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Abstract

Coherent radio emission with properties similar to planetary auroral signals has been reported from GJ 1151, a
quiescent, slow-rotating mid-M star, by the LOFAR Two-meter (120-170 MHz) Sky Survey. The observed
LOFAR emission is fairly bright at 0.89 mJy with 64% circular polarization, and the emission characteristics are
consistent with the interaction between an Earth-sized planet with an orbital period of 1-5 days and the magnetic
field of the host star. However, no short-period planet has been detected around GJ 1151. To confirm the reported
radio emission caused by the putative planet around GJ 1151 and to investigate the nature of this emission, we
carried out upgraded Giant Metrewave Radio Telescope observations of GJ 1151 at 150, 218, and 400 MHz over
33 hr across ten epochs. No emission was detected at any frequency. While at 150 and 218 MHz, nondetection
could be due to the low sensitivity of our observations, at 400 MHz, the rms sensitivities achieved were sufficient
to detect the emission observed with LOFAR at ~20¢ level. Our findings suggest that the radio emission is highly
time variable, likely influenced by the star-planet system’s phase and the host star’s magnetic field. Additional
observations below 170 MHz, at more frequent epochs (as the periodicity of the emission is unknown), especially
during periods of high stellar magnetic field strength, are needed to confirm the emission.

Unified Astronomy Thesaurus concepts: Star-planet interactions (2177); M dwarf stars (982); Radio continuum

emission (1340)

1. Introduction

Since the initial detection of radio emission originating from
Jupiter by B. F. Burke & K. L. Franklin (1955), astronomers
have pondered the possibility of utilizing radio observations of
stars as a possible method for detecting exoplanets (A. J. Fen-
nelly & G. L. Matloff 1974; W. F. Yantis et al. 1977;
R. M. Winglee et al. 1986). Consequently, numerous studies
have been conducted searching for radio emissions from
exoplanets due to star-planet interactions (SPIs; e.g., T. S. Bas-
tian et al. 2000; A. Lecavelier Des Etangs et al. 2009;
T. J. W. Lazio et al. 2010; A. Lecavelier Des Etangs et al.
2011, 2013; G. Hallinan et al. 2013; T. S. Bastian et al. 2018;
C. R. Lynch et al. 2018; M. Pérez-Torres et al. 2021;
J. D. Turner et al. 2021; M. Narang et al. 2021a, 2021b;
M. Narang 2022; J. R. Callingham et al. 2023; J. S. Pineda &
J. Villadsen 2023; M. Narang et al. 2024; Y. Shiohira et al.
2024; J. D. Turner et al. 2024), yet no conclusive detection has
been reported so far.

Recently H. K. Vedantham et al. (2020) used data from the
LOFAR Two-meter Sky Survey (LoTSS) to detect radio
emission originating from an M-dwarf star, GJ1151. The
observations were conducted between 120 and 170 MHz over
an 8 hr period. The time-frequency averaged Stokes / and V
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flux densities from the star are 0.89mlJy and 0.57 mly,
respectively. The radio emission is highly polarized with a
circularly polarized fraction of 64% + 6%. Additionally, the
radio emission is flat and does not vary with frequency between
120 and 170 MHz. Similar plateaued emission is observed from
planets in our solar system P. Zarka (1992).

The GJ 1151 system was observed three more times by
LoTSS (for 8 hr each epoch), but no emission was detected
from the position of the star for the other three epochs. The
time variability of the emission and high circular polarization
are inconsistent with extragalactic sources. Based on these
facts, and in combination with the positional coincidence with
GJ 1151, H. K. Vedantham et al. (2020) concluded that the
emission they detected with LOFAR is from the star and is not
some background source.

GJ 1151 is categorized as an M4.5 dwarf, located 8 pc away
from Earth (Gaia Collaboration et al. 2021). The star has high
proper motion, with pmRA =1”545yr ' and pmDe=
—07962 yr~'. Considering this high proper motion, GJ 1151
would have traversed around 12”3 between the initial LOFAR
detection (J2014.454) and our observations conducted in 2021
March. This notable positional difference can help distinguish
any background radio source as a potential emitter.

Follow-up studies to characterize GJ 1151 indicate very little
chromospheric activity, suggesting a relatively quiescent star.
The radio emission detected by LOFAR does not conform to
the Gudel Benz relation (J. R. Callingham et al. 2021;
B. J. S. Pope et al. 2021): the X-ray emission observed from
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GJ 1151 is roughly 3 orders of magnitude lower than predicted
based on the Gudel Benz relation (M. Guedel &
A. O. Benz 1993). Given the star’s quiescent nature and the
highly polarized, time-variable emission, a plausible hypothesis
for the observed radio emission is the interaction between the
star and an undetected planet. H. K. Vedantham et al. (2020)
suggested that the radio emission may represent a scaled-up
version of the emissions observed in the Jupiter-Io coupling
phenomenon (P. Zarka 2007; J. Saur et al. 2013; S. Turnpenney
et al. 2018), where the host star’s magnetic field drives the
emission, rather than the planet itself.

The observed LOFAR emission from GJ 1151 closely
resembles the theoretical predictions from the interaction
between an M-type host star and an Earth-sized planet orbiting
within a period between 1 and 5 days (H. K. Vedantham et al.
2020). However, subsequent radial velocity (RV) follow-up
studies conducted by B. J. S. Pope et al. (2020), M. Perger et al.
(2021), and J. Blanco-Pozo et al. (2023; also see S. Mahadevan
et al. 2021), were unable to confirm the presence of such a
planet. Nonetheless, these studies placed strict upper limits on
the planet’s mass, restricting it to <1.2M, consistent with the
emission models employed in H. K. Vedantham et al. (2020).
Similarly transit observations of the system by B. J. S. Pope
et al. (2021) also failed to detect any signatures of a planet in
close orbit.

J. Blanco-Pozo et al. (2023) reported the detection of a long-
period planet with a 390 days orbit and a mass Mp > 10.6 M.
The expected flux density due to SPI with this long-period
planet is estimated to be far below 0.1 mJy (J. Blanco-Pozo
et al. 2023), which is too faint to detect. The same study also
presented tentative evidence for another substellar companion
or long-period magnetic variability originating from the star.
However, these observations were inconclusive in ruling out
the possibility of a low-mass, short-period planet that could be
the source of the observed radio emission. It remains possible
that the radio emission is caused by the interaction between one
of these long-period planets and an exomoon, or some other
source of local plasma, similar to the interaction between
Jupiter and Io (see also Section 4).

In a recent study, J. R. Callingham et al. (2021) detected
coherent radio emission from 19 M dwarfs utilizing LoTSS
data. Their results imply that coherent radio emission is
prevalent among main sequence M dwarfs. It is plausible that a
portion of the observed radio emission may arise from plasma
emission. However, the emission originating from quiescent,
slow-rotating stars cannot be solely explained by plasma
emission, making them potential systems to explore for
signatures of SPI.

Furthermore, radio emissions have also been detected from
M-dwarf stars known to host exoplanets, such as Proxima
Centauri (M. Pérez-Torres et al. 2021) and YZ Ceti (C. Trigilio
et al. 2023). These detections exhibit a high degree of circular
polarization and demonstrate modulations corresponding to the
orbital phase of the planet. However, neither these modulations
nor the detection of GJ 1151 constitute conclusive proof for
SPI, as there remains the possibility that electrons accelerated
in stellar flares could have generated the observed ECMI
emission (S. Yu et al. 2024). Follow-up radio observations
aimed at building sufficient statistical evidence to demonstrate
modulation at the synodic period of the planet are necessary.

We observed GJ 1151 using the upgraded Giant Metrewave
Radio Telescope (uGMRT) as part of the uGMRT Survey of
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EXoplanets Around M-dwarfs (GS-EXAM) program. The GS-
EXAM program aims at observing all planet-hosting M dwarfs
and field brown dwarfs within 20 pc. This is one of the largest
uGMRT programs that focuses on observing radio emission
from stellar and substellar object and has been awarded more
than 300 hr of uGMRT time.

The previous study by H. K. Vedantham et al. (2020) using
LOFAR had only detected the emission in one 8 hr epoch out
of the four pointings, indicating temporal variability. Moreover,
the emission detected by LOFAR fell within the frequency
range of 120-170 MHz. Hence, to explore and quantify the
emission’s variability and investigate its nature at higher
frequencies (>170 MHz), we observed the GJ 1151 system
across different frequency bands: 150, 218 MHz (using band 2
of uGMRT, encompassing the range of 120-250 MHz), and
400MHz (in band 3, spanning 250-500 MHz). Section 2
provides details of the observations and data reduction. The
results of our observations and discussion are presented in
Sections 3 and 4, respectively, while the summary is provided
in Section 5.

2. Observation and Data Reduction

The GJ 1151 system was observed for 33 hr with uGMRT
(proposal ID 39_008, PI Mayank Narang). We observed the
system at two uGMRT bands, band 2 (120-250 MHz) and band
3 (250-500 MHz). Since the presence of the planet is not
confirmed, and its properties are unknown, we cannot observe
the system at specific phases similar to M. Pérez-Torres et al.
(2021) and C. Trigilio et al. (2023). However, based on the
modeling of the radio emission from GJ 1151, it has been
suggested that the planet’s orbital period could fall within the
range of one to five days (H. K. Vedantham et al. 2020). In
light of the radio emission being variable, we decided to
conduct observations of the GJ 1151 system for nearly five
consecutive days. This strategy aims to cover the broadest
possible range of the orbital phases of the putative planet. To
ensure near-simultaneous detection in both band 2 and band 3,
the observations in the two bands were conducted sequentially,
one after the other. Great care was taken to synchronize the
start and end times of each observation run across all five days,
thereby maximizing coverage across the orbital phase spectrum
for any potential planet.

In band 2 (120-250 MHz), observations of GJ 1151 were
conducted from 2021 March 18 to 23, spanning UTC 13:30 to
17:30 each day (refer to Table 1 for the log of observations).
The primary flux calibrators, 3C147 and 3C286, were observed
at the start (3C147) and end (3C286) of the observations, both
observed for 5 minutes each. For phase calibration, 1021 + 219
was used, operating in a loop with the science target GJ 1151,
with a 30 minutes integration on GJ 1151 and a 5 minutes
integration on 1021 + 219.

The observations at 400 MHz (band 3; 250-500 MHz) were
also conducted from 2021 March 18 to 23, . However, due to
the operational constraints of the telescope, the observations
did not start immediately after the band 2 observations.
Nevertheless, they were conducted within 1-3 hr after the
termination of the band 2 observations. Additionally, three out
of the five observations lasted for 3 hr each, while the
remaining two observations spanned 2 hr each. For calibration,
3C286 served as both the primary flux calibrator and the phase
calibrator. 3C286 was observed in a loop with GJ 1151, with 5
minutes on 3C286 and 30 minutes on GJ 1151. Since only



THE ASTRONOMICAL JOURNAL, 168:265 (6pp), 2024 December

Table 1
Summary and Log of Observation and the rms Sensitivity Reached During Our
Observation Run

Date Start time Obs Time rms
(UTC) (hr) (mJy beam™ )
150 MHz
2021 Mar 18 1330 4 245
2021 Mar 19 1330 4 2.51
2021 Mar 21 1330 4 6.32
2021 Mar 22 1330 4 4.79
2021 Mar 23 1330 4 2.25
218 MHz
2021 Mar 18 1330 4 0.39
2021 Mar 19 1330 4 0.38
2021 Mar 21 1330 4 0.82
2021 Mar 22 1330 4 0.67
2021 Mar 23 1330 4 0.43
400 MHz
2021 Mar 18 1830 3 0.04
2021 Mar 19 1830 3 0.04
2021 Mar 21 1830 3 0.05
2021 Mar 22 2030 2 0.05
2021 Mar 23 1830 2 0.05

Band4 (550-900 MHz) of uGMRT has been tested and
calibrated for polarization observation (B. Das et al. 2020;
P. Kharb et al. 2023), we have not carried out the polarization
analysis for our target.

The band 3 (250-500 MHz) data was reduced using the
standard uGMRT data reduction pipeline, called CASA
Pipeline-cum-Toolkit for Upgraded Giant Metrewave Radio
Telescope data REduction (CAPTURE; R. Kale & C. H. Ishw-
ara-Chandra 2020). We also applied a primary beam correction
to the image to account for the drop in the flux away from the
phase center.

The CAPTURE pipeline, however, is not suited for reducing
band 2 uGMRT data. To reduce the band 2 data, we used
Source Peeling and Atmospheric Modeling (SPAM) pipeline
(H. T. Intema et al. 2009; H. T. Intema 2014a, 2014b). SPAM
is a Python-based pipeline that was developed to reduce low-
frequency radio interferometric observations. The SPAM
pipeline however does not support processing large fractional
bandwidths (&f/f> 0.2). Therefore natively, the SPAM is not
capable of reducing the wideband data from uGMRT.
However, based on the nature of band 2 (120-250 MHz) with
a break in the band in the middle, we have decided to divide the
band2 observations into two frequency ranges with a
bandwidth of about ~30 MHz around regions of relatively
low RFI (also see M. Narang et al. 2023b). These smaller
chunks (subbands) can be processed independently. We
selected channel numbers from 600 to 1100 (500 channels)
corresponding to a band center of ~218 MHz and channel
numbers from 1350 to 1750 (400 channels) corresponding to a
band center of ~150 MHz. These channels were relatively free
of RFI and were used to produce the final images.

3. Result

The GJ 1151 system was observed with uGMRT for five
almost consecutive days in band 2 (120-250 MHz) and band 3
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(250-500 MHz), totaling 33 hr. In Figure 1, the band 2
218 MHz images obtained on all 5days. We have overlaid
the uGMRT image (blue contours) on top of the ZTF zg band
image. The ZTF image was taken on 2021 March 2. This was
the closest epoch optical image to our radio observations. No
radio source was detected within ~6’ of GJ 1151 at 150 MHz,
hence we do not show any images at that frequency.

In Table 1, we have listed the rms achieved for each of the
nights. In band 2, at 150 MHz, we achieve an rms sensitivity
between 2.25 and 6.32 mJy beam . This is well above the
detected flux of 0.89 mJy with LOFAR (H. K. Vedantham et al.
2020). No radio emission was detected from the source either at
150 MHz or 218 MHz. The rms sensitivity at 218 MHz (band
2) is between 0.38 and 0.67 mJy beam '. If the emission at
~218 MHz from the source were similar to the emission seen
between 120 and 170 MHz, the rms sensitivities achieved in
two out of the five runs were low enough for at least a 20
detection.

The images of the GJ 1151 field at 400 MHz (band 3) are
shown in Figure 2. At 400 MHz, the rms sensitivity we
achieved is 0.04-0.05 mJy beam ' (see Table 1). This is about
18-22 times smaller than the flux detected by LOFAR. Despite
the deep observations, no radio emission was detected from the
source on any of the nights at 400 MHz.

4. Discussion

The radio emission detected from Proxima Centauri by
M. Pérez-Torres et al. (2021) and YZ Ceti by C. Trigilio et al.
(2023) also seem to exhibit modulation corresponding to the
orbital period of their respective planets. Since the period for
the putative planet around GJ 1151 is not known, it is possible
that all ten of the pointings were carried out at a phase where no
emission is expected from the system. Several factors such as
the inclination of the planet’s orbit around the star, the exact
orbital period, and the emission cone opening angle, are
unknown. This makes knowing the exact configuration of the
star-planet system when the emission was detected by
H. K. Vedantham et al. (2020) almost impossible.

Furthermore, the Zeeman—Doppler imaging maps of
GJ 1151 (L. T. Lehmann et al. 2024) reveal that the stellar-
magnetic obliquity shows large-scale variations. The results
from L. T. Lehmann et al. (2024) indicate that during our
observations GJ 1151 was in a magnetically quiescent state.
They determined the average unsigned dipole magnetic field
for the host star GJ 1151 to range between 26 and 62 Gauss.
Consequently, the emission peaks around ~64-176 MHz. As a
result, the flux at higher frequencies diminishes significantly,
potentially rendering our observations at 400 MHz too high to
detect the emission from the system. It is possible that because
of these reasons we could have missed the detection during our
observation run.

J. Blanco-Pozo et al. (2023) found that the star shows
episodes of higher magnetic activity, which induces variability
in RVs, activity indices, and photometry. One possibility is that
the emission is not due to SPI but produced entirely by the star.
However, as argued in H. K. Vedantham et al. (2020), the large
duration (>8 hr), high degree of polarization (>64% circular
polarization), and broadband emission are similar to planetary
emission from the solar system, and not stellar.

The expected radio emission due to SPI with GJ 1151c¢
(with a mass of >10.6 M, and period of ~390 days) is
<0.1mJy (at ~140MHz; J. Blanco-Pozo et al. 2023).
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Figure 1. The uGMRT image (blue contours) of the GJ 1151 field at 218 MHz overlaid on the ZTF zg band image (epoch J2021.17). The red circle marks the position
of GJ 1151 at the time of observations (epoch J2021.21), and the green circle marks the position of the radio source detected with LOFAR (epoch J2014.454). The rms
achieved for each of the observations are mentioned in the top-left corner. The contours plotted are 5, 7, and 10 x ¢. The beam is shown as a cyan ellipse at the

bottom-left corner.

Therefore we can rule out the emission from GJ1151c.
Another plausible explanation is that the emission originates
from the planet GJ 1151c itself. The emission frequency of
~140 MHz suggests that the magnetic field strength of the
planet must be equal to or greater than 50 G (with the

cyclotron frequency v. = 2.8 x B[G], where B[G] represents
the magnetic field strength in Gauss). M. Narang et al.
(2023a) have shown that for a magnetic field strength of
~50 G, the planet mass has to be ~1 M, much larger than the
estimated mass of GJ 1151c.
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Figure 2. The uGMRT image (blue contours) of the GJ 1151 field at 400 MHz overlaid on the ZTF zg band image (epoch J2021.17). The red circle marks the position
of GJ 1151 at the time of observations (epoch J2021.21), and the green circle marks the position of the radio source detected with LOFAR (epoch J2014.454). The rms
achieved for each of the observations are mentioned in the top-left corner. The contours plotted are 5, 7, 10, 15, 30, and 50 x ¢. The beam is shown as a cyan ellipse at

the bottom-left corner.

J. Blanco-Pozo et al. (2023) also suggested the presence of a
long-period substellar companion to the star. Given that radio
emissions from brown dwarfs are commonly detected (e.g.,
E. Berger 2006; E. Berger et al. 2008; G. Hallinan et al. 2008;

A. Antonova et al. 2013; M. Route & A. Wolszczan 2016), it is
possible that this substellar companion could be the source
of the observed emission. To investigate the existence of such
a companion around GJ 1151, a JWST Cycle 3 program
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(PID 5497; G. Stefansson et al. 2024) has been approved. This
program will use JWST/NIRCam coronagraphy with the
F200W and F444W filters, which are sensitive enough to
detect companions with masses as low as 3 M; at distances of
3-25 au.

5. Summary

The system GJ 1151 was observed for 33 hr over ten epochs
with uGMRT (at 150, 218, and 400 MHz) for five almost
consecutive days. However, no radio emission was detected
toward the source. The rms sensitivity we achieved at 150 MHz
is much larger than the detected flux with LOFAR from the
system; hence no detection was possible at 150 MHz. If the flux
level at ~200 MHz is similar to that at 150 MHz, then we
should have detected the emission for at least two out of the
five pointings in band 2 at 218 MHz. At 400 MHz we achieved
an rms between 0.04 and 0.05 mJy. These are about 18-22
times lower than the observed flux from the system. However,
given that the unsigned dipole magnetic field for the star is
between 26 and 62 G, the peak emission frequency is between
~64 and 176 MHz. Consequently, the flux at higher frequen-
cies is much smaller than what was observed with LOFAR.
Since the magnetic field of the star is time variable and the
exact phase of the SPI is unknown, additional observations
below 170 MHz, at more frequent epochs (as the periodicity of
the emission is unknown), especially during periods of high
stellar magnetic field strength, are needed to better understand
the nature of the emission, and place strong constraints on the
properties of the putative plane.
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