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A B S T R A C T 

Hydrogen intensity mapping is a new field in astronomy that promises to make three-dimensional maps of the matter distribution 

of the Universe using the redshifted 21 cm line of neutral hydrogen gas (HI). Several ongoing and upcoming radio interferometers, 
such as Tianlai, CHIME, HERA, HIRAX, etc., are using this technique. These instruments are designed to map large swaths of 
the sky by drift scanning over periods of many months. One of the challenges of the observations is that the daytime data are 
contaminated by strong radio signals from the Sun. In the case of Tianlai, this results in almost half of the measured data being 

unusable. We try to address this issue by developing an algorithm for solar contamination removal (AlgoSCR) from the radio 

data. The algorithm is based on an eigenvalue analysis of the visibility matrix and hence is applicable only to interferometers. 
We apply AlgoSCR to simulated visibilities, as well as real daytime data from the Tianlai dish array. The algorithm can reduce 
strong solar contamination by about 95 per cent without seriously affecting other weaker sky signals and thus makes the data 
usable for certain applications. 

Key words: instrumentation: interferometers – methods: analytical – methods: data analysis – cosmology: observations – radio 

continuum: general. 
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 I N T RO D U C T I O N  

osmologists study the Universe on the largest observable distance
cales in order to understand its origin and evolution. In the past few
ecades, cosmic microwave background instruments have mapped
lmost the entire sky with high sensitivity and fine angular resolution.
hese maps measure the intensity and polarization fluctuations at the

ast scattering surface and remain a primary tool for studying the Uni-
erse. Ho we ver, for understanding the nature of dark matter and dark
nergy, it is essential to study the evolution of structure as a function
f time. Galaxy redshift surv e ys hav e been e xtremely successful in
apping the large-scale structure of the Universe by cataloging the

istribution of luminous galaxies in redshift space. These maps can
e used, for example, to observe the characteristic baryon-acoustic
scillation signal, which can be used as a standard ruler to extract cos-
ological parameters. Ho we ver, as we map larger and more distant

olumes of the Universe, the method faces multiple challenges. For
xample, the galaxies become fainter and spectral lines are redshifted
o wavelengths that are difficult to detect from the ground. 
 E-mail: anh@wisc.edu (AP); sanjone@gmail.com (SD); 
ttimbie@wisc.edu (PT) 
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Hydrogen intensity mapping, a radically different technique,
reates 3D maps using the 21 cm emission of neutral hydrogen
HI) without resolving individual galaxies. This line is unique in
osmology as, for λ > 21 cm , it is the dominant astronomical line
mission for all redshifts. Hence, to a good approximation the
avelength of a spectral feature can be converted to a redshift without
aving to first identify the atomic transition. In principle, HI intensity
apping could be used to make 3D maps of matter at all redshifts

p into the ‘dark ages’ ( z ≈ 100), even before galaxies have formed.
The first HI intensity mapping observations began over a decade

go (Abdalla & Rawlings 2005 ; Peterson, Bandura & Pen 2006 ;
hang et al. 2008 ; Mao et al. 2008 ; Morales 2008 ) and interest has
ontinued to grow (Ansari et al. 2018 ; Slosar et al. 2019 ; Liu &
haw 2020 ). A number of dedicated projects have been launched to
etect the signal and turn the technique into a useful cosmological
ool. These are mainly interferometers, such as CHIME (Bandura
t al. 2014 ; Newburgh et al. 2014 ), Tianlai (Chen 2011 ; Xu, Wang
 Chen 2014 ; Das et al. 2018 ; Li et al. 2020 ; Wu et al. 2021 ),
W A (Tingay et al. 2013 ), LW A Eastwood et al. ( 2018 ), HERA

DeBoer et al. 2017 ), HIRAX (Newburgh et al. 2016 ), and PUMA
Slosar et al. 2019 ), but they also include single dishes with multiple
eed antennas, such as BINGO (Battye et al. 2012 ; Dickinson 2014 ;

uensche et al. 2019 ) and FAST (Hu et al. 2020 ). Intensity mapping
© 2022 The Author(s) 
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Figure 1. Left: A top view photograph of the Tianlai arrays, which consist of the dish array and the cylinder array. The photo was taken with a drone at a height 
of 280 m abo v e the ground. The arrays saw first light in 2016. The position of the calibration noise source is indicated by the white arrows on the left. Right: A 

schematic diagram of the Tianlai dish array. The dishes are arranged in two concentric circles of radius 8 . 8 m and 17 . 6 m around a central dish. The dishes have 
dual-linear polarization feed antennas with one axis oriented parallel to the altitude axis (horizontal, H, parallel to the ground, or E–W in the figure) and the 
other orthogonal to that axis (vertical, V, N–S in the figure). For example, the red line shows one of the baselines that is the H polarization of dish 4 correlated 
with the H polarization of dish 9: [4H 9H]. The abo v e image is reproduced from Wu et al. ( 2021 ). 
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nstruments can address questions at a variety of redshift ranges. 
t z ∼ 10, they probe the Epoch of Reionization, star formation, 

nd galaxy assembly, while at lower redshifts they trace large- 
cale structure for studies of dark energy, etc. (Battye, Davies & 

eller 2004 ; Abdalla & Rawlings 2005 ; Peterson et al. 2006 ;
hang et al. 2008 ; Mao et al. 2008 ; Morales 2008 ; Bull et al.
015 ). 
So far, the HI signal has not been detected using intensity mapping

y itself. Intensity mapping observations, in the post-recombination 
poch, have detected HI when cross-correlated with galaxy redshift 
urv e ys (Masui, McDonald & Pen 2010 ; Masui et al. 2013 ; Anderson
t al. 2018 ). A number of challenging systematic effects must
e o v ercome to allow autocorrelation detections. The foremost of
hese is separating the HI signal from Galactic and extra-Galactic 
stronomical foregrounds, which are ∼4–5 orders of magnitude 
righter (Liu & Shaw 2020 ). The Sun represents an astronomical 
oreground that is even brighter and of a different character. 

The daytime data from radio interferometer arrays in general, and 
he Tianlai dish array in particular, are contaminated by the solar
ignal, making the data unusable for most astronomical analyses. 
he lost data have a significant impact on observing efficiency; 

eaching the required surv e y sensitivity means observing the sky
or almost twice the number of days. This penalty is particularly 
roblematic for HI intensity mapping, where long integration times 
months or years) are necessary to detect the HI signal. Furthermore, 
his data loss prevents obtaining continuous, 24-h data sets, which 
llow dense co v erage of the u − v plane and facilitate detection
f periodic signals. Furthermore, not having 24 h of continuous 
sable observ ations pre vents the application of m-mode map-making 
echniques (Shaw et al. 2014 ). The (u,v) coverage can still be quite
ood with nighttime data, and one can reco v er full 24-h RA co v erage
y combining nighttime data from observations about 6 months apart. 
n this paper, we try to remo v e the solar contamination from the
aytime data from a radio interferometer. We have used the data 
rom the Tianlai dish array as our test sample. Ho we ver, the problem
s not unique to Tianlai; the same algorithm may be used for other
adio interferometric observations. While daytime observations with 
ingle dish radio telescopes are also plagued by the Sun’s signal, this
lgorithm is applicable only to interferometer arrays. 
The Tianlai Project is led by the National Astronomical Ob- 
ervatory of China (NAOC). It consists of two pathfinder radio 
nterferometers: an array of cylinder antennas and an array of dishes,
t a radio-quiet site in Xinjiang, China (Chen 2012 ; Li et al. 2020 ; Wu
t al. 2021 ). The objective is to obtain high-fidelity 3D images of the
orthern sky using HI intensity mapping. The analysis described in 
his paper concentrates on the dish array data. The Tianlai dish array
onsists of 16 steerable, 6-m diameter dishes; a schematic is shown
n Fig. 1 , which also shows the dish numbering scheme. We use
hese dish numbers for referring to different baselines in the paper.
he dish array currently operates between 685 MHz and 810 MHz,
orresponding to redshift 0.75 < z < 1.07, divided into 512 equally
paced frequency bins of width 244 kHz ( δz = 0.0002). The 16
ual-polarization feeds yield 32 autocorrelation visibilities and 32 ×
32 − 1)/2 = 496 cross-correlation visibilities, which are currently 
ampled every second. The system noise temperatures for the dish 
ntennas are 80–85 K (Zhang et al. 2016 ; Das et al. 2018 ; Li et al.
020 ; Wu et al. 2021 ). 
Different methods have been proposed to remove broad-band radio 

requency interference (RFI) and the solar contamination (Briggs, 
ell & K este v en 2000 ; P aciga et al. 2011 ) based on singular
alue decomposition (SVD) and other methods in the time and 
requency domain. The solar contamination is extremely strong in 
he Tianlai data and methods using SVD decomposition in the time
nd frequency domain remove the background signal along with 
he solar contamination. The objective of this paper is to describe
n eigenvalue-based approach that operates in the baseline space 
or removing solar contamination from radio interferometric data 
ithout affecting the background signal. We propose an algorithm, 
lgoSCR, that can remo v e most of the solar contamination, provided

he Sun is the strongest source in the sky along with other weaker
ources. The paper is organized as follows. In the second section, we
iscuss the solar contamination problem in the Tianlai dish array in
etail. The third and the fourth sections give the detailed algorithm
or removing the solar contamination. We also show the results of
ur analysis on the real Tianlai data. To test what fraction of the Sun
ignal can be remo v ed by our algorithm, and how much signal from
ther cosmic sources is remo v ed by it, in Section 5 we perform two
ests. First, we apply it to Sun-contaminated Tianlai data and compare 
MNRAS 512, 3520–3537 (2022) 
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Figure 2. Value of the (uncalibrated) cross-correlation visibility amplitudes av eraged o v er the 10 central frequency bands during 4 d of observations of the 
NCP in 2019 April. Integration time is 1 s. Each plot corresponds to a different baseline, as indicated. The baseline numbering scheme appears in Fig. 1 . Time 
is given in local time. 
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he cleaned visibilities to the same sidereal times observed during
ighttime. Secondly, we apply it to simulated data where the amount
f solar contamination and foreground point sources are known. In
he Discussion section, we assess the efficacy of the method and the
ssues that we face when applying it. We also describe some future
irections to pursue with this approach. 

 T H E  SOLAR  C O N TA M I NAT I O N  PROBLEM  

he Tianlai data show strong contamination from the solar signal
uring the daytime. In Fig. 2, we plot the sum of the absolute visibility
rom 10 frequency channels (out of 512 channels) at the centre of the
and for 4 consecutive days (total 96 h) for two different baselines.
he horizontal axis shows the time in hours, starting at the beginning
f the observations. The two different plots are for two representative
isibilities. We can see a roughly smooth visibility amplitude for
bout 10 h every day and then a sudden increase in the absolute
isibility and a noisy pattern for about the next 14 h. 
The plots clearly show that the daytime signal is several times

tronger than the night. The shape of the contamination pattern also
aries with baseline. Some of the baselines show a bumpy feature
ith the strongest visibility occurring near noon, whereas for other
aselines the signal is strongest during Sunrise and Sunset and shows
 ‘dip’ feature during the daytime. The top plot is the autopolarization
isibility corresponding to two horizontal feeds, whereas the bottom
lot shows an autopolarization visibility from two vertical feeds. The
utopolarization signals from similar feeds on other baselines show
oughly similar types of patterns, except for a couple of baselines.
he data are taken during observations of the North Celestial Pole

NCP) in 2019 April. During this observing period, the path of the
un is located at an angle of approximately 85 ◦ from the direction of

he main beam. The plot gives an o v erview of the magnitude of the
olar contamination problem in the Tianlai dish array. 
NRAS 512, 3520–3537 (2022) 
An obvious conclusion of this strong daytime visibility is that
he telescopes are responding to the Sun’s illumination of their
ar sidelobes. For the baselines measuring correlations of the H
olarization, the antenna sidelobes are aligned with the direction of
un near noon, providing a strong visibility at midday, while for the V
olarization the Sun falls between two side lobes at noon, producing
tronger signal during Sunrise and the Sunset. These effects are
onsistent with the expected responses of the feed antennas, which
re essentially orthogonally oriented crossed dipoles. 

In Fig. 3 , we show a cut through the simulated beam pattern for
 single dish measured using an electromagnetic (EM) simulation
ackage (CST 

1 ), corresponding to the Sun’s track during the daytime.
e can see that for one of the polarizations, we are getting a low

mplitude during the midday whereas for the other polarization
bottom plot), the amplitude is comparatively high at noon. The
imulated patterns shown in Fig. 3 do not exactly replicate the
bserved pattern of Fig. 4 , because the sidelobes from these EM
imulations do not exactly match those of the real beam. The
idelobes at this particular angle are also highly cluttered. A couple
f degrees change in the path gives rise to a very different shape
n the sidelobes, making it difficult to reconstruct the exact pattern
hrough such an EM simulation. 

This daily response to the Sun signal is relatively constant o v er a
eriod of a year. Fig. 4 shows the directive gain of the dish antennas
s computed by an EM simulation. The Sun enters the sidelobes of
he antennas o v er a range of polar angles for which the beam patterns
re relatively flat. The simulation is consistent with measurements
f the daytime visibilities at different times of the year. Using the
igenvalue analysis described below, Fig. 5 shows the contribution
y the Sun to the visibility for a typical baseline during 2018 January
nd then again in 2019 April. As the paths of the Sun through the
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Figure 3. Simulated antenna directivity along the Sun’s track across the 
beam during daytime (180 ◦ corresponding to 12 h) when the dish array is 
observing the NCP in April. The scale is in arbitrary linear units (not in dB). 
The plot shows that for one of the polarizations, the signal from the Sun has 
a ‘dip’ in power during the daytime, whereas for the other polarization, there 
is high power during certain parts of the daytime. Even though the plots do 
not show the exact features that we observe during daytime (Fig. 2 ), we must 
remember that the sidelobes from the electromagnetic simulations are not 
exactly the same as those of the real antenna. 
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Figure 4. Simulated beam directivity as a function of beam angle θ from 

the beam centre of the antennas for three different frequencies, 700 (red), 
750 (green), and 800 MHz (blue). Each plot shows the absolute co-polar 
directive gain averaged over the azimuthal angle. The angle is the polar angle 
calculated from the centre of the beam. The yellow shaded region shows the 
range of polar angles for which the Sun appears in the sidelobes of the beam, 
ranging from 66.55 ◦ at the Summer Solstice to 113.45 ◦ at the Winter Solstice, 
when the dish array observes the NCP. The gain is relatively flat o v er this 
range of angles and causes the Sun signal to vary by only a factor of about 6 
o v er the year. 
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idelobes of the antennas are different at different times of the year,
he visibilities are also slightly different, but the o v erall patterns of
he signals are similar. We can see that the amplitudes are within

30 per cent of each other. Part of this amplitude variation was 
nduced by the variation of system gain, which is caused by the
ifferent air temperature in January and April. The fast oscillating 
ringes from the Sun are present in both plots. 

The complex visibility for a typical baseline is shown as a 
w aterf all plot’ in Fig. 6 for a 24-h period. We can see that the
aytime data are dominated by bright fringes caused by the Sun. 
n the other hand, the pattern in the nighttime data comes from

he much dimmer radio sky and has a very different character. The
ominant fringes in the nighttime data come from a combination of
eak sources near the NCP and bright sources far from the NCP,
articularly Cassiopeia A (Cas A) and Cygnus A (Cyg A). 

 R E M OV I N G  SUN  C O N TA M I NAT I O N  USING  

I G E N VA L U E  ANALYSIS  

e start by defining the notation used in this paper. The visibility
atrix is given by 

 = [ D 

s G ] † [ D 

s G ] + 〈 [ N ] † [ N ] 〉 , (1) 

here D 

s is the voltage signal from the antenna in matrix form, G is
 direction-independent complex gain matrix, N describes the noise 
rom the receivers, and † represents the conjugate transpose. The 
ndividual components are given by 

 ( i,j ) = 

〈
E 

∗
i E j 

〉
. (2) 

 i represents the complex voltage from receiver i , with E 

∗
i being its

omplex conjugate. E i is given by 

 i = 

( ∑ 

s 

D i ( � ω s ) e 
ik ·r i F s 

) 

G i + N i , (3) 

here F s is the electric field of the radio wave coming from a source
n the celestial sphere, D i ( � ω s ) is the primary beam of antenna i , and
his is a function of the direction vector � ω s . k is the three-dimensional
avenumber, the Fourier dual to the position vector r i of feed i . 
The intensity of the source at any frequency ν, is given by 

 s ( ν) = | F s ( ν) | 2 = F 

∗
s ( ν) F s ( ν) . (4) 

F or e xtended sources, we need to inte grate o v er different directions
or calculating E i : 

 i = 

(∫ 

D i ( � ω s ) e 
ik ·� r i F s dω s 

)
G i + N i . (5) 

The visibility is an ensemble average of the E 

∗
i E j , i.e. 

 ( i,j ) = 〈 E 

∗
i E j 〉 τint 

= 

[
1 

τint 

∫ τint 

0 
E 

∗
i E j d t 

]
, (6) 

here τ int is the integration time, which is constant for any time and
requenc y bin ( t , ν). F or the current Tianlai setup, the integration
ime is 1 s. The asterisk ( ∗) represents the complex conjugate and the
racket 〈 〉 represents the ensemble average. 

Here, we should note that the visibilities from different astrophys- 
cal sources are additiv e. Pro vided there is only one point source
n the sky, the visibility matrix, i.e. V ( i,j ) , at any time can be
ritten as an outer product of the electric field from the source
easured at different feed antennas. Therefore, if the visibility matrix 

s decomposed into its corresponding eigenvalues and eigenvectors, 
here should be only one non-zero eigenvalue. In the presence of
ther weaker sources, the largest eigenvalue should correspond to 
MNRAS 512, 3520–3537 (2022) 
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Figure 5. The amplitude of the daytime visibilities in 2018 January and 2019 April. Due to the difference in the time of Sunrise in January and April, the 0 h 
of each curve is adjusted so that the Sun signals from both data sets peak at about the same time. The green and blue curves are the amplitude of the visibility 
obtained from the telescope for 2018 January and 2019 April, respectively. The ‘fast oscillation’ fringes are seen in both observations. The red and orange curves 
are corresponding spline fits to better highlight the fast oscillation fringes. 

Figure 6. The complex visibility for a typical baseline plotted o v er a 24-h 
period in 2019 January. We represent the phase of the complex visibility 
by hue (colour) and the amplitude by value (brightness) in an HSV (hue, 
saturation, value) display of the colour model (see Fig. B2 for details). The 
local time proceeds linearly from left to right, with a sampling interval of 1 s. 
The frequency increases linearly from bottom (685 MHz) to top (810 MHz) in 
512 equally spaced frequency bins. The time interval from about 10:00–18:00 
is dominated by the Sun. 
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he Sun signal and the eigenvector corresponding to the largest
igenvalue will roughly point towards the direction of that source in
he eigenspace. The contributions from additional, weaker sources
nd noise may alter the direction slightly. 

Comparing the visibility amplitudes between the daytime and the
ighttime data in Fig. 2 , we can infer that the largest contribution to
he daytime signal is from the Sun, entering through the antenna side-
obes. Therefore, in the eigendecomposition of the visibility matrix,
he largest eigenvalue should represent the solar contamination. 

.1 Issues with the autocorrelation signal 

he voltage from the feeds contains a contribution from the receiver
oise. Therefore, the measured signal or voltage E i for a given feed
 is the sum of the sky signal, E Sky i and the instrument noise, N i , i.e.
 i = E Sky i + N i . 
NRAS 512, 3520–3537 (2022) 
Under the assumption that the noise terms from separate feeds are
ncorrelated, we can say that the ensemble average of the noise from
eed i and feed j is zero, i.e. 〈 N 

∗
i N j 〉 ≈ 0. Therefore, the visibility for

ross-correlated feed i and j , where i 	= j , is V ( i,j ) ≈ 〈 E 

∗
Sky i E Sky j 〉 . 

Ho we ver, for the autocorrelations, the visibilities, V ( i , i ) are dom-
nated by the positive noise term 〈 N 

∗
i N i 〉 . The amplitudes of the

utocorrelation signals are much higher than those of the cross-
orrelation signals. Therefore, in an eigendecomposition of the
isibility matrix, the eigenvectors are dominated by the noise signals
rom the autocorrelation, as the sky signals are typically much smaller
han the noise. 

It is not possible to ignore these autocorrelation signals or simply
et them to 0 during the eigenvalue decomposition. To o v ercome
his difficulty, we replace the corresponding terms in the visibility
atrix by the following quantity as a proxy for the autocorrelation

isibilities: 

 ( i ,i ) = 

1 

n 

∑ 

k,j 

abs 

[
V ( i,k) V ( j,i) 

V ( j,k) 

]
, ∀ i 	= j 	= k. (7) 

he receiver noise component in the correlation matrix is bypassed
y using equation (7) to replace the autocorrelations. But its long-
erm effects remain uninvestigated. Here, n is the number of values
 v er which we are doing the sum, i.e. the number of ( j , k ) pairs.
his brings the level of the amplitude of the autocorrelation to the
rder of the cross-correlation amplitude and we can do a meaningful
igenvalue decomposition. 

.2 DC offset in the visibility 

f there is no strong source in the sky, then the real and the imaginary
arts of the visibility are expected to randomly fluctuate around 0.
o we ver, often in radio interferometers, there are some DC offsets in

he real and imaginary components of the visibility. The offsets may
riginate from a variety of systematic effects, and cross-coupling of
ignals between the antennas is one of them. In the Tianlai data,
e see it in multiple baselines as coloured horizontal stripes in the
 aterf all plots of the complex visibility (see Fig. 6 ). 
In the top plot of Fig. 7 , we show the real and the imaginary parts

f the visibility from a transit of Cas A observed by baseline [5H
V]. The amplitude of the visibility during the transit is expected to
orm a Gaussian profile. Ho we ver, as there is some DC offset, we can
xpect the plot to show some wavy feature modulating the Gaussian.
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Figure 7. Top: The real and imaginary components of the raw visibility of 
baseline [5H 7V] during transit of Cas A in 2017 October. We can see that 
there is a small DC offset in both the real and imaginary components. Middle: 
The real and imaginary components of the raw visibility after removing the 
offset from each of the components. Bottom: Amplitude of the visibility of 
baseline [5H 7V] after removing the mean. We can see a perfectly Gaussian 
transit peak. 

T  

p  
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Figure 8. The w aterf all plot of the complex visibility (same as Fig. 6 ) after 
the nightly mean subtraction. We can see that most of the horizontal stripes, 
which probably are caused by crosstalk, are now gone from the w aterf all plot. 
The structures from the sky are more prominent. 
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o prevent this, we need to remove the DC offset. In the middle
anel of Fig. 7 , we show the real and the imaginary components of
he visibility, after subtracting the mean of the nighttime data from
oth the real and imaginary components of the visibility. We remo v e
he nighttime mean from each frequency channel and each baseline. 
he amplitude of the visibility, after DC offset removal, shows a
aussian peak during the transit of Cyg A, as expected and is shown

n the bottom panel of the same figure. 
We are investigating the source of the DC of fset. Ho we ver, the

ighttime mean subtraction substantially reduces the night-to-night 
ariation in absolute terms and as a fraction of the remaining signal, as
iscussed in Wu et al. ( 2021 ). This nightly mean subtraction remo v es
uch of the correlated noise as well as a significant fraction of the

ignal (gain times sky). Because the sky signal should be the same
t the same local sidereal time, it does not contribute to the nightly
ariation that can be caused by variations in gain or correlated noise.
f the variations were due only to gain fluctuations, we would not
ee a decrease in fractional variation. Thus, much of the subtracted
ignal is correlated noise. 

The presence of this DC offset may also introduce an error in
he eigendecomposition and it must be remo v ed before running the
un removal algorithm described below. We subtract the mean value 
f the real and imaginary parts of the visibility for each night of
ata. We do not include the daytime data when computing the mean,
ecause it is contaminated by the Sun. Ho we ver, the DC of fset is
 ery stable o v er each night and from night to night. So, we remo v e
he nightly mean from the entire 24 h of data, including the daytime
ata. 
In Fig 8 , we show a w aterf all plot of the complex visibility from one

aseline after the nighttime mean removal. We can see the nighttime
tructures more prominently after the mean subtraction. 

Note that, for simplicity, we have considered only the autopo- 
arization signals. If we use both the autopolarization and cross- 
olarization signals, we expect to get two large eigenvalues, each 
orresponding to one of the polarizations. Ho we ver, at present,
e are in the process of understanding different systematic effects 

nvolved in measuring the cross-polarization signals in the Tianlai 
ata. Different systematic effects, e.g. mutual coupling between two 
eeds in the same dish, which are in close proximity to each other,
re more complicated for cross-polarization data than the same 
olarization and require detail investigation both in data analysis 
nd the instrumentation level. These are beyond the scope of this
aper. Therefore, in this paper, we set the cross-polarization signal 
MNRAS 512, 3520–3537 (2022) 
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Figure 9. Plot of all the 16 eigenvalues in the eigendecomposition of the horizontal polarization visibility V 

( H ) . We can see that one of the eigenvalues is much 
larger than the other eigenvalues during daytime. This particular eigenvalue is coming from the solar contamination of the daytime data. We can see that the 
other eigenvalues are also affected during daytime. This happens due to the change in the eigenvectors, one of which (the eigenvector corresponding to the 
largest eigenvalue) is oriented towards the Sun during the daytime. The plot here is shown at the central frequency (747.5 MHz) of the observed Tianlai Dish 
Array band. All other one-dimensional plots also use this frequency. 

Figure 10. Phase plot of the 15th component of the eigenvector corresponding to the largest eigenvalue of the horizontal polarization visibility, V 

( H ) . We can 
see the strong fringes during daytime, which confirms that the eigenvalue is coming from a single strong source, the Sun. During night, as there is no single 
strong source, the phase is varying randomly. The horizontal line in the centre is caused by the calibration noise source, which is turned on and off periodically. 
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o 0, making the visibility matrix look like 

 = 

[
V 

( H ) 0 
0 V 

( V ) 

]
, (8) 

here the superscripts H and V refer to the horizontal or vertical
olarization, respectively. V is the visibility matrix at each time and
requency ( t , ν). 

.3 Understanding the eigenvalue decomposition 

 or remo ving the solar contamination from the real data, we first re-
o v e the DC offset from all the cross-correlation channels. We write

he visibility matrix for each frequency and at every time bin in the
orm shown in equation ( 8 ). We replace the autocorrelation signals
sing the formula given in equation ( 7 ) and decompose the matrix
nto eigenvalues and eigenvectors as V = E 	 E −1 . At this point, it
hould be noted that the eigenvalue decomposition is invariant under
 U(1) transformation, i.e. if we multiply the full eigenvector matrix,
, by a factor of e i ψ for any real ψ , then the corresponding eigenvalue
NRAS 512, 3520–3537 (2022) 
atrix 	 will remain invariant. Therefore, without loss of generality,
e choose the first component of the eigenvector for each time and

requency component to be real and positive. 
Also, in our case the visibility, V 

( X) (where X = { H , V } ) is a block
iagonal matrix. Therefore, the eigenvalues and the eigenvectors of
he matrix will be the eigenvalues and eigenvectors from each of the
locks, i.e. V 

( X) = E ( X) 	 

( X) E ( X) −1 . For each t and ν, E is a n × n
atrix whose i -th column is the complex normalized eigen vector ,
 

( X) 
i of V , and 	 is the diagonal matrix whose diagonal elements,
 ii = λi , are the corresponding eigenvalues. 
Fig. 9 shows 16 eigenvalues calculated from the horizontal

olarization matrix ( V 

( H ) ) as a function of time. The plot clearly
hows that one eigenvalue is much higher than the other values during
aytime. We can undoubtedly infer that the major contribution to the
ower in that particular eigenvalue comes from the solar contami-
ation, as the Sun is by far the strongest source in the sky during
aytime. 
Fig. 10 shows the phase of one of the components of the eigenvec-

or that corresponds to the largest eigen value: E ( X) 
(15 , 16) . Eigen values are
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Figure 11. Phase plot of the 15th component of the eigenvector corresponding to the fourth largest eigenvalue in the horizontal polarization visibility V 

( H ) . 
Here, we do not see any fringes, showing that no individual strong source is contributing to this particular eigenvalue. 

Figure 12. The phase of one component of the eigenvector corresponding to the second largest eigenvalue. We can see weak fringes, indicating that some of 
the solar contribution is present in the second largest eigenvalue. 

s
l
e

d  

s  

c
a

 

t  

a
d  

t  

s  

c
e
t  

t
s  

a
t
a  

t  

i  

d

c  

f  

w  

p

3

B  

v  

l  

t  

o  

a  

o  

p  

t  

H  

v  

i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/3/3520/6544640 by Ferm
ilab user on 26 M

ay 2022
orted according to the daytime amplitude. The 16th eigenvalue is the 
argest and we have shown the 15th component of the corresponding 
igenvector. 

Clear fringes are visible in the daytime data, showing that the 
aytime signal in the eigenvector is coming from a single strong
ource. In the nighttime data, we can see that the phase varies
ompletely randomly, proving the absence of any single strong source 
t the nighttime data. 

In Fig. 11 , we show the phase from one of the components of
he fourth largest eigen vector , E ( X) 

(15 , 13) . Unlike Fig. 10 , no fringes
re visible, indicating that there is no single strong source being 
etected by that particular baseline and the signal is coming from
he background sky. The same thing is true for any of the other
maller eigenvalues. In Fig. 12 , we have plotted the phase from one
omponent of the eigenvector corresponding to the second largest 
igenvalue. We can find weak fringes during the daytime, indicating 
hat some of the Sun signal has ‘leaked’ into this eigenvector. Ideally,
he second eigenvalue represents the second strongest sources in the 
ky, and this leakage may be due to the presence of other sources
nd the background noise, which includes diffuse sources from 

he sky and thermal noise. In addition, the re-normalization of the 
utocorrelation signal using equation ( 7 ) is another possible cause of
his leakage. Finally, it may also be that some of the solar radiation
s being reflected from the ground and illuminating the feeds from a
ifferent direction from the main Sun signal. 
If we plot the phase from any component of the eigenvector 

orresponding to the third largest eigenvalue, we can still see some
ringe pattern in the daytime data. Ho we ver, these fringes are much
eaker in comparison to E ( X) 

(15 ,x) showing that the leakage of solar
ower is mostly restricted to the second largest eigenvalue. 

.4 A first attempt to subtract the solar contamination signal 

ecause the solar signal is contributing mostly to the largest eigen-
alue, as a first step in removing the Sun signal, we can set the
argest eigenvalue during the daytime data to 0 and then reconstruct
he visibility. In Fig. 13 , we show the largest eigenvalue as a function
f time (in blue during the daytime). The red curve shows the value
fter setting the largest eigenvalue during daytime to be 0. All the
ther eigenvalues are kept fixed. In Fig. 14 , we show the w aterf all
lot of the complex visibility of one baseline that we recover after
his step. The plot shows that most of the contamination is remo v ed.
o we ver, some solar contamination signal is still discernible in the
isibility plot. We can see clear, faint fringes for the baseline plotted
n Fig. 14 . 
MNRAS 512, 3520–3537 (2022) 
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Figure 13. Blue: The original largest eigenvalue from the eigendecomposition during daytime. Red: The same largest eigenvalue but with zero value during 
the daytime. This step simulates removing the Sun signal in equation ( 11 ), since the largest eigenvector during the daytime points in the direction of the Sun in 
the eigenspace. 

Figure 14. The w aterf all plot of the complex visibility after zeroing the 
largest eigenvalue during daytime for a typical baseline. Nightly mean 
subtraction has been applied. There is still some residual solar contamination 
signal, which is causing the weak fringes during the daytime. 
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 IMPROV ING  T H E  SUN  SUBTRAC TION  

s we can see from Fig. 14 , some of the solar signal still remains
n the visibility matrix, mainly the signal that leaked to the second
argest or even to the third largest eigenvalue. We attempt to remo v e
his residual signal through the following two steps. 

.1 Smoothing the eigenvalues and eigenvectors 

he problem with the direct eigenvalue removal method described
bo v e is that it is based on the assumption that there is a single source
n the sky. This is not true in this case, as the visibility matrix contains
ignals from other sources as well as instrument noise. In Fig. 15 , one
omponent of the eigenvector corresponding to the largest eigenvalue
s shown in light green o v er a period of 4 h. The data, sampled every
econd, are noisy. Ho we ver, as the Sun mo v es smoothly and the
eam is not expected to be structured on small scales, we expect the
igenvector to vary smoothly with time. These fluctuations in the
igenvalue probably come from noise. The long-term (minute level
nd longer) fluctuations originate in the structure of the sidelobes of
he telescopes. 
NRAS 512, 3520–3537 (2022) 
As the noise in the visibility matrix may cause the Sun signal
o leak from the largest eigenvalue to other eigenvalues, in this
ection we try to reduce the effect of noise. For doing that, we fit
 smooth curve (black line) through the eigenvectors corresponding
o the Sun signal. This smoothed signal from the largest eigenvector
s then subtracted from the original visibility to construct the Sun-
emo v ed visibility. 

The cleaning routine can be summarized as follows. The visi-
ility matrix V 

( X) is first decomposed into the eigenvalue and the
igenvectors for each time and each frequency bin, 

 

( X) = E ( X) 	 

( X) E ( X) −1 , X = { H , V } . (9) 

uppose E S is the eigenvector corresponding to the largest eigenvalue,
S . As shown in Fig. 15 , the direction of E S will vary in every second.
he n -dimensional complex eigenvectors have only 2 n − 1 degrees
f freedom as we have already set the first component to be real and
ositiv e. As the eigenv ectors are unit v ectors, the total number of
ndependent components becomes 2 n − 2. If we fit a smooth line
hrough each of the 2 n − 1 components, then we will o v erfit and the
mplitude of the eigenvectors will not be 1. To keep the eigenvector
ormalized while doing the fitting, we express each (complex)
omponent of the eigenvector in n -dimensional spherical coordinates
nd then fit a smooth line through the tangents of the angles in
pherical coordinates and convert back to Cartesian space. This gives
he black line, shown in Fig. 15 . Smoothing in spherical coordinates
nsures that the normalization of the eigenvector is preserved during
he smoothing procedure. (See Appendix A for details.) 

Let the smoothed components of the largest eigenvectors be ˜ E S .
f ˜ λS is the contribution to the visibility from the direction of the
igenvector ˜ E S , then we can write, ˜ λS = 

˜ E T S V ̃

 E S . If we assume
hat this smoothed component comes from the Sun signal, then the
ontribution to the visibility from the Sun is given by 

˜ 
 S = 

˜ λS 

[
˜ E S ⊗ ˜ E S 

]
. (10) 

fter subtracting the Sun signal, the contribution to the visibility
rom the rest of the radio sky and noise is given by 

 Sky = V − ˜ V S . (11) 

n Fig. 16, we show the complex visibility after removing the Sun
ignal using this particular algorithm. In comparison to the simplest
lgorithm, of just removing the largest eigenv alue, this ne w algorithm
orks better. Ho we ver, we can see that some of the Sun signal is still
resent in the visibility. 
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Figure 15. A 4-h segment of the amplitude of one component of the eigenvector corresponding to the largest eigenvalue is shown in the light green curve. The 
sampling interval is 1 s. The random fluctuations in the data come from the noise. The black curve shows this component after smoothing the data, as described 
in Section 4.1 . 

Figure 16. The complex visibility after smoothing the components of the 
largest eigenvector in spherical coordinates (described in Section 4.1 , before 
scaling by a gain factor, described in Section 4.2 ) for a typical baseline. 
Nightly mean subtraction has been applied. There is still some signal from 

the Sun that has not been remo v ed. 
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.2 Scaling the Sun signal from eigenvalue analysis 

he abo v e eigenvalue analysis is based on the assumption that
he signal coming from Sun is contained in the largest eigenvalue. 
s discussed before, this assumption is not correct because of the 

eakage of power into other eigenvalues. 
To o v ercome this issue, we consider that during the daytime the

ignals from the sky are much smaller than the solar signal. Therefore,
he Sun signal, V S ( t, ν), calculated from our analysis should roughly
atch with the visibility V ( t, ν) during the daytime as the other

ignals are negligible in comparison to the V S ( t, ν), provided that
here are no other strong sources during the day. To do that, we
ntroduce a scaling (gain) factor, g = Ae i φ , for each 1000 s (about
5 min) of daytime data and minimize 

2 = 

∑ 

t,ν

[ � ( V − gV S ( t, ν)) ] 2 + 

∑ 

t,ν

[ 
 ( V − gV S ( t, ν)) ] 2 . (12) 

ere, � ( ) and 
 ( ) are the real and imaginary parts of the quantity
nside the bracket. We get 36 gain factors ( g ), calculated from 10 h
36 000 s) of daytime data. In Fig. 17 , we show the plot of g o v er
0 h of daytime, with circular dots. The smooth lines show the
nterpolated data. We can see that g varies smoothly throughout the
ay. The expectation is that the | g | should be very close to 1 and
ery smooth, and the phase variation should be very small. This is
ecause the Sun and the sk y mo v e smoothly through the beams o v er
he day. As long as the Sun signal is strong enough in comparison to
he background sky, we can expect that the power leakage will vary
moothly and the gain variation should also be smooth. As the signal
n the largest eigenvector and leaked power both are coming from
un, we can expect the phase variation to be minimum. Fig. 17 shows

hat the assumption is a good one in this case. Ho we ver, near sunrise
nd sunset the amplitude and the phase change rapidly, possibly 
ecause the Sun signal is weaker at those times. 
The interpolated g is used as a multiplication factor to determine

he solar contribution g × ˜ V S ( t, ν), which is finally subtracted from
 ( t, ν). This gives our final Sun-remo v ed signal from the daytime
ata, i.e. 

 Sky ( t, ν) = V − g int ( t, ν) ̃  V S ( t, ν) . (13) 

In Fig. 18 , we show the complex visibility after the solar contami-
ation removal using equation ( 13 ). We can see by visual inspection
hat most of the contamination signal is remo v ed and the fringes
rom the weaker sources in the background sky are visible. This is
he best that we get from AlgoSCR. Ho we ver, on closer inspection
e can see that a small amount of the Sun signal is still present in the
ata in the form of weak fringes. In the next section, we will make a
rst estimate of the performance of our solar signal subtraction and

ts effect on the signals from the fainter sources. 

 TESTING  T H E  EFFI CI ENCY  O F  T H E  

L G O R I T H M  

.1 Comparison with uncontaminated data 

ue to the orbital motion of Earth, the solar signal contaminates
bservations made at different sidereal times, or sky orientations. 
herefore, to quantify the fraction of the solar contamination re- 
o v ed by AlgoSCR, in this section we compare the Sun-remo v ed

isibility to the uncontaminated visibility observed during the same 
idereal time at an interval of four sidereal months. In the left plot
MNRAS 512, 3520–3537 (2022) 
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Figure 17. Plot of the gain g = Ae i φ after χ2 minimization for 10 h during the daytime. Blue: Plot of the gain amplitude A . Red: Plot of the gain phase φ in 
radians. The dots represent the points of χ2 minimization that occur every 1000 s. These gain values are extrapolated to the intervening points for a total of 
36 000 s. 

Figure 18. The w aterf all plot of the complex visibility after χ2 optimization 
scaling the Sun signal by a gain factor (Section 4.2 ) for a typical baseline. 
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f Fig. 19 , we show the raw complex visibility from 2018 January
same as Fig. 6 ). The middle plot is the visibility after the solar
ontamination removal using AlgoSCR (same as Fig. 18 ). Finally, the
lot on the right shows the complex visibility of the sky observed in
NRAS 512, 3520–3537 (2022) 

igure 19. Left: Waterfall plot of original (Sun-contaminated) 2018 January comp
emoving solar contamination with AlgoSCR (same as Fig. 18 ). Right: w aterf all p
how periods of sidereal time when observations occur during daytime in January, 
019 April. All plots show the complex visibilities over one sidereal
ay. About 5 h of 2019 April, visibility plot is not contaminated by
he solar signal, and we mark that period with two white lines in all
he plots. 

The plots show that visibilities of the same sky orientations are
imilar. The large fringes in the Sun-cleaned plot coincide with
hose from nighttime of 2019 April. Here one should note that,
n the plot in the middle, we can also see some additional weak,
apidly oscillating fringes, which are not present in the 2019 April
ata. Ho we ver, upon careful inspection, we can see that these ‘fast
ringes’ are originally present in the left plot (before Sun removal).
herefore, the algorithm does not introduce an y ob vious additional 
ignal. 

For understanding these results quantitatively, we take 1-min time
verages and 384-bin frequency averages and then calculate the ratio
f the residual Sun signal to the background signal o v er the same 5-h
ange of sidereal time: 

∑ 

t,ν | V Sky ( t, ν) − V org-2019 ( t, ν) | ∑ 

t,ν | V org-2019 ( t, ν) | = 0 . 37 . (14) 

ere, V org-2019 is the original (i.e. uncleaned) visibility from 2019
pril. The ratio of the original daytime signal to the background
lex visibility over 24 h (same as Fig. 6 ). Middle: w aterf all plot after applying 
lot of visibility data taken in 2019 April. The areas between the white lines 
and nighttime in April. 

M
ay 2022
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Figure 20. Top: The amplitude of the visibility for baseline [1H 3H]. The actual data from the Tianlai dish array are coloured blue, while the simulated data are 
shown in red. The actual data are very similar to the simulation; regions of o v erlap appear purple. Bottom: In red is the real part of the noise plus the artificial 
sources. The blue line shows the real part of the signal from the artificial sources that is added to the data. The imaginary part (not shown) is similar to the real 
part. 
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ignal o v er the same sidereal time is: ∑ 

t,ν | V org-2018 ( t, ν) − V org-2019 ( t, ν) | ∑ 

t,ν | V org-2019 ( t, ν) | = 7 . 48 . (15) 

ssuming that the difference measured by equation ( 14 ) is dominated 
y residual Sun contamination, we see that AlgoSCR reduces the 
olar contamination by about 95 per cent. 

.2 Comparison with simulated data 

e test the efficiency of AlgoSCR when applied to simulated data 
ets. This provides us with another way to check the fraction of the
olar contaminant signal that is remo v ed and to determine how much
f the sky signal we are erroneously removing by the analysis. 

.2.1 Construction of simulated data 

or constructing a simulated visibility signal V sim 

, we assume that 
he electric field at each feed antenna contains contributions from 

un, the sky, and noise. We have assumed that the noise variance is
he same throughout the analysis. 

The receiver noise is modelled as Gaussian noise in the electric 
eld, E noise i , at the feed antenna. We consider the noise contribution

o the electric field to be Gaussian in each sample. 
In the Tianlai dish array, the integration time in the correlator 

s 1 s. The correlator takes in the data that are collected every few
icroseconds and averages them in an interval of 1 s. To simulate this

rocess, we add Gaussian random noise in the electric field with a
ampling interval of 10 ms. We then calculate the noise contribution 
o the visibility as V noise ( i,j ) ≡ 〈 E 

∗
noise i E noise j 〉 τint , where 〈 〉 τint 

epresents the ensemble average over integration period, τint = 1 s. 
ere, we have 100 data points for every second on which the average

s carried out. This method also ensures that the autocorrelation 
isibilities follow a χ2 distribution and the cross-correlation visibil- 
ties follow a product normal distribution. The mean and variance of
 noise i are chosen empirically so that the simulated visibility, V sim 

, 
atches the observed visibility. The mathematical details on how to 
alculate the visibilities from artificial point sources in the sky are
hown in Appendix B . 

To create the simulated Sun signal, we have taken the largest
igenvalue and corresponding eigenvector from equation ( A6 ) from 

he Tianlai dish array data and treated it as the solar signal. The
lectric field for the Sun, thus calculated, is added to the simulated
oise. 
For the simulated artificial sources, we assume that the telescope 

rray is pointed at the NCP. The artificial sources are three made-up
ources near the NCP. All the artificial sources are visible within the
ain beam, which is assumed to be Gaussian. Their brightness is

hosen so that the amplitude of their combined visibility is about
0 times smaller than the noise. (An analysis with different source
trengths is presented in the next section.) The artificial source 
isibilities are frequency- and baseline-dependent, just as visibilities 
rom real sources on the sky. We also assume that the visibilities
or the Sun and artificial sources are uncorrelated, i.e. there is no
ross-term between the Sun and the artificial sources. This makes 
he visibilities for the Sun and artificial sources additive, as shown
n equation ( 16 ). Please check Appendix B for details. 

 sim 

= V noise + V S + V artificial sources (16) 

.2.2 Results from the simulated data 

e generated simulated data as shown in Fig. 20 . The top panel
f Fig. 20 shows the amplitude of the visibility for baseline [1H
H] for both simulated and actual Tianlai dish array data: the plot
n blue shows the actual complex visibilities from the Tianlai dish
rray, and the red plot shows the simulated data in our simulation
see equation 16 ). The bottom panel shows the real part of the signal
rom the artificial sources (in blue). The real part of the combined
ignal (simulated noise and the visibility of the artificial sources that
s added to the Sun) is shown in red. 
MNRAS 512, 3520–3537 (2022) 
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Figure 21. The real part (top) and the phase (bottom) of the Sun-remo v ed visibility from simulated data for baseline [1H 3H] after 60-s averaging. The signal 
from the artificial sources is shown in blue. 

Figure 22. Plot of the real part of ( V sim 

− V org )/ σ , where σ 2 is the variance of the added noise. We can see that the ratios for the real part are roughly within 3. 
As the noise is Gaussian, we can expect that the noise signal should be with 3 σ . We conclude that the Sun removal algorithm does not introduce any significant 
additional noise in this analysis. 
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We apply AlgoSCR to the simulated data. Top panel in Fig. 21
hows the real part of the visibility (in red) after applying the Sun
emoval algorithm, along with the real part of the visibility of the
rtificial sources (in blue) for baseline [1H 3H]. As the nature of the
maginary part will be similar, we have not explicitly shown it in the
lot. The phase is shown in the bottom panel of the same figure. 
The ratio of the difference between the simulated and the original

isibility V sim 

− V org , and the noise standard deviation, σ , is plotted
n Fig. 22 . We can see that the ratio is within 3. As the injected noise
s Gaussian, we can expect that most of the visibility should also fall
ithin 3 σ . Therefore, Fig. 22 ensures that the reco v ery of the signal
sing AlgoSCR does not introduce additional noise. 
The red plot in Fig. 23 shows the difference between the amplitude

f the simulated visibility (including the Sun) and the visibility that
e are getting after applying AlgoSCR. This gives the contribution

rom the Sun in our simulated data. The blue curve shows the Sun
ignal that we introduced for generating the simulated data. We can
ee that the plots match very well. Top plot is constructed using the
ata from each second and the bottom plot is after averaging the data
 v er a minute. 
NRAS 512, 3520–3537 (2022) 

a

In the next set of plots, Fig. 24 , we show the complex visibilities
or one baseline, before and after the solar contamination removal by
lgoSCR. The visibility data show that the artificial sources that we
ad introduced are clearly visible after the solar signal remov al, e ven
hough the source strength was much smaller than the Sun signal
nd the noise. This plot shows qualitatively the potential of the Sun
emoval algorithm. In the next section, we quantify the amount of
he signal from artificial sources that is remo v ed. 

.2.3 Comparing efficiency of the method for different external 
our ce str engths 

ere, we compare the efficiency of AlgoSCR in recovering the
rtificial sources for different source strengths. For this analysis,
e use the real daytime visibility data taken by the Tianlai dish array

s the base visibility. To these data, we add the artificial visibility
ignal with different source strengths. We assume that sources
re not correlated with the visibility data and the visibilities are 
dditive. 
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Figure 23. The difference between the simulated visibility (shown in Fig. 20 ) and the Sun-remo v ed visibility (shown in Fig. 21 ) is shown in red with 1-s 
averaging. The signal from the largest eigen vector , which is used as the Sun signal during the daytime, is shown in blue. The data are averaged in 60-s time bins 
to reduce the noise. 

Figure 24. Top: Simulated daytime visibilities for a typical baseline. The 
bright fringes are from the Sun and the weaker fringes are from the artificial 
sources. Bottom: Sun-remo v ed visibility using AlgoSCR. The fringes from 

the artificial sources are clearly visible. 
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After running AlgoSCR to remo v e the Sun, we use a χ2 statistic
o compare the signal with the source visibility that was originally 
nserted. The plot of the reduced χ2 for baseline [1H 3H] is shown
n Fig. 25 against the source strength. Here, χ2 is defined as χ2 =

1 
n t σ 2 

∑ 

t,ν | V org ( t, ν) − V sim 

( t, ν) | 2 during 10 h of daytime. Here, σ 2 

s the noise variance and n t is the number of time-steps, which is the
umber of degrees of freedom in this case. As we are sampling each
econd for a total of 10 h, the number of degrees of freedom n t =
6 000. 
We can see that the χ2 value is small for the cases in which the
rtificial source amplitudes are small compared to the Sun signal 
mplitude. As the artificial source strengths increase, the fit gets 
orse. This is because our analysis is based on the assumption that

he solar signal is the only dominant signal. As the strength of the
rtificial sources increases, the assumption slowly breaks down. In 
uch cases, the largest eigenvalue starts to capture signal from the
rtificial sources. When the artificial sources are larger than the Sun,
he largest eigenvalue provides the contribution from the artificial 
ources and not the Sun. In such cases, we are essentially removing
he artificial sources and thus the χ2 grows quadratically. 

In Fig. 26 , we have plotted the same χ2 , where instead of dividing
y σ 2 we have divided by | V org | . Here, we can see that the χ2 is lowest
hen the strength of the artificial source is about 40 per cent of the
un signal. When the source strength is small, the χ2 is dominated
y the noise and the χ2 is high. On the other hand, when the strength
f the artificial sources is high compared to the Sun contamination
s described before, the reco v ery gets worse. 

 DI SCUSSI ON  

hile developing AlgoSCR, we explored multiple techniques and 
ame across various issues. Here, we discuss some of the points that
re important in the context of optimizing AlgoSCR. 

In Section 4 , we address the issue of removing the residual Sun
ignal after subtraction of the largest eigenvalue. Here, we introduce 
he concept of the multiplication factor g . This procedure raises the
uestion of what will happen if instead of filtering out just the largest
igenvalue, we filter out a smooth component from the two largest
igenvalues. We find that removing the two largest components after 
moothing, then the signal from the second largest component, which 
ncludes some radio sources, also gets remo v ed, i.e. we will be
emoving the components from other radio sources and hence the 
ethod will not work. 
In Section 4.2 , while choosing the gain values, g , we calculate

he gains at intervals of 15 min and then interpolate. We find that
he results are fairly insensitive to the choice of time interval (say,
0 min or 30 min), as is expected because the gain varies smoothly
hroughout the day. Ho we ver, if we choose a long time interval
several hours) for setting the gains, then we expect the results to
orsen as the gain may change significantly in that time. Ho we ver,
e have not simulated these cases. 
Another important fact that came up during our analysis is that

he Sun removal algorithm works better with more baselines, i.e. 
MNRAS 512, 3520–3537 (2022) 
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Figure 25. Plots of χ2 = 

1 
n t σ 2 

∑ 

t,ν ( V org − V sim 

) 2 from the real and imaginary parts of the visibility for different artificial source amplitudes. n t is the number 

of sample points in the time direction and σ 2 is the noise variance. The amplitude of the original visibility V org and the simulated visibility V sim 

are shown in 
Fig. 21 . We can see that the χ2 is increasing as we increase the amplitude of the artificial sources. 

Figure 26. Plots of χ̄2 = 

1 
n t | V org | 

∑ 

t,ν ( V org − V sim 

) 2 from the real and imaginary parts of the visibility for different artificial source amplitudes. Here, the plots 

are normalized by | V org | instead of σ 2 . We can see that the χ̄2 is lowest at about 40, indicating that the reco v ery is best when the amplitude of the source is about 
40 per cent of the Sun signal. 
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f we use all 16 dishes from Tianlai instead of, say, 10 dishes,
hen the ef fecti veness of the algorithm increases. Analysis with
ewer dishes increases the power leakage to other eigenvalues. The
xact reason behind this is not known, but it may happen as more
aselines reduce the effect of the noise in the eigendecomposi-
ion. 

In addition, if we increase the integration time from 1 s to a
arger value, the results get worse, which may be due to the fact
hat the Sun is not a point source. This is different from co-adding
he signal from multiple days, which is eventually what the Tianlai
rray is designed to do. Ho we v er, we hav e not tested the algorithm
n co-added signals yet. 
Our analysis shows that AlgoSCR remo v es most of the solar

ontamination during the day. Ho we ver, it is just a first step. We
ave not yet tested its effect on map-making and power spectrum
stimation. A critical next step is to make sure that AlgoSCR does
ot affect the statistics of the maps. This can be checked by comparing
he HI power spectra and other statistical quantities from the maps
roduced using only nighttime data and the maps produced using
he full day data after solar contamination removal. Such an analysis
equires foreground subtraction and map making and is outside the
cope of the present work. 
NRAS 512, 3520–3537 (2022) 

t  
 C O N C L U S I O N  

n this paper, we present a way to separate out the solar contamination
rom the daytime data observed by an interferometric radio array
sing eigendecomposition techniques. The technique is primarily
ased on the assumption that if the Sun signal is the dominant signal
n the sky, along with other weaker sources, and if the signals from the
ifferent sources are not correlated, then in the eigendecomposition
f the visibility matrix, the largest eigenvalue is from the strongest
ource, i.e. the Sun. The eigenvector corresponding to the largest
igenvalue points in the direction of that source in the eigenspace.
he technique should filter out this largest eigenvalue while retaining

he signals from other sources in the sky. 
Ho we ver, antenna gain fluctuations, noise, sidelobe gain patterns,

round reflection, thermal effects on the instruments and cables, and
rosstalk between antennas introduce mixing between the largest
igenvalue and other smaller eigenvalues. For these reasons, singling
ut and removing the Sun signal is not straightforward, and there is
ome residual contamination from the Sun. Therefore, we apply some
o v el techniques to remo v e the lefto v er Sun signal. 
We have tested AlgoSCR in two ways. First, we compared the

isibilities obtained by cleaning observations made during sidereal
imes when the Sun was up with observations made during those
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ame sidereal times at night. We show that AlogSCR can reduce the
olar contamination by a factor of 95 per cent. Secondly, we used
imulations to show that our algorithm is able to remo v e the solar
ontamination without removing other, weaker sources in the sky. 
e showed that the efficacy of the algorithm is maximum when 

he amplitude of the external source is about the 40 per cent of the
olar contamination signal. The fraction of the remo v ed background 
ignal remains significantly small when the external source strength 
s within a range of 20 per cent to 65 per cent solar contamination. 

To the best of our knowledge, this is the first published method
or removing solar contamination from radio interferometer data. 
lgoSCR can contribute to other ongoing and upcoming radio 

nterferometers for solar contamination removal. 
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PPENDI X  A :  SUMMARY  O F  A L G O S C R  

ere, we re vie w the step-by-step procedure for Sun removal using
he algorithm described abo v e. 

(i) For this procedure to work, first we separate the visibility V into
he horizontal and vertical polarizations, V 

( H ) and V 

( V ) , respectively. 
f we do not separate the polarizations, the noise and crosstalk in the
ame dish will give an additional large eigenvalue. The dimension 
f V is 32 × 32, since we have 16 dual-polarization feeds. The
imension of V 

( H ) and V 

( V ) will be 16 × 16. 
(ii) Remo v e the nighttime mean from the visibility matrix V 

( X) :
 

( X) = V 

( X) − 〈 V 

( X) 〉 night . Here, the average is over the time direction
or different frequency channels. This will remove the crosstalk 
etween the antennas. 

(iii) Replace the autocorrelations by equation ( 7 ). In practice, if
he denominator, V 

( X) 
( i,j ) , is zero, we replace the term inside the sum

y a small number, such as 0.0001. 
(iv) Perform an eigen-decomposition of V 

( X) : 

 

( X) = E ( X) 	 

( X) ( E ( X) ) −1 . (A1) 

(v) For each second of integration time, let the largest (normalized) 
igenvector corresponding to the largest eigenvalue, λ( X) 

S ( t,ν) , be E ( X) 
S ( t,ν) . 

ow E ( X) 
S ( t,ν) is a vector containing n = 16 complex numbers. For
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Figure B1. Top: Combined visibilities of three artificial sources for baseline 
[1H 3H], shown here for 10 h. Bottom: Mock observed simulated visibility 
with those three artificial sources. 
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tting the smooth line through these vectors, we calculate the
angents, T ( X) 

S ( t,ν) as: 

 

( X) 
S ( t,ν) ( i) = 

∥∥E ( X) 
S ( t,ν) ( i) 

∥∥√ ∑ n 

j= i+ 1 

(
‖ E ( X) 

S ( t,ν) ( j ) ‖ 
)2 

∀ i ∈ [1 , n − 1] . (A2) 

(vi) For smoothing the tangents, T ( X) 
S ( t,ν) , along the time direction,

e apply a Butterworth low-pass filter to remo v e the high-frequency
ignal. For our data set, the filter order is 2 and the −3 dB cutoff
requency is 0.01 Hz. A 0 phase filtering is done by scipy ’s
iltfilt function. Let the filtered (smoothed) tangents be ˜ T 

( X) 
S ( t,ν) .

(vii) Con vert the eigen vectors back to Cartesian coordinates. For
ach second of integration time, 

˜ E ( X) 
S ( t,ν) ( i) 

∥∥ = sin 
(

tan −1 ( ̃  T 
( X) 
S ( t,ν) ( i)) 

)
×

i ∏ 

j= 1 

cos 
(

tan −1 ( ̃  T 
( X) 
S ( t,ν) ( j )) 

)
, ∀ i ∈ [1 , n − 1] (A3) 

nd 

˜ E ( X) 
S ( t,ν) ( n ) 

∥∥ = 

n ∏ 

j= 1 

cos 
(

tan −1 
(

˜ T 
( X) 
S ( t,ν) ( j ) 

))
. (A4) 

e then calculate the real and the imaginary parts of the eigenvectors 

˜ 
 

( X) 
S ( t,ν) ( i) = 

∥∥ ˜ E ( X) 
S ( t,ν) ( i) 

∥∥[
cos 

(
θ

( X) 
S ( t,ν) ( i) 

) + i sin 
(
θ

( X) 
S ( t,ν) ( i) 

)]
, (A5) 

here θ ( X) 
S ( t,ν) ( i) = tan −1 

(

 ( E ( X) 

S ( t,ν) ) / � ( E ( H ) 
S ( t,ν) ) 

)
. 

(viii) The contribution to the visibility from the Sun is given by 

 

( X) 
S ( t,ν) = λ

( X) 
S ( t,ν) 

(
˜ E ( X) 
S ( t,ν) ⊗ ˜ E ( X) 

S ( t,ν) 

)
, (A6) 

here ⊗ denotes the outer product between eigenvector E ( X) 
S and

tself. 
(ix) After removing the Sun contribution, the sky contribution to

he visibility is 

 

( X) 
Sky = V 

( X) − V 

( X) 
S 

= E ( X) 	 

( X) ( E ( X) ) −1 − V 

( X) 
S . (A7) 

o we v er, the abo v e steps still leav e some Sun signal contamination,
s shown in Fig. 14 . To better remo v e this lefto v er Sun contamination,
e multiply the Sun signal in equation ( A6 ) by a complex factor of
 = Ae i φ : 

 

( X) 
Sky = V 

( X) − Ae iφV 

( X) 
S . (A8) 

(x) To find A and φ, we divide the 10 h of daytime data into 36
ntervals (1000 s each) and minimize the χ2 for each interval. Here,
e define the χ2 as 

2 = 

∑ 

t,ν

(� 

[
V 

( H ) − Ae iφV 

( H ) 
S ( t,ν) 

])2 

+ 

∑ 

t,ν

(
 

[
V 

( H ) − Ae iφV 

( H ) 
S ( t,ν) 

])2 
. (A9) 

he sum is done o v er all seconds in the chosen interval and frequency
00.625 MHz to 794.375 MHz. We do not sum the frequency
hannels before 700 MHz and after 800 MHz, because we do not
ant to include the edge of the band-pass filter. At the end of this
rocess, we have 36 [ A , φ] pairs. 
(xi) We have 36 [ A , φ] pairs corresponding to thirty-six 1000-s

ntervals in 10 h of daytime data. We use a cubic spline to interpolate
 [ A , φ] pair for each second in 10 h of daytime data. 
NRAS 512, 3520–3537 (2022) 
(xii) Subtract the corrected Sun signal: 

 

( H ) 
Sky ( t,ν) = V 

( H ) − A int ( t,ν) e 
iφint ( t,ν) V 

( H ) 
S ( t,ν) . (A10) 

his gives us the final solar contamination removed result, and the
esults are shown in Fig. 17 . 

PPENDI X  B:  C A L C U L AT I N G  T H E  

RTI FI CI AL  S O U R C E  VISIBILITIES  

he visibilities of the artificial sources come from three made up
ources near the NCP. The three simulated sources are randomly
hosen to be at (RA, DEC) = (75.75,81.25), (79.5, 80.5), and
245.0,79,75) with constant brightness temperatures across all ob-
erved frequencies. We calculated the visibility for each frequency
n Tianlai’s 512 frequency bins (equally spaced between 685 MHz
nd 810 MHz). 

Each astronomical source exhibits a linearly varying phase with
ime and frequency, since the visibility is proportional to e −i ϕ , where
 is the fringe phase and is defined as 

 = 2 πντg ( ν, t) = 

2 πνb · s 
c 

. (B1) 

g ( ν, t ) is the frequency-independent geometric delay and is equal
o 

g ( ν, t) ≡ b · s 
c 

= 

b x 

c 
cos δ cos H ( t) 

−b y 

c 
cos δ sin H ( t) + 

b z 

c 
sin δ, (B2) 

here δ is the source declination, H ( t ) is the source hour angle
s a function of sidereal time, b = ( b x , b y , b z ) are the baseline
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omponents with units of length in the radial, eastern, and northern 
olar directions, and s is the source vector. c is the speed of light. We
an also calculate the fringe rates as follows: 

∂ϕ 

∂t 
= 

2 πν

c 
[ −b x sin H ( t) + b y cos H ( t) ] cos δ. (B3) 

or each second of integration time and each frequency, the visibility
or dish i and j is calculated as follows 

 ( i,j ) = 

n ∑ 

k= 1 

F k A ( s ) e −iϕ , (B4) 

here F k is the flux of source k . In our simulations, we used three

igure B2. The colour palette used to represent complex visibilities in this
aper is shown in this plot. The phase of the complex visibility is represented
y the hue and the magnitude is represented by the brightness. For more
etails, see appendix A of (Wu et al. 2021 ). 
ources with F = (546 , 170 , 128) Jansky. A ( s ) is the gain of the
ntenna in the direction of the source vector s . For simplicity, A ( s ),
he simulated main beam gain, is taken as a Gaussian distribution
ith a standard deviation of 3 ◦ (FWHM = 7 ◦), and we assume that

ll three artificial sources fall within the main beam. Therefore, we
id not model the beam sidelobe gain. A ( s ) is also assumed to be
ndependent of frequency. In the real Tianlai Dish beam pattern, the

ainbeam (excluding the sidelobe) FWHM is about 5 ◦ (Wu et al.
021 ). The simulated baselines are identical to the real Tianlai dish
rray, and the procedure for calculating the visibility is repeated 
or every baseline. The w aterf all plots of the simulated visibilities
or a few typical baselines are shown in Fig. B1 using the same
epresentation of w aterf all plots that is used throughout this paper
nd is described in Fig. B2 . As expected, longer baselines give higher
ringe rates, and for a given baseline, we see a faster fringe rate at
ower frequency. 
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