,
where (A2, — AZ,) = (1259 + 742 mK)?*. At lower k, the aver-
age difference is consistent with zero, but the expected value is
~(257 mK)? in the range 0.08—0.63 1cMpc™'. This shows that,
in principle, the new Cyg A model is capable of reducing the
excess power by hundreds of mK, even if A2 is still 2-3 times
higher than the thermal noise level.

6. Discussion and conclusions

The latest upper limits on the 21-cm power spectrum from the
LOFAR-EoR KSP show an excess power in A%(k) with respect
to thermal noise (Mertens et al. 2020). Gan et al. (2022) anal-
ysed various causes of such an excess, concluding that it might
be dominated by residuals of bright sources, especially those
in the far field. Their power spectra, even after GPR fore-
ground removal, show non-negligible power in the Cas A and
Cyg A direction, hinting that the modelling and subtraction of
these A-team sources has been performed poorly. The models
of these sources, also used by the current LOFAR-EoR pro-
cessing pipeline, are low resolution, with no spectral variation
and incorrect spectral indices. These models have been obtained
from VLA data at ~74 MHz and assigned a fixed spectral index
of —0.8 to each component, which is used to extrapolate values
to the LOFAR HBA band where the 21-cm power spectrum is
calculated.

In this work, we focused on CygA, the brightest of the
A-team at 150 MHz, and used it as a test case to assess the
impact of a better spatial and physical model on the 21-cm power
spectrum. In Sect. 2, we introduced what we called the ‘old’
Cyg A model and showed that extrapolating it to the HBA fre-
quency range results in 16% missing flux. Not including any
spectral variation across the source is incorrect, because we
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Fig. 11. Stokes / cylindrical power spectra divided by the thermal noise power spectrum at different stages of the processing of the real observed
NCP dataset. Top row, from left to right: power spectrum ratio after initial calibration, after DD subtraction using the new, old, and point source
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delay line (foreground wedge), whereas the thin solid and dashed line pairs indicate the delay ranges where we expect most of the power of Cyg A

and Cas A, respectively.

know from MKI16 that the brightest hotspots (A and D) show
a frequency turnover at around 140-150 MHz. To solve these
issues, we made a new model directly from HBA observations
(110-250 MHz), taking advantage of the high spatial resolu-
tion allowed by the Dutch LOFAR configuration (i.e. ~5 arcsec)
and using a second-order logarithmic polynomial to model the
spectral behaviour of each component of the source (Sect. 2.1).
We used the forced-spectrum method of WSCLEAN to transfer
this spectral information into the model during a multi-scale
and multi-frequency deconvolution (Ceccotti et al. 2023). This
makes our new Cyg A model the first test case of such a method
for improving 21-cm power spectrum results.

In Sect. 5, we compared the performances of the old model
with our new one within the LOFAR-EoR processing pipeline
(Sect. 4), using both simulated and observed data of the NCP
field. Additionally, we considered an extreme CygA model,
constituted by a single point source at the Cyg A location but
with correct spectral information. On the simulated data, the
most significant differences appear in P(k) along the CygA
direction at k < 0.4 hcMpc™!, where the new model performs
better than both the old and point source models. These differ-
ences are washed out in A%(k), where all (k,, ky)-cells are con-

sidered, resulting in Anew = Agg across most k bins. For the
real observed data, differences between the three models in both
P(k) along the Cyg A direction and A%(k) are less pronounced at
k < 0.4hcMpc™, where uncertainties make their power spectra
consistent with one another. Larger differences are observed at
higher k, where the point source model results in significantly
higher power in both the power spectrum estimators. The lowest
residuals are achieved with the new model at k > 0.6 & chc‘l,
where the old and point source models show an average excess
of more than (1250 mK)? and (2300 mK)?, respectively.

As we did not inject any systematics in the simulations, apart
from adding the thermal noise, we expect all the differences to
come from the different Cyg A models. In the real observations,
where other systematics are present, these systematics have a
larger impact on the residuals, hiding the effect of the different
models, especially at the lower k£ where upper limits on the 21-
cm power spectrum are usually extracted. We know that Cyg A
is the strongest source at 150 MHz, but not in apparent flux for
NCP observations. There are many other bright sources outside
the main lobe of the primary beam that could leave subtraction
residuals strong enough to outweigh those left from Cyg A, most
notably Cas A, which has an apparent flux approximately three
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Fig. 12. Power spectra along the Cyg A direction after DD subtrac-
tion (top panel) and their ratios (middle and bottom panels) for the
real observed NCP dataset. The top panel shows Stokes I P(k) after
the DD subtraction step using the new (blue), old (orange), and point
source (green) models, along with the thermal noise level (dashed grey
line). The shaded areas represent the 1o uncertainties. The middle
panel shows the ratio New/Old (black points), while the bottom panel
shows the ratios New/Point (pink squares), and Old/Point (purple dia-
monds). Filled markers represent the ratio of the cylindrical power spec-
tra P(k,, ky) for each (k, k)-cell within the Cyg A delay lines, while the
white-faced markers indicate the ratios of the power spectra P(k). For
the latter, the horizontal error bars indicate the k-bin extension, while
the vertical error bars indicate the 10~ uncertainties of the ratio. A small
offset in k has been added to the white-faced pink squares and purple
diamonds in the bottom panel to avoid overlapping of error bars.

times higher than Cyg A. The DD subtracted plots in Fig. 11
show that some residuals associated with Cas A are present,
highlighting the need of a better model for this source as well.
However, as long as we focus our analysis at k < 0.6 ~cMpc™',
as in the analysis of real data, we do not expect significant
improvements until the effects of other systematics are lowered.

In conclusion, we have demonstrated that the forced-
spectrum method can generate spectrally accurate models of
complex sources such as Cyg A, provided that physical spectral
index maps are available or can be extracted from the data. This
approach ensures that robust spectral information is embedded in
a high-resolution model, which is fundamental for using such a
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Fig. 13. Spherical power spectra after DD subtraction (top panel) and
their difference (middle and bottom panels) for the real observed NCP
dataset. The top panel shows Stokes I A2(k) after the DD subtraction
step using the new (blue), old (orange), and point source (green) Cyg A
model, and the thermal noise level (dashed grey line). The shaded areas
represent the 1o~ uncertainties. The middle panel shows the difference

2 — A%, (black dots), while the bottom panel shows the differences
A i — Diew (pink squares), and A’ . — A2 (purple diamonds), with
the associated 1o uncertainties (values reported in Table D.1). The hor-
izontal error bars indicate the k-bin extension. We added a small offset
in k to the pink and purple markers in the bottom panel to avoid overlap-
ping of error bars. The grey shaded area delimits the range in k where
A? upper limits are usually extracted from LOFAR data, being the most
sensitive range for LOFAR.

old

model at different frequencies from those at which the model was
originally extracted. For example, we showed that while the old
model has a correct flux density at 74 MHz, its incorrect spec-
tral index results in a much lower extrapolated flux density at
150 MHz than the expected value. Moreover, the new model is
described as a standard sky model, with a low number of point
and Gaussian components with spectral information, and can
therefore directly be used in calibration. The new Cyg A model
presented in this work, and more generally, the forced-spectrum
fitting method, could greatly benefit high-resolution and wide-
field interferometers operating at low frequencies, such as the
upcoming SKA-Low. This advancement will be beneficial for
enhancing the accuracy and reliability of astronomical observa-
tions at low frequencies.
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Because no GPR analysis was applied before power spec-
trum estimation, all the improvements that we measured in the
21-cm power spectrum come from the DD calibration, the only
step where we used Cyg A. Alongside with assessing the impact
of a better model on the power spectrum, we demonstrated that
the calibration itself can benefit from a forced-spectrum model.
We cannot make a one-to-one comparison with Mertens et al.
(2020) about the excess power in the LOFAR power spectrum,
because we did not apply a GPR technique. However, we can
conclude that improving the modelling of Cyg A can reduce the
excess power up to (250 mK)? over the k = 0.08—0.63 # cMpc ™!
range, as measured in the real observations (see Table D.1). This
reduction can be smaller after GPR, because some of the extra
power that we observed would be absorbed in the foreground
mode-mixing kernel, making the difference between the three
models less strong. Our simulation scenario can be expected
to be comparable to the results of a GPR analysis, because
we have not included the systematics that GPR removes. Here,
indeed, the measured differences are smaller, with (A2 —AZ ) ~

(17mK)? over the k = 0.08-0.63 hcMpc™! range. What we
showed is that using both spatially and spectrally accurate mod-
els of bright off-axis sources is important to lower the upper lim-
its on the 21-cm power spectrum.

In order to see a significant impact of a better spectral mod-
elling in real data, other systematics must be reduced first.
Because we flagged data after the DD subtraction, we expect
even low-level RFI to be removed and they would therefore not
be a dominant source of excess power. Another possible cause of
the excess power might be ionospheric effects that have not been
completely solved for in the initial calibration step. Although,
Gan et al. (2022) and Brackenhoff et al. (2024) concluded that
the ionosphere is currently not the dominant source of the excess
power. In the analysis of Brackenhoff et al. (2024), it is shown
that rapid spatial and temporal variations in the primary beam
model could, however, result in incorrect DD calibration solu-
tions. This is especially true for directions far from the field cen-
tre, where primary beam sidelobes move faster in time and have
steep edges with deep nulls. Whereas we do not see incorrect
DD gains, we see bright residuals associated with Cyg A even in
the simulations where the calibration model is the same as the
one used in the prediction step (first panel of Fig. 6). This could
mean that the DD calibration gains are not able to capture the
finest spatial, temporal, and spectral variations of the source due
to the primary beam sidelobes. Understanding and characterising
the time and frequency behaviour of the LOFAR HBA primary
beam appears to be the next important step in trying to reduce
the excess power in the NCP field. Processing and analysing a
different sky region, such as the 3C 196 field, could be helpful
as well in understanding the source of the systematics (Ceccotti
et al., in prep.).

Data availability

The component list of the new model of CygnusA is
available at https://doi.org/10.5281/zenodo.14863290.
The Cygnus A dataset (Project code: LC1_013) and both
the observed and simulated NCP datasets (Observation ID:
L246309) underlying this article will be shared upon reasonable
request to the corresponding author.
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Appendix A: Old Cygnhus A model components

In Table A.1 we report the components of the old Cyg A model used by the current LOFAR-EoR processing pipeline. The model
catalogue is available at https://raw.githubusercontent.com/lofar-astron/prefactor/master/skymodels/Ateam_
LBA_CC. skymodel.

Table A.1. Components of the old Cygnus A model obtained from VLA observations.

Name Type RA Dec 1 a MajorAxis MinorAxis Orientation
(KJy) (arcsec) (arcsec) (deg)
CygA_4_1GG  GAUSSIAN 19"59m303691 +40°43'547226 4.263 —0.8 18.21 11.69 69.14
CygA_4_2GG  GAUSSIAN 19"59m225263  +40°44'277859 4.164 —0.8 20.15 87.32 103.82
CygA_4_0GG  GAUSSIAN 19"59m275371 +40°44'06/504 1.768 —0.8 23.13 69.14 78.24
CygA_4_5GG  GAUSSIAN 19"59m285833  +40°44'027168 1.394 —0.8 23.60 0 36.24
CygA_4_7GG POINT 19"59™m305024  +40°43’587388 1.309 —0.8 - - -
CygA_4_3GG  GAUSSIAN 19"59m245073 +40°44'187226 1.226 —0.8 25.73 0 35.31
CygA_4_4GG  GAUSSIAN  19"59m245080  +40°44'097455 0.865 —0.8 34.47 0 158.91
CygA_4_6GG  GAUSSIAN 19"59m255564 +40°44'217868 0.700 —0.8 21.55 0 66.46
CygA_4_11GG POINT 19"59m285553  +40°43/437492  0.066 —0.8 - - -
CygA_4_8GG POINT 19"59m208591  +40°4417513 0.057 -0.8 - - -
CygA_4_9GG  GAUSSIAN 19"59m235597  +40°44’447562 0.051 —0.8 31.08 0 112.37
CygA_4_10GG POINT 19h59m275150  +40°43'497356  0.001 —0.8 - - -

Notes. The flux density / and the spectral index « are estimated at a reference frequency of 73.8 MHz.

Appendix B: Processing of the Cygnus A dataset

The initial dataset consisted of 399 and 203 SBs for HBA-low and HBA-high, respectively, with frequency and time resolutions of
48.8kHz (i.e. 4 channels per SB) and 2 s. In the following, we will briefly describe the flagging, averaging, and calibration that have
been previously performed using CASA (Common Astronomy Software Applications; McMullin et al. 2007).

Firstly, the dataset has been averaged to a single channel per SB (i.e. 195.3 kHz of frequency resolution) and to an integration
time of 2s. The SB at the edges of both bands are flagged because of strong RFI. Then, the calibration of the HBA-low data
has been performed using the best model from McKean et al. (2016), solving both phase and amplitude for each channel (i.e. one
solution every 195.3 kHz). The calibrated data has been imaged with the CASA multiscale multifrequency synthesis deconvolution,
decomposing the spectral variation with two terms of the logarithmic polynomial function (see Eq. 1). This model is used to calibrate
the HBA-high data, which are then concatenated to the HBA-low data.

The full dataset has been self-calibrated with a two Taylor term model obtained from the combined bands and finally flagged,
resulting in a total of 412 SBs spanning 111-181 and 210-249 MHz.
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Appendix C: Simple NCP sky model

In Table C.1, we report the central position and total flux density of the each of the 14 clusters that constitute the simple NCP sky
model. We used this model for the simulated dataset.

Table C.1. Details of the NCP model used in the simulation step.

Cluster RA Dec Flux density
dy)
1 02h59™32594  +86°25'28"75 40.66
2 12M57™54530  +86°38713"/36 33.73
3 19h06™55594  +86°42'41"/86 30.11
4 16M23m41599  +86°307097/31 28.94
5 07"32Mm55582  +86°36/337/91 27.96
6 10P00™37552  +86°23/217/35 27.40
7 01h49™35526  +88°25'47"16 26.49
8 21M17™24594  +86°20'277/92 25.32
9 14h35m08505  +88°22/377/94 25.06
10 20"00™m36509  +88°47'307/65 23.62
11 05"00™543566  +87°05'35"73 19.10
12 08M13m21506  +88°40'417/76 18.82
13 23"06m49567  +87°04'307/64 9.19
14 00M44™m22568  +86°22'36"/81 6.55

Appendix D: Final power spectrum differences

In Table D.1, we report the differences D;; = Af - A? and the associated 1o uncertainties evaluated using Eq. (9). Both the results
from simulations (Sect. 5.2.2) and real observations (Sect. 5.3.2) are shown. In the last two rows, we also report the inverse-variance
weighted mean of the differences D;; over the k-bins ranges and the associated 10~ uncertainties, evaluated as

(Dij)

Yk (Dijk) - D2, (K)) 1
= ) P <Dij>err = = 2
Zk D,’j,err(k) Zk Dij,err

(D.1)

Table D.1. Differences of spherical power spectrum pairs for simulated and observed NCP data, with the associated 1o error.

Simulations Observations
k Agld - Aﬁew Ago‘mt - Aﬁew Afmim - Agld Agld - Aﬁew Aﬁoim - Aﬁew Aﬁoim - Agld
(h chc’l) (mK?) (mK?) (mK?) (mK?) (mK?) (mK?)
0.08 +(7.10)% £ (41.99)2 +(26.02)% + (42.94)  +(25.03)2 £ (43.01)2  —(223.23)2 + (2113.76)>  +(535.38)% + (2123.78)  +(580.06)% + (2122.31)2
0.11 —(5.17)* £ (57.06)% +(23.31)2 + (57.48)°  +(23.88)> £ (57.46)>  +(480.41)> +(1390.86)>  +(180.77)> + (1384.98)>  —(445.10)> + (1391.81)?
0.14 +(30.91)2 +(79.87)>  +(67.85)% +(81.24)2  +(60.40)2 £ (81.57)2  +(390.49)2 + (957.66)>  +(331.09)% +(956.53)>  —(207.02)% + (960.52)?
0.19 +(69.71)% + (115.49)>  +(239.41)% + (124.51)> +(229.03)% + (125.15)>  —(189.67)> + (954.30)>  +(256.63)% +(956.06)>  +(319.12)% + (955.44)?
0.26 +(82.28)2 + (122.58)%  +(424.47)% + (142.62)* +(416.42)% + (143.09)>  +(225.44)2 + (661.87)>  +(248.76)> + (662.08)>  +(105.15)% + (663.02)?
0.35 +(198.16)% + (175.76)> +(861.36)% +(230.58)*> +(838.25)%> + (231.88)>  +(203.28)% +(346.58)>  +(150.94)> + (345.95)>  —(136.16)* + (347.35)*
0.46 +(55.75)% + (242.08)>  +(185.30) + (243.67)> +(176.71)% £ (243.82)>  +(179.24)> + (539.60)>  +(835.65)> + (553.24)>  +(816.20)% + (553.84)?
0.63 —(24.35)2 +(349.32)>  +(543.64)% £ (358.42)%> +(544.19)* + (358.40)> +(1188.90)% + (887.23)>  +(2887.20)> + (964.72)>  +(2631.06)* + (976.20)*
0.85 +(61.80)% + (495.40)>  +(619.05)% % (502.52)> +(615.96)% + (502.59)*> +(1654.94)> + (1074.88)> +(4666.05)> + (1228.38)> +(4362.70)% + (1242.11)2
1.15 —(41.87)2 £ (718.76)>  +(118.13)% + (718.93)2 +(125.33)2 £ (718.91)> +(982.77)* + (1014.69)>  —(923.45)% + (1001.99)> —(1348.55)% + (1008.87)2
0.08-0.63  +(17.38)* £ (38.57)>  +(56.30) +(39.38)>  +(54.20)> = (39.43)>  +(256.98)> = (324.09)>  +(463.29)* + (325.06)>  +(391.35)% = (326.23)
0.63-1.15  +(13.94)% £ (326.95)>  +(547.32)% + (334.35)> +(547.11)> + (334.35)> +(1259.39)> + (741.59)>  +(2663.22)% + (788.59)>  +(2361.20)? + (796.34)?

Notes. Differences were estimated using Eq. (9) at given k-bins. In the last two rows, we report the inverse-variance weighted mean of the
differences over the indicated k-bins ranges, with the associated standard error, estimated using Eq. (D.1).
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