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Abstract

The presence of a large-scale surface magnetic field in early-type stars leads to several unique electromagnetic
phenomena producing radiation over X-ray to radio bands. Among them, the rarest type of emission is electron
cyclotron maser emission (ECME) observed as periodic, circularly polarized radio pulses. The phenomenon was
first discovered in the hot magnetic star CUVir. Past observations of this star led to the consensus that the star
produces only right circularly polarized ECME, suggesting that only one magnetic hemisphere takes part in the
phenomenon. Here we present the first ultra-wideband (0.4–4 GHz) study of this star using the upgraded Giant
Metrewave Radio telescope and the Karl G. Jansky Very Large Array, which led to the surprising discovery of
ECME of both circular polarizations up to around 1.5 GHz. The GHz observations also allowed us to infer that the
upper ECME cutoff frequency is at 5 GHz. The sub-GHz observation led to the unexpected observation of more
than two pairs of ECME pulses per rotation cycle. In addition, we report the discovery of a “giant pulse” and
transient enhancements, which are potentially the first observational evidence of “centrifugal breakout” of plasma
from the innermost part of the stellar magnetosphere. The stark contrast between the star’s behavior at GHz and
sub-GHz frequencies could either be due to propagation effects, a manifestation of varying magnetic field topology
as a function of height, or a signature of an additional “ECME engine.”

Unified Astronomy Thesaurus concepts: Magnetic stars (995); B stars (128); Magnetospheric radio emissions
(998); Astrophysical masers (103); Radio astronomy (1338); Transient detection (1957)

Supporting material: machine-readable tables

1. Introduction

Wide varieties of stellar objects produce coherent radio
emission through the process of electron cyclotron maser emission
(ECME), such as magnetic early-type stars, planets, ultracool
dwarfs (UCDs), etc. (e.g., Trigilio et al. 2000; Hallinan et al.
2006). ECME gives rise to highly directed, circularly polarized
radiation, which are seen as pulses at certain stellar rotational
phases. In the case of magnetic early-type stars (spectral type A or
B), the observed emission is highly regular in terms of the
rotational phases of arrival. Because of the similarity of the
phenomenon to pulsar radio emission, the hot magnetic stars
emitting ECME have been termed main-sequence pulsars (e.g.,
Krticka et al. 2019). However, as the corresponding acronym
“MSP” is already in use for millisecond pulsars, we propose to
call this class of objects “Main-sequence Radio Pulse emitters”
(MRPs). Currently, seven MRPs are known: CUVir (Trigilio
et al. 2000), HD 133880 (Chandra et al. 2015; Das et al. 2018),
HD 142990 (Lenc et al. 2018; Das et al. 2019a), HD 142301
(Leto et al. 2019), HD 35298 (Das et al. 2019b), ρOphA (Leto
et al. 2020a), and ρOphC (Leto et al. 2020b).

The reason that the pulses produced by MRPs are highly
regular is that these objects have stable large-scale (mostly
dipolar) magnetic fields (e.g., Kochukhov et al. 2014). The
interaction between the magnetic field and the radiatively driven
stellar wind forms a corotating magnetosphere around these stars
(e.g., Andre et al. 1988). Up to a certain distance (defined by the
Alfvén radius RA), the magnetic field dominates over the stellar
wind kinetic energy, and the wind plasma is forced to follow the
magnetic field lines. This region around the star where all
magnetic field lines are closed is called the “inner magneto-
sphere.” Inside the inner magnetosphere, plasma is trapped and
mass loss is prohibited, except via the “centrifugal breakout” or

“leakage” mechanism (e.g., Shultz et al. 2020; Owocki et al.
2020). Beyond a certain distance away from the star, the stellar
wind dominates over the magnetic field and the field lines now
become open. This part of the magnetosphere is called the “outer
magnetosphere.” The region that marks the transition from inner
to outer magnetosphere is called the “middle magnetosphere.”
This region consists of magnetic field lines that produce a current
sheet at the magnetic equator (see Figure 1 of Trigilio et al. 2004).
The current sheet is the site of acceleration of electrons. These
electrons, while traveling back toward the stellar surface following
the magnetic field lines, experience a magnetic mirroring effect
due to the converging field lines. It results in developing a “loss-
cone distribution” where, over a certain velocity range, population
inversion is established (e.g., Trigilio et al. 2004; Treumann 2006).
This unstable distribution leads to the generation of ECME,
provided the plasma density is small enough so that the local
plasma frequency νp is smaller than the local electron
gyrofrequency νB. The latter is related to the local magnetic field
strength as νB≈ 2.8B, where νB is in MHz and the magnetic field
strength B is in Gauss units (e.g., Melrose & Dulk 1982;
Dulk 1985). The emission happens at frequencies very close to the
harmonics of νB with a bandwidth of only a few percent (e.g.,
Melrose & Dulk 1982; Sharma & Vlahos 1984; Dulk 1985).
However, in most astrophysical systems, the observed radiation is
composed of radiation generated at sites with different magnetic
field strengths (e.g., in the case of the MRPs) so that effectively it
becomes a broadband phenomenon. Two of its distinguishing
properties are high directivity and circular polarization. For mildly
relativistic electrons, the emission is directed nearly perpendicular
to the magnetic field direction. The angular width of the beamΔθ

is related to the angle of emission θ0 w.r.t. the magnetic field
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direction as q qD » cos 0 (Melrose & Dulk 1982), i.e., larger the
angle θ0, more directed will be the emission.

Inspired by the angular beaming characteristics of the auroral
kilometric radiation (e.g., Mutel et al. 2008), Trigilio et al.
(2011) proposed that the ECME beam pattern from MRPs also
follows the “tangent plane beaming model,” i.e., the emission
is directed nearly perpendicular to the local magnetic field line
and parallel to the magnetic equatorial surface. As a result, they
are seen close to the rotational phases corresponding to the
zeros of the stellar longitudinal magnetic field 〈Bz〉 (Lo et al.
2012; Leto et al. 2016). Because the frequency of ECME is
proportional to the local magnetic field strength, higher
frequency arises closer to the star and vice versa (Figure 1).
Also, radiation produced at opposite magnetic poles is
oppositely circularly polarized. In the case of the extraordinary
(X) mode of emission, the radiation produced near the north
magnetic pole is right circularly polarized (RCP) and that
produced near the south magnetic pole is left circularly
polarized (LCP). For the ordinary (O) mode, the sense of
circular polarization is just the opposite. Assuming that ECME
is produced near both magnetic poles, it is expected that there
will be a pair of oppositely circularly polarized ECME pulses
per stellar rotation cycle, observable near each magnetic null
(Leto et al. 2016). Under certain circumstances, the oppositely
circularly polarized pulses may overlap in their rotational
phases of arrival, leading to very low circular polarization in
the observed radio pulses (Leto et al. 2016; Das et al. 2020c).

The first MRP discovered is CU Vir (Trigilio et al. 2000).
Naturally, it has been observed several times thereafter, not
only in radio bands but also in the X-ray and optical bands

(e.g., Ravi et al. 2010; Lo et al. 2012; Krticka et al. 2019;
Robrade et al. 2018, etc.). The X-ray observations showed that
the star produces very hard X-ray (dominated by hot plasma at
25 MK for the multi-thermal model; Robrade et al. 2018),
which led to the speculation of a nonthermal origin of the hard
X-ray emission as first proposed by Leto et al. (2017) for the
magnetic B star HD 182180. The published radio measure-
ments so far revealed that CU Vir produces only RCP ECME.
For the rest of the MRPs, both LCP and RCP pulses are
observed (e.g., Leto et al. 2019). Because oppositely circularly
polarized pulses correspond to activities near the two magnetic
poles, the absence of LCP pulse indicates that ECME is not
produced near one of the magnetic poles of CU Vir (Trigilio
et al. 2000). It was speculated that this could be a result of
deviation of the stellar magnetic field from dipolar topology
(Trigilio et al. 2000).
In all the reported radio observations of CU Vir, which are

aimed at studying ECME, all but one have observing frequency
�1 GHz. The only observation below 1 GHz was the one at
610MHz by Stevens & George (2010) using the legacy Giant
Metrewave Radio Telescope (GMRT). They covered a
rotational phase range of ≈0.25 cycles. The authors claimed
to have detected the low-frequency counterpart of the ECME
pulses seen at higher frequencies (>1 GHz); however, this
study was not pursued further.
In order to explore the sub-GHz properties of this well-

known star, we observed CUVir over 0.3–0.8 GHz using the
upgraded GMRT (uGMRT) for one full stellar rotation cycle
and at two epochs. We also acquired near-simultaneous data of
this star covering the frequency range of 1–4 GHz using the
Karl G. Jansky Very Large Array (VLA). In this paper, we
present the results obtained from our ultra-wideband observa-
tion and discuss possible scenarios that can explain the several
surprising results that we obtained.
This paper is structured as follows: in the next section

(Section 2), we describe the details of the observations and data
analysis. We then summarize the results obtained from our
higher-frequency (�1 GHz) observations (Section 3). Follow-
ing that, we present the results of the sub-GHz observation of
CUVir which are the highlights of this paper (Section 4). We
then connect the results obtained at different radio bands
(Section 5) and discuss a scenario to consistently explain the
behavior over the entire frequency range (Section 6). The
penultimate section (Section 7) is dedicated to the transient
phenomena that we observed at sub-GHz frequencies. We
finally present our conclusions and summarize the paper in
Section 8.

2. Observations and Data Analysis

We observed the star in band 3 (300–500MHz) and band 4
(550–900MHz) of the uGMRT in 2019 January (epoch 1) and
2020 June (epoch 2), and in bands L (1–2 GHz) and S
(2–4 GHz) of the VLA in 2019 June and July. At all frequency
bands, the star was observed for one full rotation cycle.
In the case of the uGMRT observations (sub-GHz frequency),

we observed the star at two epochs so as to examine the
persistency of the emission over time (the same was not needed at
higher radio frequencies as the star was already observed several
times above 1 GHz). To reduce the required observing time (and
also to compare the results obtained in the two bands without
including any time-dependent effect), the data at the second epoch
were acquired in subarray mode, i.e., data over band 3 and band 4

Figure 1. The different sites of origin of ECME at different frequencies in a
star with a dipolar magnetic field. The arrow represents the magnetic dipole
axis. Here we show the sites for only the north magnetic hemisphere. Because
the frequency of emission is proportional to the magnetic field strength (see
Section 1), the sites producing ECME at a given frequency corresponds to sites
with a given magnetic field value. For a dipolar magnetic field, such sites
constitute ring-shaped regions, known as auroral rings. Here, we have assumed
a dipolar magnetic field of strength 4 kG at the poles. The auroral rings shown
are the sites of origin of ECME at the frequencies mentioned in the figure,
assuming emission at the second harmonic of the local electron gyrofre-
quency νB.
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were recorded simultaneously by using half of the antennas for
each frequency band. The time resolution for each uGMRT
observation was 8 s. At epoch 1, the original frequency resolution
in band 3 and band 4 were respectively 97.7 kHz and 195.3 kHz,
and at epoch 2, it was 195.3 kHz for both bands. Details of our
uGMRT observations are provided in Table 1. The standard
calibrators 3C 286 and 3C 147 were used for calibrating the
absolute flux density scale and also for bandpass calibration, and
J1445+099 was used as the phase calibrator. The data were
analyzed using the method described in Das et al. (2019b). The
final frequency resolution in band 4 at both epochs was 586 kHz.
In band 3, it was 293 kHz at epoch 1 and 391 kHz at epoch 2.

In the case of the VLA data, the full stellar rotation cycle was
covered by observing on 2019 June 12 and 2019 July 23, with
seven hours of observing time on each day. The rotational
phase covered on 2019 June 12 was 0.26–0.78 and that on
2019 July 23 was 0.80–1.32. We used the subarray mode that
enabled us to acquire simultaneous data at the L (1–2 GHz) and
S (2–4 GHz) bands. In both bands, there were 16 spectral
windows (SPWs), each containing 64 channels. Each SPW has
a bandwidth of 64MHz in the L band and 128MHz in the S
band. The time resolution was 3 s. 3C 286 was used as the
absolute flux density calibrator and J1354–0206 was used as
the phase calibrator. The data were calibrated using the VLA
Scripted Calibration Pipeline,1 which is based on the Common
Astronomy Software Application (CASA; McMullin et al.
2007). The calibrated data for the target were further inspected
for bad data and flagged if required. The L-band data were self-
calibrated without masking the target using the CASA task
“tclean.” The sources other than the target were then subtracted
using the task “uvsub,” and the residual was imaged with a 2
minute time resolution. A similar approach was followed for
the S-band data except that no self-calibration was done.

In one case (for band 3 data), we extracted the dynamic
spectrum from the self-calibrated uGMRT data. For that, we
first subtracted the contribution of all the sources in the field of
view excluding the target from the self-calibrated visibilities.
We then averaged over a few channels (to enhance the signal-
to-noise ratio). Further averaging was done over all baselines
for each time–frequency bin. The resulting visibilities (for each
polarization) were then plotted on the time–frequency plane to
obtain the dynamic spectrum for the given polarization.

The data were phased using the ephemeris provided by
Mikulášek et al. (2011). According to this ephemeris, the

rotational phase is given by v–int(v) (int(v) is the integer part of
v); the quantity v is defined as below:
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Here t corresponds to the time (Heliocentric Julian Day HJD)
when we want to calculate the rotational phase, M0=
2446730.4447, T0= 2446636(24) days, P0= 0.52069415(8)
days, A= 1.915(10) s, and Π= 13260(70) days. Although a
more recent ephemeris is available (Mikulášek et al. 2019), we
found that the older ephemeris is much more effective in terms
of aligning pulses observed at different epochs. Note that
neither work providing the ephemeris (Mikulášek et al.
2011, 2019), includes data acquired in the year 2019 or later.
Recently it was discovered that the circular polarization

convention of the uGMRT in band 3 and band 4 is opposite to
the IAU/IEEE convention (Das et al. 2020b, 2020a). To
maintain a uniform convention for all our observations, we
swapped the circular polarization manually for the uGMRT
data during the post-processing phase. Throughout the paper,
we will use the color “red” for RCP and “blue” for LCP (unless
stated otherwise), both of which are in accordance with the
IAU/IEEE convention.
The flux density measurements at the four frequency bands

are given in Tables 2, 3, 4, and 5.

3. Radio Emission from CUVir over 1–4 GHz

As mentioned already, ECME from CUVir was discovered
by Trigilio et al. (2000) at 1.4 GHz. Subsequent observations
established that this is a stable phenomenon that gives rise to
exclusively RCP (according to IAU/IEEE convention) radio
emission that are visible twice every rotation period (e.g.,
Trigilio et al. 2008; Ravi et al. 2010; Trigilio et al. 2011; Lo
et al. 2012, etc.). It was also found that CU Vir exhibits ECME
at least over the frequency range of 1.4–2.5 GHz, but is absent
at frequencies �5 GHz. The multiepoch observations also
helped in diagnosing the rotation period evolution of the star
(Trigilio et al. 2008).
Here we report the observation of this star over a continuous

frequency range of 1–4 GHz. In Figure 2, we show the
lightcurves at 1.5 GHz (1–2 GHz), 2.6 GHz (2.05–3.05 GHz),
3.3 GHz (3.2–3.4 GHz), and 3.8 GHz (3.6–3.9 GHz). The
vertical lines and the surrounding gray shaded regions in the
panels mark the rotational phases 0.34± 0.01 and 0.76± 0.01,
which are the rotational phases of the arrival of the 1.4 GHz

Table 1
Log of uGMRT Observations of CU Vir Showing the Dates and Duration of Observations at Different Wave Bands and the Effective Observing Frequency Ranges

(Eff. Band) for Each Band on Different Days

Epoch 1 Epoch 2

Band 3 Band 4 Band 3 + Band 4

Date Hours Eff. Band Δfrot Date Hours Eff. Band Δfrot Date Hours Eff. Band Δfrot

MHz MHz MHz

2019-01-11 7 333–358, 0.25–0.75 2019-01-04 5 570–804 0.11–0.46 2020-06-07 8 279–461, 0.69–1.19
378–461 2019-01-06 5 570–804 0.88–1.23 570–804

2019-01-18 7 334–461 0.69–1.21 2019-01-07 5 570–804 0.62–0.99 2020-06-13 8 279–461, 0.18–0.71
2019-01-13 5 570–804 0.43–0.75 570–804

Note. The hours here refer to total observation hours including the overheads. Also shown are the rotational phase ranges (frot) covered on different days. The
rotational phases are calculated using the ephemeris proposed by Mikulášek et al. (2011).

1 https://science.nrao.edu/facilities/vla/data-processing/pipeline/scripted-
pipeline
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Table 2
The Flux Density Measurements at uGMRT Band 3 (300–500 MHz)

HJD1 HJD2 Flux Density Error Pol ν0 Δν

(mJy) (mJy) (MHz) (MHz)

2458494.417703 2458494.419092 4.99 1.42 RCP 397 128
2458494.427426 2458494.428815 3.95 1.30 RCP 397 128
2458494.428815 2458494.430204 3.23 0.96 RCP 397 128
2458494.451827 2458494.453216 4.01 1.15 RCP 397 128
2458494.453216 2458494.454605 4.04 1.16 RCP 397 128

Note. HJD stands for Heliocentric Julian Day; HJD1 and HJD2 are respectively the beginning and the end of the time range corresponding to the measurements. Error
implies uncertainty in the flux density, and it includes the fitting error, image rms, and the uncertainty involved in absolute flux density calibration. Pol stands for
polarization. ν0 corresponds to the central frequency of a band with a bandwidth of Δν.

(This table is available in its entirety in machine-readable form.)

Table 3
The Flux Density Measurements at uGMRT Band 4 (550–900 MHz)

HJD1 HJD2 Flux Density Error Pol ν0 Δν

(mJy) (mJy) (MHz) (MHz)

2458487.569470 2458487.597250 2.13 0.24 RCP 687 234
2458487.604340 2458487.632120 1.75 0.20 RCP 687 234
2458487.638540 2458487.638890 5.05 0.68 RCP 687 234
2458487.638890 2458487.639230 4.58 0.64 RCP 687 234
2458487.639230 2458487.639580 4.85 0.64 RCP 687 234

Note. HJD stands for Heliocentric Julian Day; HJD1 and HJD2 are respectively the beginning and the end of the time range corresponding to the measurements. Error
implies uncertainty in the flux density, and it includes the fitting error, image rms, and the uncertainty involved in absolute flux density calibration. Pol stands for
polarization. ν0 corresponds to the central frequency of a band with a bandwidth of Δν.

(This table is available in its entirety in machine-readable form.)

Table 4
The Flux Density Measurements at the VLA L Band (1000–2000 MHz).

HJD1 HJD2 Flux Density Error Pol ν0 Δν

(mJy) (mJy) (MHz) (MHz)

2458647.503081 2458647.504470 9.89 1.07 RCP 1500 1000
2458647.504470 2458647.505859 14.50 1.51 RCP 1500 1000
2458647.505859 2458647.507247 17.12 1.78 RCP 1500 1000
2458647.507247 2458647.508636 19.49 1.98 RCP 1500 1000
2458647.508636 2458647.510025 18.50 1.90 RCP 1500 1000

Note. HJD stands for Heliocentric Julian Day; HJD1 and HJD2 are respectively the beginning and the end of the time range corresponding to the measurements. Error
implies uncertainty in the flux density, and it includes the fitting error, image rms, and the uncertainty involved in absolute flux density calibration. Pol stands for
polarization. ν0 corresponds to the central frequency of a band with a bandwidth of Δν.

(This table is available in its entirety in machine-readable form.)

Table 5
The Flux Density Measurements at the VLA S Band (2000–4000 MHz)

HJD1 HJD2 Flux Density Error Pol ν0 Δν

(mJy) (mJy) (MHz) (MHz)

2458647.505410 2458647.515820 7.13 0.81 RCP 2051 128
2458647.515820 2458647.526240 17.20 1.75 RCP 2051 128
2458647.526240 2458647.536650 16.98 1.76 RCP 2051 128
2458647.536650 2458647.547070 5.21 0.57 RCP 2051 128
2458647.547070 2458647.557490 4.10 0.47 RCP 2051 128

Note. HJD stands for Heliocentric Julian Day; HJD1 and HJD2 are respectively the beginning and the end of the time range corresponding to the measurements. Error
implies uncertainty in the flux density, and it includes the fitting error, image rms, and the uncertainty involved in absolute flux density calibration. Pol stands for
polarization. ν0 corresponds to the central frequency of a band with a bandwidth of Δν.

(This table is available in its entirety in machine-readable form.)
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ECME pulses using the same ephemeris as the one used in this
work, but using data acquired over the years 1998–2010
(Trigilio et al. 2000, 2011; Kochukhov et al. 2014). In the case
of the 1.5 GHz pulses reported here (data acquired in the year
2019), the rotational phases corresponding to the peak of the
pulses are 0.292± 0.001 and 0.697± 0.001, which are offset
by 0.05± 0.01 and 0.06± 0.01 rotation cycles respectively
from those reported in the past (Figure 2). This suggests that
the extrapolated rotation period, obtained from the rotational
period evolution model of CU Vir, reported by Mikulášek et al.
(2011) is incorrect, at least to phase the radio data. Note that the
need for a more precise model to explain the rotation period
evolution of CUVir has already been mentioned by Mikulášek
et al. (2019).

The new data provide several important results. Probably the
most important one is the discovery of LCP enhancements in
these frequencies, though at a significantly weaker level than
that for the RCP. The second one is the discovery of a
relatively weak RCP pulse near phase 0.8, at frequencies above
2 GHz, that has previously gone unnoticed. Interestingly, this
pulse seems to be present even at 5 GHz. We provide
estimation/constraint on the upper cutoff frequencies for all
these pulses and also the lower cutoff frequency for the newly
discovered RCP pulse. In addition, we present the rotational
modulation of the higher-frequency (gyrosynchrotron)
lightcurves.

3.1. Discovery of LCP Enhancement from CU Vir at GHz
Frequencies

From the top panel of Figure 2, which shows the lightcurves
at 1.5 GHz, we hardly see any enhancement in LCP. However,
a careful investigation (with the aid of a highly sensitive

instrument, VLA) revealed LCP enhancements close to those
observed at RCP, though not perfectly aligned with the former
(Figure 3). The latter fact allows us to rule out any instrumental
leakage causing the enhancements. Comparing this figure with
the top panel of Figure 2, one can easily see that the prime
reason for not noticing the LCP enhancements until now is that
these pulses are extremely weak compared to those in RCP
adjacent to the former.
We do not find any hint of LCP enhancement near the RCP

enhancements in the S band within our sensitivity limit,
suggesting that the upper cutoff frequency of the LCP pulses
lies in 1.5–2.6 GHz. In Section 3.3, a more detailed exercise to
locate the upper cutoff frequency is described for both RCP and
LCP ECME pulses.

3.2. Discovery of an RCP Pulse Present Only at the S Band

In Figure 2, we find an enhancement in the RCP between the
0.75 and 0.85 rotation cycle that is not detectable at 1.5 GHz
but present at 2.6 GHz (2.05–3.05 GHz, Figure 2) up to
3.8 GHz, where the “regular” ECME pulses are absent.
Between 2.6 and 3.8 GHz, it exhibits similar shape and
strength. This feature is actually covered partially on the two
days of our observation (rising part on 2019 June 12 and the
falling part on 2019 July 23), which implies that the
enhancement is persistent. As can be seen from the bottom
panel of Figure 5, it is ≈25% RCP at 3.8 GHz, much higher
than that in the case of the gyrosynchrotron emission around
the primary maxima at the same frequency. This raises the
question of whether this enhancement is indeed a part of the
gyrosynchrotron lightcurve. In the literature, there is no
mention of observation of such a structure to the best of our
knowledge, but a hint of such a feature is visible in the 2.5 GHz
lightcurve in Stokes V ((RCP – LCP)/2) presented in Trigilio
et al. (2008; see their Figure 5, upper-right panel) and also in
the 5 GHz lightcurves reported by Trigilio et al. (2000) and
Leto et al. (2006). Combining all these observations, we find
the following properties of this pulse:

Figure 2. The lightcurves of CU Vir over 1–4 GHz obtained from data taken
on 2019 June 12 and 2019 July 23. Red and blue markers represent right and
left circular polarizations, respectively. The data were phased using the
ephemeris of Mikulášek et al. (2011). The vertical lines mark the rotational
phases of arrival of ECME pulses (RCP) at 1.4 GHz (using the same
ephemeris) observed over the years 1998 and 2010. (Trigilio et al. 2000, 2011;
Kochukhov et al. 2014). The surrounding gray shaded regions represent the
associated uncertainties.

Figure 3. The weak LCP enhancement observed at 1.5 GHz from CU Vir. The
vertical solid lines mark the maxima of the RCP ECME pulses, and the vertical
dashed lines represent the same for the LCP enhancements shown here. The
blue markers are the flux density measurements with 2 minute time resolution
(same as the top panel of Figure 2). The black thick curve shows the smoothed
lightcurve with 12 minute time resolution. Note that this is the first time that
LCP enhancement is detected above 1 GHz.
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1. This pulse is visible at frequencies higher than 2 GHz and
at least up to 5 GHz.

2. This pulse is RCP throughout its bandwidth.
3. The percentage circular polarization appears to decrease

between 4 and 5 GHz (by ≈10%, based on measurements
of this work and those of Leto et al. 2006).

4. The rotational phases of arrival of the pulse at different
frequencies appear to be the same (within our time
resolution)2

The top three characteristics clearly set this pulse apart from
the rest of the lightcurve (consisting of gyrosynchrotron
emission). Once we rule out gyrosynchrotron, the only
explanation left is that this pulse is also produced by ECME.
Note that this inference extends the highest frequency of
ECME detection from MRPs to 5 GHz. Possible reasons for the
appearance of this pulse include contribution from a higher-
order magnetic field close to the stellar surface, propagation
effects in the magnetospheric plasma, and ECM emission at a
higher harmonic than that for the known pulses.

3.3. The Cutoff Frequency of ECME

In order to locate the upper cutoff frequencies of LCP and RCP
pulses (excluding the newly discovered pulse, Section 3.2) with
better precision, we extract the lightcurves for every spectral
window in our data. Note that each spectral window at the L band
(1–2 GHz) has a width of 64MHz, whereas that for the S band is
128MHz. In Figure 4, we plot the peak flux density of the ECME
pulses against the central frequency of the spectral windows.
Along with that, we also plot the spectrum for the basal flux
density. We define the basal flux density to be the median of the
flux densities between the rotational phase range 0.4 and 0.6
(where ECME is absent). The error bars in the basal flux densities
correspond to the median absolute deviation (MADs) over the
same range of rotational phases, i.e., 0.4–0.6.3 The gray shaded
region marks the �3σ deviation from the basal flux densities,

where σ represents the associated uncertainty. Similar to Das
et al. (2020a), we also define the upper cutoff frequency to be
the lowest frequency at which the peak flux density of the
ECME pulse merges with the gray shaded region within its
error bar.
The above strategy, however, cannot be applied to locate the

lower cutoff frequency of the RCP pulse seen near 0.8
rotational phase in the S band, because at those frequencies the
basal flux density exhibits significant rotational modulation,
and the region between 0.4 and 0.6 rotational phase in fact
corresponds to a maximum of the gyrosynchrotron lightcurve
with a flux density similar to the peak flux density of the RCP
pulse under consideration (Figure 5). We hence use the LCP
flux densities within the rotational phase window 0.7–0.8
cycles, which encompasses the RCP pulse, as a measure of the
basal flux densities (right of Figure 4). The lower cutoff
frequency is then defined as the highest frequency (lower than
the upper cutoff frequency) at which the peak flux density
merges with the gray region.
According to our definition of cutoff frequencies, we obtain

the following results:

1. The upper cutoff frequency for the RCP ECME pulses,
excluding the one visible only at the S band, is
3.0± 0.06 GHz.

2. For the LCP pulses, the upper cutoff frequencies appear
slightly different for the pulses observed near the two nulls
according to the definition adopted here. For the pulse
observed around 0.3 rotational phase, the upper cutoff
frequency is 2.00± 0.03 GHz, whereas that for the pulse
observed around 0.7 rotational phase is 1.42± 0.03GHz.

3. For the newly discovered RCP pulse (Section 3.2), the
lower cutoff frequency comes out to be 2.31± 0.06 GHz.
Its upper cutoff frequency lies between 5 and 8.4 GHz.

CU Vir is only the second hot magnetic star for which the
ECME upper cutoff frequency is precisely located. The other
such star, HD 133880, has also been found to have different
upper cutoff frequencies for its RCP and LCP ECME pulses
(Das et al. 2020a).

3.4. Rotational Modulation of Gyrosynchrotron Emission

The basal flux density of CU Vir is known to be due to
gyrosynchrotron (Trigilio et al. 2000; Leto et al. 2006). As the

Figure 4. Left: the spectra (filled markers) corresponding to the peak flux density of the two ECME pulses observed from CU Vir. Both pulses, under consideration,
are right circularly polarized. The unfilled markers represent the basal RCP flux density. The gray region represents 3 × MAD, where MAD is the median absolute
deviation about the basal flux density (see Section 3). These data were acquired on 2019 June 12 with the VLA. Δfrot represents rotational phase range at which an
ECME pulse was observed. Middle: same for the LCP pulse, except that the data for the rotational phase range of 0.25–0.35 were taken on 2019 July 23. Right: the
spectrum of the peak flux density of the RCP pulse (red markers), observed only at GHz frequencies between 0.75 and 85 rotation cycles. Also shown is the spectrum
of the peak LCP flux density over the same rotational phase range (blue markers) that acts as a measure of the basal flux density spectrum. The gray shaded region
around the LCP flux densities represent 3σ, with σ being the error bars in the basal LCP flux density measurements.

2 Though the rotational phase of arrival of the pulse at 5 GHz is apparently
offset by ≈0.05 cycles (Leto et al. 2006) from that observed at 3.8 GHz, the
rotational phases corresponding to the primary maxima are also offset by a
similar amount, showing that the offsets are spurious. These offsets very likely
arise due to the same reason as that behind the offsets observed between ECME
pulses observed in the past and those reported here.
3 Except for the case when there is only a single measurement at that range. In
that case, the lone measurement and its error bar are used as the measures of
basal flux density and error bar, respectively.
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frequency increases, the rotational modulation of the gyrosyn-
chrotron emission becomes more and more prominent (e.g., see
Figure 5 of Leto et al. 2020a). From Figure 2, we find that the
basal flux density is nearly flat at 1.5 GHz but shows clear
rotational modulation at 3.3 and 3.8 GHz.

In Figure 5, we show the lightcurves for Stokes I, i.e., the
average of RCP and LCP flux densities and the percentage
circular polarization at a central frequency of 3.76 GHz
(3.56–3.95 GHz), along with the 〈Bz〉modulation. The latter
was reported by Kochukhov et al. (2014). While obtaining
these radio lightcurves, we averaged every three data points in
the original lightcurves (time resolution was 5 minutes), which
resulted in an effective time resolution of 15 minutes so as to
further reduce the error bars in the flux density measurements.
Following Kochukhov et al. (2014), we fit a dipolar+quad-
rupolar model to the 〈Bz〉 data, resulting in the solid curve
shown in the top panel of Figure 5. We find the rotational
phases corresponding to the maximum and the minimum of the
fitted curve to be -

+0.15 0.04
0.04 and -

+0.60 0.01
0.02, respectively (shown

by the vertical black solid lines surrounded by gray shaded
regions in the top panel of Figure 5). The null phases come out
to be -

+0.42 0.02
0.01 and 0.81± 0.02 (shown by the vertical blue

dashed lines surrounded by the blue shaded regions in the top
panel of Figure 5). In case of the total intensity lightcurve

(middle panel of Figure 5), we find the (primary) maxima to lie
at -

+0.04 0.01
0.03 and -

+0.54 0.01
0.02 rotational phases. Thus, unlike the

ideal case, the maxima of the gyrosynchrotron lightcurve are
not aligned with the extrema of the stellar 〈Bz〉 curve. This
discrepancy however vanishes once we take the phase offset of
≈0.05–0.06 cycles, observed between the ECME pulses
observed in the year 2010 (radio data nearly simultaneous with
〈Bz〉 data; Trigilio et al. 2011; Kochukhov et al. 2014) and
those reported in this work (year 2019), into account. This is
interesting because the photospheric magnetic field of CUVir
is known to deviate significantly from a dipolar topology
(Kochukhov et al. 2014), whereas at the height of radio
emission, we expect the field to be predominantly dipolar. Note
that Leto et al. (2020a) also observed a rotational phase offset
of more than 0.1 cycles between the maxima of the
gyrosynchrotron lightcurves over 5.5–21.2 GHz and the
extrema of the photospheric 〈Bz〉 for the star ρOph A (their
radio data were acquired in the year 2019 and the most of the
〈Bz〉 data were acquired in the years 2017–2018; Pillitteri et al.
2018; Leto et al. 2020a). The offset was attributed to the
contribution of nondipolar component to the photospheric
〈Bz〉measurements.

4. Results from Sub-GHz Observations

The lower-frequency lightcurves along with the higher-
frequency ones are shown in Figure 12. Before discussing all
these lightcurves together, we first present the results obtained
for the lower frequencies starting with band 4 (550–800MHz)
followed by that for band 3 (330–461MHz).

4.1. Lightcurves in Band 4 at the Two Epochs

The lightcurves in band 4 on different days of observations
are shown in Figure 6. The top four panels correspond to epoch
1 (data acquired in the year 2019) and the bottom two
correspond to epoch 2 (data acquired in the year 2020). Unlike
their higher-frequency counterparts, these lightcurves are full of
enhancements. There are two types of enhancements: persistent
and intermittent/transient. The persistent enhancements are
observed over 0.20–0.40 and 0.55–0.80 rotation phases
(Figures 7 and 8). The intermittent/transient enhancements
are observed on three days at different rotational phases:
0.14–0.18 (2019 January 6), 0.635–0.645 (2019 January 7),
and 0.88–1.00 (2019 January 7) rotation phases (Figure 9).
Interestingly, the two rotational phase windows, within which
the persistent enhancements are seen, are the same within
which the ECME pulses above 1 GHz are seen (Figure 2).
In the subsequent subsections, we discuss these two types of

enhancements observed at different rotational phases.

4.1.1. Persistent Enhancements

As mentioned already, the persistent pulses in band 4 are
observed over 0.20–0.40 and 0.55–0.80 rotation cycles. Below
we describe their characteristics.
The rotational phases between 0.2 and 0.4 cycles were

covered on two days: 2019 January 4 and 2020 June 13
(Figure 6). The zoomed lightcurves are shown in Figure 7.
Though the profiles of the enhancements observed in RCP and
LCP appear different, especially in the range 0.32–0.40, they
appear similar in terms of the rotational modulation of the
percentage circular polarization. The significance of this
property is discussed in Section 7.1.

Figure 5. Top: the rotational modulation of the longitudinal magnetic field 〈Bz〉
of CU Vir. The 〈Bz〉 data are taken from Kochukhov et al. (2014). The filled
circles represent their own measurements, whereas the unfilled circles represent
data from Borra & Landstreet (1980). Second to fourth panels: the rotational
modulation of the total intensity Stokes I (second panel), circular polarization
Stokes V (third panel), and the percentage circular polarization (100 × V/I,
bottom panel) at 3.8 GHz, where I = (RCP + LCP)/2 and V = (RCP – LCP)/
2. These are obtained after averaging over three data points in the original
lightcurves (Figure 2). The effective time resolution is 15 minutes. The solid
vertical lines and the surrounding gray shaded regions mark the rotational
phases corresponding to the extrema of the 〈Bz〉 curve and the associated
uncertainties, respectively. The blue shaded regions mark the nulls of the 〈Bz〉.
The red shaded regions in the middle panel mark the maxima (and associated
uncertainties) of the total intensity lightcurve. See Section 3 for details.
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One curious observation that we made is the offset of ≈0.01
rotation cycles (7.5 minutes) between the LCP enhancements
between 0.20 and 0.32 rotation cycles at the two epochs (see
the left panels of Figure 7). It is not clear if there is any offset
between the respective RCP pulses as well, because it is not
adequately sampled near the peak at epoch 2. As will be seen
subsequently, such offsets are not observed for the remaining
pulses, proving that the observed offset, in this case, is not
related to any kind of rotation period evolution but could be
due to “drifting pulse emission region” (Ravi et al. 2010).

For the other set of persistent pulses, which lies between
0.55 and 0.85 rotation cycles (Figure 8), we have observation
from four days: 2019 January 7, 13 (epoch 1), and 2020 June 7
and 13 (epoch 2). Between the different days, we observe an
order-of-magnitude variation in the flux density over the same
rotational phases (e.g., see the second and fourth panels of
Figure 8). Though ECME pulses are known to vary in
amplitude (e.g., Trigilio et al. 2011), variation by an order of
magnitude has never been observed before. In fact, our
observation of a pulse of strength >100 mJy (second panel of
Figure 8) corresponds to the strongest pulse ever observed from
any MRP. Despite such dramatic fluctuation in amplitude of the
pulses at different circular polarizations, the profiles for the
percentage circular polarization remain essentially identical at
all epochs, except for the data shown in the top panel of
Figure 8, where a persistent pulse is contaminated by a
nonpersistent enhancement between 0.63 and 0.65 rotation
cycles (marked by green dashed lines). The latter is described
in the next subsection along with the other nonpersistent
features observed in band 4. The two aspects, i.e., the extreme

enhancement observed and the stability of the circular
polarization profiles, are further discussed in Section 7.1.

4.1.2. Nonpersistent Features

Nonpersistent features refer to the enhancements that were
observed only once despite multiple observations of the corresp-
onding rotational phases. There are three such features, all LCP,
observed on 2019 January 6 and 7. On the latter day, two such
features were observed. The first was an extremely narrow feature
between 0.635 and 0.645 cycles, which appeared on top of a
persistent LCP pulse (see the region between the vertical dashed
lines in the topmost panels of Figure 8). On the same day, we
observed another nonpersistent enhancement between 0.88 and 1.0
rotational phases. This and the one observed on the previous day
(2019 January 6) between 0.14 and 0.18 rotational phases have
multiple components of smaller width (Figure 9). The sub-
components observed on the same day have similar widths, but
those observed on different days, have different widths. The
spectral properties of the different components are described in
Appendix B. The cause of these features is discussed in Section 7.2.

4.2. Lightcurves in Band 3 at the Two Epochs

The lightcurves in band 3 (330–461MHz) obtained at the
two epochs are shown in Figure 10. At each epoch, the full
rotational phase coverage was obtained by observing on two
days, with very little overlap in rotational phase.
Similar to what we found for band 4, here also the lightcurves

consist of enhancements in both circular polarizations. Interest-
ingly, all of these features appear to be present at both epochs,
implying that all of them are persistent structures of the
lightcurves. Regarding the time evolution of the height of the
enhancements, we find that for the inner two sets of RCP and LCP
pulses (those lying over the 0.2–0.7 rotation cycle), the pulse
strength does not evolve significantly with time, indicating a
highly stable underlying phenomenon.
For the remaining enhancement (between 0.75 and 1.10

rotational phases), which is entirely LCP, we find that the pulse
at epoch 2 is much weaker than that at epoch 1. Upon examining
the spectrum of the maximum observed flux density (using the
epoch 1 data only), we find that the peak flux density first decreases
up to a certain frequency and then increases with further increase in
frequency (left of Figure 11). To investigate it further, we extracted
the dynamic spectrum around the peak of the enhancement (right of
Figure 11). By examining the dynamic spectrum (flux density on
the time–frequency plane), we find that this enhancement is actually
the superposition of two enhancements. Between 0.89–0.91
rotational phases, there are two enhancements occurring at the
same time, but over a disconnected range of frequencies. We could
not examine the dynamic spectrum for the enhancement observed
at epoch 2 because the signal there is much weaker and the data
were much noisier. Thus, it is not clear whether both enhancements
seen at epoch 1 have counterparts at epoch 2 or not.
Interestingly, one of the nonpersistent band 4 enhancements

(LCP) was observed over the rotational phase range of
0.88–0.98 rotation cycles (Figure 9), which is roughly the
same over which the LCP enhancement under consideration
was observed in band 3. Current observations are however
inadequate to comment on whether there is any connection
between the two enhancements.
Thus, the difference between the strength of the enhance-

ments over 0.7–1.1 cycles observed at the two epochs in band 3

Figure 6. The lightcurves of CU Vir in band 4 of the uGMRT obtained during
epoch 1 (top four panels) and epoch 2 (bottom two panels). For the definition of
epoch 1 and epoch 2, refer to Table 1. Red and blue markers represent RCP and
LCP, respectively, which are in accordance with the IEEE convention. The
gray shaded regions in each panel indicate the unavailability of data in those
rotational phase ranges on that day. Note that the Y-axes are in log scale.
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could be due to either intrinsic variability of the pulse height or
the occurrence of a flare at epoch 1 over the same range of
rotation cycles in addition to the persistent pulse.

To summarize, the results in band 3 are similar to those
obtained in band 4 in the sense that in both bands,
enhancements are observed in both RCP and LCP, and these

Figure 7. The enhancements observed from CU Vir in band 4 (570–804 MHz) of the uGMRT between phases 0.20 and 0.40 on different days of observation. Left:
RCP (red) and LCP (blue) lightcurves, middle: Stokes I (average of RCP and LCP) lightcurves, right: lightcurves for the percentage circular polarization, given by
100×(RCP – LCP)/(RCP + LCP). The top panel corresponds to data acquired at epoch 1 (2019 January 4), and the bottom panel corresponds to data taken at epoch 2
(2020 June 13). The fact that these enhancements are observed at both epochs show that they are persistent pulses. See Section 4.1.1 for details.

Figure 8. Another set of persistent enhancements observed from CU Vir in band 4 of the uGMRT that lie between phases 0.55 and 0.85. The four rows correspond to
four different days of observation. Left: RCP (red) and LCP (blue) lightcurves, middle: Stokes I lightcurves, right: lightcurves for the percentage circular polarization.
The top two panels correspond to data acquired at epoch 1 (top: 2019 January 7, second from the top: 2019 January 13) and the bottom two panels correspond to data
acquired at epoch 2 (third from the top: 2020 June 7, fourth from the top: 2020 June 13). The vertical dashed lines mark the narrow LCP enhancement observed only
on 2019 January 7 (topmost panel). See Section 4.1.1 for details.
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are not confined to the rotational phases where the GHz ECME
pulses are seen. However the properties at the two bands differ
in two important aspects. Unlike band 4, no nonpersistent
enhancement was observed at band 3. Second, the pulses
observed between 0.2 and 0.75 rotational phases appear to be
extremely stable (in terms of pulse height) in band 3, which is
not the case in band 4.

5. CU Vir over 0.4–4 GHz

In Figure 12, we show the lightcurves for one complete rotation
cycle of CUVir at different frequency bands along with the stellar
〈Bz〉. For the lightcurves at sub-GHz frequencies, we have used
the epoch 2 data, which do not have any nonpersistent features. It
can be clearly seen that while at GHz frequencies the pulses are

Figure 9. Left and middle: the lightcurves for the LCP nonpersistent enhancement seen from CU Vir on 2019 January 7, along with the corresponding lightcurves for
a test source (Appendix A). Right: the lightcurve for the LCP flare seen from CU Vir on 2019 January 6, along with the corresponding lightcurve for a test source.

Figure 10. The lightcurves of CU Vir in band 3 (279–461 MHz) of the uGMRT obtained during epoch 1 (top panels) and epoch 2 (bottom panels). For the definition
of epoch 1 and epoch 2, see Table 1. The left panels show the lightcurves for RCP (red markers) and LCP (blue markers), which are in accordance with the IEEE
convention. The middle panel shows the same for the total intensity, and the right panel shows the lightcurves for the percentage of circular polarization.

Figure 11. Left: the spectrum corresponding to the peak flux density of the LCP enhancement observed on 2019 January 18 (epoch 1) over 0.80–0.95 rotation phases.
No RCP enhancement is present in this rotational phase range. The averaging time for each point is 2 minutes. Right: the dynamic spectrum for the pulse; the
frequency resolution is 12 MHz, and time resolution is 8 s.
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confined to a relatively narrow rotational phase range, they are
much more spread out at sub-GHz frequencies. We also do not
find the pulses to lie around the magnetic nulls (shown by the
vertical dashed lines in Figure 12) of the photospheric 〈Bz〉. This is
probably due to the fact that the 〈Bz〉 at the height of the radio
emission and the photospheric 〈Bz〉 are not identical due to the
contribution from the higher-order magnetic moments.

The goal of this section is to connect the pulses observed at
different frequencies to derive a more comprehensive picture.
In order to achieve that, we examine the intraband spectra of
the persistent pulses in band 4, because this is the wave band
that bridges the previously unexplored sub-GHz behavior with
the relatively well-characterized properties of the star at GHz
frequencies. Note that due to the highly directed nature of the
mechanism, the observed spectrum also depends on the
visibility conditions of the emission beam at different
frequencies and hence does not necessarily reflect the intrinsic
levels of emission. Nevertheless, as will be shown subse-
quently, these spectra become important while connecting
results obtained at different wave bands. Figure 13 shows the
observed spectra of the persistent pulses in band 4. It clearly
demonstrates that though the pulses themselves are persistent,
their spectra may vary with time. The most robust property of

these spectra appears to be the sign of the spectral indices,
which remain unchanged. Table 6 lists the spectral indices of
these pulses using data of epoch 1.
In the following subsections, we first connect the results

obtained in bands 3 and 4, followed by comparison of the
results obtained in band 4 and those at GHz frequencies. In the
next section, we will discuss the coherent picture that emerges
from all these results.

5.1. Connecting Band 3 (0.4 GHz) with Band 4 (0.7 GHz)

Upon comparing the second and third panels of Figure 12,
we find that the persistent LCP pulse observed over 0.2–0.4
rotation phase at 0.4 GHz (band 3) and 0.7 GHz (band 4) are
likely counterparts of each other. This association implies that
this pulse drifts from high to low frequencies with time because
the onset of the pulse in band 4 occurs at ≈0.04± 0.01 cycles
ahead of that in band 3. The approximate drift rate is
−161± 40 kHz s−1. Between band 3 and band 4, the spectrum
corresponding to the peak flux density is flat.
There are two more distinct LCP pulses at 0.4 GHz (second

panel of Figure 12): over 0.50–0.70 cycles and over 0.75–1.10
cycles. One possibility is that these two are respectively the
counterparts of the LCP pulses seen over 0.55–0.72 cycles and

Figure 12. The combined uGMRT lightcurves at epoch 2 and the higher-frequency lightcurves along with the rotational modulation of the stellar 〈Bz〉. The vertical
dashed lines and the gray shaded regions around them represent the nulls of the 〈Bz〉 and their error bars.
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0.72–0.82 cycles at 0.7 GHz (third panel of Figure 12). If this
association holds, it implies that the LCP pulse over the 0.5–0.7
cycle (at 0.4 GHz) drifts at a rate of 129± 26 kHz s−1. In that
case, we find that the two LCP pulses of band 3, lying between

0.2–0.4 and 0.5–0.7 rotational phases, drift with the same rate
on the time–frequency plane, but in opposite directions. Using
epoch 2 data, where we employed subarray mode observation;
the spectral index for the peak flux density of the LCP pulse
between 0.55 and 0.72 comes out to be zero within error bars,
again a characteristic similar to the LCP pulse between the 0.2
and 0.4 rotational phases.
The other association between the LCP pulses over the

0.75–1.10 cycle at 0.4 GHz and the 0.72–0.82 cycle at 0.7 GHz
implies a significantly slower drift rate. In such a case, we
would expect to see the drift of the pulse within a single-
frequency band as well. Unfortunately, at epoch 1, where the
sensitivity is much higher, the corresponding LCP pulse at
0.4 GHz is contaminated by a transient burst candidate
(Section 4.2). We hence examine the intraband drift at
0.7 GHz at epoch 1. In Figure 14, we show the LCP pulses
at 593 and 781MHz over the 0.72–0.82 rotation cycle (as
observed on 2019 January 7). It clearly shows that the pulse
drifts to lower frequencies as time progresses. This is consistent
with the fact that the LCP pulse over the 0.72–0.82 rotation
cycle at 0.7 GHz is the counterpart of the LCP pulse over the

Figure 13. Top left: the spectra over 550–800 MHz corresponding to the peak flux densities of the persistent RCP and LCP enhancement observed from CU Vir between the
0.20 and 0.32 rotation cycles on 2019 January 4 (epoch 1) and 2020 June 13 (epoch 2). Top right: the spectra corresponding to the maximum flux densities observed between
the 0.35 and 0.40 rotation cycles at the two epochs. These data were acquired on 2019 January 4 (epoch 1) and 2020 June 13 (epoch 2). Bottom left: peak flux density spectra
of the persistent RCP and LCP pulses observed between the 0.55 and 0.72 rotational cycle on 2019 January 13 (epoch 1) and 2020 June 13 (epoch 2). Bottom right: peak flux
density spectra for the pulses observed between 0.68 and 0.83. Epoch 1 correspond to data acquired on 2019 January 7, and epoch 2 corresponds to data acquired on 2020
June 7. The averaging time for each point is 2 minutes. RCP and LCP are represented by red and blue markers, respectively.

Table 6
The Intraband Spectral Indices α (S ∝ να, with S Being the Flux Density at a
Frequency ν) of the Persistent Pulses Observed over 570–804 MHz (Band 4 of

the uGMRT) at Different Rotational Phase (Δfrot) Ranges

Δfrot
α Comment

RCP LCP

0.20–0.31 3 ± 1 −5 ± 1
0.35–0.40 0 0
0.55–0.72a −8 ± 1 −5 ± 1 Variable spectra
0.68–0.83 5 ± 1a 0 Variable spectra

Note. Note that the calculations are based on data taken at epoch 1 (Table 1).
The last column indicates whether the spectra observed at the two epochs are
similar (in terms of both spectral indices and flux densities) or not. For details
see Section 4.1.1.
a Between 687 and 781 MHz.
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0.75–1.10 rotation cycle at 0.4 GHz. In this case, the spectral
index between band 3 and band 4 (using the epoch 2 data)
comes out to be −0.6± 0.4.

The number of RCP pulses at 0.4 GHz is two per rotation
cycle (second panel of Figure 12). For the one over the 0.3–0.4
cycle, the most likely counterpart at 0.7 GHz is the one that lies
over the same range of rotation cycles (third panel of
Figure 12). The adjacent RCP pulse over the 0.2–0.3 cycle at
0.7 GHz is ruled out as it shows a steep decline in flux density
below 0.69 GHz at both epochs (top-left panel of Figure 13),
making it unlikely to give rise to an enhancement with a peak
flux density of 10 mJy at 0.4 GHz. From the epoch 2 data
(where observations at the two bands were recorded simulta-
neously employing subarray mode), we find that this RCP
pulse (between the 0.3 and 0.4 rotational phase) exhibits a
spectrum with a spectral index of ≈−1.3± 0.4 (between band
3 and band 4) corresponding to the peak flux density.

Using an argument similar to the one used in the preceding
paragraph, we can rule out the RCP pulse over the 0.70–0.85
cycle at 0.7 GHz being the counterpart of the RCP pulse at
0.4 GHz observed over the 0.55–0.65 rotation cycle (see the
bottom-right panel of Figure 13 for the spectrum of the RCP
pulse over the 0.70–0.85 cycle at the band 4 frequency range
centered at 0.7 GHz). Thus, the most probable counterpart for
the RCP pulse over the 0.55–0.65 cycle at 0.4 GHz is the one
observed over the 0.55–0.70 rotation cycle at 0.7 GHz. Using
the data from epoch 2, we find the spectrum (for the peak flux
density) to be flat between 0.4 and 0.7 GHz.

Thus, the only pulses that do not have counterparts at both
frequency bands are the two RCP pulses at 0.7 GHz, seen over
the 0.2–0.3 cycle and 0.7–0.8 rotation cycle.

5.2. Connecting Band 4 (0.7 GHz) with GHz Frequencies

Here we attempt to identify counterparts of the ECME pulses
that are observed at frequencies 1 GHz. The RCP ECME
pulse observed around the 0.8 rotational phase (bottom three
panels of Figure 12) will not be considered here as we already
showed that its lower cutoff frequency lies around 2.3 GHz
(Section 3.4).

From Figure 12, one can readily see that there are multiple
candidates for counterparts of higher-frequency ECME pulses
at 0.7 GHz. We assume that the circular polarization of ECME
pulses does not change with frequency (this need not be true;
Das et al. 2019a). Let us consider the RCP pulse observed
between the 0.2 and 0.4 rotation cycles at 1–3 GHz. There are
two possible counterparts for this pulse at 0.7 GHz. For the
latter counterpart at 0.7 GHz (over the 0.3–0.4 rotation cycle),
we inferred in the preceding subsection that it has a counterpart
at 0.4 GHz lying over the same range of rotational phases,
which indicates a very high drift rate (>36MHz s−1, with 8 s
time resolution). In addition, it has a spectral index of −1
between 397 and 687MHz (Section 5.1). Both these facts make
it unlikely to be the counterpart of high-frequency ECME
pulses. The other RCP pulse (over 0.2–0.3 rotation cycles,
second panel of Figure 12) has a positive spectral index
(Table 6). It also arrives ahead of the pulses at higher
frequencies, thus preserving the sequence of arrival of the
ECME pulses seen between 1 and 3 GHz. Therefore, the RCP
pulse observed between the 0.2 and 0.3 rotational phases at
0.7 GHz (band 4) is the most likely counterpart of the ECME
pulse of same polarization observed between the 0.2 and 0.4
rotation cycles above 1 GHz.
We next consider the RCP ECME pulse that is observed

between 0.6 and 0.8 rotation cycles at higher frequencies.
Again there are two possible counterparts at 687MHz (band 4):
the RCP pulse over the 0.55–0.65 rotation cycle and the RCP
pulse over the 0.7–0.8 rotation cycle (third panel of Figure 12).
The first candidate, i.e., the one over the 0.55–0.65 rotation
cycle, is unlikely to be the counterpart as it has been found to
exhibit a spectrum with steeply falling flux densities with
increasing frequencies (Figure 13, Table 6). The RCP pulse
over the 0.7–0.8 rotation cycle shows nearly flat spectrum, with
a hint of a positive spectral index at the higher end of band 4
(Figure 13, Table 6). Thus, this pulse is favored over the
preceding RCP pulse to be the counterparts of ECME seen at
higher frequencies.
If our association is correct, it will imply that the lower

cutoff frequency corresponding to the higher-frequency RCP
ECME pulses lies between the frequency range of band 3 and
band 4, i.e., over 461–570MHz, because none of the two RCP
pulses at 687MHz, which are the likely counterparts of higher-
frequency ECME, has any counterpart at band 3 (Section 5.1).
Similar to the RCP pulse, the weak LCP pulse observed

at GHz frequencies also has multiple possible counterparts at
sub-GHz frequencies. Two of the persistent LCP pulses in band
4 exhibit very steep spectra and the other two exhibit flat
spectra (Table 6). The pulses with steep spectra are unlikely to
be of strength ∼10 mJy at 1 GHz unless we consider the
superbright pulse observed on 2019 January 13 (top panel of
Figure 15), or the variable spectral index at different epochs/
different frequency ranges. On the other hand, either of the two
LCP pulses (in band 4) with nearly flat spectra (Figure 13,
Table 6) can give rise to the enhancement seen at 1 GHz. The
drift direction within the L band, which would have allowed us
to predict the more likely counterparts at lower frequencies,
could not be determined due to the weak strength of the pulse.
We thus cannot pinpoint the most likely counterparts of the L-
band LCP pulse at 0.7 GHz. As will be explained in the
following section, all of the LCP enhancements seen at band
4 are probably connected to the LCP enhancements seen
at GHz frequencies.

Figure 14. Figure showing the drift of the LCP pulse at 0.7 GHz over the
0.72–0.82 cycle within the frequency range 593–804 MHz. The data
correspond to epoch 1 (Table 1).
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6. A Combined Look at the Star

From the last section, the immediate picture that emerges is
that CUVir produces a “regular” ECME of only one circular
polarization (RCP, which corresponds to only one of the
magnetic poles) over the frequency range of �593MHz until
≈3 GHz (5 GHz if we also include the ECME pulse at 0.8
phase). Between 0.8–1 GHz, some other mechanism turns on,
giving rise to the persistent LCP and RCP pulses that are
observable down to at least 360MHz. The properties of these
pulses (peak flux density, percentage circular polarization,
pulse width, etc.) that are exclusively observable at sub-GHz
frequencies are similar to those of the pulses identified as the
ECME counterparts at sub-GHz frequencies. Hence if the latter
are of coherent origin, it is most likely that the same is the case
for the former. In that case, the most favorable mechanism to
produce such regular pulses is ECME. This picture thus
requires two different channels to produce ECME in the star,
which is hard to reconcile with the existing scenario regarding
the magnetosphere around hot magnetic stars.

We can reconcile the above facts if we consider the
aforementioned characteristics to reflect the frequency depend-
ence of the ECME pulse profile and the polarization
dependence of the ECME cutoff frequencies. In Das et al.
(2020a), it was reported that the upper cutoff frequencies of the
RCP and LCP pulses observed from the hot magnetic star
HD 133880 are different (2 GHz and 3.2 GHz for LCP and
RCP, respectively, near null 1). The situation here is similar to
that, but the difference is much higher. For the LCP pulses, the
upper cutoff frequency is around 1.5 GHz, whereas for the RCP
pulses (including the one at 0.8 phase), the upper cutoff
frequency is 5 GHz. In this context, we would like to mention
that the field strength of the two magnetic poles of CUVir
differ by a factor of 2–4 (Kochukhov et al. 2014), which
suggests that the different upper cutoff frequencies for the RCP

and LCP pulses can be a manifestation of the asymmetry
between the two magnetic hemispheres in terms of polar field
strength. Note that this assumes that the RCP pulse, which has
a higher upper cutoff frequency, is produced at the south
magnetic polar regions, which is the one with stronger field
strength, and vice versa (ordinary mode emission, e.g., Leto
et al. 2019). This explanation is unsatisfactory in one aspect,
which is that the star HD 133880 has an even higher difference
between the maximum strength of its two magnetic hemi-
spheres (Kochukhov et al. 2017), but the upper cutoff
frequencies of the RCP and LCP pulses differ by a factor
smaller than that observed in CUVir. It is however to be noted
that the upper cutoff frequencies for both stars are smaller than
the electron gyrofrequencies corresponding to the maximum
stellar magnetic fields, and hence the premature cutoff has been
hypothesized to be produced due to the presence of very high-
density plasma close to the stellar surface (Leto et al. 2019).
This simply implies that the high-density plasma cloud
surrounding the star is not spherically symmetric, which is
not unexpected given that these stars do not have an
axisymmetric dipole and/or aligned magnetic rotation axes.
The different upper cutoff frequencies for the pulses coming

from opposite magnetic hemispheres can also be related to the
star’s nondipolar magnetic field, the effect of which is stronger
at higher frequencies (radiation produced closer to the star).
Due to this effect, the intrinsic direction of emission could be
significantly different for the radiation produced at opposite
magnetic polar regions, and one of them could be such that the
emission beam never crosses the line of sight up to a certain
frequency. At sub-GHz frequencies, the magnetic field of
CUVir is probably very close to being a dipole, and hence we
can observe pulses of both circular polarization as is expected
for a star with a dipolar magnetic field. Note that the difference
in the intrinsic direction of emission will also affect the
rotational phase offsets between pulses at different frequencies.
The frequency dependence of ECME pulse profile has also

been observed in HD 133880 at a much milder level (Das et al.
2020a) and in HD 142990 (B Das et al., 2021 in preparation).
Besides, Das et al. (2020c) showed via simulation that due to
propagation effects in the inner magnetosphere of the star,
secondary pulses may appear that are visible only over a small
frequency window (compared to the total bandwidth of ECME;
see Figure 10 and 11 of Das et al. 2020c). This can be
understood by remembering that the observed ECME pulse at a
given frequency gets a contribution from different parts (that
can be marked by a unique magnetic azimuth) of the relevant
auroral ring above the magnetic poles (see Figure 4 of Trigilio
et al. 2011). The observed pulse profile depends on the
fractions of the auroral ring that contribute to the pulse and the
differences in the directions of the contributing radiation once it
is outside the dense stellar magnetosphere (e.g., Das et al.
2020c). The pulse profile will be broad, and in the extreme
case, will consist of separate subpulses if the difference
between the ray direction corresponding to different parts of the
contributing magnetic azimuths is too high. This effect is
different at different frequencies because different frequencies
traverse through different parts of the stellar magnetosphere
and hence may experience very different kinds of density
profiles (e.g., Das et al. 2020c). Thus, our observation of strong
frequency dependence of ECME pulse profiles suggests that
the magnetosphere of CU Vir is filled with plasma that has
strong density gradients (stronger than a 1/r profile assumed

Figure 15. The giant LCP pulse (upper panel) observed at 687 MHz on 2019
January 13. For comparison, the pulses observed over the same rotational phase
range at epoch 2 are also shown in the bottom panel.
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for this star; Leto et al. 2006) in the radial as well as in
azimuthal direction (especially because the properties near the
two nulls are not identical).

Last but not the least, we discuss a scenario, which we
deemed unlikely at the very beginning of this section based on
the existing ideas of hot star magnetospheres but definitely a
possibility in view of the latest wideband measurements. As per
this scenario, the ECME observed at GHz and sub-GHz
frequencies correspond to two different types of “engines.”
For ECME observed from planets, in situ observations proved
that there can be multiple channels for the production of auroral
emission at the same time, (e.g., ECME from Jupiter; Ladreiter
& Leblanc 1992; Zarka 2004, etc.). Similar suggestions have
been made to explain the auroral radio emission properties of
some UCDs (e.g., Leto et al. 2017; Pineda et al. 2017). In
almost all such scenarios, one of the channels is satellite-
induced ECME (as the Jupiter–Io case; Bigg 1964). The
consequence of such an interaction is that a stellar magnetic
“flux tube” passing through the satellite participate in the
production of ECME (instead of having all the field lines at a
given magnetic latitude, like those shown in Figure 1).
Kuznetsov et al. (2012) also considered the scenario where
ECME is produced along a fixed set (sets) of magnetic field
lines, called “active longitudes.” In case of hot magnetic stars,
the observed ECME characteristics, until now, had been
qualitatively consistent with the emission arising in auroral
rings formed in a large-scale dipolar magnetosphere. CUVir
thus becomes the first star for which the possibility of a
multichannel ECME is considered. In that case, the different
components of ECME are linked to magnetic field lines
anchored at different stellar magnetic latitudes. Given that the
magnetic field topology of CUVir is not a simple dipole, the
field topology is likely to vary as a function of magnetic
latitude, which will then result in the difference in the intrinsic
direction of emission. This will cause the rotational phase
offsets between different ECME components in the lightcurves.
Moreover, because in cases like that involving active long-
itudes, ECME is directed along the surface of a hollow cone
centered at the field lines (belonging to the group of active
longitudes), the observed ECME lightcurve can be very
different from that expected for ECME directed tangential to
the auroral rings (e.g., Kuznetsov et al. 2012). This provides an
explanation for the unusual sub-GHz features without the
requirement of significant propagation effects. Moreover, the
hollow-cone beaming pattern also influences the spectral cutoff
as recently discussed by Davis et al. (2021).

With the current data, we cannot distinguish between the
different scenarios that can be responsible behind the unique
ECME characteristics of CU Vir. One way to acquire more
insight in this regard will be to observe more MRPs over a wide
range of frequencies spanning their full rotation cycles so as to
examine whether CUVir is a unique case. If we find that the
seemingly “anomalous” behavior is actually common among
MRPs (may be at different frequencies), propagation effects
or/and difference in the intrinsic direction of emission will be a
more favored candidate because it is a more general
phenomenon than either the presence of a satellite or set(s) of
active longitudes. On the other hand, if CU Vir remains unique
in this aspect, a more exotic explanation, like the contribution
from active longitudes or a satellite-induced ECME, will have
to be considered.

Because our observation suggests that propagation effects
might play an important role in shaping the lightcurves at
different frequencies, it remains no longer straightforward to
associate the ECME pulses to the different magnetic polar
regions (e.g., see the third panels of Figures 8 and 10 in Das
et al. 2020c). Thus, despite detecting pulses of both circular
polarizations, we are not able to infer whether the emission is in
extraordinary or in ordinary mode.

7. The Transient Phenomena Observed from CUVir

One of the biggest surprises that we obtained from our
wideband study is the observation of seemingly transient
phenomena from this star that is known to have a highly stable
magnetic field. At first sight, the only transient event that we
observe is the nonpersistent features observed in band 4 and
possibly also in band 3 (Section 4). However, we also witness
another event that decidedly belongs to the category of
transient phenomenon. In the next subsection, we describe this
event. This will be followed by a discussion about the cause
behind the nonpersistent low-frequency events.

7.1. A “Giant Pulse”

This event, under consideration, is the observation of an LCP
enhancement on 2019 January 13 at 687MHz, which is
approximately an order-of-magnitude brighter than the typical
pulses seen from this star at any radio frequency (top panel of
Figure 15). Although the corresponding rotational phases were
covered on only three days, we still suggest that such an
enhancement is rare, considering that even if we combine the
observation of all the other pulses that we observed, and also
the pulses observed at higher frequencies, there is no other
report of observation of a >100 mJy pulse from CUVir. By
taking the analogy from pulsars, we name this anomalously
bright pulse as a “giant pulse.”
Interestingly, it was not only the LCP pulse that was

enhanced but the RCP pulse immediately preceding it was also
enhanced on that day (Figure 15). This suggests that the two
pulses, though oppositely circularly polarized, have a common
source of energy supply. Because we argued that they are
produced by ECME, the oppositely circularly polarized pulses
correspond to opposite magnetic hemispheres. In that case, the
only thing that is common to pulses produced from both
magnetic hemispheres is the current sheet at the middle
magnetosphere (where plasma from the two magnetic hemi-
spheres meet) that acts as the energy supplier for the radio
emission (e.g., Trigilio et al. 2004). Thus, the observed
correlated enhancement for pulses produced at opposite
magnetic hemisphere points to an event that has happened at
the magnetic equatorial region. Such an event can be brought
about by the “centrifugal breakout” (CBO) of plasma trapped in
the inner magnetosphere. Below we provide a brief description
regarding the CBO and their importance in the magnetosphere
of a CU Vir–like star.
The idea of CBO was conceived as an answer to the question

of what happens when the magnetosphere around a hot
magnetic star is overfilled with stellar wind plasma (relevant
only for stars with centrifugal magnetospheres that allow
plasma accumulation; see Figure 2 of Petit et al. 2013).
Townsend & Owocki (2005) proposed that when the mass of
the accumulated plasma exceeds a critical value, the whole
magnetosphere will be emptied out via a breakout of plasma.
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This scenario was however challenged due to the lack of
observational evidence of such a violent phenomenon (Town-
send et al. 2013). Most recently, Shultz et al. (2020) showed
through the study of Hα emission that above a certain
luminosity, the CBO scenario is the most favorable mechanism
for plasma transport in stars with centrifugal magnetospheres. It
has been proposed that the reason for not detecting any
signature of it in the various diagnostics is that CBO events
happen at all times, but as small-scale events distributed over
the magnetic azimuths instead of a single large-scale event
(Shultz et al. 2020; Owocki et al. 2020). As the current stellar
diagnostics (e.g., Hα, photometry) are not sensitive to changes
that happen at small scales (due to spatial averaging), they
cannot retain any signature of CBOs. ECME, on the other
hand, is a directed emission. Thus the spatial averaging
involved is negligible in this case which makes it the only
probe that has the potential to provide observational evidence
of the existence of CBO. The observed correlated change in
height of the ECME pulses coming from opposite magnetic
hemispheres could be a manifestation of that. There is another
significance of this observation. The study of Shultz et al.
(2020) does not tell what mechanism is favored for stars that
have centrifugal magnetospheres but do not produce detectable
Hα emission, such as CU Vir. If ECME is indeed established to
be a probe for CBOs, it will also enable us to understand how
the magnetospheric plasma escapes in lower-luminosity stars
that are not bright in Hα.

Because CBOs are hypothesized to be confined to small
groups of magnetic azimuths at a time, the attribution of the
pulse height variation to the CBO events provides a natural
explanation for why only the RCP pulse preceding the giant
pulse was enhanced, but the one succeeding it remains
unaffected (compare the second and the fourth panels of
Figure 8). This can happen when the magnetic azimuths
corresponding to the emission sites of the succeeding RCP
pulse are significantly different from those for the giant (LCP)
pulse. On the other hand, the emission sites of the giant (LCP)
pulse and the preceding RCP pulse are most likely connected
by common/neighboring magnetic azimuths.

In this context, we would like to point out that ECME pulses
are generally known to exhibit variable height that has
previously been proposed to be due to instability at the
emission site (Trigilio et al. 2011). In our sub-GHz observation,
apart from the giant pulse, we observed variable flux density
for only one pair of pulses (among the persistent enhance-
ments) lying between 0.32 and 0.40 rotation cycles (Figure 7).
In that case, we find the lightcurves for the percentage circular
polarization to be identical between the two epochs of
observation (right of Figure 7). This suggests that here also
the cause of the variation lies at the site common to both
magnetic hemispheres, i.e., the magnetic equatorial region.
Thus, CBOs could be the reason (or, one of the reasons) behind
the variable pulse heights exhibited by ECME from hot
magnetic stars. The observation of the giant pulse and its
companion RCP pulse is a potential signature of a stronger than
usual (because a giant pulse is likely a rare phenomenon) CBO
event.

7.2. Nonpersistent Enhancements Observed from CU Vir

The other type of transients that we observed are the
nonpersistent enhancements observed at sub-GHz frequencies.
Here we consider only confirmed such features. Besides, the

apparently solitary event observed on 2019 January 7 over
0.635–0.645 rotational phases (Section 4.1.2) will not be
considered here as it lies on top of a persistent LCP pulse (top
panel of Figure 8), and it is not possible to disentangle their
properties.
The events under consideration could either be flares or

intermittent pulses. The two classes differ in terms of the extent
to which one can predict their appearance in the lightcurves. By
“flare” we refer to the events that are totally unpredictable in all
aspects. But if the events are classified as “intermittent,” it
means that we can predict the rotational phases of their
observation but cannot predict whether in a given rotation
cycle, the pulse will appear or not (i.e., the site of origin is
spatially stable, but the phenomenon is temporally unstable).
We will consider both possibilities while discussing the
emission mechanism behind these events.
For the event observed on 2019 January 6, the highest

observed circular polarization is ≈90% at the lowest spectral
bin, i.e., at 593MHz (within band), but the fraction drops to
around 60% at the highest spectral bin (781MHz). The
brightness temperature corresponding to the peak flux density
(28 mJy) comes out to be >1015 K (as the area of emission is
unlikely to be as large as the stellar size), indicating a coherent
emission mechanism behind it. Similarly, for the nonpersistent
enhancement seen on 2019 January 7 between the 0.88 and 1.0
rotational phases, the maximum observed circular polarization
is 67% and the brightness temperature comes out to be >1014

K, again proving that the emission is coherent in nature.
Before we discuss the emission mechanisms, we would first

like to draw attention to certain interesting facts. The first one is
that on both days, the events are composed of multiple
“subevents” that have durations of ∼4–8 minutes (for those
seen on 2019 January 6) and ∼15–30 minutes (for those seen
on 2019 January 7). Interestingly, these subevents are nearly
equispaced in time, especially on 2019 January 6 (Figure 9).
Quasi-periodic oscillation in the radio lightcurve was seen from
the Sun in which the period was associated with the timescale
in which magnetic stress is built up and then relieved through
reconnection (e.g., Mohan et al. 2019).
Another important point to note here is the rotational phase

of the arrival of the events. They were observed at around 0.16
and 0.93 rotational phase, which is very close to the rotational
phase 0.04 corresponding to the maximum of the stellar
longitudinal magnetic field at the height of radio emission
(Section 3.4) and also close to the maximum of the stellar 〈Bz〉.
Because we found the events to be LCP, it implies that the
magneto-ionic mode of emission is ordinary (O-mode). There
is a caveat here, which arises due to the transient nature of the
events. Because they must involve some sudden irregular
changes in the magnetosphere, the relevant magnetic field at
the site of emission need not match the stable topology of the
stellar magnetic field.
We now consider the two possible emission mechanisms

which are plasma emission and ECME. In case of the former,
emission should be at the fundamental plasma frequency
because the flares have a very high degree (≈90%) of
polarization. This will produce O-mode emission, which is
favored by our observation (LCP from the northern magnetic
hemispheres). The corresponding plasma density then comes
out to be ≈6× 109 cm−3. This is quite a large value
considering that the estimated plasma density inside the star’s
inner magnetosphere, which is supposed to be the densest part
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of the stellar magnetosphere, is ∼109 cm−3 (Leto et al. 2006;
Trigilio et al. 2011). In addition, the emission site has to be
sufficiently far away from the star so that the electron
gyrofrequency at the emission site is less than the plasma
frequency, i.e., the local magnetic field must be less than
245 G. Thus, we need a temporary density enhancement at a
region relatively far away from the star (the maximum surface
magnetic field strength is 4 kG; Kochukhov et al. 2014). A
possible site that meets this criterion is a region close to the
current sheet at the middle magnetosphere in which continuous
reconnection happens. Sudden ejection of mass from the inner
magnetosphere can cause both enhanced reconnection rate and
particle density. The separation between the small events that
we observed might be related to the timescale associated with
the mass ejection. Thus, once again, the observation of these
transient events (radio flares) might be associated with the CBO
scenario. However, the nature of CBO is such that it is present
at all times as multiple small-scale events (Owocki et al. 2020)
distributed over the magnetic azimuths, so that if it is associated
with radio emission, that should be observable at all rotational
phases. Therefore, the radio events under consideration cannot
be the result of regular CBO events, but might be associated
with occasional stronger-than-usual CBO phenomena (similar
to the case of the giant pulse). Note that this scenario implies
that the nonpersistent events are indeed flares.

In the case of ECME, we know that the emission direction
makes a large angle with the local magnetic field direction
(close to 90°). The fact that we see the pulse when the 〈Bz〉 is
close to being maximum implies that the site of emission is far
away from the magnetic polar regions (unlike the regular
ECME that is seen from this type of stars), because otherwise
the direction of emission cannot be parallel to the line of sight
at that rotational phase. If the radio events are flares, they will
require a temporary magnetic mirroring setup in the stellar
magnetosphere so as to produce the inverted particle distribu-
tion. The magnetic field required is 245 G for the fundamental
and 123 G for the second harmonic emission. It is very difficult
to understand how, far away from the polar region, a temporary
magnetic mirroring will form, which will give rise to distinct
ECME flares with a few minutes’ separation. From that
perspective, plasma emission is favored over ECME for being
the reason behind the enhancements if they belong to the flare
category.

An alternate possibility is that the enhancements under
consideration are intermittent ECME pulses. There are two
observations in support of this scenario. The first is that CUVir
is known to produce an intermittent ECME pulse at 2.3 GHz
(Ravi et al. 2010) that does not have any satisfactory
explanation yet. Second, we observed a potentially transient
enhancement in band 3 over the same range of rotational
phases as that for the second nonpersistent enhancement
observed on 2019 January 7 (0.88–1.0 rotational phase;
Section 4.2). In such a case, the huge offset of these
“intermittent pulses” from the persistent enhancements could
arise due to propagation effects (Das et al. 2020c) or intrinsic
difference in the direction of emission (e.g., if they are emitted
at different harmonics of the electron gyrofrequency than that
for the primary ECME pulses), or a combination of both. The
reason for their intermittency could be related to the CBO
events that enable the sufficient growth of a particular harmonic
emission, which is otherwise not achieved. However, we would
like to emphasize that based on the current observations, it is

not possible to conclude whether these enhancements are
indeed flares or they are intermittent ECME pulses.
There is one more possibility that cannot be ignored, which

is the presence of a companion. In the past, the magnetic Bp
star σOri E was reported to flare in X-ray (Groote &
Schmitt 2004). However, a close companion (a K or an M
dwarf; Mullan 2009) was discovered by Bouy et al. (2009),
which cast serious doubt on the previous claim of flares from
the Bp star.
We would like to mention that flares in optical bands have

been claimed for A- and B-type stars (Balona 2013, 2020). If
these flares are confirmed to arise at early-type stars, one will
need to revise the understanding about the production of stellar
flares, which might also be applicable to flaring activities in
radio bands.

8. Summary

In this paper, we present the first ultra-wideband
(0.4–4 GHz) study conducted for the hot magnetic star CUVir.
The sub-GHz observations were carried out with the uGMRT
and the observations over 1–4 GHz were carried out with the
VLA. We detected the ECME of both RCP and LCP below
1 GHz, down to our lowest observing frequency. Despite
detecting pulses of both circular polarizations, we could not
determine the magneto-ionic mode of the emission as our
results suggest the strong influence of the magnetospheric
propagation effects on the observed properties of the pulses.
Several new results have come out of this study. The new
results from our observation at GHz frequencies are listed
below:

1. Detection of the LCP pulse above 1 GHz: For the first
time, we detected LCP pulses above 1 GHz from CUVir,
in addition to RCP pulse. The LCP pulses are absent at
the S band (2–4 GHz).

2. Previously unreported ECME pulse at GHz frequencies:
We discovered an additional ECME pulse, also in RCP,
that has a lower cutoff frequency at 2.3 GHz and upper
cutoff frequency between 5 and 8.4 GHz. This corre-
sponds to the highest-frequency detection of an ECME
pulse from a hot magnetic star. The observation of this
pulse might be related to the nondipolar stellar magnetic
field or ECME produced in magnetic field lines anchored
at different magnetic latitudes (invoked for planetary and
UCD auroral radio emission).

3. Upper cutoff frequency of “regular” ECME: Using the
continuous frequency coverage over 1–4 GHz, we located
the upper cutoff frequency of the RCP ECME pulse (until
now, thought to be the only type of pulse produced by
CUVir) to lie at ≈3 GHz.

4. Rotational modulation of the gyrosynchrotron emission:
The basal flux density of CU Vir shows a clear rotational
modulation at 2.6 GHz and above. We find that the
rotational phases for the maxima of the lightcurve are
shifted from the rotational phases of the extrema of the
stellar 〈Bz〉. We attribute this to the effect of nondipolar
components on the photospheric 〈Bz〉.

The highlight of this paper is the result of the multiepoch
observation of CU Vir at sub-GHz frequencies, which has
never been done before. Below we list the main findings at sub-
GHz frequencies:
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1. Dominance of LCP pulses: CU Vir has been known to
produce only RCP ECME, attributed to the fact that one
of its magnetic poles does not produce the emission. We,
on the other hand, found that pulses of both circular
polarizations are produced in the stellar magnetosphere
below 800MHz, and in fact, LCP pulses are more
abundant and stronger than RCP pulses.

2. Constraint on the lower cutoff frequency of ECME: We
show that the star produces ECME down to our lowest
frequency of observation, which means that the lower
cutoff frequency of ECME lies below 0.4 GHz for both
RCP and LCP.

3. Frequency dependence of ECME pulse profile: The
profiles of the ECME pulses, both for RCP and LCP,
exhibit a strong dependence on frequency. In particular,
over 0.6–0.8 GHz, each RCP pulse appears to have two
substructures, one of which vanishes with further
decrease in observing frequency. This can be explained
by propagation effects in a magnetosphere with strong
gradients in plasma density. Alternatively, it can be a
result of partial contribution from ECME produced by a
different engine that follows a different ECME beaming
pattern (hollow-cone beaming instead of tangential plane
beaming).

4. More than two pairs of ECME pulses per rotation cycle:
For the first time, we observed more than two pairs (one
from each polarization) of ECME pulses per stellar
rotation (in the case of an MRP). This is significantly in
contrast to the star’s behavior at GHz frequencies, where
we mainly observe two RCP pulses (and no LCP at all
beyond ≈1.5 GHz) per rotation cycle. This could be
either due to propagation effects or an indication of the
presence of a different “ECME” engine.

5. Discovery of a “‘giant pulse”: We report the first
observation of a “giant pulse,” the origin of which could
be linked to the centrifugal breakout of magnetically
confined plasma. The peak flux density is higher by
nearly an order of magnitude than that of the typical
pulses seen from this star.

6. Observation of sub-GHz intermittent pulse/flares: At one
of the epochs (epoch 1), we observed enhancements at
550–800MHz that were never observed a second time
during our observation campaign. Some of these events
appear to exhibit quasi-periodicity, which might be
associated with the timescale of underlying magnetic
reconnection processes. All of the confirmed events under
this category are LCP.

7. Potential observational signature of centrifugal break-
out: A key idea that has emerged from this work is the
possibility of being able to use ECME to trace the CBO
of plasma confined in the stellar magnetosphere. Based
on our observation of relatively stable profiles for circular
polarization, we propose that CBO events are responsible
for causing correlated variabilities in the amplitude of the
ECME pulses of opposite circular polarizations. No other

currently used stellar diagnostic is capable of retaining
any signature of the CBO events as the latter happen at
small scales.

Our results demonstrate the strong frequency dependence of
observed ECME from MRPs, and hence the need to observe
such objects at a wide range of frequencies. The two-epoch
observation shows that several ECME pulse properties are
time-variable, yet the profiles for circular polarization remain
nearly identical between the two epochs, suggesting for the first
time that locally the phenomenon is highly stable, and the
changes are due to external events (e.g., the CBOs). This opens
a new door to characterize the emission and also to “use” them
to characterize other magnetospheric phenomena. Complete
characterization of its properties via multiepoch, wideband
radio observations of stars known to produce such emission
will be essential for achieving that goal.
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Appendix A
Test Source Lightcurves

In order to check if the observed variation in flux density of
the target is real, we examined the sub-GHz lightcurves of a
test source (J2000 coordinates are R.A.: 14h11m13s.8619, decl.:
+02d31′35 92, ≈17′ away from CUVir) at the rotational
phases where we observed significant variation in the flux
density of CUVir. For the nonpersistent enhancements
observed in band 4, we have already shown the lightcurves
of the test source in the main body itself (Figure 9). In the left
panel of Figure 16, we show the lightcurves corresponding to
the persistent enhancements observed in band 4. Similarly, in
the right panel, we show the same for band 3. At both epochs,
the lightcurves for the test source do not show any systematic
variation at either band. Also the LCP and RCP flux densities
are similar. This implies that any systematic variation in flux
density observed for the target (CUVir) is intrinsic to the star.
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Appendix B
Spectra of the Nonpersistent Features Observed in Band 4

(550–800MHz) of the uGMRT

The spectra corresponding to the maximum flux density of
the nonpersistent features observed in band 4 of the uGMRT
(570–804MHz) are shown in Figure 17. Note that all these
enhancements were observed only in LCP, and hence the
plotted flux densities are for LCP only. For the feature observed
on 2019 January 7 between 0.635 and 0.645 rotation cycles
(left of Figure 17), we find only a solitary enhancement.
However, this was observed on top of a persistent LCP pulse
and hence it is not entirely clear if it has associated components
(like the ones observed for the other nonpersistent features) or
not. The observed spectrum for the peak flux density shows a
turnover at 640MHz, and after that the flux density falls with a
spectral index of −3.9± 1.5.

For the feature observed over 0.88–1.00 rotation cycles
(middle panel of Figure 17), we find that the three enhance-
ments over the 0.88–0.94 rotation cycle (“a”, “b,” and “c” in
Figure 17; also see the left plot in Figure 9) show similar
spectra, whereas the spectrum for the flare over the 0.95–0.99
rotation cycle (“d” in Figure 17) is strikingly different (the sign
of the spectral index is opposite to those for the spectra “a”, “b”
and “c”). Thus, features “a” to “c” and feature “d” most
probably have different emission sites but happen to lie
adjacent to each other in time. As we could not cover the

rotational phase range connecting events “c” and “d,” there is
also a possibility of evolution of the spectrum (for the same
enhancement) with time. However, we do not see any sign of
spectral evolution between events “a” and “c” which makes this
possibility unlikely.
The nonpersistent enhancement observed between 0.14 and

0.18 rotation cycles on 2019 January 6 also consists of multiple
bursts of smaller duration (see the right plot in Figure 9,
Section 4.1.2). There are four clear components of this
enhancement over the following rotational phase ranges:
0.15–0.16, 0.160–0.165, 0.165–0.170, and 0.170–0.175
(labeled “e,” “f,” “g,” and “h,” respectively, in Figure 9). The
spectra for these four substructures (corresponding to the peak
flux densities) are shown in the right panel of Figure 17. They
all exhibit very steep spectra (negative spectral indices) beyond
687MHz, indicating that the upper cutoff frequency is close to
the high-frequency end of the observing band. The spectra for
the events “e” and “f” are similar, characterized by a flat part
between 593 and 687MHz followed by a steep decline in peak
flux density above 687MHz. In the case of events over the
0.165–0.170 (“g” in Figure 17) and 0.170–0.175 (“h” in
Figure 17) rotation cycles, the spectra exhibit negative spectral
indices throughout the observing band. This could either imply
that the events observed in the two rotational phase ranges have
different emission sites or that the turnover frequency of the
spectrum got shifted to lower frequencies due to a change in
physical conditions at the emission site.

Figure 16. The lightcurves of a test source (J2000 coordinates are R.A.: 14h11m13s.8619, decl: +02d31′35 92) Left: in band 4 of the uGMRT at the rotational phases
where persistent enhancements from CU Vir was observed. Right: in band 3 of the uGMRT, the top and bottom panels correspond to epochs 1 and 2, respectively (for
the definition of epochs 1 and 2, see Table 1).
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