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The Five-hundred-meter Aperture Spherical radio Telescope (FAST) has the largest aperture and a 19-beam L-band receiver,
making it powerful for investigating the neutral hydrogen atomic gas (H1) in the universe. We present HiFAST (https://hifast.
readthedocs.io), a dedicated, modular, and self-contained calibration and imaging pipeline for processing the H1 data of FAST.
The pipeline consists of frequency-dependent noise diode calibration, baseline fitting, standing wave removal using an FFT-based
method, flux density calibration, stray radiation correction, and gridding to produce data cubes. These modules can be combined
as needed to process the data from most FAST observation modes: tracking, drift scanning, On-The-Fly mapping, and most of
their variants. With HiFAST, the root-mean-square (RMS) noises of the calibrated spectra from all 19 beams were only slightly
(~5%) higher than the theoretical expectation. The results for the extended source M33 and the point sources are consistent with
the results from Arecibo. The moment maps (0, 1 and 2) of M33 agree well with the results from the Arecibo Galaxy Environment
Survey (AGES) with a fractional difference of less than 10%. For a common sample of 221 sources with signal-to-noise ratio
S/N > 10 from the Arecibo Legacy Fast ALFA (ALFALFA) survey, the mean value of fractional difference in the integrated flux
density, Sy, between the two datasets is approximately 0.005%, with a dispersion of 15.4%. Further checks on the integrated flux
density of 23 sources with seven observations indicate that the variance in the flux density of the source with luminous objects
(Sint > 2.5 Jy km s7!) is less than 5%. Our tests suggest that the FAST telescope, with the efficient, precise, and user-friendly
pipeline HiFAST, will yield numerous significant scientific findings in the investigation of the H1 in the universe.
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1 Introduction

The Five-hundred-meter Aperture Spherical radio Telescope
(FAST) is the largest single-dish and most sensitive radio
telescope in the world [1]. It has an illuminated aperture of
300m and a 19-beam L-band receiver that covers frequen-
cies from 1050 to 1450 MHz [2-5], making it a powerful in-
strument for observing the neutral hydrogen atomic gas (H1
lines). The raw spectral data must be calibrated in terms of
amplitude and transformed by frequency before any scien-
tific analysis or comparison with other telescopes can be con-
ducted. In this paper, we introduce HiFAST", a modular and
flexible H1 data calibration and imaging pipeline for FAST.
The paper is organised as follows. We describe the
pipeline workflow in sect. 2. The calibration procedures,
including temperature and flux calibration, are presented in
sect. 3. The Radio Frequency Interference (RFI) flagging
and Doppler correction are described in sects. 4 and 5. The
imaging procedures are described in sect. 6. A pipeline ver-
ification test on FAST data is presented in sect. 7. The code
implementations are described in sect. 8, and a concluding
summary is provided in sect. 9. More details and tests on the
module flux calibration, standing wave removal, and stray
radiation correction are extensively described in separate pa-
pers: Liu et al.,, Xu et al., and Chen et al. (in preparation,
hereafter referred to as papers I, III, and IV, respectively).

2 Scheme of HiFAST

HiFAST supports the processing of the data observed in vari-
ous modes, including tracking, drifting scan, and On-The-Fly
(OTF) mapping, as well as most of their variants® (see more
details on FAST observation modes in ref. [3]).

In Figure 1, we present a typical calibration and imag-
ing workflow in HiFAST. The raw spectral data recorded
by FAST are stored in the Flexible Image Transport Sys-
tem (FITS) files, mainly including sky frequency and uncali-
brated intensity (power) in each spectral channel recorded as

1) https://hifast.readthedocs.io.
2) https://fast.bao.ac.cn/cms/article/24/.

single-precision floating point data. Additionally, the trajec-
tory of the phase centre of the feed is stored in a correspond-
ing Office Open XML Workbook (.xIsx) file. HIFAST loads
the raw spectral data from the FITS files and calibrates them
to the temperature using a noise diode as reference power in-
put. To obtain the antenna temperature of the Hr line, the
standing wave is first removed, followed by the off-source
subtraction or the removal of the baseline to eliminate the
system temperature. The temperature is then calibrated to
the flux density. Meanwhile, HiFAST calculates the right as-
cension (RA) and the declination (DEC) of each spectrum
using the three-dimensional coordinates of the feed and the
measurement time. RFI flagging and Doppler correction pro-
cedures are also included. For mapping observation modes,
such as drifting scans or OTF, the imaging process consists
of an iterative stray radiation correction and gridding. The fi-
nal cube data is saved in a standard FITS file. These modules
can be combined in different ways depending on user needs.
Detailed descriptions of these modules are presented in the
following sections.

3 Calibration procedures

The raw observation data record the detected power P of the
receiver output, comprising various contributions [3, 6, 7].
This can be expressed as:

P =gT ey
= 8(Te + Tsys) 2)
= g(Tsrc + Trec + Tsw + Tgr + Tatm + Tbg [+Tcal]), (3)

where g represents the gain of the receiving system. Ty, is
the antenna temperature induced by the flux density of the
astronomical source, including line profiles 7!"® (emission
or absorption) and a continuum contribution T5go™. Ty is the
system temperature that accounts for all other contributions.
Specifically, Tt represents the receiver’s noise temperature,

T, is the contribution from standing waves, T, arises from
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Figure 1 Flowchart of the typical HiFAST calibration and imaging process.

ground radiation, Ty, is the atmospheric contribution, Tpe
includes the cosmic microwave background and the Galactic
emissions, and T, is the calibration noise injected by a noise
diode for calibration purposes. The term 7, only contributes
when the noise diode is activated. Previous studies detail the
signal path in the telescope [2, 8, 9].

For scientific analysis, the raw data are calibrated to trans-
form power P to temperature 7 using a noise diode as ref-
erence power input (see sect. 3.1). Subsequently, the line
temperature 71" is derived (refer to sect. 3.2). A standard
source with known flux density is used to convert the tem-
perature to the flux density (see sect. 3.3). This calibration is
applied to each spectrum, obtained under different beams and
polarizations (XX and YY). Figure 2 illustrates this calibra-
tion for 2200 spectra in polarization mode XX. The following
subsections describe each calibration stage in detail.

3.1 Temperature calibration

FAST utilises a noise diode with a known temperature (ap-
proximately 1 or 10 K) to measure the gain (g) and calibrate
the recorded power to temperature. The stability of the gain
g can be maintained for several minutes, with fluctuations
on the order of a few percent for FAST [3]. Consequently,
the noise diode needs to be periodically injected, such as for
1 s every 5 min. Within each injection period, the measured

gain, denoted as g, can be determined using the equation:
[Pealon — Pz:iroff]smO(v)

TSmO(V) 4

cal

&m )= 4

where T, represents the pre-measured temperature of the
noise diode®, Pea on corresponds to the power measured with

Gridding

RFI flagging

near

the noise diode activated, and Pl g represents the power of
the closest spectrum obtained with the noise diode deacti-
vated, close in time to Py ,,. The term “smo” denotes the
process of smoothing the frequency-dependent power and
temperature of the noise diode along the frequency v (i.e.,
channel) using a Gaussian filter or moving average. This
smoothing reduces the variance induced by random noise.
The typical smoothing width is 2 MHz, which covers 263
channels in wide-band data® with a frequency resolution of
7.6 kHz.

The calibration of power to temperature for the spectra ob-
tained when the noise diode is deactivated is performed using
the equation:

Peal off
gm(»)

For the spectra obtained when the noise diode is activated
(with the contribution from the noise diode subtracted), the
calibration of power to temperature is given by

®)

Teaon(v) =

Peat.on
gm(v)
where g, represents the nearest measured gain in time.

An example of the temperature calibration process is
shown in the top two panels of Figure 2. The power of the
spectrum is shown in the first rows, Al and A2, while the
calibrated temperature of the spectra is presented in the sub-
sequent rows, B1 and B2.

Tealon (V) = - Tcalsmo(y)’ (6)

3.2 Source temperature

The temperature 7 obtained by gain (g) calibration is the
composition of the target astronomical source temperature

3) https://fast.bao.ac.cn/cms/category/telescope_performence_en/noise_diode_calibration_report_en;/.

4) https://fast.bao.ac.cn/cms/article/26/.
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Figure 2

(Color online) An example of typical calibration process for one polarization of spectra from one beam taken in a mapping scan. Left panels:

waterfall plots, i.e., power (A), temperature (B, C, and D), and flux density (E) as a function of frequency v and spectral record number, for 2200 continuous
spectral records. Each spectrum is recorded with a 0.5-s exposure time. Right panels: the average of 10 consecutive records (corresponding to 5 s of integration
time, depicted in blue lines) selected from the left panels. The smoothed spectra are shown in orange lines for enhanced clarity. The arrows between the panels
indicate the sequence of procedures: A—B (refer to sect. 3.1) involves calibrating the raw power data to the temperature of the spectra using the noise diode;
B—C entails the removal of standing waves via the FFT-filter method; C—D involves baseline subtraction; and D—E includes calibrating the temperature to

the flux density using a stable standard flux calibrator.

T and the system temperature Tys. T potentially includes
line profiles T!i"® (emission or absorption) and a continuum
contribution 75", In studies of H1 the primary objective is
to determine the line profile contribution !¢,

To obtain T, there are two approaches that can be

used. The first method involves measuring Ty by observ-
ing a blank sky region as an off-source measurement [6].
This measurement is subtracted from the total temperature
T. Subsequently, a polynomial baseline fitting can be applied

to eliminate the continuum contribution (including 753" and
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potential changes in Ty) to extract line profiles. The sec-
ond method involves fitting a baseline directly onto source-on
spectra across frequencies and then subtracting it, effectively
removing both Ty, and the continuum contribution.

However, both techniques have limitations. It can be dif-
ficult or even impossible to select off-source observations in
certain cases, such as extended sources like M31 or the ubiq-
uitous Hr lines of the Milky Way. Additionally, fitting the
baseline can be a challenge when Ty, has a complex fre-
quency dependence. To address these issues, HIFAST has
modules designed to handle these two methods, depending
on the specific situation.

In particular, T, which is involved in these methods,
varies slightly over time (see details in Figure 3 of sect. 3.2.1
and Paper III), leading to different Ty values in the off-
source and on-source observations. The primary standing
wave in FAST exhibits a period of about 1 MHz, which is
comparable to or smaller than the width of numerous source
signals. Consequently, it cannot be eliminated during base-
line fitting either. Therefore, a separate method is needed to
eliminate it (sect. 3.2.3).

In the following subsections, we describe the required
modules separately in detail.

3.2.1 Off-source subtraction

The estimation of the off-source spectrum is different in the
tracking and mapping modes. We will explain these two ap-
proaches below.

In tracking mode, position switching is commonly used
to acquire blank sky information. This involves the tele-
scope observing the target object for a certain amount of time
and then moving to a blank sky region for an equal dura-
tion as an off-source observation. An example of this data
processing is illustrated in Figure 3. The top panel displays
the temperature-calibrated spectrum of the on-source (blue)
and off-source (orange) observations, with a Ty of approx-
imately 19.06 K, including a sine standing wave. Addition-
ally, an H1 emission line is present at a frequency of approx-
imately 1388.5 MHz. The middle panel shows the results of
subtracting the off-source spectrum from the on-source spec-
trum. The temperature of the baseline is now close to zero,
as most of the Ty, has been removed. However, a minor
residual sine wave remains, caused by the phase shift of the
standing wave with time. This can be eliminated using the
sine fitting method described in sect. 3.2.3, as seen in the bot-
tom panel. An alternative approach would be to remove the
standing wave before performing the off-source subtraction,
as the standing wave in the off-source observations differs
from that in the on-source observations.

May (2024) Vol. 67 No.5 259514-5
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Figure 3 (Color online) An example of off-source subtraction in position-
switching tracking mode. The top panel shows the calibrated temperature
of on-source (blue) and off-source (orange) observation, which is a blank
sky region close to the source. The middle panel shows the target spectrum
obtained by subtracting the off-source from the on-source spectrum. The
bottom panel illustrates the result after removing the residual standing wave.

In drifting scans and OTF mapping observations for point
or small extended sources, off-source observation should be
carefully selected [6, 10] in general. The “MinMed” method
is usually used in this process. This method was introduced
by refs. [11, 12] and has been used in a number of investi-
gations [13, 14]. The process involves dividing the scanned
spectra into segments over time for each channel, calculating
the median value for each segment, and then selecting the
minimum of these medians as the off-source spectra. The me-
dian value is unaffected by the on-source spectra data when
the angular size of the sources is sufficiently small compared
with the area covered by each segment. Figure 4 shows an ex-
ample of data processing in this method, where the waterfall
plot and the average of 10 consecutive records near the tar-
get source are shown in the left and right panels, respectively.
Initially, we applied the “MinMed” method to estimate and
subtract the off-source from temperature-calibrated spectra.
The resulting waterfall plot for a portion of the scanning
data is displayed in the left panels. Notably, a source was
present at a frequency of approximately 1384 MHz, located
near the 325th spectral record. In addition, a few spectra with
elevated continuum levels are present around the 329th and
340th spectral records. To further refine the data, we removed
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removed; middle panels: spectra applied with the MinMed method; bottom
continuum contribution in the source and other possible origins.

a lower-order polynomial baseline from each spectrum using
the method described in sect. 3.2.2. The refined result can be
found in the bottom panels of Figure 4.

3.2.2 Baseline fitting

The baseline fitting process involves isolating the line pro-
file T!i"® by treating the continuum contribution 7" and the
system temperature component Ty as the baseline. To ob-
tain an accurate line profile, the baseline must be fitted in
a signal-free region and then removed from the target spec-
trum. In drifting scan and OTF modes, manually select-
ing a signal-free region for baseline fitting can be difficult
and time-consuming, especially when dealing with numer-
ous spectra. To address this issue, the arPLS (asymmetrically
reweighted penalized least squares smoothing) [15] method
is employed for automatic baseline fitting without having to
select a signal-free region beforehand. The arPLS method
is a type of penalized least squares method [16, 17] and is
effective even in the presence of small noise in the data.

In the arPLS method, the baseline z of a spectrum with
data points y is obtained using the following equation:

z=(W+D™D) " Wy, )

where D is the second-order difference matrix, A is a param-
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(Color online) Similar to Figure 2, but for the “MinMed” method used in off-source subtraction. Top panels: spectra with the standing wave

panels: spectra applied with a lower-order polynomial baseline fitting to remove

eter that adjusts the balance between y and z, and W is a
diagonal matrix with weight vector w of y on its diagonal.
The arPLS method iteratively adjusts and applies weights to
the data points, refining the baseline until the weight changes
become negligible or fall below a predetermined threshold.

In Figure 5, we illustrate an example of the baseline fit-
ting using the arPLS method. The top panel shows the com-
plete spectrum, while the middle and bottom panels show
the zoom-in of the upper panel for a better view. We find
that the arPLS method performs well in the Milky Way re-
gion (~1420.4 MHz in the bottom panel), the signal region
(~1385 MHz in the middle panel), and the RFI-contaminated
region (1140-1300 MHz).

However, it is important to note that the iteration of the
weight adjustment and application process in the arPLS
method is time-intensive. For a rapid and efficient fitting
of the baseline, an alternative method, arPoly, is provided,
in which eq. (7) is replaced by a polynomial fitting. This
method is significantly faster than arPLS, but is only suitable
for simple baseline situations, such as fitting TS after off-
source subtraction.

One way to improve the quality of the baseline fitting is by
stacking the spectra. Typically, the integration duration for
recording a single spectrum does not exceed 1 s. In the case
of wide-band data with a 7.6 kHz frequency resolution, noise
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Figure 5 (Color online) Baseline fitting result using arPLS. The blue and orange lines represent the spectrum and the fitted baseline, respectively. The upper
panel displays the complete spectrum, while the middle and bottom panels provide a zoomed-in view.

levels during this short integration time are typically between
0.1 and 0.3 K. These elevated noise levels can negatively im-
pact the effectiveness of baseline removal algorithms, such
as arPLS. To mitigate this issue, spectra recorded over sev-
eral minutes are combined through stacking. This method
presupposes the stability of the baseline over the duration,
allowing the fitting of a common baseline to the combined
spectra. Once this common baseline is determined and sub-
tracted, a lower-order arPoly fit can be employed on each
spectrum within the stack to adjust for any remaining base-
line variations. Figure 2 illustrates this process, where a com-
parison between panels C1 (C2) and D1 (D2) reveals the ef-
fective removal of the baseline.

3.2.3 Standing wave fitting

The standing wave Ty, is induced by signals entering the re-
ceiving system with different paths and is widely observed
in radio telescopes [18-20]. For FAST, the primary stand-
ing wave arises from the reflection between the reflector and
the receiver cabin [3], where the path length difference of
the signal is approximately 276 m (approximately twice the
distance between the reflector and the receiver cabin). This
difference results in a delay of approximately 0.92 ms and
gives rise to a standing wave with a period of approximately
1.09 MHz across the spectrum.

HiFAST provides two methods for removing standing

waves: sine-fitting and FFT-filter. Both approaches require
a preliminary baseline removal. After isolating the standing
wave, it is possible to subtract it from the spectra that in-
clude the baseline. This allows for the selective removal of
only the standing wave, enabling off-source subtraction of
the processed data.

The sine-fitting method utilizes the least-squares algo-
rithm to fit the spectrum in the signal-free region using a sine
function as follows:

Tsw(V) = ag + a;sin2rtfv + ¢), ()

where ay, a1, f, and ¢ are the standing wave’s displacement,
amplitude, frequency, and phase, respectively. The initial
guess value of f is set to ~0.92. With the baseline already
subtracted, the signal-free regions are identifiable by select-
ing temperatures below a threshold, typically several times
the root-mean-square (RMS) noise level of the spectra.

In the FFT-filter approach, the Fast Fourier Transform
(FFT) is initially applied to the spectra, followed by the iden-
tification of modes associated with standing waves in Fourier
space. The standing wave is then reconstructed through an
inverse Fourier transformation of these modes. Illustrations
of the FFT-filter technique’s efficacy in removing standing
waves are presented in panels C1 and C2 of Figure 2, which
depict a waterfall plot and a 5-s integrated spectrum, respec-
tively. Comprehensive details of the FFT-filter method, in-
cluding criteria for selecting standing wave components in
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Fourier space and its comparison with alternative methods
like running median, running mean, and sine-fitting, are elab-
orated in Paper III.

3.2.4 RMS noise level

In this subsection, we evaluate the calibration performance
by comparing the measured RMS noise level with the the-
oretical expectations. Considering that the temperature and
the RMS vary with the frequency and time, we performed
the test on 300 spectra with an integration time of 0.5 s and a
frequency ranging from 1415 to 1417 MHz.

For each spectrum, we estimate the theoretical RMS using
the following equation:

Tinput

VAVAL

where Av represents the width of the spectral channel
(7.6 kHz), and Ar denotes the integration time (0.5 s). We
selected Tippyc as the temperature 7' obtained from the tem-
perature calibration as described in sect. 3.1. To calculate
Tinput» We use the mean value of T in the frequency range,
which is typically approximately 20 K. It is important to note
that the actual RMS was considered by measuring the spec-
tra after removing the baseline and standing waves. Approx-
imately 262 channels in the frequency range were used for
the calculations.

Figure 6 presents a comparison between the theoretical
RMS (orange) and the actual measured RMS (blue) for the
XX polarization of each beam. Our analysis revealed that the
measured RMS values were slightly larger than the theoret-
ical expectations. On average, the fractional difference, cal-
culated by (RMS jyeasured "RMStheoretical)/ RMStheoretical» 19 ap-
proximately 5%, with a 1-sigma dispersion of approximately
4.5% for each beam.

RMS eoretical =

€))

3.3 Flux density calibration

Once the temperature of the line 7M™ was determined, it was
necessary to convert it into flux density by dividing it with the
gain G of FAST. The gain G can vary depending on the tele-
scope’s condition during observation. Therefore, it is essen-
tial to observe a standard source with a precisely known flux
as a calibrator observation before or after the target source
observation. The gain G is determined by calculating the
ratio of the antenna temperature to the flux density of the
calibrator. For detailed procedures on processing calibrator
observation data, please refer to Paper II.

However, observing a calibrator every time may not al-
ways be feasible due to time constraints and the availability
of calibrators. Alternatively, we can utilise a pre-measured
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gain value obtained from previous observations. A signifi-
cant concern is the accuracy of these pre-measured gains. In
Paper II, we examine the stability of gain G over an extended
period of observation. We found that using the pre-measured
gain G introduces an uncertainty of less than 3% in general,
although it can escalate to approximately 8% in certain in-
stances. We suggest that studies that need an accuracy better
than 3% in the flux density should incorporate the observa-
tion of a calibrator together with their target sources.

HiFAST provides two options for pre-determined gain val-
ues that are suitable for observations without a calibrator.
The first option, as outlined in Paper II, has a high-frequency
resolution of 5 MHz. The second option, as reported by ref.
[3], is based on observations of the stable calibrator 3C286
using 19 FAST beams at varying zenith angles during Au-
gust and December 2019. The frequency resolution in Paper
Il is finer than the 50 MHz resolution described in ref. [3].

4 RFI flagging

The signal of interest is inevitably contaminated by artifi-
cial radio emission, which is normally called RFI. This noise
is inevitable for large single-dish radio telescopes such as
FAST. The RFI in FAST can be roughly divided into three
types: harmonic RFI, wideband RFI, and narrowband RFI.

The harmonic RFI manifests as a sequence of bump sig-
nals with a coherent period in the frequency domain. Conse-
quently, this kind of RFI disrupts the entire frequency range
and effectively obstructs the channels of the target signal. We
have detected several instances of such harmonic RFI. In this
work, we provide a brief overview of an example with a pe-
riod of approximately 8.1 MHz, which previously posed sig-
nificant challenges to early H1 observations of FAST. Further
information regarding other periods associated with this type
of RFI can be found in Paper III.

The 8.1 MHz harmonic RFI has a width of about 1 MHz
and a period of approximately 8.1 MHz. In fact, there are
two or three sets of harmonic RFI with an 8.1 MHz period
in the spectra. Therefore, they can be easily identified as
non-harmonic RFI [3,21]. These sets of 8.1 MHz harmonic
RFI spread over the entire bandwidth of the 19-beam L-band
receiver, significantly impacting the observation of faint H1
sources. In the top panel of Figure 7, these RFIs are clearly
visible in the waterfall plot (indicated by yellow and green
vertical strips) and in the Fourier space of the 10-s integrated
example spectrum (as high spikes). Specifically, the waterfall
plot shows two groups of 8 MHz harmonic RFI, with the po-
sitions of the bumps marked by red square and triangle mark-
ers. Fortunately, the source of this RFI has been identified in
the three sets of compressors in the cabin and was shielded
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Figure 7 (Color online) The 8.1 MHz harmonic RFI in the comparison of sample data observed before July 2021 (top panels) and after that (bottom panels).
The left panels show the waterfall plot, i.e., temperature (coded by colour) as a function of frequency and the spectral record number for 500 spectra. The red
square and triangle markers in the top left panel denote the position of two groups of 8.1 MHz RFIs, which disappear in the bottom left panel. The right panels
show the Fourier space of 10-s integrated spectra selected from the corresponding left panel.

in July 2021. The bottom panels show the results observed
after July 2021. The interference disappeared in the waterfall
plot, and only the 1 MHz standing wave component (0.92 ps)
remained.

The wideband RFI is caused by satellites or civil avia-
tion in the sky, and primarily affects the spectra in the fre-
quency range between 1155 and 1295 MHz. The probability
of occurrence can reach 70%, and even 99% based on sta-
tistical analysis [21] (based on ~300 h of FAST observation
data). Observations in this frequency range should generally
be avoided when using FAST. If necessary, a thorough check
should be conducted before the observation by referring to
ref. [21].

The narrowband RFI typically affects only one or two
channels in spectra stored in the wide-band data with a fre-
quency resolution of 7.6 kHz. An example can be found in

the left panels of Figure 8, the region near 1375 MHz. The
narrowband RFI was significantly reduced after April 2019
with the installation of electromagnetic shielding [3], and
there are only a few narrowband RFI left across the entire
bandwidth (Figure 24 of ref. [3]).

HiFAST provides several automatic processes to mask the
RFI considering that the RFI is different from the H1 signal
in the polarization, time domain, and the possibility of accru-
ing 19 beams. Usually, H1 emissions are not polarized and
tend to last for a short time, not across multibeams.

As an example, Figure 8 displays a receipt to mask the
RFI at 1381 MHz related to GPS L3 emissions [22,23] in the
left panels, and a wideband RFI larger than 1300 MHz pos-
sibly caused by geostationary satellites in the right panels.
The upper panels illustrate the spectra temperature (coded by
colour) in the frequency-time plane, and the bottom panels
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Figure 8 (Color online) RFI flagging procedure for two different spectral frequency ranges. Each panel shows the spectra temperature (coded by colour) as a
function of frequency and time. The upper panels show the original spectra, and the bottom panels show the corresponding RFI candidates are flagged as blank
regions. Note that the regions near 1420 MHz are the Milky Way emissions, which are not flagged as desired.

show the corresponding flagged RFI regions for RFI candi-
dates as blank areas. The three regions centred at a frequency
of 1380 MHz and located near the 550th, 1460th, and 1500th
positions are examples of wideband RFI due to GPS L3 emis-
sions. We identified and flagged them mainly based on their
abrupt changes in time at the beginning and end of their oc-
currence. The right panels demonstrate a type of RFI that ap-
peared sporadically over a wide frequency range larger than
50 MHz. The regions around 1420 MHz were kept because
they were H1 emissions from the Milky Way.

Certainly, automatic processes cannot identify all RFI. Hi-
FAST offers a manual approach as a supplementary method
to mask RFI. This involves selecting box regions to cover the
RFI in the waterfall plots viewed in CARTA [24].

5 Doppler correction

In FAST, observations occur in a topocentric mode, where
the reference frame aligns with the telescope’s geographical
position. This frame differs from the standard in astrophysi-
cal research because it does not account for Earth’s rotation,
its orbital motion around the Sun, or the solar system’s tra-
jectory within the Milky Way. To rectify this and correct for
the Doppler effect in the spectrum, a transformation to an
alternate reference frame is necessary. HiFAST offers two
such frames: the Heliocentric frame, considering Earth’s ro-
tation and orbit around the Sun, and the Local Standard of
Rest (LSR), which additionally incorporates the solar sys-
tem’s motion relative to nearby stars.

Doppler correction varies depending on the time of obser-
vation, the pointing position in the sky, and the telescope’s
location. Although this variation might be minor in track-
ing mode, it is crucial in scanning mode, especially when

spanning a wide sky area or conducting observations on dif-
ferent days. Therefore, in HiFAST, the Doppler correction
is applied individually to each spectrum. Subsequently, all
spectra are interpolated onto a uniform frequency sampling
grid.

6 Imaging procedures

6.1 Stray radiation correction

The stray radiation arises from H 1 emission entering the tele-
scope receiver through the side lobes, rather than the main
beam. In order to accurately determine the flux of the target
sources, it is essential to take into account the effect of stray
radiation. The measured temperatur 7, consists of two parts:
one from the main beam (MB) and the other from the stray
pattern (SP). Our algorithm does not attempt to resolve the
temperature distribution in the main beam, but rather derives
a beam-averaged brightness temperature T}, by solving the
following equation:

Ta(x,y)
MB
1

IMB

Tp(x,y) =

P(x=x',y=y) Ty (+',y") dx'dy’,  (10)
Sp
where P(x,y) denotes the beam pattern and 7y represents
the main beam efficiency, defined as:

- f P(x, y)dx dy. (11)
MB

This procedure is described in more detail in several pub-
lications, such as refs. [25-28]. In HiFAST, the correc-
tion is confined to near-field stray radiation and utilises the
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beam pattern, P(x,y), from the observational results of Radio
Galaxy PKS 0531+19 as described in Paper IV. We imple-
ment iterative processes, beginning with the observed T, (x, y)
as an initial approximation of Ty(x,y) on the right side of
eqg. (10), and then substituting the outcome into the subse-
quent iteration. This correction process is applied separately
to each spectrum and each beam, but T, (x, y) is updated si-
multaneously in the entire target range before the next itera-
tive round.

This comprehensive procedure in HiFAST can be found
in Paper IV. In Paper IV, we also provide the beam pattern
for each beam and a thorough examination of the stray ra-
diation correction on the extended source M33 and point
sources. After the stray radiation correction, the flux of point
sources increases from 3% to 6% depending on the beam
used, whereas the flux of some part of the extended source
could be affected by more than +10%.

6.2 Gridding map

To obtain different moment plots of the target source or re-
gion, the observed spectra should be properly assembled into
a three-dimensional cube. The different moment plots can
then be obtained by integrating the cube. The Nyquist sam-
pling criteria for the number of spectra should be satisfied
as the first principle. For FAST, the On-The-Fly (OTF) map-
ping and drift scanning observation modes have been meticu-
lously designed to meet the Nyquist sampling criteria. This is
achieved by rotating the 19-beam receiver at a specific angle,
as detailed in sect. 4.1 of ref. [3].

To assemble the individual spectra into cube data, nor-
mally one needs to assign the proper spectra into a regular
grid in the Right Ascension (RA)-Declination (DEC) plane.
This process is similar to creating a map of the sky, in which
each grid point contains a single assembled spectrum. The
initial step involves generating a World Coordinate System
(WCS) header [29]. The WCS is a standard framework in as-
tronomy that associates a physical coordinate (here, RA and
DEC) with each pixel in an image. This header corresponds
to a regular grid based on the RA and DEC ranges of the
input spectra.

For each pixel in the grid, we consider the spectra located
within a distance r from the pixel, where r is less than a pre-
defined cutoff distance r.,. These spectra contribute to the
assembled spectrum in the pixel using a proper weighting
method. This process ensures that only the relevant data are
included for each grid point. The corrupted spectra are dis-
carded to maintain the integrity of the data.

A weight wy is assigned to each remaining spectrum using
a Gaussian or Bessel*Gaussian kernel, following the method
in ref. [30]. This weighting process takes into account the
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distance r of each spectrum from the grid point and the beam
size to ensure the appropriate scaling of the data.

The spectrum S on the grid is then calculated using the
following formula:

l n
S = o ; wi(r)S 4, (12)

where S; represents the remaining spectra. The resulting
3D RA-DEC-velocity or RA-DEC-frequency cube data are
stored in a standard FITS file. For the integration of the cube
at different moments along different dimensions, one could
obtain the H1 density map, position-velocity map, velocity
map, and velocity dispersion map, which are widely used
to investigate the physical processes occurring in the target
sources.

7 Test results

This section presents the results of scientific tests that demon-
strate the calibration and imaging performance of HiFAST.
First, we provide a brief introduction to the observation data
used. Then, we discuss the results for the extended source
(M33 galaxy) and point sources separately.

The observed sky covers the regions with —5.2° < RA <
27° and 29.0° < DEC < 36.5°. Within this region, M33, one
of the galaxies closest to us, is prominently situated. Its posi-
tion and the extensive observations previously conducted by
the Arecibo telescope make it an exemplary target for our test
on extended sources. At the same time, this specific celestial
region overlaps significantly with the Arecibo Legacy Fast
ALFA (ALFALFA) [23,31], carried out using the Arecibo
telescope, making it equally suitable for the examination of
point sources.

Drift scanning was utilised to observe these target regions.
The 19-beam receiver array was rotated by 23.4° during scan-
ning to satisfy the Nyquist sampling criterion. To calibrate
the temperature, a high noise diode (~10 K) was injected for
a duration of 2 s every 5 min. The quasar 3C48, which is
close to M33, was observed on the same day as the flux cali-
brator. Each beam recorded the spectra at an exposure time of
0.5 s. The frequency resolution was approximately 7.63 kHz,
corresponding to a velocity resolution of approximately
1.61 km s~! at 1420 MHz.

7.1 Himap of M33 region

7.1.1 Data reduction

The raw data were processed using the HIFAST modules de-
scribed in this paper (see also Figures 1 and 2). Specifically,



Y. Jing, et al. ~ Sci. China-Phys. Mech. Astron.

the system temperature was removed by combining the base-
line and standing wave fitting. The spectral channels were
shifted to the heliocentric frame. The pixel size was set to
1’ during gridding, and spectra within a radius of 4.14" were
considered with a weight of a Gaussian kernel with a sigma
of 1.38’. Eventually, we obtained a data cube with a velocity
range of —1500 to 500 km s~!.

7.1.2 Comparison with AGES

We compared our data cube with that of the Arecibo Galaxy
Environment Survey (AGES) [32]. To maintain consis-
tency, we used the same pixel size (i.e., 1”) and grids in the
RA-DEC plane as the data cube® from AGES. Since these
two observations have different beam sizes, we convolved
our data cube to match the beam size of the AGES. Dur-
ing this process, we assumed the beam shape to be a two-
dimensional Gaussian function with a full width at half max-
imum (FWHM) equal to the beam size. Consequently, this
assumption and the measurement of the beam size affected
the comparisons related to the flux density.

We binned the spectral channels by a factor of 3, re-
sulting in a change in the velocity resolution from 1.61 to
4.83 km s~!. This adjustment brings our resolution closer
to the 5.2 km s~! resolution of AGES. Subsequently, we
aligned our data cube with AGES by interpolating it onto
the same frequency sampling grid. We subtracted a linear
baseline along the RA direction for each channel in the cube
data to adhere the treatment on H1 of Milky Way in AGES.
To further minimize interference from the Milky Way, we
computed the Moments in the velocity range of —350 to
—75 km s~ L. Additionally, during the calculation, we used
a mask thresholding at 5o of the noise of the spectra dur-
ing the calculation process to reduce potential data artifacts.
Our analysis revealed a systematic velocity offset of approxi-
mately 4.75 km s~! between the FAST and AGES data, which
falls within the velocity resolution of AGES. This offset,
which likely arises from differences in velocity resolution,
is discussed in detail in Appendix. We have adjusted for this
systematic offset in our comparative analysis to ensure accu-
racy.

In Figure 9, we present a comparison of the integrated
flux density (Moment-0) and the intensity-weighted veloci-
ties (Moment-1) in the left and right panels, respectively. The
top and middle panels illustrate the H1 maps acquired from
the FAST and Arecibo data, respectively. The third row dis-
plays a map showing the fractional difference between these
observations, while a scatter plot is used for pixel-by-pixel
comparisons.

5) http://www.naic.edu/~ages/public_data.html.
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The Moment-0 maps clearly demonstrate the structural
similarities between the inner and outer regions of M33 in
both observations. To quantify this agreement, a measure
of the fractional difference is used, which is typically less
than 10%. This scatter is likely attributable to systematic dif-
ferences between the two telescopes, encompassing factors
such as facility stability, receiver efficiency, and variations
in post-processing of the data, among others. One notable
source of this scatter is the dissimilar beam shapes of the two
telescopes. FAST is equipped with 19 beam receivers, and
apart from the central beam (beam 0), the shapes of the other
beams are irregular, with slight differences in the beam size
(refer to ref. [3] and our Paper IV for more details). We note
that the relatively high fractional difference in certain pixels
far away from M33 disk is due to the interference from the
Milky Way and the velocity cut-off at =75 km s~!. This will
introduce a non-negligible error in the determination of the
Moment-0 and subsequent Moments calculations.

The Moment-1 maps also exhibit a significant level of sim-
ilarity in their structure, and most of the pixels in the frac-
tional difference map deviate by less than 5%. However, it
is worth mentioning that the median fractional difference is
close to zero and does not show a strong correlation with the
velocity values.

Furthermore, we compared the weighted velocity dis-
persion (Moment-2, left panels) and position-velocity maps
(right panels) of both datasets, as depicted in Figure 10. For
Moment-2, the maps displayed a satisfactory level of agree-
ment on structure. Pixel-by-pixel analysis shows that the me-
dian fractional difference is approximately 4%. Furthermore,
the absolute difference is minor, approximately (0.6 km s™!)?.
Analogous to the Moment-0 maps, the typical discrepancies
in the flux density for each positive-velocity pixel were also
below 10%.

In summary, considering the systematic differences be-
tween the two datasets, the agreement on Moments 0, 1, 2,
and the position-velocity map is quite noteworthy.

7.2 Hi1 point sources

7.2.1 Data reduction

In this section, we analyse the FAST detected point sources
within the frequency spectrum of 1300 to 1415 MHz. This
particular frequency range has been selected due to its near
absence of RFI and its overlap with ALFALFA [23,31]. As
the angular size of most galaxies in this frequency range is
smaller than the FAST’s beam size, we use the “MinMed”
method to fit the off-source observation in system tempera-
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ture removal (see sect. 3.2.1). The remaining processes were
the same as those used to process the M33 H1 data cube. The
sources were identified using SOFIA 2 software [33, 34].

7.2.2 Comparison with ALFALFA

In this subsection, we compare the properties of the detected
sources with the ALFALFA catalogue. The flux density S,

from each source is measured by spatially integrating the
spectra s, in the pixels as following [35], given by

S S, (A, Ay)
2y 2y, B(AX, Ay)
where the numerator is the sum of s, over a selected solid an-

gle covered by the region within the chosen isophotal fit [23]
and the denominator is expressed as the sum of a centred,

Sy

Jyl, (13)
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extracted along the line of RA = 01h33m51s.

grid-sampled beam in the same region. The total integrated
Hi line flux density Sip in Jy km s~! is then summed over
all velocity ranges covered by the signal. Meanwhile, the
signal-to-noise ratio S/N and the error of S;, are calculated
using the same method used in ref. [23].
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(Color online) Similar to Figure 9, but for Moment-2 (left panels) and the position-velocity map (right panels). The position-velocity maps are

We cross-matched our sources with the ALFALFA based
on their positions in the sky and the centre velocity. As
ref. [23] pointed out, the pipeline algorithm used for the
ALFALFA catalogue may miss flux from very extended or
highly asymmetric sources [23]. For a fair test, we limit



Y. Jing, et al.

the comparison to point sources with a characteristic size of
the H1 disk smaller than 2’ (similar to ref. [36]), which is
less than the beam size of two telescopes. The characteristic
size is estimated using the H1 size-mass relation in ref. [37].
We also limited the sample to S/N>10. This resulted in 221
sources matched from both datasets.

First, two examples of spectra comparison are presented in
Figure 11. The spectra’ RMS noise are indicated on the la-
bels. We notice that the spectra from FAST had lower RMS
values with mean values of approximately 1.47 and 2.24 mJy
for FAST and ALFALFA in 221 sources, respectively. Both
observations were performed using the drifting scan mode.
While the sampling spacing in DEC is around 1.05" [38]
in ALFALFA’s two-pass strategy, which is smaller than the
spacing of approximately 1.14" in our FAST one-pass obser-
vation. This indicates a slightly longer integration observa-
tion time in ALFALFA. Given the shorter integration time
and lower RMS noise, FAST demonstrated excellent perfor-
mance in observing H1.

In Figure 12, we compare the integrated Hr line flux
density Siy for 221 sources. The top panel displays
the scatter plot of S, (FAST) versus Si(ALFALFA),
while the bottom panel shows the fractional difference
Sint(ALFALFA)/S i,i(FAST)—1 as a function of S;,(FAST).
The data points are in close agreement with the equal value
line (red line), with a mean fractional difference of ap-
proximately —0.005% and a dispersion of 15.4%. The
scatter of the differences showed a slight dependence on
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Figure 11  (Color online) The spectra of two example galaxies detected
in ALFALFA (blue lines) and FAST (orange lines). The x-axis represents
the optical velocity, corrected for the Heliocentric rest frame. Labels also
include RMS noise of the spectra. The ALFALFA AGC number for each
source is indicated in the top-right corner of the plot.
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Figure 12 (Color online) Comparison of integrated H1 line flux between
FAST (this work) and the ALFALFA catalogue. The colour codes the signal-
to-noise ratio of the source in FAST. Top panel: scatter plot of S (FAST)
versus Sint(ALFALFA); bottom panel: fractional difference as a function of
Sint(FAST). The red line in the top panel is a one-to-one relation and in the
bottom panel the fractional difference equals 0.

flux: 16.1% for S (FAST) < 2.5 Jy km s~! and 11.7% for
Sin(FAST) > 2.5 Jy km s

Given that the data from ALFALFA and FAST were ob-
tained from different facilities and processed through dis-
tinct pipelines, the scatter observed in the comparison be-
tween the two datasets could potentially be induced from var-
ious sources. These include differences in baseline complex-
ity, uncertainties in beam shape, the multibeam synthesis (7
beams in ALFALFA and 19 beams in FAST), and uncertain-
ties in source parameter estimation from the data cube. To
estimate the inherent systematic error in FAST with HiFAST,
we conducted a meticulous examination of multiple observa-
tions of the same sources. A 10 square-degree region of the
sky was scanned seven times over a few months, leading to
the identification of 23 sources.

In Figure 13, we illustrate the 1-sigma dispersion of inte-
grated Hr line flux density S, measured in seven observa-
tions as a function of the mean value. The error for the dis-
persion is estimated using the bootstrap resampling method.
For sources with Sy > 2.5 Jy km s™!, the dispersion is less
than 5%. However, for Sy < 2.5 Jy km s~!, the disper-
sion increases to approximately 10% as the uncertainty in
the calibration procedure (particularly in system temperature
removal operations) becomes more pronounced for fainter
sources.
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Figure 13  (Color online) Multiple observation results for 23 sources. The
x-axis and y-axis denote the mean and 1-sigma dispersion of integrated H1
line flux density measured in 7 times observations, respectively. The error
bars are estimated by the bootstrap resampling method. The colour codes the
mean signal-to-noise ratio.

8 Code implementation and parallelization

HiFAST is written in Python programming language [39],
using the Python standard library and several third-party li-
braries: NumPy [40] and SciPy [41] for data structure and
calculating; Astropy [42] for the calculation of RA-DEC and
Doppler correction; Matplotlib [43] for diagnostic plotting;
and hS5py [44] for intermediate data storage (a comprehen-
sive list is available on our website). HiFAST is an ongoing
project, and its dependencies may change in the future.

Parallel calibration is a critical feature in HiIFAST because
of the significant amount of data recorded by the 19-beam
receiver of FAST. The data from the 19 beams were stored in
separate files, and the majority of the procedures described
previously were performed on each beam. This allowed Hi-
FAST to facilitate a streamlined simultaneous calibration.
For certain time-consuming calibration processes, e.g., base-
line fitting, stray radiation correction, and gridding, we em-
ployed the multiprocessing package to parallelize the calibra-
tion on each spectrum or the computation of the spectrum at
each grid point.

9 Discussion and summary

We have presented HiFAST, a pipeline for processing H1data
obtained from FAST observations. This pipeline is compat-
ible with tracking, drift scanning, and OTF mapping modes,
as well as most of their variants. HiFAST provides modular
tasks to calibrate the raw data and create a data cube from
the spectra. These tasks include temperature calibration with
a noise diode as reference power input; system temperature
removal using the “MinMed” method, baseline and stand-
ing wave fitting; flux density calibration by using a calibra-
tor observed on the same day with the target or applying a
predetermined gain function with zenith angle; an automated
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process to mask common RFI; Doppler correction of spectra
from topocentric to Heliocentric or LSR reference frame; an
iterative process to correct stray radiation; and interpolation
of spectra to a regular grid of a data cube.

To assess the performance of HiFAST, we used Hr1 data
from the extended source M33 and point sources within the
1300-1415 MHz frequency range. After processing this raw
data with the pipeline, we produced an H1image of M33 and
a catalogue of point sources. Our comparison of the M33
data with the AGES results showed similar structures in the
moment maps (0, 1, and 2), with a median fractional dif-
ference of less than 10%. Additionally, we cross-matched
our point sources with the ALFALFA survey catalog. In
a common sample of 221 sources with a S/N ratio greater
than 10 from both datasets, the mean fractional difference
in integrated flux density Sy was approximately 0.005%,
with a dispersion of 15.4%. This dispersion varied with
the value of Siy: 16.1% at S (FAST) < 2.5 Jy km s~!
and 11.7% at S (FAST) > 2.5 Jy km s~!. Using multiple
observations with FAST, we estimated the inherent system-
atic uncertainty of HiFAST to be less than 5% for sources
with Sipe > 2.5 Jy km s~! and about 10% for those with
Sine < 2.5Jy km sl

HiFAST has been successfully employed to process the
FAST data in a number of studies, such as the FAST All Sky
Hr1 survey (FASHI) [45], M106 [46], M51 [47], DDO168
[48], M94 [49], and NGC4490/85 [50]. While HiFAST fo-
cuses mainly on processing the H1 data, its capabilities can
be readily extended to handle OH line (Zhang et al. submit-
ted) and ultra-wide band (UWB) data from FAST [51] in the
future.
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Appendix Velocity comparison with GALFA-H 1

In sect. 7.1.2, we found that there is a systematic offset of
about —4.75 km s~! between the FAST and AGES data. Af-
ter accounting for this offset, the Moment-1 comparison dis-
played consistency, as shown in Figure 9. In this section, we
further expand our comparison by comparing the data from
FAST to the data from the Galactic Arecibo L-band Feed Ar-
ray H1 Survey (GALFA-H1) [52]. GALFA-H1 also utilizes
the Arecibo telescope but has a higher velocity resolution of
approximately 0.7 km s~!. Figure al illustrates the Moment-
1 comparison between FAST and GALFA-H1. The median
difference is approximately 0.52 km s~!, which is smaller
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than the difference between FAST and AGES. This suggests
that the velocity resolution may contribute to this systematic
veloctiy offset.
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Figure al  (Color online) Similar to the right panels of Figure 9, but for

comparison of data from FAST (this work) and Arecibo (GALFA-H1) with-
out velocity adjustment.
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