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ABSTRACT

Observations of interplanetary scintillation (IPS) are an efficient remote-sensing method to study the solar wind and inner
heliosphere. From 2016 to 2018, some distinctive observations of IPS sources like 3C 286 and 3C 279 were accomplished with
the Five-hundred-meter Aperture Spherical radio Telescope (FAST), the largest single-dish telescope in the world. Due to the
270-1620 MHz wide frequency coverage of the ultra-wideband (UWB) receiver, one can use both single-frequency and dual-
frequency analyses to determine the projected velocity of the solar wind. Moreover, based on the extraordinary sensitivity owing
to the large collecting surface area of FAST, we can observe weak IPS signals. With the advantages of both the wider frequency
coverage and high sensitivity, and also with our radio frequency interference (RFI) mitigation strategy and an optimized model-
fitting method, in this paper we analyse the fitting confidence intervals of the solar wind velocity and present some preliminary
results achieved using FAST, which point to the current FAST system being highly capable of carrying out observations of IPS.
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1 INTRODUCTION

While coming through the solar wind plasma, the radio signal
from a distant compact radio source is scattered by the density
inhomogeneities of the solar wind; consequently a random diffrac-
tion pattern is observed on Earth. This phenomenon is known as
interplanetary scintillation (IPS) (Hewish, Scott & Wills 1964). In
turn, these ground-based IPS observations can be used to infer the
physical properties of the solar wind. Nowadays, as space exploration
and technologies are growing, solar-activity monitoring and space-
weather forecasting are becoming more critical. Although the solar
wind can be observed directly using an in sifu satellite/spacecraft
with relatively high accuracy, ground-based observations of IPS
provide a more economical method to obtain information on the
solar wind such as velocity, as well as the structure of a sub-
arcsecond-scale compact radio source (Hewish & Symonds 1969;
Armstrong & Coles 1972). Another advantage of IPS observations
is that the solar wind can be monitored with a longer time-scale
and a more flexible spatial range out of the ecliptic plane. Besides
solar physics, IPS observations can also be used to study space
weather.

Since the IPS phenomenon was discovered in the 1960s (Clarke
1964; Hewish et al. 1964), many countries, including the UK,
USA, Japan, India, and Russia, have undertaken IPS studies. Some
astronomical instruments were built exclusively for IPS observations,
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like the multistation system in Japan (Asai et al. 1995). Another
successful example is called the Ooty Radio Telescope (ORT),
located in India (Manoharan & Ananthakrishnan 1990). These two
facilities are both based on a parabolic cylinder design using a central
observing frequency of 327 MHz. Since observations of IPS are an
effective way to study heliospheric physics, some new facilities
for IPS studies have been built or are going to be built, like the
Mexican Array Radio Telescope (MEXART) (Mejia-Ambriz et al.
2010; Chang, Gonzalez-Esparza & Mejia-Ambriz 2016) in Mexico,
and a new IPS telescope system to be constructed in Inner Mongolia,
China, which is an array with three 140 x 40 m cylinder antennas at
Mingantu, together with two 16 m parabolic antennas at Abaga and
Keshiketeng (Yan et al. 2018). Furthermore, other radio telescopes,
like the Murchison Widefield Array (MWA) (Kaplan et al. 2015),
Low Frequency Array (LOFAR) (Fallows et al. 2013), and Square
Kilometre Array (SKA) (Nakariakov et al. 2015; Nindos, Kontar &
Oberoi 2019), have also adopted IPS investigations as one of their
scientific goals.

Observations of IPS can be conducted either by a single station
or by multistations (Armstrong & Coles 1972; Coles & Kaufman
1978; Zhang 2007; Bisi et al. 2010a,b). The four-station system in
Japan is an example of a multistation system, and it can measure the
radial solar wind projection (Asai et al. 1995). Due to some practical
reasons, most IPS facilities have adopted the single-station system,
like ORT (Manoharan 2010), MWA (Morgan et al. 2018; Chhetri
et al. 2018a,b), and the 25 m radio telescope in Urumgqi, Xinjiang,
China (Liu et al. 2010). For single-station observations, two analysis
modes are available, dependent on the system observing capabilities,
namely the single-frequency (SSSF) and dual-frequency (SSDF)
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Table 1. Key observation parameters of ORT and FAST.
Tys for FAST is provided at 327 MHz for direct compar-

ison with ORT.

Facility Tsys Aeff
(K) (m?)

ORT 150 8000

FAST 70 49500

analysis modes (Zhang 2007). In the single-frequency analysis, the
solar wind velocity can be calculated from a multiparameter model
fitting or from the characteristic frequencies of the power spectrum.
For the dual-frequency analysis, the solar wind velocity can be drawn
from the first zero-crossing frequency of the normalized co-spectrum
(NCS).

In China, IPS observations started in the 1990s with the Miyun
Synthesis Radio Telescope (MSRT) at Miyun station, which was run
by the Beijing Astronomical Observatory (BAO), Chinese Academy
of Sciences, now called the National Astronomical Observatories,
Chinese Academy of Sciences (NAOC) (Ma 1993; Zhang & Wu
2001; Wu, Zhang & Zheng 2001), which is an array of 28 single
dishes. The effective area of MSRT is equal to a 47 m single dish,
with an observing frequency of 232 MHz.

An IPS quasi-regular observation system was established with
the 25 m radio telescope in Urumgqi (Liu et al. 2010) in 2008, with a
central observing frequency of 1.4 GHz. It is the first IPS observation
system launched in a single dish in China. The observing frequencies
of the telescopes in Ooty and at the Solar—Terrestrial Environment
Laboratory, Nagoya University (STELab, now called ISEE) are both
327 MHz. Since IPS observations can capture distance information
corresponding to frequencies, one can obtain information relatively
closer to the Sun (Scott, Rickett & Armstrong 1983) while observing
IPS sources at higher frequencies; therefore the Urumgqi telescope
can obtain information on positions approaching less than 18 solar
radii (Zhang 2007).

In 2006 a mega-science project in China was launched, called
the Meridian Space Weather Monitoring Project (Meridian Project
for short). There is a subsystem of this project to develop ground-
based IPS observations, which is configured on the 50 m telescope at
Miyun station run by NAOC. There are two dual-frequency receivers
available in this system; one is centred at 327/611 MHz and the other
is centred at 2300/8400 MHz. The bandwidths of the four central
frequencies are 40, 40, 300, and 800 MHz respectively. This IPS
facility aimed to obtain the solar wind velocity and scintillation-
index information for space-weather forecasting (Zhu et al. 2012). In
the near future, an IPS facility will be built in Inner Mongolia for the
National Meridian Project 2 (Yan et al. 2018), which is a three-station
system with observing frequencies centred at 327 MHz, 654 MHz,
and 1.4 GHz.

The Five-hundred-meter Aperture Spherical radio Telescope
(FAST) was constructed successfully in Pingtang County, Guizhou
province, China in 2016. In the commissioning phase, some prelim-
inary IPS observations were carried out. The observation parameters
of FAST and ORT (Oberoi 2000) are given in Table 1. According to
Table 1, to observe a target source of 1Jy with an integration time of
1 s with a typical bandwidth of 4 MHz, FAST can achieve a signal-
to-noise ratio (S/N) of 95, while ORT reaches an S/N of 25 with the
same settings. Based on the high sensitivity of FAST and the wide
frequency coverage of the ultra-wideband (UWB) receiver, we can
observe weak IPS phenomena within a short time and analyse the
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Figure 1. A picture of FAST (a), equipped with the ultra-wideband (UWB)
receiver (b).

confidence intervals associated with solar wind velocity, as reported
in Section 3.

The IPS observation with FAST is introduced in Section 2. The
data reduction is presented in Section 3. Discussions and concluding
remarks are then presented in Section 4.

2 IPS OBSERVATION WITH FAST

Since 1993, astronomers and engineers from different countries
including China have been involved in an ambitious international
science project, later referred to as the Square Kilometre Array
(SKA) with a collecting area of one square kilometre. The location of
FAST was a potential candidate site for the SKA (Peng et al. 1997;
Peng, Nan & Su 2000b) as the Chinese SKA programme (Peng
& Nan 2002). FAST is now the largest single-dish radio telescope
in the world (Fig. 1a), with a unique sensitivity to carry out some
revolutionary scientific goals, like surveying neutral hydrogen in the
universe, detecting faint and rare types of pulsars, looking for the
first shining stars, etc. (Peng et al. 2000a; Nan et al. 2011).

After the first light of FAST observations in 2016 September, FAST
entered into its commissioning phase. Some calibrators used in the
FAST testing phases are IPS sources such as 3C 286 and 3C279.
As a result of the big collecting area, FAST has an extraordinary
sensitivity, which is shown in Table 1. Compared to other telescopes,
the unique high sensitivity of FAST improves the capability of
weak signal detection in IPS observations. As a result, a series of
IPS experiments was completed successfully by this giant radio
telescope.

The aperture diameter of FAST is 500 m with frequency coverage
from 70 MHz to 3 GHz. The high-frequency end will be extended
to 8 GHz in future upgrades (Nan et al. 2011). From 2016 July to
2018 May, before the installation of the 19-beam receiver, the ultra-
wideband (UWB) receiver (Fig. 1b) was used, with which all IPS
data were observed. This receiver covers a frequency range of 270-
1620 MHz.

Like other observing systems, the IPS observing system in FAST
consists of the dish, UWB receiver, digital backend, and the data-
processing pipeline. The UWB receiver mounted on FAST has
a large bandwidth ratio of 1:6. The wide coverage feature can
effectively reduce the number of receivers. The entire bandpass of the
Reconfigurable Open Architecture Computing Hardware (ROACH)
for data collection is divided into multibands; the data quality is
flexibly controlled and can be explicitly displayed and checked. In
order to obtain both on-source and off-source data, the tracking mode
of FAST was used for our IPS observations.

The FAST UWB receiver has a digital acquisition backend that
includes two polarizations designed for pulsar observation, which
is suitable for IPS observations. The sampling interval of 0.1 ms is
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Table 2. Details of observations.

Source Dates Sampling rate Duration time
(2017) (ms) (min)

3C286 Nov 13, 17 0.1 10

3C279 Nov 13, 18 0.1 10

sufficient for IPS studies. The data acquisition of the UWB receiver
is separated equally into two bands. The low-frequency band covers
270-800 MHz and the high-frequency band covers 1200-1620 MHz.
Both bands are then divided into multichannels, with each channel
covering a frequency window of 0.25 MHz.

3 DATA REDUCTION

From late 2016 to 2018 May, a series of experimental IPS ob-
servations was carried out with FAST. After some system testing,
debugging, and calibration, the IPS observation first made use of the
calibration data from FAST to monitor the solar wind. The sources
observed, typical sampling rates, dates, and duration times of the
observations are given in Table 2.

Equipped with the wideband receiver, observations of IPS with
FAST can be conducted with both the SSSF and SSDF analysis
methods simultaneously, which helps us to get the solar wind velocity
(V); the anisotropic axial ratio (AR), which is the ratio of the major
to the minor axis of the density irregularity (Yamauchi et al. 1998);
the spectral index of electron density fluctuation («); and source size
(6o) with high precision. During the commissioning phase, the high-
frequency band system was not very stable; therefore our discussions
are focused on the low-frequency band data.

In this section, the data-reduction pipeline and data-processing
procedure is introduced, including the choice of IPS observing
frequency, bandwidth, the length of time series, and a model-fitting
method to obtain the solar wind velocity.

3.1 Data-reduction pipeline

For IPS data processing, the radio frequency interference (RFI) in
the data recorded by the UWB receiver is first removed, to form a
new time series that is integrated both on time and frequency.

Fig. 2 demonstrates a data sample of the 270-800 MHz frequency
spectrum collected by the UWB receiver with a duration time of
20ms. The target source was 3C 286, and was observed on 2017
November 13. In Fig. 2(a) the dashed and solid lines are the frequency
spectrum before and after RFI removal respectively. Fig. 2(b) is the
normalized spectrum that has eliminated the systematic instrumental
response between different frequencies. The broad-band fluctuation
in the bandpass is probably due to standing waves, while the
strong narrow-band lines are caused by RFI. It is obvious that,
after removing RFI, interference throughout the whole bandpass is
significantly suppressed. For traditional receivers, the acquisition
data are summed throughout the whole bandwidth, which will cause
some uncertainty in the collected data; therefore, it is essential to
remove RFI. However, the multichannel design in the FAST UWB
receiver in a radio-quiet location allows us to identify the channels
with RFI and remove it more effectively.

A general expression for the telescope-observed signal is:

Sobs = Ssig + & + Srr1, (D

where Sy is the observed signal, S, is the signal of interest (SOI),
¢ is the additive background white Gaussian noise, and Sgrp is
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Figure 2. The frequency spectrum of the FAST ultra-wideband (UWB)
receiver showing a standing-wave pattern. The frequency coverage of this
spectrum is 270-800 MHz, with a duration of 20 ms. The target source was
3C 286, and was observed on 2017 November 13. (a) The dashed and solid
lines are the frequency spectrum before and after RFI removal respectively.
(b) The normalized spectrum that has eliminated the systematic instrumental
response between different frequencies.
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Figure 3. The data-reduction pipeline for SSSF and SSDF analyses.

RFI. We assume that the rms of the SOI with noise is different
from RFI. Because the baseline of the frequency spectrum is very
complicated, we use the rate of change of the SOI rather than the
spectrum itself to identify SOI and RFI. Then a random sample
consensus (RANSAC) is applied to remove RFI. The main steps are:
1) initializing the hyperparameters (inner point ratio and tolerance
boundary) and fitting-model selection (a line model); 2) convolving
the spectrum with the Laplacian of the Gaussian filter; 3) fitting
the line model and identifying the inner and outer data; 4) doing
average interpolation for the outer data; and 5) repeating steps 2—4
until convergence of the spectrum rms. The narrow-band RFI can be
correctly removed by this method and, based on that, elimination of
the relatively wideband RFI can be achieved iteratively.

The bandwidth of each point of these new data is 10 MHz with
an integration time of 20 ms. The data-reduction pipeline (Fig. 3) is
described as follows: 1) the new data set is divided into some subsets,
with 512 data points and a duration time of about 10s. Each subset
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Figure4. The off-(on-)source raw data of 3C 286 (a) and 3C 279 (b) observed
at 305 MHz on 2017 November 13; the four rectangles represent the on-source
and off-source fluctuations.

is subtracted by its average since the IPS phenomenon only relates
to the flux variance; 2) we apply a fast Fourier transform (FFT)
to obtain the power spectrum, from which one can extract variance
information on a frequency scale. The data sample is smoothed using
a Hanning window as the window function so as to reduce the cut-off
effects of the FFT; and 3) we average the spectrum of two subsets and
normalize it to form the SSSF power spectrum with a time duration
of 20 s. There is some observational evidence for AR being close to
unity when the solar elongation is larger than 15° (Coles & Kaufman
1978; Yamauchi et al. 1996), meaning that the low-frequency part of
the SSSF power spectrum is almost flat. The elongation of 3C 286 on
2017 November 13 was beyond 30°. So in the rest of this paper, the
data points of 3C 286 below 0.7 Hz are set to be the same value. Data-
processing steps 1-3 are subsequently applied to the SSSF analysis.
The last step is the SSDF analysis based on Scott et al. (1983), which
takes the FFT outputs from step 2 to perform auto-correlation and
cross-correlation for each dual-frequency pair.

3.2 Data-processing results

The IPS observation was intended to monitor the solar wind and to
calculate the velocity and scintillation index. The UWB receiver
is capable of taking data over very wide bandwidths that can
be split up and analysed very flexibly, thus making it possible
to perform both SSSF and SSDF analyses on the same data set
simultaneously. Furthermore, any observing frequency bands could
be chosen flexibly. Since there was no extra observation time to be
applied, calibrators like 3C 286 and 3C 279 are chosen for our IPS
study.

The on- and off-source raw data of 3C 286 and 3C 279 observed on
2017 November 13 are shown in Figs 4(a) and (b) respectively. The
observing frequency is centred at 305 MHz. The fluctuation levels
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Figure 5. SSSF-analysis-mode power spectra for 3C 286 at 305 MHz (a) and
715 MHz (b) on 2017 November 13.

for on- and off-source observations have a significant difference, as
shown in Figs 4(a) and (b). There is obvious discrimination as shown
in the two rectangles in Fig. 4(a), while in Fig. 4(b) the fluctuations
in the two rectangles are at a similar level. This is also reflected in the
rms values. So the scintillation level of 3C 286 that day was stronger
than that of 3C279. In the following, the results derived from the
observation on 3C 286 are discussed as an example.

Fig. 5 demonstrates the SSSF-analysis-mode power spectrum of
the source 3C 286 observed on 2017 November 13. The central
frequencies for Figs 5(a) and (b) are 305 and 715 MHz, respectively,
each of which has a bandwidth of 10 MHz. Fig. 5 clearly shows that
the power spectrum at 305 MHz has a higher scintillation level than
the spectrum at 715 MHz. According to equation (2), the scintillation
index m (Cohen et al. 1967) is 0.09 for the low frequency and 0.08
for the high frequency, where C,, (Cof) is the average intensity of
the on-source (off-source) signal and o2, (02 is the square of the
rms of intensity scintillation:

[~2 2
Ton Ot

Con - Coff

m =

@

3.3 Model fitting

The solar wind velocity from SSSF analysis can be obtained either
by 1) a characteristic frequency called the Fresnel knee frequency;
or 2) by model fitting via some parameters. In equation (3) (Scott
et al. 1983), V stands for the solar wind velocity, fr the Fresnel
knee frequency, z the distance to the scattering screen, and XA the
wavelength of the observing frequency:

V = fevzAm. 3)

In the case in which the model-fitting theoretical model used for
SSSF analysis is given for the weak scintillation region, the formula
can be represented by a theoretical temporal power spectrum P(f),
which is shown in equation (4), where f'is the temporal frequency, C
= (27r,A)? is a constant related to the observing wavelength A, and
r. s the electron radius:

4 1 +00
P(f) = C/ 7(12/ q)neFdifstourcedq}“ 4
. V() NS

In equation (4), the spectrum of the electron-density fluctua-
tions ®,,0cq~*, where ¢ = | /g% + g} + g2 is the three-dimensional
wavenumber. Fgr is the Fresnel propagation filter and Foyrce 1S the
squared modulus of the source visibility (Manoharan & Ananthakr-
ishnan 1990; Mejia-Ambriz et al. 2015; Chang et al. 2019).

In some previous studies, the fitting parameters like AR and o are
often set to be a fixed number for simplicity, and the model fitting
(Oberoi 2000) is done just by adjusting the solar wind velocity V. In
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Figure 6. The model-fitting example of source 3C 286 with SSSF analysis
mode; the central observing frequency is 285 MHz. The solid and dashed lines
show the observed and fitting spectra respectively. (a)—(c) show the results
for the time length of 20, and (d) shows that of 300s.

our IPS studies, a numerical optimization applies a weighted trust-
region reflective least-squares (TRRLS) algorithm to optimize the
four parameters (including V, AR, «, and source size of the radio
source) of the IPS model, which are based on physical constraints.
The fitting parameters are obtained by fitting the theoretical model
to the actual power spectrum. We used the 95 per cent confidence
intervals as the error bars of the parameters. Moreover, the multi-
initialization strategy applied will guarantee the fitting convergence
in the global minimization. In order to obtain good performance in
the fitted velocity, we used the weighted non-linear least-squares
fitting. The objective function of this method is:

Nin

1 .
min ]\TZW(Z)” 12(Pu(V, AR, a, 80) — 1g(Paps) 3. ()

M=

where N, is the number of points that will be used to carry out model
fitting, W is weight, and P,,(V, AR, o, 6) and P are the IPS model
and observed power spectra, respectively.

Fig. 6 shows some examples of the SSSF model-fitting results of
3C 286 with different time lengths; the central observing frequency
is set to be 285 MHz. The solid and dashed lines show the observed
and model-fitting spectra respectively. The time length of the power
spectra of Figs 6(a)—(c) is 20 s, and that of Fig. 6(d) is 300 s. Table 3
gives the parameters with error bars obtained by a data set of
300s; each velocity is obtained with a 20s time length. The cor-
responding value for data with 300s are: V = 598.2 + 10.2kms™ ",
AR = 1.1 £ 03, a = 2.7 £+ 0.5, source size = 0.03 + 0.03”. The
weighted mean values with scatter for each column of Table 3 are:
V =6209+4.1kms ', AR=1.1+0.1, =2.8 £ 0.2, and source
size = 0.04 £ 0.01”. According to ISEE, the solar wind velocity
obtained from observations of 3C 286 on 2017 November 14 was
609 km s~!. It can be concluded that the resulting solar wind velocity
with the data of 20s integration is consistent with the ones with
the time length of 300 s. That means that the model-fitting method
developed is applicable; therefore, with the high sensitivity of FAST,
the solar wind velocity can be derived from a 20s observation for
this source that day.
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Table 3. Fitted parameters with error bars for the 300 s observation divided
up into 20 s intervals using the SSSF analysis method on the central frequency
of 285 MHz with a 10 MHz bandwidth. We used the 95% confidence intervals
as the error bars of the parameters. The last row demonstrates the weighted
mean values with scatter for each column.

\%4 AR o Source size
(kms™!) (arcsec)

626.2 £ 14.5 1.1+£04 2.74+0.7 0.04 + 0.04
636.4 £ 17.5 1.1+0.3 28+0.8 0.04 £ 0.05
5524+ 114 1.1 £0.2 3.0+0.5 0.01 £ 0.09
672.3 £ 17.1 1.0+0.3 3.1+£0.7 0.04 £ 0.05
623.3 £ 20.6 1.1+£04 29+0.7 0.01 £0.12
663.4 £+ 18.2 1.0+0.3 33+08 0.01 £0.19
586.8 + 15.8 1.1+£04 29+0.8 0.04 + 0.05
749.1 £ 17.1 1.0+0.3 3.1+£0.7 0.04 + 0.05
577.2 £+ 20.6 1.0+ 1.0 1.6 £0.9 0.04 + 0.05
628.6 + 16.5 1.2+0.3 2.6+0.7 0.04 £+ 0.04
624.7 + 14.7 1.0+04 2.7+0.6 0.04 + 0.04
647.6 £ 13.1 1.0+0.3 33+05 0.01 £0.14
5795+ 11.9 1.0+04 25405 0.04 + 0.03
560.7 £+ 14.6 1.1+0.5 24+0.7 0.04 £ 0.04
642.3 +£22.9 0.9 +0.7 1.8+1.2 0.07 £ 0.05
620.9 £+ 4.1 1.1 +0.1 28+0.2 0.04 £ 0.01
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Figure 7. The solar wind parameters from the 10 MHz bandwidth subbands
using the 20 s time length. The four parameters, velocity, AR, «, and source
size, are shown from top to bottom. The subbands affected by strong RFI are
rejected. The stars and solid lines represent the fitting values and the error
bars.

The low-frequency band of the FAST UWB receiver covers a
wide frequency range from 270-800 MHz, which is divided into
53 subbands, and each subband covers a frequency bandwidth of
10 MHz. Fig. 7 shows the results of the four fitting parameters (V,
AR, «, and source size) obtained from each subband; the bands
affected by strong RFI are rejected. The time length for each result
is 20s. The stars and solid lines are the fitting values and the error
bars respectively.

The mean velocity in Fig. 7 is 531.9kms™" with a standard
deviation of 52.7kms™!, revealing velocity estimates from about
600km s~ at lower frequency to ~ 450 kms~! at higher frequency,
with a fractional variability of ~ 9.9 per cent over a frequency range
of ~500 MHz, mostly in a linear trend. The model-fitting values of
AR, «, and the source-size component tend towards constants, which
also confirms why some former studies set these three parameters to

1
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Figure 8. The power spectra of source 3C 286 in SSDF analysis mode,
observed on 2017 November 13. The two frequencies adopted here are 305
and 715 MHz. The time length of this data set is 20's, and the arrow shows
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Table 4. SSSF and SSDF analysis mode velocity results
with a duration time of 300s. Columns 1-3 are the
frequency, velocity, and error, respectively.

Frequency Velocity Error
(MHz) (kms™h) (kms~1)
305 593.4 10.2
715 465.0 7.3
305/715 747.8 -

be fixed numbers (e.g. Oberoi 2000). This means that the parameters
obtained from the model-fitting methods are reliable, and the new
telescope, FAST, has great advantages for investigating the inner
heliosphere with IPS using both analysis types.

For SSDF analysis mode, the solar wind velocity is deduced from
the first zero-crossing frequency of the NCS. In equation (6) A; is the
wavelength of the lower observing frequency, z is the effective screen
distance, fyero 1s the first zero-crossing frequency of NCS, and A is a
correcting factor that varies slightly with the solar wind parameters
and is always set to a constant, 1 (Scott et al. 1983; Tokumaru et al.
1994; Zhang 2007):

V= AfLem \/ZTI (6)

Fig. 8 shows the result of the SSDF spectrum of 3C 286 observed
on 2017 November 13. The two observing frequencies are 305 MHz
and 715MHz. The time length of the data set is 20s, the arrow
shows the first crossing frequency f,e, of the NCS, which is
2.05Hz, and the deduced solar wind velocity is 713.0 km s~!. The
velocities at the same time length from the SSSF analysis mode are
564.4+ 16.5kms~! (305 MHz) and 554.2 + 19.6km s~! (715 MHz)
taken from Fig. 7, which are consistent with the velocity variation
trend observed in Fig. 7. Table 4 presents the velocity results of
the SSSF and SSDF analysis modes with a duration time of 300 s.
Columns 1-3 show the frequency, velocity, and error, respectively.
It can be seen that the velocities deduced from 20s are consistent
with the results of 300s. The velocity deduced from SSDF analysis
mode is likely to be affected by the random velocity (Tokumaru
et al. 1994); this may be why the velocity of SSDF is higher than the
velocity obtained from SSSF analysis mode, or it may be that the IPS
is weak at that time, so the reliability of the velocity determination

MNRAS 504, 54375443 (2021)

Table 5. The effect of different Af. Columns 1-5 show fi, f2, Af, fzero, and
V respectively.

h f2 Af=fr = h fzero Vv
(MH?z) (MHz) (MHz) (Hz) (km S_])
285 335 50 3.516 1265.1
285 385 100 2.148 772.9
285 435 150 2.051 737.9
285 485 200 2.051 737.9
285 535 250 2.051 737.9
285 585 300 2.051 737.9
285 635 350 2.051 737.9
285 685 400 2.148 772.9
285 735 450 2.051 737.9
285 785 500 2.051 737.9

is reduced. In any case, the cause of the difference in velocity still
needs further study.

4 DISCUSSIONS AND CONCLUDING REMARKS

There are four remarkable advantages to carrying out IPS obser-
vations with the newly established telescope, FAST. First, FAST
is incredibly sensitive in searching for weak signals owing to its
uniquely large collecting area, which allows us to obtain solar
wind velocity information in a short observation of ~ 20s. Since
the IPS is a fast-changing phenomenon with a time-scale of ~
Is (Cohen 1969), the long integration is likely to obscure the
scintillation phenomena. Secondly, the bandwidth can be chosen
flexibly. Otherwise, if the adopted bandwidth is larger than the
coherence scales, the scintillation will be smeared because the IPS
is a frequency-dependent phenomenon (Little 1968). Thirdly, with
the wide frequency coverage of the receiver and multichannels, IPS
observations in SSSF and SSDF analysis modes can be conducted
with FAST simultaneously. The velocities derived from the two
analysis modes provide a good supplement. In addition, IPS studies
do not require a great deal of extra and dedicated observing time,
for if the position of the source is appropriate we can take most
calibrators as IPS targets that can accommodate a symbiotic project.

Because of the wide frequency coverage of the UWB receiver,
we can also study the effect of different frequency differences in the
SSDF analysis mode. Table 5 shows the result of a comparison of
different frequency differences Af (Af = f» — fi1). fi in Table 5 is
set to be 285 MHz. The five columns are two observing frequencies,
Af, the first zero-crossing frequency, and the deduced solar wind
velocity. It can be concluded from Table 5 that, when Af is bigger
than 30 per cent of f, then the deduced f,, tends to be stable. The
reason for these frequency differences still requires some follow-up
study.

Our preliminary results demonstrate that FAST has outstanding
potential to perform observations of IPS. By comparing the solar
wind velocities calculated from the SSDF and SSSF analysis modes,
the reliability of observation is proved. In general, taking advantage
of the high sensitivity and wide frequency coverage as well as the
multichannel design of the UWB receiver, the observation time with
FAST can significantly decrease for each IPS source, and the choice
of frequencies is flexible to get rid of RFI-contaminated data.

‘We conclude that a larger number of target sources can be observed
with FAST on a short time-scale. Therefore, IPS data from FAST will
widen the range of observable solar—terrestrial space and improve the
accuracy of solar wind velocity estimates. This can be further utilized
in space-weather forecasts.
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