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Abstract: The unprecedented sensitivity provided by the Five-hundred-meter Aperture Spherical
radio Telescope (FAST) could shed light on studies of the magnetic field and plasma properties of
brown dwarfs by catching polarized radio flares. With the FAST L-band 19-beam receiver, we observe
anearby dwarf stellar system 2MASSW ]0746425 + 200032 which has been reported to show 4.86 GHz
and 8.46 GHz radio flare emission. The L-band radio signals from the target are searched in both
total intensity and circular polarization during the entire 147 min tracking observation. No radio
flare down to a sensitivity of ~13 mJy and ~2 m]y (5¢) in Stokes I and V can be identified. The
non-detection may lie in the intrinsic physical condition of the stellar system, e.g., the magnetic field
strength and the electron density distribution and/or the sampling rate, which should be higher to
reveal the sub-second structures but are smeared out with a lower rate in our observations.

Keywords: browndwarf; data analysis; individual; 2MASSW J0746425 + 200032

1. Introduction

Radio emission from stars and stellar systems has drawn a great attention and become
a hotspot in today’s radio astronomy. A pioneering and profound work was performed
by Wendker [1], providing a catalog that contains 3699 single stars and binary systems,
together with stellar parameters and radio intensities at various frequencies. With the
promotion of sensitivity brought by the large single-dish radio telescopes and high angular
resolution of the interferometric arrays, the research of radio stars has achieved rapid
progress in recent years. Giidel [2] collected the radio intensity of stars with different types
and made the stellar radio Hertzsprung—Russell diagram. They found that radio radiation
can come from early- to late-type stars and also from different stellar systems, e.g., RS CVn
binaries [3], W Uma and Algol eclipsing binaries [4,5], ultra-cool dwarfs [6], low-mass
stars [7], and main sequence stars [8]. Radio observations toward stars and stellar systems
can reveal many physical phenomena and processes, such as stellar magnetic activity,
particle acceleration, mass transfer between two components of binaries, and interactions
between stars, planets, and stellar winds [3,9,10]. At present, tens of thousands of stars are
found to show radio radiation [1,11].

Ultra-cool dwarfs (UCDs) refer to extremely low-temperature, extremely low-mass
stars, and brown dwarfs with a spectral type of M7 or later [12,13]. They are so faint
that only nearby UCDs can be detected to date [14-16]. Williams et al. [17] found that
some UCDs are radio-overluminous relative to the Giidel-Benz relation [18,19]. The latest
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research indicates that more than 3% of UCDs could show radio flares (e.g., [20]). The radio
radiation of UCDs is suggested to consist of gyrosynchrotron emission from a population
of mildly relativistic electrons [21] and the electron—cyclotron maser [22]. The former is the
main mechanism for the quiescent radiation, while the latter is for the flare emission.

2MASSW ]0746425 + 200032 is a close binary system (e.g., [23]) at a distance of about
12.2 pc [24]. Bouy et al. [25] derived a spectral type of LO & 0.5 and L1.5 + 0.5 for its two
components 2M0746A and 2M0746B, respectively. Reid et al. [26] found that the system
shows Ha emission, which was explained by the chromospheric activity. Berger et al. [27]
presented the observations of 2MASSW J0746425 + 200032 in radio, X-ray, UV, and Ha.
They detected a series of bright radio emissions (10-15 m]y) with total intensity I and
nearly 100% circular polarization V with short-duration (~1.2 min) pulses at 4.86 GHz
and a period of 124.32 £ 0.11 minutes by using the Very Large Array (VLA). The Ha
emission was also found to show a periodic change with the same time interval. However,
the simultaneous observation at 8.46 GHz showed no corresponding emission to that of
4.86 GHz, but successfully traced another single pulse. Harding et al. [28] detected a period
of 3.32 & 0.15 h toward 2MASSW ]0746425 + 200032 by using the 1.83-m optical telescope
of the Vatican observatory, pointing out that the observed period of 124.32 £ 0.11 min of
the radio pulses at 4.86 GHz is associated with the secondary star in the binary system.
Zhang et al. [29] used the Very Long Baseline Array (VLBA) to track the radio emission of
2MASSW J0746425 + 200032 of about 22.5 h in seven epochs during the years of 2010-2017.
They found that both UCDs in the system show radio emission. All above observations
were made above 4 GHz. A few UCDs were observed by using the Giant Metrewave Radio
Telescope (GMRT) at 610 MHz and 1300 MHz [30], including 2MASS ]J0746425 + 200032. It
was the first time to observe this binary system at this low radio frequency. A quiescent
radio emission component over 300 mJy was found at both frequencies. No radio flare
was detected.

The Five-hundred-meter Aperture Spherical radio Telescope (FAST) is the largest
single-dish radio telescope in the world, which provides unprecedented sensitivity [31].
The ~3’ angular resolution of FAST in comparison to that of the radio interferometers is
that it may be difficult to extract the signal from the stars/stellar systems in total intensity,
due to the higher confusion limit [32,33]. Fortunately, the stellar radio flare induced by
ECM presents high degree of circular polarization, e.g., 100% [34-38], toward which a
much lower confusion limit can be reached (e.g., [20,39]). Treumann [40] emphasized
in their review that the ECM is a powerful diagnostic tool to investigate the magnetic
field strength and the electron density in radio sources. Therefore, we targeted 2MASSW
J0746425 + 200032 with a limited FAST observation time, aiming to detect its radio flare
emission at the L-band. The work is structured as below. A brief introduction of our FAST
observation and data reduction are presented in Section 2. The observational results are
shown in Section 3, and we summarize at last in Section 4.

2. Observation and Data Reduction
2.1. Observation

FAST has an effective collecting area with a 300 m diameter, and is equipped with
a 19-beam receiver working at the L-band, covering the frequency range of 1.0-1.5 GHz.
The angular resolution is about 3’ at 1.47 GHz and about 3.8’ at 1.04 GHz [41]. The total
500 MHz bandwidth can be split into 64k or 1024k channels by the spectroscopy backend.
The FAST L-band observation of 2MASSW J0746425 + 200032 was made on 30 April 2021.
We used the 64k channel output from the spectroscopy backend. In order not to miss the
1.2 min duration flare [27] when slewing the telescope, the traditional “beam-switching”
or “on-off” modes were not applied. Instead, the target source was always tracked by the
FAST central beam MO01, while data recording is simultaneously activated for the other
18 offset beams to recognize radio frequency interference (RFI). Considering the ~124 min
period of the radio pulsation detected at 4.86 GHz for 2MASSW ]J0746425 + 200032 [27],
the tracking lasted for 147 min without any breaks, aiming to catch at least one flare if
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the stellar system is active at the L-band. The sampling rate of the backend was set to 1 s,
and a reference signal with the known intensity of about 1.1 K was injected every other
second to calibrate the drift of the system gain. A nearby secondary flux density calibrator
was planned, but the observations failed due to improper settings. Therefore, to convert
the received radio power to the unit of main-beam brightness temperature, we adopted
the frequency-dependent FAST system gain values and the conversion factors between
antenna temperature and brightness temperature reported in Gao et al. [41].

2.2. Data Reduction

The output from the FAST spectroscopy backend for the stellar emission can be
reduced similarly to that for the radio continuum. The detailed data processing procedure
can be found in Sun et al. [42] and Gao et al. [41]. The four correlations of XX, YY, XY, and
YX are used to derived the full Stokes parameters, i.e., the sum and the difference between
XX and YY yield Stokes I and Q, while 2XY and 2YX give Stokes U and V (e.g., [43,44]).
The first step for all the raw data is RFI flagging. Several methods have been reported,
e.g., clipping the 3-sigma level of the the median of the absolute deviation from the median
(MAD) as performed in Sun et al. [42]. Gao et al. [41] pointed out that the asymmetrically
reweighted penalized least squares (ArPLs) algorithm [45] has a good performance on
baseline fitting. We use the ArPLs to fit the baseline of the bandpass at each sampling
time and make comparisons between the fitted baseline and the observed bandpass. The
bandpass at which frequencies show jumps/spikes exceeding 2¢ levels of the baseline are
flagged. The second step is to calibrate the four observed Stokes parameters to their true
quantities by removing instrumental effects. Based on the polarization properties of the
injected reference signal, Sun et al. [42] calibrated the differential gain between Stokes I and
Q, and the differential phase between Stokes U and V, characterized by two parameters
f and y, respectively. The 100% linear-polarized reference signal was injected to the two
orthogonal linear feeds at an angle of 45°; therefore, U, = Loy and Q,ef = Vo = O are
expected. It is then straightforward to obtain the values of the two parameters f and x via:

F=2, M
ref
Vre
X = 1arctan f 2)

2 Ures”

where ref stands for the reference signal. By applying f and x to the observational data,
we obtain the true Stokes parameters of 2MASSW ]J0746425 + 200032, following:

L. —
Itrue = ohsl_j}cgobsl (3)
—fI
Qtrue = 7Qobls — ]{2 obs ’ (4)
Utrue = Vopssin(2x) + Uopscos(2x), ©)
Virue = _UobsSin(ZX) + VobsCOS(ZX) (6)

where the subscripts obs and true denote the observed and the calibrated Stokes parameters
of the observation. Zhang et al. [46] recently revealed the fine radio flare emission in sub-
second time scale from AD Leo with the FAST L-band observations. The same polarization
calibration procedure was adopted (see their Appendix A). In this work, we also focus
on the total intensity I and the circular polarization V. The calibration procedure is
verified through the entire FAST L-band by using the publicly available FAST On-The-Fly
observations of 3C 286 (April 2021), whose circular polarization fraction V is 0. We here
take the data centered at 1.4 GHz with a 20 MHz bandwidth for a simple demonstration.
We derive the Stokes Ior, Vips, and Vi, where the subscripts of cor and obs indicate the
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parameters are either calibrated or as observed. The observed V,,; of 3C 286 is about
—20.6 K T, and reduced to Vo ~ 0.8 K T, after calibration, equaling a |V /I| ratio change
from 8% to 0.3%. We show the V;; and V¢, patterns slightly smoothed to the resolution of
4’ in Figure 1 for indication of changes. The same test is performed for 3C 138. A compatible
result (Veor/ Icor ~ 0.4%) is achieved. The V' /I value after correction is higher than those
after high-order corrections (e.g., [47]). However, Myserlis et al. [48] indicated that 3C 286
may show non-zero circular polarization (see their Table 9), but still close to 0. In any case,
our result is fine for V detections that show a significant circular polarization fraction.

Stokes V before calibration Stokes V after calibration

0.2

. o

§ -
Figure 1. The patterns of the Stokes V of 3C 286 at 1.4 GHz before (left panel) and after (right panel)
calibration. The data are convolved to a resolution of 4’.

The central beam M01 was always on 2MASSW ]0746425 + 200032. No off-source data
is available for base level estimate. Thus, the received power consists of the possible flare,
the quiescent radio emission from the stellar system, and the FAST system temperature,
which includes the unrelated galactic background. We examine the power received by the
offset FAST beams, e.g., beam M02-beam M19, aiming to estimate the base level of the
central beam MO1. However, such attempts failed due to the different system gain curves
varying with the time between different beams. Therefore, we cannot study the quiescent
emission of the stellar system (e.g., [30]) with our observation. However, the flare signal,
which shares similarities in RFI in the time and frequency domains, can be recorded in the
first step of RFI flagging. After all these processes, we obtained two sets of data: singled-out
RFI images and the residual images after RFI elimination both for Stokes I and V. They are
used for the search of radio flare of 2MASSW J0746425 + 200032.

3. Results

We show the dynamic spectrum of the singled-out RFI in total intensity I and circular
polarization V in the upper panels of Figure 2. We believe that is highly possible to flag the
narrow-band and short-time scale flare as RFI. We only present the data in the time length
of 7500 s, instead of the entire ~8800 s, because of the rapidly increased system temperature
and radio frequency interference at the end of the observation. From the image, about half
of the frequency channels had severe interference, especially in the range of 1150 MHz to
1270 MHz and those above 1450 MHz. This is consistent with the previous investigations of
Wang et al. [49] and Zhang et al. [50]. Due to the limited resolution of the display, the details
in the dynamic spectrum both in the dimensions of time and frequency are difficult to be
shown clearly. We selected one area in each spectrum of I and V and showed the zoomed-in
figures in the lower panels of Figure 2, which showcase the “RFI” near 1420 MHz in I, the
HI emission without Doppler correction, and the real RFI in frequency channels around
1090 MHz in V.
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Figure 2. Singled-out RFI in total intensity I (upper left panel) and circular polarization V (upper
right panel) of the central beam MO01 (on-source). Zoomed-in view around 1420 MHz in Stokes I
(lower left panel) and around 1090 MHz in Stokes V' (lower right panel).

The flare emission of 2MASSW J0746425 + 200032 at 4.86 GHz shows a period of
124.32 min [27]. If this periodical emission stays at the L-band, only one or two flare
emission could be caught in our observation. Therefore, it is not possible to adopt the
Fourier transform for an effective search for this apparent periodical signals as for pulsars.
Based on another characteristic of the flare, the 1.2 min duration [27], we separated the
RFI images in I and V into many 500-s x 40 MHz windows, and paid more attention to
the RFI signals appearing both in I and V. These sub-sections of the dynamic spectra are
carefully examined by eye, aiming to find the evidence of flare emission. However, this
is difficult because the data is not only affected by the true and strong RF], it is also non-
trivial to distinguish between the true narrow-band short-time scale RFI and the possible
flare signal. 2MASSW J0746425 + 200032 is so close to us that the dispersion measure
of 0.13 pc cm 3 estimated by Yao et al. [51] cannot make a noticeable effect in our data,
even through the entire 1.0-1.5 GHz FAST band (7~0.3 ms) regarding the 1 s sampling
rate with the spectroscopy backend. Referring to the results of Zhang et al. [46], if further
observations can be made, a higher temporal resolution is required for a better recognition
of flare signals.

Nevertheless, a few blob structures are noticed, especially in the Stokes V. We aim
to further identify these features by the percentage of circular polarization. It is known
that the ECM is highly circular polarized, e.g., [20]. The recent FAST observations toward
AD Leo show that the radio flare emission generally has a circular polarization fraction of
V /1 > 20%. We therefore calculate the ratio of V /I for the RFI images. This filtered out the
the pixels with |V /I| < 20% and |V /I| > 1, which might be caused by the system jumps
and have non-physical sense. The pixels which qualify this criterion are very limited. How-
ever, a few blobs are still present in the frequency range of 1080-1100 MHz (see Figure 3).
They show a duration of about 30 s, similar to the observed flare at 4.86 GHz, which has a
half-power width of about 30 s (see Figure 2 in [27]). However, these features appear several
times with similar widths both in time and frequency, which makes us to speculate that
they may not be astrophysical. High time resolution observations, e.g., ~49 ps sampling
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with the FAST pulsar backend, are needed to discriminate them from RFI by examining if
sub-second structures specific to the stellar flare, e.g. frequency drifts are presented.
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Figure 3. The remaining blob structures selected with V /I > 20%.

Besides searching in the singled-out RFI images, we performed a five-level wavelet
analysis of the RFI-subtracted data using Daubechies 4 wavelets, in case the flare is not
recognized as RFI. The method is both applied to the Stokes I and V. However, the results
are too noisy in V. We therefore only focus on the result of I, and show the results in
Figure 4. The left panels in Figure 4 show the dynamic spectrum of I in M01 without
RFI and its wavelet analysis results, while the right panels show the same results, but for
the FAST offset beam M02. Through comparing the structural features in both beams, no
pronounced features that can be clearly identified as flare signals are noticed. The spikes
shown in level 1 and level 2 of M01 reflect a short-time depression in I at about 2650 s
throughout the 1.0-1.5 GHz band.

The r.m.s value of the RFI-subtracted I data is measured to be about 32 mK Tg,
corresponding to ~2.6 mJy. For the circular polarization V, the r.m.s is about 5 mK Tp,
which is equal to ~0.4 m]y. It is reported that the theoretical FAST confusion limit of I is
about 1.6 mJy [39], about the same level as found in our data. Our higher value may come
from the remaining weak RFI. As a test, we add random signals which are approximately
30-70 s with a bandwidth of about 100 MHz, and an intensity of three to five times the rm.s
value. These signals can be successfully identified through wavelet analysis, especially for
the signals with a 50 level. This demonstrates that the flare if exist in the RFI-subtracted
data is not strong enough to be picked out.

The non-detection of the radio flare emission of 2MASSW ]0746425 + 200032 at L-band
is not odd. The GMRT observations made at 1.3 GHz also failed to detect its radio flare
emission [30]. The ECM, which is regarded as responsible for the stellar radio flare, emits
mainly at the frequency of v.~2.8 x B (e.g., [20]). Taking the central observing frequency of
1.25 GHz of the FAST L-band, the object should have a magnetic component with a field
strength of about 450 G, which might not be the case for the current status of 2MASSW
0746425 + 200032.

There are significant limitations to the escape of radiation caused by ECM emission
from the stellar corona. The emission generated at the fundamental and the second har-
monic of the electron cyclotron frequency should be absorbed in the stellar corona at the
second and the third cyclotron harmonic layers. Observations made by Berger et al. [52]
in the X-ray band indicate that the coronal temperature of brown dwarfs is very high,
which contributes to the cyclotron absorption of ECM radiation. This causes the radiation
to escape from the star only through two quite narrow “parallel” and “perpendicular”
windows Melrose and Dulk [53], Robinson [54]. If there is no proper radiation pattern in
the emission source, no ECM radiation will be observed.
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Figure 4. The dynamic spectrum and the wavelet analysis results of M01 without RFI (left panels),
and the same results but for M02 (right panels).

In addition, Osten et al. [55] and Berger et al. [27] introduced the quiescent continuous
radio emission from a super-cold dwarf star. They believed that this radio emission was
caused by cyclotron synchrotron radiation. However, due to our observation mode, we do
not include an “off” position. In the process of recognition of RFI through baseline fitting,
the quiescent radio radiation that may be generated by the target source is also removed.
Therefore, the spectral index of 2MASSW ]J0746425 + 200032 and its quiescent radiation
cannot be obtained from our observation.

4. Summary

Radio polarization observations toward ultra-cool dwarfs provide valuable insight
into their physical properties of magnetic field. With the FAST L-band 19-beam receiver,
we observe the binary system of 2MASSW J0746425 + 200032, which was reported to
show a 1.2 min duration periodical flare emission at 4.86 GHz. A continuous tracking
observation lasting 147 min is made by FAST at L-band in order not to miss the possible
flare emission when slewing the telescope. The data reduction and calibration follow the
same pipeline made for the FAST radio continuum [41]. Due to a lack of monitoring of the
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reference position, the ArPLs algorithm is adopted for baseline fitting, which filters out the
galactic background emission together with the possible quiescent emission component,
and we have the chance to search for its flare emission. A careful search by eye and by
wavelet analysis is made toward the flagged RFI and RFI-subtracted dynamic spectra in
both total intensity I and circular polarization V. No significant radio flare emission can
be solidly identified in our observation at the frequency range of 1.0-1.5 GHz, down to a
sensitivity of about 13 mJy and 2 mJy (5c level) in I and V, respectively. A few short-time
blob structures are present in V. However, without high time resolution sampling, which
may help reveal fine structures on sub-second time scale, it is difficult to distinguish them
from RFI. Although the flare emission of 2MASSW J0746425 + 200032 is not successfully
detected in our FAST L-band observation, we still emphasize the necessity of multiple
frequencies, especially for low-frequency observations, regarding the fact that most of the
currently existing observations have been made above 4 GHz. The radio flares occurring
at different radio frequencies may originate from the different heights of stars. Therefore
multi-frequency observations can help to delineate the magnetic field structures of stars
and advance the understanding of the ECM at the lower-frequency end.

Statistics and analyses of the physical properties of radio stars was conducted by
Zhang et al. [56]. Based on the research, we will select more radio stars (active stars,
ultra-cool dwarfs, and host stars of exoplanets) for FAST observational objects. New target
sources will be considered for upcoming observations to study the stellar radio emission
of various radiation mechanisms, such as thermal bremsstrahlung, gyrosynchrotron, and
plasma radiation [57].
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