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ABSTRACT

We present the first systematic search for GHz frequency radio emission from directly imaged ex-
oplanets using Very Large Array (VLA) observations of sufficient angular resolution to separate the
planets from their host stars. We obtained results for five systems and eight exoplanets located at
< 50 pc, through new observations (Ross 458, GU Psc, and 51 Eri) and archival data (GJ 504 and HR
8799). We do not detect radio emission from any of the exoplanets, with 3¢ luminosity upper limits of
(0.9 —23) x 10?! erg s!. These limits are comparable to the level of radio emission detected in several
ultracool dwarfs, including T dwarfs, whose masses are only a factor of two times higher than those
of the directly-imaged exoplanets. Despite the lack of detections in this pilot study, we highlight the
need for continued GHz frequency radio observations of nearby exoplanets at uJy-level sensitivity.

Keywords: exoplanets

1. INTRODUCTION

Radio observations are a promising means to probe and measure magnetic fields in exoplanets. The properties of
these fields are challenging to predict, but their detection could provide essential insight into the internal structure
of exoplanets and their habitability (e.g., Zarka 1998; Lazio et al. 2019). In our own solar system, radio emission
at low frequencies (~MHz) has been observed from all planets that have a magnetic field (Wu & Lee 1979; Zarka
1998; Treumann 2006), with the emission from Jupiter often considered for scaling relations that can be applied to
exoplanets (Lazio et al. 2004; Turner et al. 2019). However, most searches to date have yielded only upper limits (see
Griessmeier 2017; Zarka et al. 2015, and references therein). Recently, some possible detections have been reported
at low frequencies (~tens of MHz) with the Low Frequency Array (LOFAR; Turner et al. 2021; Vedantham et al.
2020) that could be indicative of exoplanet emission, where the emission mechanism is thought to be similar to solar
system analogues. However, the resolution of LOFAR (~ 45") is not sufficient to pinpoint precisely where the emission
originates from within these candidate systems, and the origin still could be from the host star (Turner et al. 2021).

In contrast, detections of radio emission from brown dwarfs at GHz frequencies has been more fruitful. Starting
with the first unexpected detection of the brown dwarf LP944-20 (Berger et al. 2001), GHz frequency observations
(primarily with the Very Large Array; VLA) have been used to probe the magnetospheres of very low mass stars and
brown dwarfs (collectively, “ultracool dwarfs”, UCDs; e.g., Berger 2002; Berger et al. 2005; Berger 2006; Berger et al.
2010; Kao et al. 2018). In particular, over the past several years, radio emission has been detected from mid-T dwarfs
(Route & Wolszezan 2012; Williams et al. 2013; Route & Wolszezan 2016a; Williams et al. 2017a; Kao et al. 2019),
whose effective temperatures and masses are comparable to those of some directly-imaged exoplanets. Emission at
GHz frequencies, similar to that seen from UCDs, has not yet been detected from exoplanets (Bastian et al. 2000;
Lazio et al. 2010; Stroe et al. 2012; Griessmeier 2017).

Building on the similarities in physical parameters between detected UCDs and giant exoplanets, and the possibility
that UCD magnetospheres are scaled-up analogues of planetary magnetospheres (Williams 2017), we present here the
first GHz frequency survey of nearby directly-imaged exoplanets, using observations of sufficient angular resolution to
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Table 1. Exoplanets Targeted in this Work

Name Mass Distance  Stellar Mass Spec. Type Semi-Major Axis A0
(Miyup) (pc) (Mo) (AU) (arcsec)

Ross 458 ¢ 83 11.5140.02 | 0.56+0.02 MO0.5+M7 1168 102
GU Psc b 11.3 £ 1.7 | 47.5540.16 | 0.3254+0.025 M3 20004200 4244
51 Eri b 2.6 £0.3 | 29.75+£0.12 | 1.7540.05 FOIV 13.240.2 0.46+0.01
GJ 504 b 4.0712 17.53+0.08 | 1.2240.08 GOV 43.5 2.48+0.03
HR 8799 b 75 41.2440.15 | 1.617532 A5V 67.96+1.85 1.6540.01
HR 8799 ¢ 10+ 3 " " " 42.814+1.16 0.92+0.01
HR 8799 d 10+3 " " " 26.97+0.73 0.58+0.01
HR 8799 e | 1017 " " n 16.99+0.46 | 0.40-+0.01

NoTE—Information for Ross 458 from Goldman et al. (2010a); Rodriguez et al. (2011), for 51 Eri
from Macintosh et al. (2015); Maire et al. (2019), for GJ 504 from Kuzuhara et al. (2013); Zurlo
et al. (2016), and for HR 8799b,c,d,e from Marois et al. (2008).

separate the planets from their host stars. The paper is structured as follows. In §2 we present our target selection
and VLA observations, and discuss additional relevant archival data. In §3 we present the results of the observations,
including subsequent follow-up observations of the 51 Eri system to vet a potential candidate. In §4 we discuss our
findings in the context of UCD radio emission, and we present our conclusions in §5.

2. SAMPLE SELECTION AND OBSERVATIONS

We constructed our target sample using the NASA Exoplanet Archive !, which currently contains 51 exoplanetary
systems that are published and confirmed via direct imaging. We filtered this list further to include systems with a
planetary mass consistent with M, < 13 M j,;, limited to a distance of d < 50 pc, and a declination of § > —25° to
enable long observations with the VLA. These criteria resulted in five systems containing 8 exoplanets. The properties
of these systems are listed in Table 1.

For the previously unobserved systems (Ross 458, GU Psc, and 51 Eri), we obtained VLA observations for 3
hours each in the C-band (4 — 8 GHz; Project 18A-318; PI: Williams). These observations were obtained in the A
configuration, to ensure that the exoplanets can be resolved from their host stars. The details of the observations
are summarized in Table 2. We processed the data using standard procedures in the Common Astronomy Software
Application package (CASA; McMullin et al. 2007) accessed through the python-based pwkit package® (Williams et al.
2017b). We performed bandpass and flux density calibration using either 3C286 or 3C147 as the primary calibrator for
all observations and frequencies. The complex gain calibrators were J1254+1141, J0112+2244, and J0423—0120 for
Ross 458, GU Psc, and 51 FEri, respectively. After applying a priori flags, we flagged for radio frequency interference
(RFI) using the automated aoflagger tool (Offringa et al. 2010, 2012). We imaged the datasets using the CASA imager
with multi-frequency synthesis (MFS; Sault & Wieringa 1994) and w-projection with 128 planes (Cornwell et al. 2005).
The cell sizes were 0.08" for Ross 458 and 0.06” for GU Psc and 51 Eri. The final images contained only a few sources
(Figures 1 and 2), for which we obtained flux densities and uncertainties using the imtool fitsrc command within
pwkit.

Several archival JVLA observations exist for GJ 504 and HR 8799; we chose the observations closest to C-band and
longest in duration for each target, and analyzed them with pwkit as described above. For HR8799, we identified
an S-band (2 — 4 GHz) observation from 2012 November 1 (project code: 12B-188; PI: Ricci) In the case of GJ 504,

L https://exoplanetarchive.ipac.caltech.edu/
2 https://github.com/pkgw /pwkit
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Table 2. VLA Observations

Name Date Code Band Config. Duration F, L, L
(hr) (udy) (ergs ' Hz™')  (ergs™)
Ross 458 | Mar-26-2018 | 18A-318 3.0 <9 <14x10? | <8.6x 10*
GU Psc | Mar-03-2018 | 18A-318 3.0 <6 <1.6x10% | <9.7x 10%2
51 Eri Mar-02-2018 | 18A-318 3.0 <6 < 6.4x10? | <3.8x10%2

0.33 <210 | <77x10"2 | <2.3x10%
2.76 <24 <87x10? | <2.6x10*?

GJ 504 Mar-03-2016 | 16A-078
HR 8799 | Nov-01-2012 | 12B-188
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Figure 1. VLA C-band images of the GU Psc (Left) and Ross 458 ( Right) systems, spanning 130 x 75” and oriented with north
up and east to the left. We show the position of the star (green circle) and the position of the exoplanet (blue circle), and
provide a zoomed-in insert of the GU Psc source on left because it is not visible at the scale of the larger image. The positional
data for Ross 458 are from Goldman et al. (2010b) and for GU Psc from Naud et al. (2014).

we use an S-band observation from 2016 March 3 taken in C configuration with an on-source duration of 0.33 hours
(Project 16A-078; PI: Bastian).

3. RESULTS

In all 5 systems (8 exoplanets), there is no evidence for radio emission at the planet positions. The results are
summarized in Table 2. For GU Psc, we detect weak emission (11 + 2 pJy) from the host star, and place a 3o limit
of < 6 pJy at the exoplanet position; see right panel of Figure 1. In the Ross 458 system, we detect bright emission
(1.37 +0.03 mJy), coincident with the host star position, and place a limit of < 9 pJy at the exoplanet position (left
panel of Figure 1). Ross 458 AB is a M0.5+M7 binary with a separation of ~~ 0.48" (Beuzit et al. 2004), where the
primary is a known flare star (White et al. 1989).

For HR 8799, we obtained a 30 upper limit of < 24 uJy. As the background noise was consistent across the entire
image, we adopt a single upper limit on the luminosity for all planets in the HR 8799 system. For GJ 504, we find a
30 upper limit of < 210 upJy, due to the short duration of the observation combined with RFI.

In the case of 51 Eri, we did not detect radio emission at the position of the star or exoplanet, with a limit of < 6
puJy (Figure 2). However, we did detect a radio source with a flux density of 89 + 3 pJy about 4.8" away from 51 Eri
(Figure 2), which varied by a factor of about 2 during the course of our 3 hr observation. The location of this source
is outside of the field of view of the original high-resolution exoplanet discovery image. The source is also sufficiently
close to the 5.26 mag host star that we cannot clearly identify a counterpart in archival Hubble Space Telescope images
obtained with ACS/HRC using the Coronl.8 aperture and F606W filter (Program 10487; PI: Ardila).
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Figure 2. VLA C-band images of the 51 Eri system from 2018 March 2 (Left) and 2021 February 2 (Right) spanning 8" on a
side. Also shown are the positions of 51 Eri (green circle) and its known directly-imaged exoplanet 51 Eri b (blue circle) based
on positional information from Maire et al. (2019). We detect a radio source in the field (white circle, left), at a location that
is outside of the field of the high-contrast direct-imaging instruments. The follow-up observations indicate that this source did
not move as expected if it was associated with the 51 Eri system (white circle, right).

To determine if this source is an unrelated background source (a scintillating active galactic nucleus (AGN) given
its variability) or associated with the 51 Eri system (potentially a more distant exoplanet), we carried out follow-up
VLA observations on 2021 February 2, ~ 2.9 yr after the first observation (Project 20B-249; PI: Cendes). Using Gaia
DR2, we find that the proper motion of 51 Eri is JRA = 44.35 4 0.23 mas yr~! and 6Dec = —63.83 £ 0.18 mas yr—!
(Bailer-Jones et al. 2018), or a total motion of about 227 mas over the time baseline of our observations. We note
that 51 Eri b moved ~ 15° in its orbit during this period (Maire et al. 2019), which is negligible compared to the
overall proper motion of the system. We detect the same nearby source in the second observation (Figure 2) at a
position fully consistent with the first observation, and place a 30 upper limit on its motion of < 20 mas, an order of
magnitude smaller than if it were associated with the 51 Eri system. We thus conclude that this source is most likely
a background AGN.

4. DISCUSSION

Radio emission at GHz frequencies has been detected from several UCDs spanning late-M, L, and T spectral types; see
Figure 3. The observed radio emission includes both quasi-steady quiescent emission (sometimes varying sinusoidally
with the object’s rotation) and flaring emission (e.g., Berger et al. 2001; Berger 2002, 2006; Berger et al. 2010; McLean
et al. 2012; Pineda et al. 2017), with most, but not all, UCDs exhibiting both. The flaring emission itself includes both
stochastic and periodic flares, with a range of durations and circular polarization fractions (e.g., Berger 2002; Hallinan
et al. 2007; Berger et al. 2009; Route & Wolszczan 2013). The overall detection fraction of UCDs is ~ 5 — 10%, and
potentially depends on spectral type although this is based on a small number of objects (e.g., Berger 2002, 2006;
McLean et al. 2012; Williams et al. 2014; Pineda et al. 2017). There also appears to be a correlation between the
presence of radio emission and rapid rotation (McLean et al. 2012).

In Figure 3 we plot the quiescent and flaring radio luminosities as a function of spectral type for all UCDs observed
at GHz frequencies to date. The radio spectral luminosities span ~ 102 — 10'5-% erg s~! Hz~!, including for the 3
detected T dwarfs. The spectral luminosity upper limits for our sample of directly-imaged exoplanets span ~ 102 to
10* erg s~ Hz~!. For our best limit (Ross 458 ¢) we can rule out emission similar to that of detected UCDs, while for
the other systems we cannot rule out the presence of weaker emission that is seen in a few UCDs. In Figure 4 we plot
the radio spectral luminosities of the detected UCDs (quiescent and flaring), the upper limits for our directly-imaged
exoplanet targets, and upper limits for a few other nearby exoplanets that were discovered via the radial velocity or
transit methods (Bastian et al. 2000; Stroe et al. 2012) as a function of mass. Here we see possible evidence for a
systematic decrease in radio luminosity with declining mass, as previously suggested in Route & Wolszczan (2016b).
Our upper limits for the exoplanets are generally in agreement with this trend.



VLA EXOPLANETS SURVEY 5

16 1 v v Upper Limits
m  UCD Quiescent Emission
® UCD Flaring Emission
4 PY V¥ This Work
¥
151 v .
o0
—_~ u M
N [ v v
E v v 7 m v
v
u 144 v ®leo v v v’
Yo )
o ¥ v v vev
—_ v v HyHnm v ] v
(V) ! v v v ;
~ u“ v - i [ ] v v
—_ 4 i \ M v vev v
N §Uy MR 4 e, v
a 13 vi Ylle" - i ®y v v v
~ ; vVim v v v \4 v vayV v v v
o> ;u a |y v v ] '
o N v ¥ v v Y
| v v
v v v
v ] v - v
12 v v m
u v v
v
J v
11 .

W A0 AT D AB D\ 0\ 1\ D10 YT <X <5 <0 1 <D O \’a(\e‘
?:’"OQ
Spectral Type

Figure 3. Radio spectral luminosity upper limits for the exoplanets in our survey (red triangles) compared to observations
of UCDs plotted against spectral type (circles: flares; squares: quiescent; triangles: upper limits; lines connect flaring and
quiescent emission from a single UCD), and constraining upper limits for exoplanets at GHz frequencies. The detected UCDs
have been slightly shifted in spectral type for clarity. Data for UCDs are from Pineda et al. (2017), Kao et al. (2019) and
references therein, and for the exoplanet upper limits from Bastian et al. (2000); Stroe et al. (2012); Lazio et al. (2010).
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Figure 4. Radio spectral luminosity as a function of mass for the exoplanets in our survey (red triangles), for detected UCDs
(blue circles; flares and quiescent emission), and for previously-observed exoplanets (green triangles). Data for the UCDs is from
Pineda et al. (2017) and references therein, while the data for the other exoplanet are from Bastian et al. (2000); Pineda et al.
(2017); Lazio et al. (2010). The exoplanet masses for our sample are from the references listed in Table 1, while the masses for
the other exoplanets are from Gregory & Fischer (2010); Borsa et al. (2015); Stassun et al. (2017); Bourrier et al. (2018); Luhn
et al. (2019); Butler et al. (2006); Rosenthal et al. (2021); Feng et al. (2020).
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Overall, given the observed detection fraction in UCDs, it may not be surprising that none of our targets have been
detected. Moreover, since we do not know the rotation periods of the directly-imaged exoplanets, it is possible that
their detection rates could be suppressed by slow rotation. Depending on the nature of the emission, beaming might
also be a factor, but this is difficult to evaluate in the absence of detections.

5. CONCLUSIONS

We report results from the first VLA radio survey of directly-imaged exoplanets at GHz frequencies. None of the 8
exoplanets in our study are detected, with luminosity upper limits of < (0.9 — 23) x 10?2 erg s~!. These upper limits
are comparable to the radio luminosities of previously detected UCDs, including T dwarfs, which are comparable in
mass and effective temperature to the exoplanets observed here.

If we consider these exoplanets in the context of the typical detection rate of radio emission from volume-limited
searches of UCD emission (5 — 10%; Route & Wolszczan 2016b), we find 22 exoplanetary systems would need to
be observed to have a > 90% chance of achieving a detection. We thus conclude that additional observations are
imperative to determine whether GHz radio emission extends from UCDs to the exoplanet regime, given that GHz
emission from UCDs with the same effective temperatures as exoplanets has been seen, and was unexpected when
first found (Berger et al. 2001). In the southern hemisphere, new radio interferometers with high sensitivity, such as
MeerKAT, ASKAP, and eventually SKA, will be able to observe directly-imaged exoplanets that are inaccessible to
the VLA. Additionally, new discoveries via direct imaging and other exoplanet detection methods will allow the sample
to be expanded. For example, for a system at < 20 pc, to achieve a separation of = 0.2” from the host star requires
a semi-major axis of 2 4 AU. Several known exoplanets currently match these parameters, and are promising targets
for radio observations that can distinguish emission from the planet and from the host star.

The Berger Time-Domain Group at Harvard is supported by NSF and NASA grants. The National Radio Astronomy
Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated
Universities, Inc. This research has made use of the NASA Exoplanet Archive, which is operated by the California
Institute of Technology, under contract with the National Aeronautics and Space Administration under the Exoplanet
Exploration Program.

Software: CASA (McMullin et al. 2007), pwkit (Williams et al. 2017)
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