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Abstract We report on the continuum and polarization observations of the Cygnus Loop supernova
remnant (SNR) conducted by the Five-hundred-meter Aperture Spherical radio Telescope (FAST). FAST
observations provide high angular resolution and high sensitivity images of the SNR, which will help to
disentangle its nature. We obtained Stokes I, () and U maps over the frequency range of 1.03 — 1.46 GHz
split into channels of 7.63 kHz. The original angular resolution is in the range of ~ 3’ — ~ 3’8, and we
combined all the data at a common resolution of 4’. The temperature scale of the total intensity and the
spectral index from the in-band temperature-temperature plot are consistent with previous observations,
which validates the data calibration and map-making procedures. The rms sensitivity for the band-averaged
total-intensity map is about 20 mK in brightness temperature, which is at the level of confusion limit. For
the first time, we apply rotation measure (RM) synthesis to the Cygnus Loop to obtain the polarization
intensity and RM maps. The rms sensitivity for polarization is about 5 mK, far below the total-intensity
confusion limit. We also obtained RMs of eight extragalactic sources, and demonstrate that the wide-band
frequency coverage helps to overcome the ambiguity of RM determinations.
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1 INTRODUCTION The polarization properties of the two shells are distinct.
The northern shell is almost totally depolarized at 1.4 GHz,
whereas the depolarization is low toward the southern
shell. At higher frequencies such as 5 GHz, both shells
show strong polarized emission. However, the magnetic
field is nearly tangential to the northern shell but mainly

perpendicular to the southern shell. The difference in

Supernova remnants (SNRs) are primary extended radio
sources in the Milky Way Galaxy. Radio continuum and
polarization observations of SNRs help us to understand
their evolution and the magnetic fields in both SNRs and
the Galactic interstellar medium.

The Cygnus Loop (G74.0—8.5) is a large SNR located
at high Galactic latitude, which makes it less obscured
by strong emission from the Galactic plane. This SNR
has therefore been extensively observed. In radio band,
the Cygnus Loop consists of two bright spherical shell
structures centered around similar right ascension (RA).

polarization morphology of the two shells led Uyaniker
et al. (2002) and Sun et al. (2006) to propose that these
two shells of the Cygnus Loop are actually two individual
SNRs with mutual interactions. High angular resolution
and high sensitivity radio continuum and polarization
images of the Cygnus Loop, and the maps of spectral
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indices and rotation measures (RMs) derived from these
images will help to differentiate the two shells and
therefore shed light on the nature of the SNR.

A large field of view is required for mapping extended
objects such as the Cygnus Loop with an angular size of
about 4° x 4°. Multi-beam receivers have been widely
used to increase the field of view and hence the survey
“speed”. The L-band 13-beam receiver at the Parkes 64-
m telescope (Staveley-Smith et al. 1996) has made huge
impacts by delivering the pulsar survey that discovered
more than half of the known pulsars (Camilo et al.
2000), the southern-sky Galactic HI survey (McClure-
Griffiths et al. 2009) and the southern-sky extragalactic
HI surveys (Staveley-Smith et al. 2000). The L-band 7-
beam receiver at the Arecibo 305-m telescope was also
successful in conducting the HI survey (Giovanelli et al.
2005; Peek et al. 2018) and the continuum survey (Taylor
& Salter 2010). Also at the Effelsberg 100-m telescope
an L-band 7-beam prime-focus receiver is extensively
utilized for pulsar observations (Barr et al. 2013). The
Five-hundred-meter Aperture Spherical radio Telescope
(FAST, Nan et al. 2011) is equipped with a 19-beam L-
band receiving system, which is the largest multi-beam
receiver of its kind.

FAST is the largest single-dish telescope in the world
and has been conducting scientific observations since
2020. Jiang et al. (2019) and Jiang et al. (2020) presented
a detailed description of the technical specifications and
performance of FAST. Its large collecting area guarantees
high angular resolution and sensitivity. The 19-beam L-
band receiving system at FAST largely increases the survey
“speed” so that extended objects such as the Cygnus Loop
can be imaged. The Commensal Radio Astronomy FAST
Survey (CRAFTS)' is one of the FAST legacy projects to
simultaneously deliver all-sky surveys of pulsars, Galactic
and extragalactic HI, and continuum and polarization (Li
et al. 2018). A summary of the scientific achievements and
perspective of FAST was presented by Qian et al. (2020).

In two papers, we present new continuum and
polarization observations of the Cygnus Loop conducted
by FAST. In this paper, we focus on data processing and
verification, aiming to demonstrate the imaging capability
of FAST. In Paper II, we will present a detailed analysis of
the nature of the Cygnus Loop. The paper is organized as
follows. We describe the observations and data processing
in Section 2, present results and verification in Section 3,
and summarize the results in Section 4.

I https://crafts.bao.ac.cn/
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2 OBSERVATIONS AND DATA PROCESSING

The observations were conducted during the commis-
sioning of FAST as a shared-risk project (code: 2019a-
125-C). The drifting-scan mode (Jiang et al. 2020) was
applied to map the Cygnus Loop. In this mode, the L-
band 19-beam receiver at the focus of FAST is rotated
by 23.4°, so that a scan covers a width of about 20/
with full Nyquist sampling. The scanning velocity is about
15’/ cos(d) min~?, where § is the declination. We mapped
the Cygnus Loop in the RA direction only. In total, 15
drifting scans were made in four time slots in 2019: April
29, May 2, May 4 and May 12. With the mode of “on-the-
fly” mapping, we also made maps of the compact radio
sources 3C 138 and 3C 48 with each individual beam for
calibration. The total observation time was about 12 hr.

The 19-beam receiver was installed at the focal feed
cabin supported by six cables (Jiang et al. 2019). By tuning
positions of the feed cabin and the active surface reflectors,
a paraboloid of 300-m diameter is formed pointing to the
target direction. The signal is converted to an optical signal
in the cabin, transferred via an optical fiber to the control
room, converted back to an electric signal and digitized.
The entire FAST backend contains 12 ROACH-2 backends
that enable simultaneous data recording of spectral lines,
wide band continuum and polarization, and pulsars (Jiang
et al. 2019).

The data dumping rate is about 1 s. A linearly
polarized reference signal produced by a diode is injected
into the system every other 1 s, which is used to establish
the temperature scale and correct the system drifting
during scans. The temperature for the reference signal
has two levels: ~12.5 K and ~1.1 K, for observations of
strong sources such as calibrators and program sources
such as the Cygnus Loop, respectively. The frequency
range for the receiving system is 1.0 — 1.5 GHz split
into 65536 channels. Each individual channel has a
width of about 7.63 kHz. The output from the backend
contains two channels for total intensity /; and I, and
two channels for Stokes U and V. We conducted radio
frequency interference (RFI) flagging based on one of the
observations of 3C 138. For each frequency channel, we
calculated the root mean square (rms). A median filter was
then applied to all the rms values to obtain the median
at each frequency, and the median absolute deviation
(MAD)?. Any frequency channel with rms deviating from
the median by larger than 5XMAD was flagged. This
process was repeated for I, I, U and V. We applied RFI
flagging to all the other observations. Additionally, about
4000 frequency channels at both ends of the 500 MHz

2 MAD is the median of the absolute deviation from the median. Both
median and MAD are more robust than mean and standard deviation for
data with outliers. This is the case here as RFIs still remain in the data.
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band were also removed because of low gain values. We
also flagged the channels with contributions from the HI
line emission. We were left with about 29 500 channels,
which is sufficient for the Cygnus Loop since it is very
bright. A more thorough RFI mitigation procedure is being
developed to preserve more data.

We processed the data from the calibrators and
obtained maps per frequency channel per beam. Based
on these maps, we derived beam widths, gain values and
polarization properties of the system.

2.1 Calibration and Map-making

For each scan, we compared the intensity levels in arbitrary
units from the receiving system with and without the
injected reference signal to obtain the intensity levels in
K T, (antenna temperature). The FAST 19-beam receiver
relies on linear feeds for polarization observations. We
thus derived the Stokes parameters as I = I; + I,
Q = I, — I, U and V. Note that () is the difference
between the two total-intensity channels and may suffer
from fluctuating gain ratios of the channels, which makes it
challenging to calibrate @. In contrast, circular feeds yield
both @ and U as correlations of the left- and right-handed
circular components and therefore are more ideal for linear
polarization observations.

The mismatch between the amplitudes of the gains
of the two linear feeds causes leakage between I and @,
which can be written for the injected reference signal as,

I = I+ fQIel, (1)
ni = Qiohe + FIFE, )

where “ref” stands for the injected reference signal, “obs”
stands for the observed values, “true” stands for true
values, and f is the leakage factor between I and @. The
mismatch between the phases of the gains of the two linear
feeds, meaning the two feeds are not orthogonal, can be
characterized with the instrumental polarization angle x as

ULt =\ UEE2 + Vel 2 cos(2x) 3)

Vet — \JUret2 4 yref 26in(2y). 4)

o true true

Ideally, both f and x should be zero. Since the injected
reference signal is linearly polarized with equal intensities

: ref __ ref __ ref __
in I; and I, namely, Q{5 = Vi = 0, and I[5,, =
Utet, we can obtain f and x as,
ref 1 ref
— obs _ = obs
f= Jret X = 5 arctan Teet - )
obs obs

The absolute value of f varies with beams and time, and
is generally smaller than about 20%. The instrumental

282-3

polarization angle x is beam- and frequency-dependent in
the range of —90° < x < 90°.

Applying the leakage corrections to the observed sky
signal of I and @,

B = LN+ fQi, 6)
QN = QS+ FINY %

and the de-rotation of the instrumental polarization angle
for U and V, we can obtain the following:

sky sky
sky Iobs — fQobs

true — 1— f2 (8)
sk sk
sky — Qob}; — robZ (9)
true 1— f2
Upre = Ugi cos(20) + Vop! sin(2) - (10)
Vi = —Uspy sin(2x) + Vil cos(2x) (1)

Here, the superscript “sky” stands for the sky signal, and
the subscripts “obs” and “true” represent the observed and
corrected quantities, respectively. A baseline by linearly
fitting the two ends of a scan was subsequently subtracted
to remove unrelated large scale emission and the system
temperature offset. We then combined all the baseline-
corrected scans by interpolation to obtain maps of I, @, U
and V for each beam and frequency in antenna temperature
T,.

We display the total-intensity images of 3C 138 for
the 19 beams at the frequency channel of 1401.912 MHz in
Figure 1, illustrating the beam patterns. In order to increase
the signal to noise ratio, we averaged 400 frequency
channel maps around this frequency. The images are
arranged according to the layout of the beams (Jiang et al.
2020, their fig. 22), and Beam 1 is the central beam on
focus. If a beam is off focus along a certain direction,
an asymmetric coma lobe is expected in the opposite
direction, which can be seen for all the other beams. The
levels of these coma lobes are roughly in the range of
0.4%—-6% of the peak values. Although the bandwidth of
about 7.63 kHz for each frequency channel is narrow,
3C 138 is very bright and the signal-to-noise ratio is thus
sufficiently high allowing us to make channel-by-channel
analyses.

2.2 Beam, Gain and Brightness Temperature

We mapped 3C 138 three times with each of the 19 beams,
so that there are 57 maps at each frequency channel. We
made 2D elliptical Gaussian fittings to the total-intensity
maps for each beam at each frequency channel to obtain the
peak temperature, and the full width at half maximum as
the major and minor beam width. The difference between
the major and minor beam width is very small. We
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Fig.1 Total-intensity images of 3C 138 for the 19 beams at 1401.912 MHz in logarithmic color scale. The maps are in
the unit of antenna temperature (K 7},). The contours run from —3 dB to —24 dB in steps of —3 dB.

regarded their average as the beam width © hereafter. To
obtain Stokes @ and U, we relied on the values at the
positions of total-intensity peaks. The median value © of
the beam widths of all the 57 maps can also be obtained.
The results are plotted in Figure 2 for all the frequency
channels. The difference between © and © is negligible
with a median of about 0 and a MAD of about 0.03 arcmin.
This means that the beam width is nearly the same for all
the beams and does not vary over the time of the whole
observations spanning about two weeks. We used © in the
following analyses.

As can be seen from Figure 2, © is about 38 at the
low-frequency end and about 3’ at the high-frequency end.
The relation between O and frequency is not continuous
and has two jumps at ~1.12 GHz and ~1.42 GHz.
In general, © is not proportional to the reciprocal of
frequency, as has also been demonstrated by Jiang et al.
(2020).

The gain (G) of FAST can be measured from the
observations of calibrators as G = T/S, where T is
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Fig.2 Beam width versus frequency. Botfom: the median
beam width (©) at each frequency; Top: the difference
between the beam width (©) of different beams at different
times and the median.
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Fig.3 Gain of the central beam, GG1, versus frequency.

the total intensity I of the source in antenna temperature
derived from the Gaussian fittings, and S is the flux density
of the source. We relied on the model by Perley & Butler
(2017) to calculate the flux densities of 3C 138 at given
frequencies. Similar to the beam width, the variation of G
over time is small, and we used the median values of the
observations at the three time slots, and feature the gain
of the central beam, G, in Figure 3. The gain is about
18 K Jy~! at the low frequency end and about 17 K Jy—!
at the high frequency end. Note that the gains obtained by
Jiang et al. (2020) are smaller than our values, and one
of the reasons could be the variation of the temperature
of the injected noise. The effective illumination diameter
is 300 m for FAST, corresponding to a perfect gain of
25.6 K Jy ~! (Jiang et al. 2020). In our case, this means
an aperture efficiency of about 70% at the low-frequency
end, and about 66% at the high-frequency end.

For observations of the Cygnus Loop, one drifting
scan contains 19 sub-scans from each of the beams.
The variations of G among different beams produce
stripes along the scan direction, which is the primary
reason for scanning effects besides baseline uncertainties.
The variations of G against frequency are also beam-
dependent, which will complicate the calculation of the
spectrum of the Cygnus Loop. To account for the varying
G versus beams and frequencies, we normalized the gains
with respect to the gain of the central beam (Beam 1).
The ratio G1 /G versus frequency for the other 18 beams
can be fit to a straight line, as depicted in Figure 4. The
intercepts and slopes of the linear fittings are also displayed
in Figure 4. The factor G1 /G from the fittings was applied
to the sub-scans of corresponding beams for map-making
a map of the Cygnus Loop, which largely suppressed the
stripes from the scanning effects.

0.8

1.1 1.2 1.3 1.4
Frequency (GHz)

Fig.4 Ratio of gains between the outer beams and
the central beam (Beam 1) fitted to a straight line. The
intercepts and slopes for the fittings are shown in the
legend.

The intensity often is represented in main-beam
brightness temperature 73, instead of antenna temperature
T,, since the main beam can be directly measured. The
relation between these two temperatures can be written as

Q. T,
T, = T, = -2, (12)
Q, o
where (), is the antenna solid angle, €2, = 1.1362 is

the main beam solid angle and n, = /€, is the main
beam efficiency. From observations of the calibrators, we
can derive the antenna solid angle as

%S

A= orm 1
2kT, (3

where A\ is the observing wavelength, and k is the
Boltzmann constant. We found that 7, is about 80%—
85% at the low-frequency end, and about 90%-95% at
the high-frequency end. Note that the temperature of the
injected noise used in this paper is larger than the recent
measurements by about 4%. Taking this into account, the
main beam efficiency at the high frequency end would be
about 90%. Since all the gains have been normalized to the
central beam, the brightness temperature can be obtained
by dividing the main-beam efficiency of the central beam.
The fluctuation of the main-beam efficiency relative to the
average is about 2%, corresponding to an uncertainty of
about 2% for the brightness temperature.

The conversion factor, Gjy_,7,, from flux density to
brightness temperature at an angular resolution of O, can

be written as,
G G 02
ERCNCTE

(14)
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Fig.5 Stokes () images of 3C 138 for the 19 beams at 1401.912 MHz.

2.3 Polarization

The polarized intensity (P) can be calculated as P =
v/ Q? 4+ U2, and the degree of polarization is then II =
P/I. The polarization angle ¢ can be derived as ¢ =
% arctan % When the linearly polarized wave propagates
in the magnetized interstellar medium, the polarization
angle is rotated as A1) oc RM A2, Here RM is the rotation
measure which is the integration of thermal electron
density weighted by the line-of-sight magnetic field. The
@, U and P images of 3C 138 for each individual beam are
depicted in Figures 5, 6 and 7 respectively. As can be seen
from these figures, () is peaked at the center, U manifests
a butterfly pattern and P is also peaked at the center. Coma
lobes can be clearly ascertained in P with levels up to
about 6% of the peaks of the polarized intensity.

For each of the three observations of 3C 138 with each
of the 19 beams, we can obtain a polarization angle ¢ and a
fractional polarization II. For each frequency, we estimated
the median values of ¢ and II from the 57 values of z/?
and TI. For the polarization angle, the difference between

the individual value and the median is around O with an
MAD of about 5° at the low-frequency end and about
3° at the high-frequency end (Fig. 8). For the degree of
polarization, the difference between the individual value
and the median value has a mean of about 0 and an MAD of
about 1% (Fig. 9). The variations of the polarization angle
and degree of polarization versus beams and time are also
small, similar to the beam width. We will use the median
values hereafter.

For 3C 138, the polarization angle is —14° at 1.05 GHz
and —11° at 1.45 GHz, and the degree of polarization
is 5.6% at 1.05 GHz and 7.5% at 1.45 GHz from the
measurements by Perley & Butler (2013). We made a
linear interpolation to obtain polarization angle and degree
of polarization at other frequencies as the model values,
which are represented by red lines in Figures 8 and 9. For
the polarization angle, the difference between the median
1 and the model values has a median of about 3° and a
scattering of about 1°. The difference of 3° corresponds
to an RM of about 1 rad m~2 at the frequency range of
1.05 — 1.45 GHz, which is smaller than the RM fluctuation
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Fig.6 Stokes U images of 3C 138 for the 19 beams at 1401.912 MHz.

of about 5 rad m~2 inside the Cygnus Loop. We therefore
did not make further corrections for the polarization angle.
For the degree of polarization, the observed values are very
consistent with the model values.

For 3C 48, according to the measurements by Perley &
Butler (2013), its degree of polarization is too low, which
is about 0.3% at 1.05 GHz and 0.5% at 1.45 GHz, and
the polarization angle has a dramatic change from 25° at
1.05 GHz to 140° at 1.45 GHz. From our observations,
the degree of polarization is indeed very low, which makes
it unsuitable for polarization calibration. We therefore did
not use 3C 48 for calibration.

3 RESULTS AND VERIFICATION

The processing of the Cygnus Loop was very similar to that
of the calibrators except for correcting the variation of the
gains versus beams and frequencies. We obtained 7, () and
U maps for the Cygnus Loop at each individual frequency
channel, and the scale of the maps was set to main beam
brightness temperature 73,. We smoothed all the maps to a

common angular resolution of 4’ to derive the frequency
cubes of I, Q and U.

3.1 Total Intensity

We averaged the frequency cube of I by taking the median
instead of the mean values to reduce the influence of
bad scans caused by RFIs and complex baselines. The
corresponding frequency for the averaged map is about
1.28 GHz. At this frequency and the angular resolution of
4/, the conversion factor from flux density to brightness
temperature is about 12.67 K 7Tj, Jy~! according to
Equation (14) in Section 2.2. The resulting total-intensity
map is displayed in Figure 10. Some scanning effects
still remain because the observation was conducted in
the RA direction only and the 1/f noise from low level
gain variations and system instabilities thus cannot be
completely suppressed. The rms noise measured from
the map is about 20 mK 7},. The confusion limit at 4’
resolution can be estimated following Condon (1974) and
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Fig.7 Polarized intensity images of 3C 138 for the 19 beams at 1401.912 MHz in logarithmic color scale. The contours
run from —3 dB to —21 dB with a step of —3 dB with respect to the polarized intensity maximumes.

Meyers et al. (2017) as

0.~ 0.2 mJy beam™! (ﬁ —07( ©
which yields a confusion noise of about 2.7 mJy beam ™1,
corresponding to about 34 mK 7}, larger than the
measured rms noise. This could indicate that the confusion
limit has been overestimated. Uyaniker et al. (1999)
measured an rms noise of 15 mK or 7 mJy beam~! from
the Effelsberg Medium Latitude Survey (EMLS), which is
below the confusion limit calculated from Equation (15).
Assuming that the EMLS has reached the confusion limit,
the coefficient 0.2 in Equation (15) should be 0.1 given
the frequency of 1.4 GHz and the beam width of 9/4 for
the EMLS. This corresponds to a confusion limit of about
1.35 mly beam~! or about 17 mK at 1.28 GHz, close to the
measured rms noise from the FAST map. This indicates
that the total-intensity observation by FAST has reached
the confusion limit.

For comparison, the total-intensity map from the
EMLS (Uyaniker et al. 1999) at 1.4 GHz conducted
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Fig.8 Bottom panel: the median values of all the
polarization angles from different times and beams. The
model from Perley & Butler (2013) is represented by the
red line. Top panel: median and MAD of the difference
between the polarization angles at different times and
beams and the median shown in the bottom panel.
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telescope at 9!4 resolution (bottom panel).
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Fig.11 TT-plot between the FAST and EMLS maps for
the Cygnus Loop region.

by the 100-m telescope is also displayed in Figure 10.
The resolution is about 9/4. Both the FAST and EMLS
maps clearly exhibit two shell structures. The FAST map
clearly reveals more details of the SNR because of higher
angular resolution. For example, the filament inside the
northern part, designated as the central filament hereafter,
is more outstanding in the FAST map. There are also more
extragalactic sources detected in the FAST map.

The temperature versus temperature plot (TT-plot) is a
reliable way to determine the relative scale of two maps
and hence estimate the brightness temperature spectral
index $3, defined as T, o< v?, where v is the frequency.
The flux density (.5) spectral index «, defined as S, « %,
can be related to 5 as 5 = « + 2. We utilized the FAST
1.4 GHz frequency channel map, and smoothed it to the
same resolution as the EMLS map. The TT-plot between
these two maps for the Cygnus Loop region is shown in
Figure 11. There is a close correspondence of brightness
temperature between these two maps, which can be fitted
to a straight line as TrasT = —0.13 + 1.06 Tgpms. This
indicates that the map-making procedure for the Cygnus
Loop is valid. The FAST temperature is higher than the
EMLS by about 6%, which is very satisfying given that
these two maps were derived from different observations
with different calibration procedures. The temperature
scale of the EMLS data has a scale uncertainty less than
about 3% (Uyaniker et al. 1998). The FAST temperature
scale has an uncertainty of about 4% including about
2% introduced by main beam efficiency fluctuations and
about 2% caused by temperature fluctuations of injected
reference signal (Jiang et al. 2020). Taking these factors
into account, we can conclude that the FAST map agrees
well with the EMLS map.

The scales among the FAST frequency channel maps
can also be examined. We selected two maps at 1.032
GHz and 1.099 GHz at the low-frequency end, and three
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Fig. 12 TT-plots between different frequency channels.

frequency channel maps at the middle and high end of
the band. The TT-plot between them for the Cygnus Loop
region is displayed in Figure 12. The tight correlations
between temperatures at different frequency channels
again validate the map-making procedure. The spectral
index is 8 = —2.42 4+ 0.11 or &« = —0.42 4+ 0.11 between
the 1.032 GHz and 1.456 GHz channel maps, and § =
—2.39£0.15 or « = —0.39£0.15 between the 1.099 GHz
and 1.465 GHz maps. The first pair has nearly the maximal
frequency separation of about 430 MHz over the 500
MHz band, and the second pair has a frequency separation

of about 370 MHz. These large frequency separations
ensure an accurate determination of the spectral index.
The spectral indices obtained from both the frequency
pairs are consistent with those determined by Sun et al.
(2006) and Uyaniker et al. (2004), indicating that the
scales across the band are appropriate. For small frequency
separations, the spectral index from TT-plots is susceptible
to brightness temperature fluctuations and more uncertain,
and can deviate from the expected values, as can be seen
from Figure 12.
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We performed source finding outside the Cygnus
Loop area with the Aegean software (Hancock et al.
2018) in the FAST total-intensity map in Figure 10 and
found 55 compact sources with matches from the NVSS
survey (Condon et al. 1998). The median of the position
offsets between the FAST and NVSS sources is about 18",
below 10% of the 4’ beam width. The peak temperature
from the FAST map versus the integrated flux density from
NVSS is featured in Figure 13. Their relation can be fitted
by a straight line, which yields a conversion factor of 13.54
K Jy~! from the flux density at 1.4 GHz to the brightness
temperature at about 1.28 GHz. For several strong sources
with high brightness temperature, there are multiple NVSS
sources within the FAST beam, which renders the flux
density uncertain. Assuming a spectral index of —0.8
for the extragalactic radio sources (de Gasperin et al.
2018), we can extrapolate the flux density from 1.4 GHz
to 1.28 GHz, and obtain a conversion factor of about
12.60 K Jy’1 at 1.28 GHz, consistent with the factor of
12.67 K Jy~! derived from the observations of 3C 138.
This means that the flux-density scale can be determined
from the NVSS sources instead of observations of the
calibrators, which will be essential for the CRAFTS (Li
et al. 2018) survey by FAST.

The integrated flux density of the Cygnus Loop is
about 164 Jy with the conversion factor of 12.67 K Jy~1.
In contrast, the flux density at 1420 MHz is 143 £ 14 Jy
measured by Uyaniker et al. (2004), corresponding to a
flux density of about 149 Jy at 1.28 GHz assuming a
spectral index o = —0.42. The integrated flux density by
FAST is about 10% larger than that by EMLS, which is
expected as the FAST brightness temperature is about 6%
higher than the EMLS brightness temperature (Fig. 11).
Note that the main calibrator for the EMLS is 3C 286,
which is stable, while the flux density of 3C 138 is
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highly variable (Perley & Butler 2013), which could also
contribute to the difference in the flux densities. Based on
the model by Perley & Butler (2017), the flux density of
3C 138 is about 8.99 Jy at 1.28 GHz and about 8.56 Jy at
1.4 GHz.

3.2 Polarization

The observed polarization intensity P(\?) can be written
as (Burn 1966),

—+oo

P(O2) = QO2) + jU(N?) = / F(6) exp (2j¢N2)do

where ¢(r) is the Faraday depth defined as the integral
of the thermal electron density weighted by the line-of-
sight magnetic field from the position r inside the source
to the observer, and F'(¢) is the Faraday spectrum or the
Faraday dispersion function, representing the polarization
intensity as a function of Faraday depth. For a source
within only one single emitting component and without
internal Faraday rotation, F'(¢) is a § function and the peak
¢ is equivalent to the RM.

There are many algorithms available to reconstruct
F(¢) from P()\?) (Sun et al. 2015), among which
RM synthesis (Brentjens & de Bruyn 2005) is widely
implemented. The method is based on P(A\?) and F(¢)
being Fourier transform pairs. With RM synthesis, the
Faraday spectrum can be derived as,

o L WOHPOAT) exp [-2j¢(AF — AF)]

Fi9) S WD)
= F(¢) * R(¢)
2 LIWODA
DO

where \; is the wavelength of the frequency channel,
W ()\?) is the weight for each individual channel, the RM
spread function (RMSF) R(¢) is the window function
determined by the sampling in A% domain, and the sum
is over all the frequency channels. Because of a finite
bandwidth, RM synthesis yields a Faraday spectrum
which is the convolution of true F(¢) with R(¢). A de-

—

convolution can be performed on F(¢) to obtain F(¢)
by employing RM clean (Heald 2009). The width of the
RMSF is about 90 rad m~2 for the frequency range of
FAST.

We applied RM synthesis to the frequency cubes of )
and U of the Cygnus Loop and obtained the Faraday depth
cubes of I*% The Faraday depth is set tobe —10* < ¢ <
10* rad m—2 with a step interval of 5 rad m~—2. We then
applied RM clean to derive the true F'(¢). An example
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Fig. 14 Faraday spectra before (blue) and after RM clean
(red).

of the Faraday spectrum before and after RM clean is
depicted in Figure 14. Because of frequency gaps caused
by RFI, strong sidelobes are present in the original Faraday
spectrum from RM synthesis and are removed with RM
clean.

We searched for the peaks of |F'(¢)| and obtained
the polarization-intensity map shown in Figure 15. For
comparison, we also display the polarization-intensity map
from EMLS. The polarized emission from the southern
shell, the central filament and some segments of the
northern shell can be clearly seen in the FAST map,
which are much sharper than in the EMLS map. Several
polarized sources are also detected in the FAST map.
The rms noise is about 5 mK 7j,. We also averaged @)
and U over the full FAST band by taking medians of
all the frequency channels, and then calculated polarized
intensity. The rms noise measured from the averaged @,
U and polarized intensity are all about 5 mK 73,. The
rms noise in polarized intensity is much lower than in the
total-intensity map, implying that the confusion limit is
much lower in polarization and the rms noise of the total-
intensity has probably reached the level of confusion limit.

We selected I, Q) and U maps at 1.4 GHz from the
FAST frequency cubes of the Cygnus Loop, smoothed
them to the same resolution as the EMLS map, and
calculated the polarization angle v and the polarization
percentage II. According to the TT-plot (Fig. 11), we
added 130 mK to the FAST total intensity map to adjust
the background level when calculating the polarization
fraction. We plot ¢y and II of the bright southern
shell (Fig. 15) from FAST against those from the EMLS
in Figure 16 and Figure 17, respectively. For polarization
angles, the values from FAST agree with those from
EMLS. The difference has a median of about —0.6°, and
a scattering of about 3°. When the polarization angle
approaches 0° or 90°, the difference is more pronounced.

21hoo™ 20M55™

Fig. 15 Polarized-intensity images of the Cygnus Loop
from FAST from RM-synthesis (fop panel) and Effelsberg
100-m telescope (bottom panel).

This could be caused by instrumental polarization that
has not yet been corrected. For polarization percentage,
the FAST values are larger than the EMLS values in the
range of 10%-15%, implying that depolarization occurs
in the EMLS map. The depolarization is probably caused
by the turbulence of thermal gas in front of the emitting
region, which is called beam depolarization (Sokoloff
et al. 1998). The EMLS has a large beam width and
therefore experiences more beam depolarization. The
beam depolarization does not influence the polarization
angle as seen from Figure 16.

Most of the Faraday spectra have only one peak after
RM clean, as affirmed in Figure 14. Therefore, the peak
Faraday depth is approximately equivalent to the RM. We
made a parabolic fit to |F'(¢)| near the peaks and obtain
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Fig.17 Polarization percentage from FAST versus EMLS
for the southern shell of the Cygnus Loop with the line of
equality.

peak ¢ for the southern shell and the central filament
of the Cygnus Loop. The resulting map is shown in
Figure 18. For the southern shell, the mean RM is about
—20 rad m~2, consistent with the value of —21 rad m—2
derived by Sun et al. (2006) based on data at 4800 MHz
and 2695 MHz. For the central filament, the average RM
is about —19 rad m~2, very similar to that of the southern
shell.

We detected eight polarized sources, and obtained
their RMs. We also retrieved the RMs from the NVSS
RM catalog by Taylor et al. (2009). The RMs are
displayed in Figure 19. For the source at (RA, Dec) =
(20"50™m52336, +31°27/31749), the RM from NVSS
is 322.5 rad m~2, whereas the RM from FAST is
—284.2 rad m—2. Because the NVSS RM:s are calculated
based on two closely separated frequency bands and there
are nm-ambiguities for polarization angles, the RMs have
ambiguity of multiples of 652.9 rad m~2. After subtraction
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of 652.9 rad m—2, the NVSS RM is consistent with
the FAST RM. This demonstrates that FAST is able to
overcome the ambiguity of RMs with the wide band and
multi-frequency channels. Actually, the RM of this source
is an outlier as all of the neighboring RMs are negative. We
followed Ma et al. (2019) to calculate the median (RM o)
and standard deviation (0 ;0) of RMs within a 3°-radius of
the source, and then derived A /o = [RM—RM,o|/0 0 ~
5.3. This value satisfies the criterion value of about 2.85
that Ma et al. (2019) obtained for an ambiguous RM. Note
that Ma et al. (2019) studied RM ambiguities outside the
Galactic plane with Galactic latitudes |b| > 10°. Towards
the Galactic plane |b| < 10°, because the RM contribution
from the Galaxy increases significantly, more sources with
large |RM]| values could be influenced by ambiguities.
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4 CONCLUSIONS

We present continuum and polarization observations of
the Cygnus Loop by FAST, and described the calibration
and map-making procedures. By comparing the brightness
temperature, the in-band spectral index, the polarization
angle and RM of the FAST measurements with previous
measurements, we verified the data processing for continu-
um and polarization imaging. In particular, the polarization
has a sensitivity of about 5 mK and seems not to be
affected by the confusion limit, which provides a unique
opportunity for polarization observations of faint diffuse
structures. We demonstrate that FAST can determine RMs
from compact sources more accurately than NVSS by
overcoming the RM ambiguities with multi-frequency
channel wide band.
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