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A B S T R A C T 

We present the largest low frequency (120 MHz) arcminute resolution image of the radio synchrotron background (RSB) to date, 
and its corresponding angular power spectrum of anisotropies (APS) with angular scales ranging from 3 

◦ to 0.3 arcmin. We show 

that the RSB around the north celestial pole has a significant excess anisotropy power at all scales o v er a model of unclustered 

point sources based on source counts of known source classes. This anisotropy excess, which does not seem attributable to the 
diffuse Galactic emission, could be linked to the surface brightness excess of the RSB. To better understand the information 

contained within the measured APS, we model the RSB varying the brightness distribution, size, and angular clustering of 
potential sources. We show that the observed APS could be produced by a population of faint clustered point sources only if the 
clustering is extreme and the size of the Gaussian clusters is � 1 arcmin. We also show that the observed APS could be produced 

by a population of faint diffuse sources with sizes � 1 arcmin, and this is supported by features present in our image. Both of 
these cases would also cause an associated surface brightness excess. These classes of sources are in a parameter space not well 
probed by even the deepest radio surveys to date. 

Key words: radiation mechanisms: non-thermal – techniques: image processing – techniques: interferometric – diffuse radia- 
tion – radio continuum: general. 
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 I N T RO D U C T I O N  

n the last 10 yr, interest in radio background has reignited with recent
easurements of the radio monopole component. A bright radio

ackground had been measured throughout the late 20th century
e.g. Costain 1960 ; Haslam et al. 1982 ). More recently, combining
he surprisingly high monopole component (or surface brightness)

easurement of the ARCADE 2 (Fixsen et al. 2011 ) absolutely
alibrated stratospheric balloon experiment with lower frequency
adio maps that have absolute zero levels, as done in Dowell & Taylor
 2018 ), shows a power-law spectrum background of the form: 

 BGND ( ν) = 30 . 4 ± 2 . 6 K 

( ν

310 MHz 

)−2 . 66 ±0 . 04 
+ T CMB , (1) 

here T CMB is a frequency-independent contribution from the
.725 K blackbody cosmic microwave background (CMB). The
easured spectral index of the background is characteristic of syn-

hrotron radiation and so following convention in the field (e.g. Sin-
al et al. 2018 ), we refer to this background as the radio synchrotron
ackground (RSB). This background dominates at frequencies below
 E-mail: fraserjcowie@gmail.com 

s  

2  

n  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
0.5 GHz and at higher frequencies is below the level of the CMB.
t present, the origin of the radio background is unknown, although

everal potential explanations have been investigated (e.g. Singal
t al. 2018 , 2023 ). 

One potential cause of the radio background is extragalactic radio
ources. Ho we ver, recent works based on deep radio source counts
ave shown that known classes of extragalactic radio sources can
nly contribute around one-fifth of the measured radio background
rightness (e.g. Condon et al. 2012 , Vernstrom et al. 2014 , Hardcas-
le & Croston 2020 ). To attribute the measured radio background to
oint sources would require a new, so far unobserved population of
xtremely numerous and faint sources. These sources would likely
e of a new physical origin as they would have to have a density at
east an order of magnitude greater than galaxies in the Hubble Ultra
eep Field (Condon et al. 2012 ). Alternativ e e xplanations for the

xcess background include classes of diffuse extragalactic sources
uch as dark matter annihilation and decays (e.g. Fornengo et al.
011 , Hooper et al. 2012 ) or cluster mergers (e.g. Fang & Linden
016 ). Another possible explanation is that the excess could be
aused by a large, bright, approximately spherical synchrotron halo
urrounding the Milky Way galaxy (e.g. Subrahmanyan & Cowsik
013 ). Ho we ver, this w ould mak e the Milky Way unique among
earby spiral galaxies (Singal et al. 2015 ) and would drastically
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Table 1. Summary of the observational details valid for all pointings 
observed. 

Observing project LC9 007 

Observation start time ( UTC ) 2018/03/05 17:44:37.0 
Observation end time ( UTC ) 2018/03/06 05:42:08.8 
Duration 43051.8 s ( ∼11.96 h) 
Frequency range 115.76–127.35 MHz 
Frequency resolution (after averaging) 61.035 kHz 
Sub-band width 1.83 MHz 
Bandwidth 11.6 MHz 
Central frequency 120.6 MHz 
Number of pointings 7 
Field of view of single pointing ∼5.6 ◦

Table 2. Summary of the different fields. 

Field name Field pointing Field noise, σ (mJy beam 

−1 ) 

NCP field A 00 h 00 m 00 s , + 90 ◦00 
′ 
00 

′′ 
1.08 

NCP field B 02 h 00 m 00 s , + 86 ◦00 
′ 
00 

′′ 
1.3 

NCP field C 06 h 00 m 00 s , + 86 ◦00 
′ 
00 

′′ 
1.06 

NCP field D 10 h 00 m 00 s , + 86 ◦00 
′ 
00 

′′ 
1.12 

NCP field E 14 h 00 m 00 s , + 86 ◦00 
′ 
00 

′′ 
0.96 

NCP field F 18 h 00 m 00 s , + 86 ◦00 
′ 
00 

′′ 
1.11 

NCP field G 22 h 00 m 00 s , + 86 ◦00 
′ 
00 

′′ 
1.2 

2

T  

o
m
v  

n
fi  

c  

fi  

a  

o  

fi  

w  

c  

a  

o
a  

L
fl
a  

i

(  

a
d
s
D
f  

t  

s
(  

(  

d  

p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/4/5034/7197453 by guest on 06 O
ctober 2023
hange our theory and understanding of the high-latitude Galactic 
agnetic field (Singal et al. 2010 ). 
While several measurements of the radio background surface 

rightness have been made, few experiments have explored its 
nisotrop y. Anisotrop y studies and measurement have greatly con- 
ributed to constraining source populations responsible for other 
osmic backgrounds, such as the infrared (e.g. Planck Collaboration 
VIII 2011 , George et al. 2015 ) and gamma-ray (e.g. Broderick

t al. 2014 ) backgrounds. While not a typical cosmic background 
roduced by a discrete population of sources, large scale, precise 
easurements of the CMB anisotropy have been instrumental. 
The earliest measurements of the anisotropy of the RSB come 

rom searches for CMB anisotropies at low frequencies. These mea- 
urements are all at frequencies where the RSB surface brightness 
s more than an order of magnitude lower than the CMB and are
ecades old. Additionally, these measurements are confusion noise 
imited on the anisotropy at certain discrete scales, and have small
elds of view in comparison to the current work. These anisotropy 
easurements are made with the VLA at 8.4 GHz (Partridge et al.

997 ) and at 4.9 GHz (Fomalont et al. 1988 ), and the Australia
ompact Telescope Array at 8.7 GHz (Subrahmanyan et al. 2000 ). 
hese results and their respective constraints on the RSB anisotropy 
re summarized in Holder ( 2014 ). More recent and more complete
easurements of the RSB anisotropy have been made with the 
iant Metrewave Radio Telescope, presented in Choudhuri et al. 

 2020 ). Ho we v er, this e xperiment was primarily focused on the
easurement of the power spectrum for 21-cm studies of the epoch of

eionization, and was more limited in angular range. The question on 
he origin of the anisotropies within the RSB was also not addressed.
imilarly, Bernardi et al. ( 2009 ) and Ghosh et al. ( 2012 ) measured the
nisotropy power spectrum of the RSB also at 150 MHz in order to
haracterize the foregrounds for epoch of reionization experiments, 
nd Iacobelli et al. ( 2013 ) measured the anisotropy power spectrum
o study interstellar turbulence. On larger angular scales, with only 
 small o v erlap with what is presented here, determinations of
he anisotropy power spectrum where large scale Galactic diffuse 
ynchrotron emission dominates have been made (Gehlot et al. 
022 ). 
Offringa et al. ( 2022 ) presented the first targeted measurement 

f the anisotropy power spectrum of the RSB, which was made 
t 140 MHz. That result showed an une xplained e xcess anisotropy
ower in the RSB. This work goes further and presents measurements 
t a lower frequency and over a larger range of angular scales. We
erform more robust tests for systematic uncertainties, including 
ull pipeline simulations for radio background models. For the first 
ime, we discuss the implications of the measured anisotropy of 
he RSB using e xtensiv e modelling of the radio background as a 
eference. 

In this work, we present the largest arcminute resolution image of
he radio background to date and its corresponding angular power 
pectrum of measured anisotropies (APS) with angular scales ranging 
rom 3 ◦ to 0.3 arcmin. These measurements are based on dedicated 
ow-Frequency Array (LOFAR – van Haarlem et al. 2013 ) obser- 
ations at 120 MHz of seven 64 deg 2 fields. Section 2 describes the
bservations, their data reduction, and a demonstration of their flux 
alibration. Section 3 outlines the methods used to simulate images of 
he radio sky. Section 4 presents the measured angular power spectra 
rom the observations, alongside spectra from simulated images 
here the sources are distributed according to various combinations 
f source count and clustering models. Section 5 discusses the 
mplications of the observations for constraining the possible origins 
f the RSB. 
 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

he data used in this analysis were from approximately 12 h of
bserving with LOFAR using the high-band antenna (HBA) dual 
ode, with multibeaming and using only Dutch stations. Obser- 

ations were in the frequency band from 114 to 126 MHz on the
ight of 2018 March 5. Multibeaming allows for seven adjacent 
elds to be observed simultaneously. The central field (field A) was
hosen to be centred on the north celestial pole. The six flanking
elds were at declination of + 86 ◦00 

′ 
00 

′′ 
and equally spaced in right

scension. One of these fields has been previously analysed for epoch
f reionization science by Gan et al. ( 2022 ). The first of these flanking
elds was at a right ascension of 2 h 00 m 00 s . The north celestial pole
as chosen for this measurement due to the relati vely lo w Galactic

omponent to the background, as can be seen from the 408 MHz
ll-sky map by Haslam et al. ( 1982 ); as well as o v erlap with other
bservations which make future cross-correlation analyses possible; 
nd the abundance of data (o v er 600 h) due to an o v erlap with the
OFAR epoch of reionization field. Alongside the target fields the 
ux calibrator 3C 147 was observed. The observational parameters 
re summarized in Table 1 . The different pointings are summarized
n Table 2 . 

The raw data are processed using the LOFAR Initial Calibration 
 LINC ) pipeline (van Weeren et al. 2016 ; Williams et al. 2016 )
nd only direction-independent calibration is performed. Direction- 
ependent calibration is not necessary, because we only analyse 
cales ≥30 arcsec, for which the ionospheric effects are negligible. 
irection-dependent calibration may also introduce systematic ef- 

ects (Mouri Sardarabadi & Koopmans 2019 ; Mevius et al. 2022 )
hat are a v oided this way. The LINC pipeline makes use of many
oftware packages including the Default Pre-Processing Pipeline 
 DP3 ; van Diepen, Dijkema & Offringa 2018 ), LOFAR SolutionTool
 LOSOTO ; de Gasperin et al. 2019 ), and AOFLAGGER (Of fringa, v an
e Gronde & Roerdink 2012 ). This pipeline has been used for
revious measurements of the anisotropy power spectrum of the 
MNRAS 523, 5034–5046 (2023) 
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Figure 1. The radio sky around the NCP at 120 MHz as seen by LOFAR. The 
image has a width and height of approximately 16 ◦. The image is naturally 
weighted to accentuate the diffuse structure and the synthesized beam has a 
size of approximately 3.3 arcmin × 3.3 arcmin. Towards the top right the 
residual emission from the approximately 40 Jy source 3C 61.1 can be seen. 
In the middle right of the combined field, a currently unidentified patch of 
highly diffuse emission is present. All channels are collapsed during imaging. 

Figure 2. The measured total flux density from the cleaned mosaic against 
the total flux density from the TGSS ADR1 source catalogue (Intema et al. 
2017 ). The total flux densities from the source catalogue have been adjusted 
to represent the expected values at 120 MHz. The error bars represent a 
10 per cent error on the measured total flux density. The brightest source, 
3C 61.1, is not included for clarity, but lies within 10 per cent of the source 
catalogue value. 
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adio background with LOFAR, and the results were found to be
imilar to manual calibration pipeline (Offringa et al. 2022 ). All
aselines greater than 21 km were flagged using DP3 . Long baselines
dd negligible sensitivity when imaging diffuse structure and begin
o resolve unwanted ionospheric effects. 

Each of the seven fields were then deconvolved using a WSCLEAN

ultifrequency multiscale deconvolution (Offringa et al. 2012 ) with
utomasking and uniform weighting. During the cleaning, the dirty
eam had a size of approximately 20 arcsec × 20 arcsec and the fields
ere imaged with a field of view of approximately 8 ◦. All subsequent

maging was also done using WSCLEAN . The automasking was used
o ensure all sources abo v e ≥5 σ were modelled to a 1 σ level. In this
ase σ was approximately 1 mJy in all fields, see Table 2 for exact
 alues. In Of fringa et al. ( 2022 ), a multiscale clean was not used so
s to a v oid subtraction of potential diffuse signal. However, due to
he larger field of view of this measurement, a significant number of
esolved sources were present, so in order to model these sources as
ccurately as possible a multiscale clean is needed. The sky models
reated from the cleaning were inspected to ensure a large-scale
iffuse background component was not being subtracted alongside
he resolved sources as a consequence of multiscale cleaning. The
rediction step in WSCLEAN , using the default w-stacking algorithm
Offringa et al. 2014 ), was then used to model visibilities based on
he sky model generated during the cleaning. These model visibilities
ere then subtracted from the data, leaving only sources ≤5 σ , any
iffuse background, and noise. Each of the seven fields were then
maged using natural weighting of the gridded visibilities, in order
o obtain optimal sensitivity of the power spectrum calculated in
ection 4 . Additionally, due to accentuation of diffuse structure in
atural weighting, the images also allowed for a first qualitative
ssessment of the background. 

The seven fields were then mosaicked together using a resampling
ethod. This was done using the PYTHON package REPROJECT

Robitaille, Deil & Ginsburg 2020 ) with bilinear interpolation.
he mosaicking was done taking into account the primary beam

esponse of LOFAR for each observed field. These were calculated
sing the software package EVERYBEAM . 1 The mosaicking was done
oth for the background source subtracted images and the cleaned
omponent images. The final result of the data reduction was a
aturally weighted, flux calibrated, 200 deg 2 image of the diffuse
adio background at the NCP. The synthesized beam has a size of
pproximately 3.3 arcmin × 3.3 arcmin. The image is shown in
ig. 1 . 
In order to check that the observations were flux calibrated

orrectly during the data reduction stage, the mosaic of clean
omponents was used as input for the software PYTHON Blob Detector
nd Source Finder ( PYBDSF ; Mohan & Rafferty 2015 ). The 100
rightest sources at a declination greater than + 85 ◦00 

′ 
00 

′′ 
were all

ound to have counterparts with the source catalogue released as part
f the TGSS first alternative data release (ADR1; Intema et al. 2017 ).
he declination cut was used to e v aluate the flux calibration for the
rea of the image corresponding to the area of interest for producing
he anisotropy power spectrum. As the TGSS observations are at
 frequency of 150 MHz, the total flux density from the source
atalogue was adjusted to the expected at 120 MHz using a spectral
ndex of −0.7, which is characteristic of the RSB (Offringa et al.
022 ). Fig. 2 shows the measured total flux density from the cleaned
osaic against the total flux density from the source catalogue, where

he error bars represent a 10 per cent error on the measured total flux
NRAS 523, 5034–5046 (2023) 
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ensity. This shows that our observations are well calibrated in flux
ensity as most of the 100 brightest sources lie within 10 per cent of
he source catalogue value. Fig. 3 shows the angular distance offsets
f sources identified in the cleaned mosaic from their cross-matched
ources in the source catalogue. The majority of sources have angular
istance offsets less than the limiting resolution of the TGSS ADR1
bserv ations sho wing that our observ ations are well calibrated. 
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Figure 3. The angular distance offset of cross-matched sources in the cleaned 
mosaic from their matches in the TGSS ADR1 source catalogue, as a function 
of declination of the sources. The dotted blue line represents the limiting 
resolution, in this case the 25 arcsec resolution of the TGSS ADR1 source 
catalogue. 
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 M O D E L L I N G  T H E  R A D I O  S Y N C H R  OTR  O N  

 AC K G R  O U N D  

n order to draw conclusions from the observed anisotropy power 
f the RSB, comparisons between observations and theory must be 
ade. We model several different source populations with differing 

patial clustering, flux density distributions, and angular size to 
nvestigate the effect of these variables on the anisotropy power 
pectrum. The general procedure for modelling a population of 
ources was as follo ws. A dif ferential source count form was chosen
nd using the method of inverse transform sampling, a list of sources
ith flux density values consistent with the flux density distribution 
as generated. The number of sources generated in a given solid

ngle was such that it was consistent with the differential source 
ount. In many cases, the flux distribution of sources used is based
f f observ ations at a dif ferent frequency. In order to account for this,
ach source is also assigned a spectral index by drawing samples from 

 normal distribution centred on the spectral index of the RSB, taken
o be −0.6 to be consistent with typical astrophysical synchrotron 
adiation (Rybicki & Lightman 1985 ), with a standard deviation of
.1. The flux density of the sources could then be adjusted to the
ele v ant central frequency using the generated spectral indices. Each 
ource is then assigned a position on the sky. These positions are
ither generated so that sources are uniformly distributed on the sky, 
r so that they are clustered in some way. A specific angular size
s chosen for the sources, or they are specified to be point sources.
his is to allow for different hypothetical source populations to be 
imulated, both point sources and resolved sources are postulated 
n the literature as solutions to the observed monopole component 
xcess of the RSB (see Section 1 ). If the sources are of a specific
ize, then they are rendered as smooth Gaussians on the sky with the
ngular size referring to their full width at half-maximum in flux. 
his catalogue of sources is then placed on to a grid of pixels using
inc interpolation, producing a model image that is an accurately 
ownsampled version of the continuous sky model. The rele v ant 
ourier modes of the pixelated image match the Fourier modes of the
ontinuous sky model up to the machine precision. Unless otherwise 
tated, the grid size of the simulations was 2880 × 2880 and the
mage size was 16 ◦ × 16 ◦. The resulting model image is then used
s an input in the WSCLEAN prediction step in order to generate the
isibilities the LOFAR would observe for the given model of sources.
he visibilities are then imaged in the same way as an individual field
s described in Section 2 . Because this concerns only a single beam,
o mosaicking is necessary. This resulted in model images of the
adio sky. 

The two differential source count models used in simulating the 
adio sky were the semi-empirical model of observed source counts 
resented in Franzen et al. ( 2016 ), and a hypothetical model presented 
n Condon et al. ( 2012 ) which matches the radio background
onopole component excess. The latter is achieved through the 

xistence of a very large population of f aint, so f ar undetected
ources. These models will be referred to here as the Franzen
nd Condon models, respectively. The Franzen model has a source 
ensity as a function of flux ( n ( S )) of the form: 

 ( S) = 

dN 

dS 
= k 

(
S 

Jy 

)−γ

Jy −1 sr −1 for 0.1 mJy ≤ S ≤ 400 mJy , 

(2) 

here k = 6998 and γ = 1.54. This is a source count at 154 MHz
nd corresponds to model A in table 2 of Franzen et al. ( 2016 ). The
ondon model has a source density of the form: 

 ( S ) = 

A 

S 2 
exp 

(
−4 ln 2 

( log ( S ) − log ( S pk )) 2 

φ2 

)
Jy −1 sr −1 , (3) 

here φ = 0.2, S pk = 39 nJy, log ( A (Jy sr −1 )) = 4.67, and S has units
f Jy. This is a source count at 1.4 GHz and corresponds to the model
ith the fewest sources sufficient to make the surface brightness of

he RSB presented in Condon et al. ( 2012 ). 
Clustering of source populations can change the anisotropy power 

n different scales. In Offringa et al. ( 2022 ), sinusoidal clustering
n different scales was explored and found to have varying effects
n the anisotropy power spectrum. In this work, we focus on a more
eneral and perhaps more physically realistic clustering scheme, 
hich we will refer to as Gaussian clustering. In this method, sources

re assigned to clusters that have a 2D Gaussian density profile,
nd the clusters themselves are uniformly distributed across the sky. 
ree parameters of the clustering are the number of clusters within
 given solid angle and the angular size of the Gaussian cluster,
f fecti vely the standard deviation of the 2D Gaussian. The number
f sources in each cluster is implied from the number of clusters
ithin a given solid angle, because the total number of sources is
ept constant. A mathematically rigorous normal distribution on a 
phere is known as a Kent distribution and is not trivial (see Kent
982 ), so due to computational limits, true Kent distributions are
nstead approximated. 

A Gaussian cluster is first created and populated at a declination
f + 90 ◦00 

′ 
00 

′′ 
. This allows for the cluster to be populated by

rawing positions of sources belonging to the cluster from a uniform
andom distribution in right ascension, and a normal distribution 
n declination, with the desired size of the cluster as the standard
eviation. The whole cluster is then rotated to a random direction on
he sky such that the clusters themselves are uniformly distributed 
cross the sky. This process is then repeated to generate each cluster.
his approximation is valid for cases where the cluster size is less

han 1 ◦. Having a cluster’s size much larger than this invalidates the
tep where the cluster was populated using a normal distribution in
eclination, as this will no longer be a good approximation of the
ent distribution. 
MNRAS 523, 5034–5046 (2023) 
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Figure 4. The measured APS of the radio sky for the different fields around 
the NCP at a central frequency of 120 MHz. Error bars are only shown for 
one field for clarity and represent the 2 σ errors due to cosmic variance. The 
top axis denotes the angular scale equi v alent to the multipole on the bottom 

axis. The dotted line is the APS due to the noise present in field A. All fields 
have similar anisotropy power apart from field B. This is likely because field 
B has the bright source 3C 61.1 close to its centre. 
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Figure 5. The measured APS of the radio sky around the NCP at a central 
frequency of 120 MHz. The solid curve shown is the APS of the mosaicked 
image and the error bars represent the 2 σ errors due to cosmic variance. The 
dotted line is the APS due to the noise present in field A, and can be assumed 
to be a representative upper limit of the noise contribution to the mosaicked 
APS. The dotted blue vertical lines split the APS into three sections that 
exhibit different characteristic behaviour as discussed in Section 4.1 . 
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 RESULTS  

.1 Obser v ed angular power spectra 

he APS of the resulting naturally weighted image from observations
r modelling is generated using the power spectrum pipeline de-
cribed in Offringa et al. ( 2022 ) that is originally based on the power
pectrum pipeline described by Offringa, Mertens & Koopmans
 2019 ). The APS of the central 3.8 ◦ × 3.8 ◦ patch of the seven different
elds are shown in Fig. 4 . This is computed for the fields without
rst correcting for the primary beam of the instrument. For each
eld, all sources ≥5 σ are subtracted to a 1 σ level, as described in
ection 2 . The APS of field B becomes power law like at lower � and
hows an excess over the other fields in the power-law region. This
s likely because field B has the bright source 3C 61.1 close to its
entre. The excess anisotropy power likely arises due to residuals or
rtefacts from this bright source that are not subtracted completely.
he contribution to the APS of the fields from the noise is estimated
y making two naturally weighted images using the pre-cleaning
isibilities from odd time-steps and even time-steps, respectively.
ubtracting these two images from each other resulted in a noise

mage where the noise is representative for an observation of half
he integration time. Therefore, the image is divided by 

√ 

2 to obtain
 true noise image for our observations. This process is only done
or field A, as while there may be variation in the noise due to the
if fering ele v ation of the fields, this is negligible. The noise image is
hen processed using the APS pipeline and the resulting APS is shown
n Fig. 4 . The error bars shown on all APS presented throughout are
 σ errors due to cosmic variance and do not include systematic effects
nless otherwise stated. Errors due to cosmic variance are those of
ample variance because at each value of � a finite number of angular
odes are sampled to calculate the APS, due to the finite field of

iew used. The physical scale size of an angular mode corresponding
o a certain � is well approximated by θ� = 

180 
� 

. Then, the number of
ndependent modes sampled by a field of view with angular scale

 , for a certain � , is N � = 

(
	 

θ� 

)2 
. The 2 σ fractional error due

o cosmic variance on the APS is then given by 2 √ 

N � 
, assuming
NRAS 523, 5034–5046 (2023) 
oisson statistics. The APS of the noise image shows that the noise
ower is insignificant compared to the observed power except on
cales � > 10 000, which are not our focus. Ho we ver, the noise APS
hows the presence of systematic peaks. These peaks correspond to
cales where the instrument has low sensitivity, arising from poor uv -
o v erage of the instrument at certain scales. These align with peaks in
he actual data, and this indicates some form of systematic causes an
pparently multiplicative effect when the sensitivity of the instrument
s low. This effect was seen previously in Offringa et al. ( 2022 )
nd will henceforth be referred to as instrumental power spectrum
ystematics to distinguish them from other systematic effects such
s calibration errors. These peaks are present to some degree in all
odelled APS shown in Section 4.2 , however, are exacerbated in the

ull pipeline simulation which includes source subtraction, as seen
n Section 4.3 . This suggests the main origin of these instrumental
ower spectrum systematics occurs during the subtraction process. 
The APS of the central 8 ◦ × 8 ◦ patch of the mosaicked image

s shown in Fig. 5 . Only the central part of the mosaicked image is
sed as this is where the sensitivity is greatest. The noise APS of
eld zero is also shown, although it is noted that the actual noise
ontribution to the mosaicked image APS is likely less than this, due
o o v erlapping of fields during the mosaicking. 

The APS of the mosaicked image can be best interpreted by
plitting it into three sections, as depicted in Fig. 5 . First, the flat
art of the spectrum from 50 ≤ � ≤ 700 has a shape consistent
ith what is expected from diffuse Galactic emission (Gehlot et al.
022 ). Additionally, the anisotropy power observed is consistent
ith independent AARTFAAC measurements of the NCP done by
ehlot et al. ( 2022 ). Secondly, the power-law part of the spectrum

or 700 ≤ � ≤ 4000 is indicative of a region where unclustered
oint sources dominate the anisotropy power (Tegmark & Efstathiou
996 ), well fit by a power law with index β = 2.17 ± 0.08. Ho we ver,
s discussed in Sections 4.2 and 4.3 this shape could also be produced
y other classes of source populations. Finally, at the smallest scales,
 ≥ 4000, the anisotropy power is dominated by instrumental power
pectrum systematics. These peaks make it infeasible to conclude
nything about the measured anisotropy power for � > 4000. 
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.2 Modelled angular power spectra 

e veral dif ferent models are used to create images of the radio sky
t 120 MHz in the same format as the observ ations, follo wing the
rocedure described in Section 3 . APS for these model images are
hen created by using the same pipeline and the effect on the APS
f changing different variables is investigated. First, the effect of 
if ferent flux cut-of fs on the unclustered point source Franzen model
s investigated. Fig. 6a shows the APS produced by the Franzen 
odel with sources present up to 400 mJy (no flux density cut-

ff), 100, 50, and 5 mJy. Despite the lower flux density sources
eing orders of magnitude more numerous in the Franzen model, 
he brightest sources dominate the anisotropy power. The formula 
or the multipole moment, C � , for an unclustered population of point
ources (Tegmark & Efstathiou 1996 ) supports this: 

 � ( ν) = 

∫ S ν, cut 

0 
S 2 ν

dN 

dS ν
dS ν, (4) 

here S ν is the flux density, dN 
dS ν

is the differential source count per
teradian, and S ν, cut is the flux density limit to which sources are
emo v ed by subtraction. After converting C � from flux density to
emperature units (see Tegmark & Efstathiou 1996 ), C � is related to
he plotted anisotropy power, ( �T ) 2 � , by 

 �T ) 2 � = 

� ( � + 1) 

2 π
C � . (5) 

he shape of the APS is therefore also consistent with what is
xpected for unclustered point sources (Tegmark & Efstathiou 
996 ). Small peaks due to instrument power spectrum systematics 
re observed at large � , and at small � some cosmic variance is
bserved. 
We also simulate the APS of the Franzen model with clustered 

ources using the Gaussian clustering described in Section 3 . The 
ree parameters for the clustering are the angular size of the clusters
n the sky, and the number of total clusters within a given solid angle.
n this case, the solid angle is the area of sky between a declination
f + 75 ◦00 

′ 
00 

′′ 
and + 90 ◦00 

′ 
00 

′′ 
. The size of the clusters is fixed at

 

◦ and the number of clusters varied. The sources are all generated
s point sources and no flux cut-off was used in the Franzen model.
ig. 6b shows the APS produced by this model with the number
f clusters set to 100, 1000, and 10 000. The unclustered Franzen
odel APS is shown for reference. From the APS it is seen that the

lustering produces an excess anisotropy power on scales roughly 
reater than the cluster size. As the number of clusters increases, the
umber of sources per cluster decreases and the APS approaches that 
f the unclustered case. Indeed, the unclustered case is equi v alent
ith having one source per cluster, as the clusters themselves are 
niformly distributed on the sky. 
In Fig. 6c , the number of clusters is fixed at 100 while the angular

ize of the clusters is set to 1 ◦, 0.5 ◦, 0.1 ◦, and 0.01 ◦. The unclustered
ranzen model APS is sho wn for reference. The APS sho ws that
lustering produces an excess anisotropy power on scales larger 
han the size of the cluster. On scales much larger than the size
f the clusters, the shape (power law) of the APS converges to
n unclustered point source APS, ho we ver, the magnitude of the
nisotropy power is greater than if the sources were unclustered. 
his can be explained by the fact that the large scales no longer

esolve individual point sources inside a cluster, and therefore the 
luster would act as one strong point source on these scales, with a
rightness formed from the coherent sum of the sources in the cluster.
hen sources are resolv ed, the y add incoherently in the anisotropy

ower. In other words, a single bright point source causes a higher
nisotropy power compared to a collection of point sources that add 
p to the same brightness. This effect is expected from equation ( 4 )
nd shown in Fig. 6a , as the brightest sources dominate o v er the more
umerous but fainter sources. On intermediate scales, the APS has a
at shape with an anisotropy excess over the unclustered case. 
Up to this point only point sources have been considered. We next

nvestigated the effect of having diffuse Gaussian sources of different 
izes. The unclustered Franzen model with no flux cut-off is used
nd the angular size of the diffuse Gaussian sources is varied. The
iffuse sources have the same total flux density as a corresponding
oint source but a lower surface brightness and peak flux density. All
ources were chosen to be a single size for simplicity, ho we ver, in
rinciple a distribution of sizes is more realistic. Fig. 6d shows the
PS produced by this model with the source size set to 300, 100,
0, and 10 arcsec. The APS of the unclustered Franzen model with
nly point sources is shown for reference. On scales larger than the
ources, the shape converges to the unclustered point source APS. 
n scales smaller than the source size, the anisotropy power rapidly
ecays. This is a reflection of the fact that the modelled diffuse
aussian sources are smooth on scales smaller than the source size.
his is one key difference between having a single diffuse Gaussian
ource and a Gaussian cluster of faint point sources. The cluster will
how spatial fluctuations and have non-negligible anisotropy power 
n scales smaller than the cluster size, as shown in Fig. 6c . 
To investigate the result of two distinct populations of sources, 

e perform a hybrid simulation: the Franzen model with upper 
nd lower cuts at 100 and 10 mJy , respectively , gives population
. The Franzen model again is used with an upper cut at 1 mJy
o give population 2, representing a population of fainter sources. 
he sources in population 2 were clustered using Gaussian like 
lustering to give population 3. This had the number of clusters
arameter set to 1000 and the size of the clusters as 0.01 ◦. All sources
ere simulated as point sources. Fig. 7 shows the APS produced by

everal models with these populations combined and on their own. 
dding a faint unclustered population of sources to an existing much
righter population of unclustered sources has a negligible effect on 
he APS, demonstrated by the fact that the APS for population 1
nd populations 1 + 2 lie on top of each other. Ho we ver, adding a
lustered faint population of sources has an effect on the APS, albeit
 small one compared to the relative initial effect of the clustering on
ncreasing the APS of the faint population. 

This demonstrates that one possible way for a very faint population
f sources to create an excess anisotropy power o v er a population of
right sources is for them to be clustered. Ho we ver, the clustering
ust be strong for this to occur. Furthermore, clustering causes a

ower-law shape or multiplicative excess only on scales larger than 
he size of the cluster as shown in Fig. 6c . This would mean that any
xcess anisotropy power decrease on scales smaller than the cluster. 

Finally, the Condon model with and without clustering is explored. 
he Condon model is used with no brightness upper limits and
ith all sources rendered as point sources. Fig. 8 shows the APS
f clustered Condon models where the size of the clusters fixed at
0 arcsec and with the number of clusters set to 100, 1000, 10 000,
nd 100 000. The observed and unclustered Condon model APS are
hown for reference. The unclustered Condon model APS shows 
igh levels of variation in power due to numerical artefacts. From
he APS it is seen that Gaussian clustering of large numbers of
ery faint sources can produce anisotropy excesses of many orders 
f magnitude o v er the unclustered case. Increasing the number of
aussian clusters decreases the anisotropy power as expected from 

ig. 6b . Fig. 8 demonstrates that Gaussian clustering of a very large
umber of faint sources can replicate the observed anisotropy power 
n the case where the clusters are small, � 30 arcsec. 
MNRAS 523, 5034–5046 (2023) 
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(d)(c)

(a) (b)

Figure 6. APS of Franzen models with different clustering, brightness distribution, and source size properties. Unless otherwise stated all sources were rendered 
as point sources and there was no cut-off in the brightness distribution of sources. In all cases, the images used to generate the APS are generated from simulated 
visibilities of the LOFAR instrument. No cleaning is performed on the images. 
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.3 Anisotropy power from unsubtracted sources 

he measured APS is expected to have a contribution to the
nisotropy power from known sources which were not remo v ed by
he subtraction process. As a first estimate, this contribution can be
stimated by using a Franzen model with a cut-off in flux density to
eflect that sources abo v e a certain threshold have been subtracted.
uring data reduction, the automasking ensured all point sources
reater than 5 σ or ∼5 mJy are subtracted (see Table 2 for exact
alues). Therefore, a Franzen model with a cut-off at 5 mJy could be
sed as one measure of the expected contribution to the APS from
nsubtracted sources. 
Ho we ver, selecting a realistic brightness upper limit is difficult,

ecause this method does not account for artefacts or systematic
rrors introduced in the deconvolution and subtraction process.
hese could be manifested as areas of o v ersubtraction, calibration
rrors, or bright sources are not subtracted completely, although
his contribution should be small. To o v ercome this difficulty, we
NRAS 523, 5034–5046 (2023) 
erform a more complex but more realistic simulation. We take the
hole Franzen model with no brightness cut-off, use WSCLEAN to

imulate visibilities for the full Franzen model, and add artificial
oise to the visibilities that is representative of the actual noise in
he observations. The resulting visibilities are then run through the
hole imaging process including deconvolution and subtraction. The

esulting APS from this image is a more realistic predictor of the
xpected anisotropy power. The subtraction of sources is likely to be
orse for the real data due to calibration artefacts and the ionosphere.
 full simulation that includes all ionospheric, instrumental, and

alibration effects is considerably more complex. Therefore, the
egree which the subtraction would be affected by these effects is
eferred for future work. The APS for both the Franzen 5 mJy cut-off
odel and the cleaned Franzen model are presented alongside the

bserved APS of the mosaicked image in Fig. 9 . 
The observed power spectrum shows excess power at all scales

 v er both methods of simulating the residual power. For large scales,
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Figure 7. APS of Franzen models with cuts in the brightness distribution 
such that there is a bright population of sources, population 1, and a faint 
population of sources, population 2. Population 2 is then clustered using 
1000 Gaussian clusters of size 0.01 ◦ to give population 3. The APS resulting 
from the presence of different combinations of these populations is presented. 
The APS from population 1 is present but hidden by the APS of population 
1 + 2. The images used to generate the APS are generated from simulated 
visibilities of the LOFAR instrument. No cleaning is performed on the images. 

Figure 8. APS of clustered Condon models with different numbers of 
Gaussian clusters in the model. The sizes of the clusters are fixed at 30 
arcsec. The unclustered Condon model APS is shown for reference. The 
models are o v er a 0.75 ◦ × 0.75 ◦ patch of sky and the grid size is 360 × 360. 
The APS of the observed NCP mosaic is shown for reference. 
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Figure 9. APS of the observed NCP mosaic and two methods of predicting 
the expected APS. The unclustered point source Franzen model with a simple 
flux density cut-off at 5 mJy is shown in blue as one prediction of the expected 
APS from unsubtracted sources. The APS of a more realistic simulation, 
taking the full unclustered point source Franzen model and performing 
cleaning and source subtraction with artificial noise present, is shown in 
green as a better prediction of the expected APS. The observed APS shows a 
significant excess over both cases. 

T
m  

b  

m
m  

i  

w  

G  

c  

c  

t
s

 

s  

d  

b  

i  

n  

o
a
w  

F  

b
s  

t  

a

(
s
m
D
c  

e  

s  

B  

o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/4/5034/7197453 by guest on 06 O
ctober 2023
he observed APS flattens off and becomes dominated by diffuse 
alactic emission as expected. This should not occur in the models as
o Galactic emission was added. This is the case in the Franzen model 
ith a simple flux density cut-off at 5 mJy. Ho we ver, when the full
odel is taken as a starting point and cleaning and source subtraction
ith artificial noise present is performed, a deviation from the power- 

aw shape of the APS is seen for � � 1000. This feature is not expected
or the unclustered point source model. At present, this is unexplained 
nd is likely due to an unknown artefact introduced during the 
ubtraction process. Furthermore, this feature is not seen in the 
bserved APS. Ho we ver, for � � 1000, corresponding to the apparent
oint source dominated region of the observed APS, the shape of
he modelled APS is as expected. This is the region of interest
or further analysis. An excess anisotropy power is observed here. 
his implies that unsubtracted sources expected from current source 
odels are insufficient to explain the observed anisotropy of the radio

ackground. In this re gion, the e xcess appears to have a power-law or
ultiplicative form. Henceforth, the ‘anisotropy excess’ refers to the 
ultiplicativ e anisotropy e xcess unless otherwise stated. Ho we ver, it

s possible that a constant anisotropy excess power also exists. This
ould be possible to observe as an e xcess o v er what is expected from
alactic synchrotron emission emission at low � . However, as this

omponent is not included in our simulations, it is not possible to
onstrain whether an additive excess exists. Fig. 9 also shows that
here are some artefacts, introduced during the cleaning and source 
ubtraction process, which affect the APS. 

In order to check that the excess is not due to artefacts from the
ubtraction of the brightest sources, the APS can be calculated for
ifferent regions of the image. In the simplest case, the APS can
e calculated for smaller and smaller sized regions centred on the
mage centre. Since the brightest sources are rare and the image is
ot centred on a bright source, it would be expected that if residuals
r artefacts from bright sources were contributing to the measured 
nisotropy excess then it would be expected that smaller regions 
ould have less anisotropy power. The result of this is shown in
ig. 10 . It can be seen that there is little change in anisotropy power
etween region sizes, implying that artefacts from individual bright 
ources are not the cause of the anisotropy po wer excess. Ho we ver,
his does not rule out the presence of some widespread effect that
ffects both bright and faint sources. 

The simulations in Fig. 9 do not include large-scale structure 
clustering of sources), diffuse Galactic emission, or resolved 
ources. From measurements of large-scale structure, it is known that 
atter in the Universe is clustered (Chabanier, Millea & Palanque- 
elabrouille 2019 ). Galaxies and therefore radio sources trace this 

lustering. Ho we ver, it is unlikely that large-scale clustering can
 xplain the observ ed e xcess, because the observ ed galaxy power
pectrum has a form C l ∝ � −1.2 as measured from NVSS data by
lake, Ferreira & Borrill ( 2004 ), where C � is the multipole moment
f the radio galaxy power spectrum. Large-scale clustering with this 
MNRAS 523, 5034–5046 (2023) 
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Figure 10. APS of the observed NCP mosaic for different sizes of image 
used to calculate the APS. 
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Figure 11. Top: A portion of the simulated image of the RSB from the 
unclustered Gaussian sources Franzen model, with cleaning and noise. In this 
model, 50 per cent of the point sources are replaced with Gaussian sources 
of size 300 arcsec. Bottom left: A portion of the simulated image of the RSB 

from the unclustered point source Franzen model simulation, with cleaning 
and noise. Bottom right: A portion of the observed background mosaic. All 
images are matched in flux density per beam scale and synthesized beam size. 
The image portions are of size 4.5 ◦ × 4.5 ◦ and are naturally weighted. 
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alaxy power spectrum would manifest itself as a deviation from
nisotropy power due to apparently unclustered sources. This is not
een in the shape of the measured APS. Large-scale clustering is not
bserved in the APS as the brightest sources dominate the power as
emonstrated in previous sections. Then, since the brightest sources
re the least common they are least effected by statistical large-scale
lustering and this results in little change to the APS. The simulations
o not include diffuse Galactic emission, ho we ver, the shape of the
PS produced by this emission is flat (Gehlot et al. 2022 ). Therefore,
alactic diffuse emission cannot be the source of the power-law

nisotropy power excess, as it produces negligible anisotropy power
t high � . Finally, all sources in the Franzen model are treated as point
ources during the modelling. This is a valid assumption as around 90
er cent of radio sources are unresolved at 25 arcsec resolution, the
pproximate resolution of our dirty beam while cleaning, as shown by
bservations similar to those in this work by Procopio et al. ( 2017 ). It
s unlikely that incorrectly modelling 10 per cent of sources as point
ources instead of resolved could produce an excess anisotropy power
n the level of that observed, especially since a multiscale clean
s used for the observations in order to accurately model resolved
ources for accurate subtraction. Ho we ver, the idea that resolved
ources can contribute to the anisotropy power excess is explored
urther in the next paragraph. Therefore, despite the simulations not
ncluding effects of large-scale structure, diffuse Galactic emission,
r resolved sources, none of these would affect the modelled APS
ignificantly enough to explain the observed anisotropy power-law
xcess. Ho we ver, a topic of future work will be to show this explicitly
sing similar modelling techniques. 
Fig. 11 shows in the bottom right hand a portion of the observed

ackground image and in the bottom left the simulated image of the
ackground from the full Franzen model simulation with cleaning
nd noise. Both images are matched in brightness scale and are
f size 4.5 ◦ × 4.5 ◦. They are presented in natural weighting to
mphasize diffuse structure. The key difference observed between
he images is the presence of point-like residuals in the real image.

ost of these point-like residuals do not seem to be associated
ith cleaned components, ruling out that they are artefacts from the

ubtraction or lefto v er from bright sources that have not been cleaned
roperly. Ho we ver, these residuals also do not appear to have bright
ounterparts in the dirty uniformly weighted image. This suggests
hat these are real resolved sources that have a peak flux density too
ow to be picked up by the 5 σ automasking threshold during the
NRAS 523, 5034–5046 (2023) 
lean. In naturally weighted images, which emphasize large-scale
tructure, resolv ed sources hav e a higher peak flux density and hence
ecome visible. 
This idea was tested further by modifying our simulation from

he unclustered Franzen model with noise and cleaning as described
bo v e. Ho we ver, this time a certain proportion of the point sources
n the model is replaced by extended smooth Gaussian sources of
arying angular size. Fig. 11 also shows the comparison between
he point source only Franzen full simulation in the bottom left, and
 Franzen full simulation where 50 per cent of the point sources
ere replaced by Gaussians of size 300 arcsec in the centre top.
his confirms that resolved sources with a lower peak flux density
re not fully cleaned, despite using a similar automasking threshold.
dditionally, the images of the observed RSB (Fig. 11 bottom right)

nd the simulated diffuse sources (Fig. 11 centre top) are similar,
mplying that the observed image is dominated by resolved sources.

The fact that a population of dif fuse, lo wer peak brightness
ources is not remo v ed by the cleaning presents one explanation
or the observed anisotropy excess. These unremoved sources will
ontribute to the anisotropy excess as shown in Figs 6a and 6d .
dditionally, since these diffuse sources are now the brightest sources

eft after subtraction, they likely dominate the anisotropy power. This
eans that the measured anisotropy power would be approximately

qual to the contribution from these sources, as demonstrated by
ig. 7 . In order to directly test whether these unremo v ed diffuse
ources are sufficient to explain the observed anisotropy excess,
he APS was calculated for each of the full Franzen simulations
ith differing ratios of Gaussian sources. These simulations are not

ealistic but serve as a starting point for assigning fluxes to this
opulation of diffuse sources. Fig. 12 shows the APS for the full
ranzen model simulation for models 1–3, where model 1 is only
oint sources, while for models 2 and 3, we replace half of the
ources by Gaussian sources of size 300 and 50 arcsec, respectively.
he presence of diffuse sources increases the anisotropy power of



Excess anisotropy of the radio background 5043 

Figure 12. APS of unclustered Franzen models with cleaning and noise. 
Model 1 is a Franzen model with all sources rendered as point sources. 
Model 2 and 3 are Franzen models where 50 per cent of the point sources 
were replaced by Gaussian sources of sizes 300 and 50 arcsec, respectively. 
All models are cleaned to the same threshold and have the same noise level. 

Figure 13. Observed APS of NCP field A with different automasking 
thresholds alongside full Franzen model simulations of the power expected 
from unsubtracted point sources, using the same respective subtraction 
thresholds. 
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he background after source subtraction in all cases. The shape of the
PS for the models where the diffuse source size is large shows that

he excess disappears on scales roughly smaller than the source size. 
his is consistent with what is expected for anisotropy contributions 

or smooth diffuse sources as shown in Fig. 6d . 
The observ ed e xcess can be probed to learn more about its

roperties. One example of this is investigating how the excess 
 v er our full Franzen model simulations changes depending on the
utomasking threshold used during cleaning. A higher automasking 
hreshold leaves brighter sources in the image that would otherwise 
ave been subtracted. Fig. 13 shows the observed power spectrum 

f NCP field A for two cases, where the automasking threshold was
et to approximately 5 and 170 mJy. The Franzen full simulations
ncluding artificial noise and source subtraction are included with 
he same respective automasking thresholds. This allows the excess 
o be studied at two different subtraction thresholds. From Fig. 13 ,
t is seen that the observed APS depends strongly on the choice of
ubtraction threshold. The APS with the higher subtraction threshold 
hows an excess anisotropy over that with the lower threshold. 
dditionally, the higher subtraction threshold APS appears power 

aw like over the whole scale probed, showing no signs of flattening
t low � . This can be interpreted as the unclustered point source
ontribution to the APS dominating o v er the contribution from
iffuse Galactic emission. Furthermore, it is seen that the excess 
 v er the expected anisotropy power is multiplicatively larger at lower
ubtraction thresholds. This is expected if the unsubtracted Franzen 
ources begin to dominate the APS at higher subtraction thresholds. 
o we v er, the e xcess is additiv ely slightly larger at higher thresholds,

lthough this is not apparent due to the logarithmic scale of the graph.
his may suggest that the cause of the excess is affected during

he source subtraction process. Assuming the cause of the excess 
o be some unknown population of sources, possible explanations 
or this include subtracting this population around known sources 
uring subtraction, whether these sources are correlated with known 
ources or not, or beginning to directly subtract these sources if they
re bright enough to be picked up during cleaning. A more complete
nalysis of how the anisotropy power at a particular scale varies with
ubtraction threshold may be able to allow constraints to be placed on
he differential source count of unknown sources, using equation ( 4 ).
his is deferred for future work. 
It is useful to obtain an equation of the measured anisotropy

ower of the RSB at 120 MHz for comparison to past and future
easurements. In the range 50 ≤ � ≤ 4000, the APS (in squared

nits) is well fit by a power law plus constant of the form: 

 �T ) 2 �,ν = ((3 ± 2) × 10 −5 � 2 . 17 ±0 . 08 + (41 ± 7)) ν−5 . 32 K 

2 . (6) 

ere, we assume that the anisotropy power of the RSB scales in
requency like the RSB itself (see equation 1 ), but this is squared
ue to the K 

2 units of anisotropy power. This may not be a valid
ssumption as the scaling of the APS with frequency may not be
rivial. Additionally, this scaling may be a function of � . The abo v e
quation is only valid for subtraction thresholds close to 5 mJy. The
caling with subtraction threshold is not trivial and depends on the
ifferential source count and clustering properties of the radio source 
opulations. For the case of clustered sources, the scaling may also
e a function � . Additionally, it is useful to have an equation for the
ultiplicati ve anisotropy po wer excess between the observed APS 

f the RSB and the expected anisotropy power from unsubtracted 
oint sources. Taking the difference between the observed APS and 
he Franzen full simulation APS in Fig. 9 , a power law is fit to the
xcess between an � of 700 and 4000 has the form: 

 �T ) 2 �,ν = 

(
(7 ± 6) × 10 −4 � 1 . 7 ±0 . 11 

)
ν−5 . 32 K 

2 , (7) 

here similar assumptions to equation ( 6 ) have been made. 

 DI SCUSSI ON  

ur APS of the RSB, measured using LOFAR, can be compared
o other measurements of the APS, both with LOFAR and other
nstruments. Our measured angular power for scales not dominated 
y diffuse Galactic structure is similar to that reported in Choudhuri
t al. ( 2020 ) for the four fields presented in their Fig. 1 , after
onversion from the C � to the ( �T ) 2 � normalization (see appendix A
n Offringa et al. 2022 ). A more robust comparison is difficult as
or each field the subtraction threshold is not explicitly reported, 
nd as shown in Fig. 13 , this is a crucial parameter that strongly
nfluences the power spectrum at high � . The measured angular
ower depends heavily on the subtraction threshold used as it is
he brightest remaining sources which will dominate the power as 
hown in Section 4 . Note Choudhuri et al. ( 2020 ) similarly report an
MNRAS 523, 5034–5046 (2023) 
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M

Figure 14. The APS of the field A observed by Offringa et al. ( 2022 ) at 
140 MHz. Also presented is the expected anisotropy power from unsubtracted 
point sources from a full Franzen simulation as detailed in Section 4.3 . 
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xcess anisotropy power (of approximately two orders of magnitude)
 v er their model of sources up to 50 mJy. This model also included
arge-scale clustering of radio sources using the angular correlation
unction from Dolfi et al. ( 2019 ). Their model is in good agreement
ith our models of unclustered point sources for � > 1000. Therefore,

s justified in Section 4.3 , large-scale clustering appears to make a
egligible difference to the APS at small scales. 
In the angular scales of o v erlap, in this case the largest scales

robed by our measurements, our observations of the APS are in
xcellent agreement with results presented in Gehlot et al. ( 2022 ).
heir measurements are made also centred on the NCP and at the
ame frequency, but with an ef fecti vely independent instrument in
erms of systematic, resolution and uv -co v erage. This is further
ndication that our observations are well calibrated and do not suffer
rom any major systematic errors. 

Our previous results, reported in Offringa et al. ( 2022 ), are shown
n Fig. 14 alongside a full Franzen model simulation of the expected
PS, with representative artificial noise added, using the method
etailed in Section 4.3 . Fig. 14 shows that with the newer and more
ccurate simulation of the expected APS, an excess anisotropy power
s still observed in the previous measurement. Our measured angular
ower is (in squared units) approximately 25 times abo v e these
revious results reported in Offringa et al. ( 2022 ). Ho we ver, this
s expected, as the source subtraction threshold there was around
.3 times lower than in this work due to a lower noise in the observed
elds. The true scaling with subtraction threshold depends on the
opulations contributing to the anisotropy power and so is not trivial.
ssuming the anisotropy power is only due to sources in the Franzen
odel, integrating equation ( 4 ) using ( 2 ) can be used to show that the

caling factor due to differing subtraction thresholds is approximately
.7. This, combined with the expected frequency scaling for the RSB
iven in equation ( 7 ) (which comes to a factor of approximately
.2) brings the previous results to within a factor of 2 with those
resented in this work. In Offringa et al. ( 2022 ), an apparent scaling
f the anisotropy power was observed with the square of the average
rightness temperature of the different fields, calculated using the
adio sky map presented in Haslam et al. ( 1982 ). If this scaling is
sed then an additional factor of 3.4 is applied to the APS result
or Field A relative to Offringa et al. ( 2022 ) for a comparison to the
easurements in this work. This is because the NCP has a lower

verage brightness temperature than Field A, according to the radio
NRAS 523, 5034–5046 (2023) 
ky map. If the difference in brightness temperature between the
elds is due only to diffuse Galactic emission, we see no reason

o scale the APS by this factor. This is because diffuse Galactic
mission has a flat APS, and so at high � it is negligible compared
o the point source contribution to the anisotropy power. This means
ny increase in the diffuse Galactic emission brightness should not
cale the APS at high � . Instead we propose that the factor of two
iscrepancy between this work and the previous is due to the non-
rivial subtraction threshold or frequency scaling. 

The results presented in this work suggest it is likely that measured
xcess anisotropy power over what is predicted by semi-empirical
odels for point sources is of astrophysical origin and not due to

ystematic errors. Evidence for this is presented in Fig. 10 , demon-
trating there are no significant artefacts associated with subtraction
f bright sources. Additionally, inspecting the mosaicked images no
right artefacts are found. Furthermore, fainter artefacts associated
ith all sources are also unable to cause the excess. This is because

 aint artef acts are unlik ely to be able to dominate the anisotrop y
ower as would be required to produce the large observed excess,
s demonstrated in Fig. 6a . Finally, the flux calibration presented in
ection 2 shows that the pre-processing of the data is accurate and
o large flux calibration errors exist. Ho we ver, the possibility of the
xcess arising from calibration errors is not completely ruled out. 

The APS of the RSB measured in this work and our previous work
an be used to constrain the possible causes for the RSB surface
rightness e xcess lev el abo v e that e xpected from known classes of
adio sources. It is possible that the observed anisotropy excess of
he RSB and the observed surface brightness excess of the RSB
ave different origins. For example, the observed surface brightness
xcess could be due to a smooth contribution to the RSB and the
bserv ed anisotropy e xcess due to calibration errors. Ho we ver, the
xistence of some form of anisotropy excess over current models is
xpected if there is a surface brightness excess and if the cause of
he surface brightness excess is not completely smoothly isotropic. 

If the multiplicative anisotropy excess and surface brightness
xcess are of common origin then the shape of the anisotropy excess
an rule out certain causes of the observed surface brightness excess.
he anisotropy excess appears constant on a logarithmic scale and so

s of a power-law form. This makes it unlikely that large-scale diffuse
mission from the Milky Way is the cause, as this has a constant
alued or flat APS (Gehlot et al. 2022 ). For the same reasons, large-
cale smooth extragalactic emission is also an unlikely cause. 

Instead the simple power-law shape of the multiplicative
nisotropy excess resembles that which would be caused by a
opulation of point-like, unclustered sources. Ho we ver, as discussed
n Section 4.3 and Offringa et al. ( 2022 ) we believe that known
lasses of sources cannot contribute this level of anisotropy power.
t is possible that the anisotropy and surface brightness excesses
re caused by a new population of point sources that have not
een detected. Ho we v er, these point sources would hav e to be
aint to have remained undetected by source counts and extremely
umerous in order to create the surface brightness excess. If these
aint point sources were unclustered then as seen from Figs 6a
nd 7 they are unable to create any observable anisotropy excess
 v er current models. Ho we ver, clustering of these sources can create
ore anisotropy power, potentially explaining the excess. As shown

n Fig. 8 , clustering of many faint sources can create massiv e e xcesses
n anisotropy power, and in general this could explain the observed
xcess. In order for this to be the case the clustering must be extreme,
n the sense that each cluster contains many sources. Additionally,
he cluster size must be of the order of a few arcminutes or smaller.
his is because, as seen in Fig. 6c , on scales smaller than the
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luster size, the expected APS shape deviates from unclustered 
oint source like. This is not seen in the observed APS, at least
p to � = 4000, where instrumental power spectrum systematics 
egin to dominate. Extreme clusters such as these produce varied 
bservational signatures in images. However, for cases with a large 
umber of small clusters, such as the Condon model with 100 000
lusters which is shown in Fig. 8 , the associated naturally weighted
mages were observed to show a relatively smooth background, with 
arge scale variations of order 10 mJy. Furthermore, the associated 
niformly weighted images appear noise-like with a small number 
f peaks around 1 mJy. Neither of these images are inconsistent 
ith our observations, and it is possible that a clustered point source
opulation has gone undetected in deep source counts to date. 
Another possible explanation for the observed anisotropy excess 

hich would also cause an associated surface brightness excess, 
s the existence of a new population of resolved diffuse sources.
fter inspection of the naturally weighted mosaicked image of the 
ackground it can be seen that there are point source-like residuals
pparently abo v e the cleaning threshold. These sources have no 
right counterpart in the uniform weighted image. This suggests 
hat these sources are diffuse, accentuated by the natural weighting 
f the image. As demonstrated in Fig. 11 , these diffuse sources are
ot picked up by the cleaning in uniform weighting due to their
ow peak flux density, an effect which is present in source count
easurements and known as resolution bias (Mandal et al. 2021 ). As
 result of this, as shown in Fig. 12 , a population of diffuse sources
ave the potential to create the measured anisotropy excess after 
ource subtraction. Ho we v er, the APS of resolv ed sources decays
t large � corresponding to scales smaller than the resolved source 
ize, as seen in Figs 6d and 12 . This decay is not visible in the
easured APS, and therefore if resolved sources are the cause of the
ultiplicativ e anisotropy e xcess the y likely hav e a size of order 1

rcmin or smaller. Current low-frequency deep source counts have 
ot well probed this parameter space of faint diffuse sources, for
xample sources of size 1 arcmin and flux less than 10 mJy (Mandal
t al. 2021 ). Ne w dif fuse sources have been previously investigated
nd ruled out as a possible cause of the RSB surface brightness excess
sing confusion analysis by Vernstrom et al. ( 2015 ), but only at higher
requencies and for sources up to 2 arcmin and with total flux density
reater than ∼1 mJy. Therefore, it is possible that diffuse sources of
everal arcminutes are responsible for the observed anisotropy and 
urface brightness excesses, and a qualitative analysis of our images 
rovides support to this hypothesis. 

 C O N C L U S I O N  

e have performed measurements with LOFAR to determine the 
nisotropy angular power of the radio background at 120 MHz on 
ngular scales from 3 ◦ to 0.3 arcmin. As discussed in Section 2 ,
ur data come from 12 h of observations of seven fields in the
icinity of the NCP. As discussed in Section 3 , we have performed
etailed simulations of the radio sky and the associated anisotropy 
ower based on two source count models in the literature, to better
nderstand the effect of different variables on the measured APS. 
s shown in Section 4 , we find contributions to the APS of the RSB

rom both diffuse Galactic structure and apparently unclustered point 
ources. We also find that many variables of the source population 
an effect the measured APS of the background. As demonstrated 
n Fig. 9 , we find that our measured angular power on almost all
cales is in significant excess of what could be caused by known
oint source populations. 
As discussed in Section 5 , the results presented in this work suggest
hat a potentially promising cause of the measured multiplicative 
nisotropy excess in the RSB is a population of diffuse sources,
urrently unaccounted for in source counts because the sources 
emain undetected in those surv e ys. This would also provide an
xplanation for the excess surface brightness of the RSB. Theoretical 
odels exist which predict diffuse sources, for example, dark matter 

ecay or annihilation (e.g. Fornengo et al. 2011 ; Hooper et al. 2012 )
r cluster mergers (e.g. Fang & Linden 2016 ). A population of
ery faint point sources with extreme clustering is also a possible
xplanation for the multiplicative anisotropy excess and the surface 
rightness excess. Ho we ver, both of these explanations predict a
eviation from the point source like shape of the APS at large � ,
hich is not observed. This places restrictions on the maximum size
f the resolved sources and clusters if they are responsible for the
ultiplicative anisotropy excess of the RSB. 
Future work will consist of performing more full pipeline simula- 

ions, including new populations of diffuse and clustered sources 
longside known sources, in order to understand what the flux 
istribution and number of the population could be. Moreo v er, further
bservations and analyses are planned to investigate the variation 
f the APS with frequency and subtraction threshold, in order to
etter understand the cause of the excess. Additionally, the full 
ipeline simulation will be impro v ed to account for more systematic
ncertainties such as calibration errors. Furthermore, more realistic 
ull cosmological modelling will be done to find what distributions 
f point sources could potentially produce the observed APS. This 
ill demonstrate what three-dimensional clustering of point sources 

s need to replicate observations and whether this is physically 
ealistic. Finally, a cross-correlation analysis of images of the RSB 

ith different measures of large scale structure in the Universe such
s galaxy catalogues and CMB lensing surv e ys is needed. This
ill enable the search for a correlation signal between the source
opulation contributing to the anisotropy of the RSB and large-scale 
tructure, to understand the nature of this potentially undetected 
ource population. 
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