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Abstract

The LHS 1610 system consists of a nearby (d = 9.7 pc) M5 dwarf hosting a candidate brown dwarf companion in a
10.6 days, eccentric (e ~ 0.37) orbit. We confirm this brown dwarf designation and estimate its mass (49.57%3
Mj,p) and inclination (114.5°*]40) by combining discovery radial velocities (RVs) from the Tillinghast Reflector
Echelle Spectrograph and new RVs from the Habitable-zone Planet Finder with the available Gaia astrometric two-
body solution. We highlight a discrepancy between the measurement of the eccentricity from the Gaia two-body
solution (¢ =0.52 + 0.03) and the RV-only solution (e =0.3702 £ 0.0003). We discuss possible reasons for this
discrepancy, which can be further probed when the Gaia astrometric time series become available as part of Gaia
Data Release 4. As a nearby mid-M star hosting a massive short-period companion with a well-characterized orbit,
LHS 1610 b is a promising target to look for evidence of sub-Alfvénic interactions and/or auroral emission at
optical and radio wavelengths. LHS 1610 has a flare rate (0.28 £ 0.07 flares per day) on the higher end for its
rotation period (84 + 8 days), similar to other mid-M dwarf systems such as Proxima Cen and YZ Ceti that have
recent radio detections compatible with star—planet interactions. While available Transiting Exoplanet Survey
Satellite photometry is insufficient to determine an orbital phase dependence of the flares, our complete orbital
characterization of this system makes it attractive to probe star—companion interactions with additional photometric
and radio observations.

Unified Astronomy Thesaurus concepts: Brown dwarfs (185); Low mass stars (2050); Radial velocity (1332);
Astrometry (80)
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1. Introduction

The Gaia mission (Gaia Collaboration et al. 2016) is

revolutionizing the field of astrophysics, yielding insights into

>! Tnstitute for Computational and Data Sciences Scholar. planets, brown dwarfs, and binary stars. The expected detection

55 VASA Sagan Fellow. yield of substellar objects from Gaia—including both exoplanets
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and brown dwarfs—has been estimated to be thousands to tens

of thousands (Lattanzi et al. 2000; Sozzetti et al. 2001; Perryman

Original content from this work may be used under the terms et al. 2014; Holl et al. 2023). Recently, new detections of

of the Creative Commons Attribution 4.0 licence. Any further . R
distribution of this work must maintain attribution to the author(s) and the title SUbs.teHar .ObJeCtS have been ena.bled through Studymg proper-
of the work, journal citation and DOIL. motion differences between Hipparcos and Gaia, allowing



https://orcid.org/0000-0003-0199-9699
https://orcid.org/0000-0003-0199-9699
https://orcid.org/0000-0003-0199-9699
https://orcid.org/0000-0001-7409-5688
https://orcid.org/0000-0001-7409-5688
https://orcid.org/0000-0001-7409-5688
https://orcid.org/0000-0002-1486-7188
https://orcid.org/0000-0002-1486-7188
https://orcid.org/0000-0002-1486-7188
https://orcid.org/0000-0001-9596-7983
https://orcid.org/0000-0001-9596-7983
https://orcid.org/0000-0001-9596-7983
https://orcid.org/0000-0003-4835-0619
https://orcid.org/0000-0003-4835-0619
https://orcid.org/0000-0003-4835-0619
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0003-0149-9678
https://orcid.org/0000-0003-0149-9678
https://orcid.org/0000-0003-0149-9678
https://orcid.org/0000-0001-8720-5612
https://orcid.org/0000-0001-8720-5612
https://orcid.org/0000-0001-8720-5612
https://orcid.org/0000-0003-1762-8235
https://orcid.org/0000-0003-1762-8235
https://orcid.org/0000-0003-1762-8235
https://orcid.org/0000-0002-7167-1819
https://orcid.org/0000-0002-7167-1819
https://orcid.org/0000-0002-7167-1819
https://orcid.org/0000-0001-9662-3496
https://orcid.org/0000-0001-9662-3496
https://orcid.org/0000-0001-9662-3496
https://orcid.org/0000-0003-1439-2781
https://orcid.org/0000-0003-1439-2781
https://orcid.org/0000-0003-1439-2781
https://orcid.org/0000-0001-6545-639X
https://orcid.org/0000-0001-6545-639X
https://orcid.org/0000-0001-6545-639X
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0002-9082-6337
https://orcid.org/0000-0002-9082-6337
https://orcid.org/0000-0002-9082-6337
https://orcid.org/0000-0003-2173-0689
https://orcid.org/0000-0003-2173-0689
https://orcid.org/0000-0003-2173-0689
https://orcid.org/0000-0003-2595-9114
https://orcid.org/0000-0003-2595-9114
https://orcid.org/0000-0003-2595-9114
https://orcid.org/0000-0002-4289-7958
https://orcid.org/0000-0002-4289-7958
https://orcid.org/0000-0002-4289-7958
https://orcid.org/0000-0001-8127-5775
https://orcid.org/0000-0001-8127-5775
https://orcid.org/0000-0001-8127-5775
https://orcid.org/0000-0002-0872-181X
https://orcid.org/0000-0002-0872-181X
https://orcid.org/0000-0002-0872-181X
https://orcid.org/0000-0001-6160-5888
https://orcid.org/0000-0001-6160-5888
https://orcid.org/0000-0001-6160-5888
mailto:exf5296@psu.edu
http://astrothesaurus.org/uat/185
http://astrothesaurus.org/uat/2050
http://astrothesaurus.org/uat/1332
http://astrothesaurus.org/uat/80
https://doi.org/10.3847/1538-3881/ad57be
https://doi.org/10.3847/1538-3881/ad57be
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ad57be&domain=pdf&date_stamp=2024-09-02
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ad57be&domain=pdf&date_stamp=2024-09-02
http://creativecommons.org/licenses/by/4.0/

THE ASTRONOMICAL JOURNAL, 168:140 (21pp), 2024 September

follow-up observations through direct imaging and/or radial
velocities (RVs) to gain insights into brown dwarfs (e.g., Brandt
et al. 2021; Li et al. 2023) and giant planets (Currie et al. 2023).
Previous studies have shown evidence for different formation
mechanisms of brown dwarfs and giant planets (Chabrier et al.
2014), e.g., through their different eccentricity distributions
(Bowler et al. 2020). Detailed characterization of the orbital
parameter distributions of substellar companions—spanning
both brown dwarfs and planetary companions—can yield further
insights into how these distinct populations of companions form
and evolve.

As part of Gaia Data Release 3 (DR3; Gaia Collaboration
et al. 2023), 169,277 Gaia two-body solutions were published
assuming a single Keplerian model derived from the first
34 months of Gaia observations (Halbwachs et al. 2023). These
two-body solutions provide constraints on all orbital elements,
including the orbital period, eccentricity, inclination, mass of
the companion, and correlation matrices between the para-
meters assuming a “dark” companion which contributes no
light to the photocenter motion measured by Gaia. Most of
these solutions are double-star systems, with 1162 that are
likely to be substellar objects analyzed with a dedicated
“exoplanet” pipeline (Holl et al. 2023). Recent work by Winn
(2022) provided an analysis of planet candidates with Gaia
two-body solutions, providing a framework to analyze the two-
body solutions along with available RV data, which in some
cases highlights good agreement with the Gaia solutions, and
sometimes inconsistencies. Recent follow-up observations by
Marcussen & Albrecht (2023) further highlight the importance
of ground-based observations to confirm and/or rule out false-
positive scenarios, such as binaries.

Among different stars, nearby M dwarfs are particularly
suitable for detecting substellar companions with Gaia, as they
maximize the likelihood of high-precision orbit and mass
determination (Perryman et al. 2014; Sozzetti et al. 2014).
Around M dwarfs, Sozzetti et al. (2014) predicted the detection
of ~100 giant planets at orbits within 3 au within 30 pc, and
~2000 within 100 pc. Such a large sample can place tight
constraints on the occurrence rates of substellar companions
around M dwarfs, which still remains poorly constrained.
Detecting giant planets around M dwarfs is particularly
valuable, as current models do not predict their formation
due to the expected inventory of material in the disk being too
low (e.g., Miguel et al. 2020; Burn et al. 2021). Such systems
of nearby M stars hosting close-in companions are also prime
candidates to search for possible signatures of sub-Alfvénic
interactions at optical and radio wavelengths to gain insights
into the magnetic environments of the orbiting companion
(e.g., Callingham et al. 2021; Kavanagh & Vedantham 2023).

In this paper, we perform a detailed characterization of the LHS
1610 system, the second-closest M dwarf with a substellar
companion and a Gaia two-body solution. The only closer
M-dwarf system with a substellar companion and Gaia two-body
solution is the planetary system GJ 876 (Rivera et al. 2005).
LHS 1610b was originally detected by Winters et al. (2018),
before Gaia two-body solutions were available. They characterized
it as a mid-M dwarf system that hosts a likely brown dwarf in a
P=10.6days eccentric orbit with a minimum mass of
msini = 44.8 £ 3.2 My,, obtained with RVs from the Tillin-
ghast Reflector Echelle Spectrograph (TRES) spectrograph. After
the release of the Gaia two-body solutions, the system was
highlighted in Gaia Collaboration et al. (2023), where the Gaia
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astrometric fit independently confirms the orbit of the brown dwarf,
although a joint RV and Gaia two-body solution analysis was not
performed. To characterize the LHS 1610 system in further detail,
we performed a joint sampling of the Gaia two-body solution along
with RVs, including the RVs from TRES from Winters et al.
(2018) and new, precise near-infrared (NIR) RVs from the
Habitable-zone Planet Finder (HPF) spectrograph (Mahadevan
et al. 2012, 2014) on the 10 m Hobby—Eberly Telescope (HET).
The combined set of RVs from TRES and HPF constrain a new
minimum mass of 44.38 4= 0.67 M, The joint sampling allows us
to make a new estimate of the orbital inclination of the companion,
and thereby its mass of M = 49.5f‘3‘:§ Mjyp, confirming that the
companion is a brown dwarf. Using available Transiting Exoplanet
Survey Satellite (TESS) data, we derive a flare rate for LHS 1610
and compare it to other M star flare rates and their rotation periods
from Pope et al. (2021) and Medina et al. (2020, 2022). We find
that LHS 1610 resides at the high end of flare rates for its long
rotation period for mid-M stars, similar to other mid-M stars such
as Proxima Centauri, YZ Ceti, and GJ 1151. These stars are
promising candidates for sub-Alfvénic interactions due to known
companions (Anglada-Escudg et al. 2016; Stock et al. 2020; Faria
et al. 2022; Blanco-Pozo et al. 2023) and radio detections
(Vedantham et al. 2020; Callingham et al. 2021; Pérez-Torres
et al. 2021; Pineda & Villadsen 2023; Trigilio et al. 2023). This
leads us to speculate if the flaring of LHS 1610 is influenced by
interactions with its companion. Since additional investigation is
necessary to confirm or rule out that scenario, we assess the
feasibility of making such a detection. Due to the large size of the
short-period companion around a nearby low-mass star, we show
that the system is particularly favorable for the detection of possible
sub-Alfvénic interactions and potential auroral emission from the
brown dwarf at radio wavelengths. We provide a framework for
future inquiries into star—planet/star-companion interactions using
fully characterized orbits via Gaia two-body solutions and ground-
based RVs.

This paper is structured as follows. In Section 2, we discuss
the parameters of the host star, and we discuss the observations
analyzed in Section 3. In Section 4, we discuss our modeling of
the Gaia two-body solution and the available RVs, and discuss
the accompanying results in Section 5. We place the system in
context with other brown dwarf systems in Section 6. In
Section 7, we discuss our flare analysis of available TESS data,
and energetics of possible sub-Alfvénic interactions or auroral
emission in the system. We conclude with a summary of our
findings in Section 8.

2. Stellar Parameters

To characterize the spectroscopically determined 7eg,
[Fe/H], and log g parameters, we used the HPF-SpecMatch
(Stefansson et al. 2020) code, which compares an as-observed
spectrum with HPF to a library of well-characterized spectra. In
doing so, we realized that LHS 1610 is listed in the input
library from Yee et al. (2017), with an effective temperature
Terr=3079 £ 60K, metallicity [Fe/H]=0.01+0.08, and
logg = 5.04 £ 0.06, as originally determined in Mann et al.
(2015). As a test, we removed the LHS 1610 spectrum from the
library, and we ran it through the HPF-SpecMatch
algorithm, recovering consistent values. We elected to adopt
the spectroscopically determined measurements as originally
reported in Mann et al. (2015). Additionally, the HPF-
SpecMatch analysis further confirms a low projected
rotational velocity of vsini < 2kms~!, agreeing with the
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Table 1
Summary of Stellar Parameters Used in This Work

Parameter ~ Description Value Reference
SpT Spectral type M5 1)
Tetr Effective temperature 3079 + 60 K 2)
[Fe/H] Metallicity 0.01 £0.08 )
log(g) Surface gravity (cgs) 5.04 £ 0.06 2)

R, Radius 0.2007 43590 R, This work
Age Age 7.0543 Gyr This work
M, Mass 0.1671 £ 0.0041 M.,  This work
RV Systemic RV 43.1 £0.1kms™' This work
d Distance 9.662500%%8 pe 3)

w Parallax 103.8790:033 mas “)
Po Rotation period 84.3 £ 8 days (€8]
vsini Rotational velocity <2kms™! This work
Rijare Flare rate® 0.28 + 0.07 day’1 This work
InRs; 5 “High-energy” flare rate®  —2.51 & 0.45 day ! This work
Notes.

References: (1) Winters et al. (2018), (2) Mann et al. (2015), (3) Bailer-Jones
et al. (2018), (4) Gaia. Winters et al. (2018) report a rotation period of 84.3
days with a 5%—10% error. We adopt a 10% rotation period error.

 Derived following the methodology in Pope et al. (2021).

® Derived following the methodology in Medina et al. (2020, 2022).

long rotation period from Winters et al. (2018) of
P = 84.3 days, which was securely measured using long-term
ground-based photometric monitoring from MEarth (Nutzman
& Charbonneau 2008; Irwin et al. 2015).

To obtain constraints on the mass, radius, and age of the
system, we performed a fit to the spectral energy distribution
(SED) of LHS 1610 using available literature magnitudes of the
star using the EXOFASTv2 (Eastman et al. 2019) code and
MESA Isochrones and Stellar Tracks (MIST; Choi et al. 2016;
Dotter 2016) isochrones. As an input for the SED fit, we used
informative priors on the spectroscopically determined Teg,
[Fe/H], and log g parameters as listed above. In doing so, we
obtain a mass of M = 0.1677)01 M, and a radius of
R = 0200770907} R.,. As a separate constraint on the stellar
mass, we used the M-K relation from Mann et al. (2019),
where we find a stellar mass of M =0.1671 £ 0.0041 M, This
agrees with the stellar mass from the SED fit, but is more
precise. We elected to adopt the mass from the M—K relation, as
the relation has been tightly calibrated for mid-to-late M
dwarfs. Table 1 summarizes our adopted stellar parameters.

3. Observations

3.1. Tillinghast Reflector Echelle Spectrograph Optical Radial
Velocities

We use RVs of LHS 1610 from Winters et al. (2018), which
used the TRES. There are a total of 13 RVs, which have a
median RV uncertainty of 28.3ms ' and span 39 days. The
spectra were taken with 900 s exposures in good conditions,
and longer in poor conditions. The medium fiber was used with
a resolving power of R~ 44,000. The signal-to-noise ratio
(S/N) was 15 per pixel at 7150 A. The RVs were extracted
using the pipeline described in Buchhave et al. (2010), and are
shown in Panel A of Figure 1.
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3.2. Habitable-zone Planet Finder Near-infrared Radial
Velocities

We acquired precise RVs from the spectra of LHS 1610
using the HPF spectrograph (Mahadevan et al. 2012, 2014).
HPF is a fiber-fed NIR spectrograph on the 10 m HET (Ramsey
et al. 1998; Shetrone et al. 2007; Hill et al. 2021) at McDonald
Observatory in Texas, covering the z, Y, and J bands from 810
to 1280 nm at a resolving power of R~ 55,000. To enable
precise RVs in the NIR, the HPF is temperature-stabilized at
the millikelvin level (Stefansson et al. 2016). We extracted the
HPF RVs using a modified version of the SpEctrum Radial
Velocity AnalLyzer (SERVAL; Zechmeister et al. 2018),
adapted for HPF following Metcalf et al. (2019), Stefansson
et al. (2020), and Stefansson et al. (2023).

In total, we obtained six HPF observations, which have a
median S/N of 158 at 1 yum and a median RV uncertainty of
4.7ms~". The RVs span 528 days, significantly expanding the
total observational baseline. Three of the RV points are the
average of two 969 s exposures taken in the same night. Two of
the RV points are singular 969 s exposures, and the final RV
point comes from a spectrum taken with an exposure time of
191 s. The RVs are shown in Panel B of Figure 1, and listed in
Table 4.

3.3. Gaia Two-body Solution

As part of Gaia DR3, fits indicating two bodies are reported
in the Gaia Archive (under nss_two_body_orbits). These
two-body fits contain best-fit results for parameters along with
a correlation matrix quantifying the correlation between the
parameters. We convert the correlation matrix to a covariance
matrix using nsstools (Halbwachs et al. 2023).>* There
were 445 astrometric CCD observations used for the Gaia two-
body solution fit of LHS 1610 as provided by the Gaia team.
Relevant Campbell elements from the Gaia two-body solution
are listed in column (4) of Table 2.

3.4. Transiting Exoplanet Survey Satellite Photometry

LHS 1610 was observed by TESS (Ricker 2015) in Sectors
42 (2021 August 20-2021 September 16), 43 (2021 September
16-2021 October 12), and 44 (2021 October 12-2021
November 6). In the TESS Input Catalog (TIC; Stassun et al.
2018, 2019), LHS 1610 is listed as TIC 242941982. LHS 1610
shows flares in each TESS sector; the TESS sectors with
highlighted flares are shown in Appendix A. We determine the
flare rate, and put this rate in context with other M dwarfs in
Section 7.1.

4. Modeling of Astrometry and Radial Velocities

To characterize the system, we compare the results from
three different methods: (1) the Gaia two-body solution, (2) a
fit of the RVs (“RV-only fit”), and (3) a joint sampling of both
the Gaia two-body solution and the available RVs. For the joint
sampling, we broadly follow the methodology outlined in
Winn (2022). The three models and values are further
described below.

x https: //www.cosmos.esa.int/web/gaia/dr3-nss-tools
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Figure 1. Visualization of joint Gaia-RV sampling with inflation. A: RVs using TRES from Winters et al. (2018), with our best-fit model laid over the points. B: our
new RVs using HPF, with the best-fit model in red. This shows the significant increase in the observing baseline provided by the additional HPF RVs, which span
more than 500 days. C and D: phase-folded RVs and residuals using the parameters produced by the joint sampling. Both sets of RVs are in agreement with the best-fit
model. Errors in panels A, B, and C are smaller than the marker size. The RVs are available as the data behind the figure.

(The data used to create this figure are available in the online article.)

Table 2
Results from the Methods Considered in This Work
Parameter RV-only Fit Gaia Two-body Solution Gaia+RV Gaia+RV
Oscale = 1° Oscate > 1 (adopted)

M, (M) 0167273001 0.16727 00041
my (Myyp) 50.94+08 495143
cos i —0.457+0014 —0.417317
i (deg) 92.8*19 117.19%9358 11455
K(@ms™h 12534.6197 12540.7+97 12534.7+9%¢
e 0.37019%95003 0.52450:0% 0.37004295003 0.37018=9:30030
w (deg) 89.227914 271.47%3 89.31°014 89.227914
Q (deg) 162.67}3 —14.9%082 —14.6%83
fperi (days)” 0.7107:38%31 0.611913 0711955831 0.7107+0:9032
P (days) 10.5947245:500016 105885109013 10.5947337 5990016 10.59472F 5990029
w (mas) o 103.88179933 103.87979933

Yrres (M s
Yupr (m s~ ")
Oscale

ap (mas)

A (mas)

B (mas)

F (mas)

G (mas)

9452482
8244.1°33

139159037
—0.053+39¢7
—0.055* 03]
—1.32759%7

0.4189%3

9440782
—8245.733
=1
13252501
—0.14075:07%
—0.589* 033
— 128270013
0.33450:018

9452482
—8244.1*33
9.0%32
129450093
—0.108+.9%¢
—0.52°9%
—1.2467 0%
0.327818

Notes. In the Gaia+RV jointly sampled constraints we fix the flux ratio parameter at € = 0. The oy = 1 sampling shows evidence of inconsistencies and likely has
underestimated uncertainties. To better account for these inconsistencies, we adopt the jointly sampled Gaia+-RV values, where we let the oy, parameter float, which
results in more conservative uncertainties. We note that these values need to be revisited when the Gaia Data Release 4 astrometric time series become available.
 Uncertainties are likely underestimated. See Section 5.3.1 for further discussion.
® For the periastron time, we follow the Gaia convention where the periastron time is fpe;y = 2457389.0 + 1,, where 1, is the value listed in the table above.
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4.1. Gaia Two-body Solution

The two-body solution from the Gaia DR3 nss_two_-
body_orbits table yields constraints on the following
parameters:

A,B,F,G,e, P, 1), w, (1)
where e is the eccentricity, P is the period, w is the parallax,

and 1, is the periastron time referenced to epoch 2016.0 (JD
2,457,389.0). A, B, F, and G are the Thiele—Innes coefficients:

A = ap(cosw cos {2 — sinw sin ) cosi), 2)
B = ag(cosw sin€2 + sinw cos 2 cosi), 3)
F = —ap(sinw cos) + cosw sin () cosi), )
G = —ap(sinw sin{) — cosw cos{) cosi), (®))

where ay is the semimajor axis of the photocenter converted to
milliarcseconds by multiplying by the parallax, w is the
argument of periastron, (2 is the longitude of the ascending
node, and i is the inclination. We use the covariance matrix and
nsstools to use the Thiele-Innes coefficients to yield
constraints on w, €2, i, and a,. Halbwachs et al. (2023) discuss
the ranges of these elements and their physical interpretation
from the Gaia two-body solution fits. The astrometric fit
uniquely constrains the orbital inclination to the physical
motion of the orbit, where orbital inclinations between [0, g]
indicate a counterclockwise orbit, while values between [g, 7]
indicate a clockwise orbit. Due to a degeneracy of 7 in €2 and
w, the Gaia astrometric orbit fits will have two equivalent
possible solutions and, as noted by Halbwachs et al. (2023), the
solution provided in the Gaia two-body solution table is the
solution where ) is between [0, 7] and w is between [0, 27].

4.2. RV-only Fit

For the RV-only fit, we use the following as parameters in
the fit:

P, ty,e,w, K, 7, (6)

where K is the RV semi-amplitude, and -~y is the RV offset for
the spectrograph combined with the stellar RV offset. We fit a
new <y for each individual spectrograph. We compute the
Keplerian RV model using the radvel code (Fulton et al.
2018). RVs alone allow us to uniquely constrain the value of w
but not the inclination, meaning we cannot determine the true
mass of the secondary, only its minimum mass.
The Doppler likelihood function is

. i — Vi,calc)2
202) |

1
L, = H expl
i=1 1/271'(03’,-)

where v; is the ith RV data point, o,; is the associated
uncertainty, and V¢, is the ith model calculated RV. In
practice, we take the log of Equation (7) so that we can sum the
log value of every ith step.

To fit the RVs, we use the differential evolution package
PyDE (Parviainen 2016) to determine a global maximum-
likelihood solution of a Keplerian RV model to the RV
observations. We then initialize 100 Markov Chain Monte
Carlo (MCMC) walkers around the global maximum-like-
lihood solution to perform MCMC sampling of the parameter

(N

N
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posteriors using the emcee package (Foreman-Mackey et al.
2013). We ran the walkers for 35,000 steps. After removing a
burn-in of 2000 chains, we assess the convergence of the
chains with two metrics. First, we compute the Gelman—Rubin
statistic and confirm its value for each parameter is within 1%
of unity. This statistic can be unreliable if the chains are not
independent (see, e.g., discussion in Hogg & Foreman-
Mackey 2018). Therefore, we additionally computed the
maximum autocorrelation timescale and adjust the number of
chains in the MCMC to be longer than 50 times this value to
ensure a sufficient number of independent samples.”> We find
the mean autocorrelation time to be 78 and the maximum to be
109, so from these steps, along with visual inspections of the
chains, we conclude that the chains are well mixed.

4.3. Joint Astrometry and RV Sampling

To jointly sample the Gaia astrometric covariance matrix and
the available RVs, we use the following parameters:

My, my, e, w, cosi, Q, P, t,, @, v, €, Oyales  (8)

where M, is the stellar mass, m, is the secondary mass, cosi is
the cosine of the inclination, ¢ is the flux ratio between the
companion and star, and o 1S a scaling factor that acts as a
jitter term for the two-body solution and is discussed below. All
of the Gaia parameters are relative to the photocenter since
Gaia measures the center of light between the star and any
potentially unresolved companions. ¢ is involved when
computing the aq for a given set of parameters:

2
ap iof PY3 mo €
W _GMy + m (_) - L
= = (G(My + mo)l| - (M*+m2 1+€) )
Like the RV-only fit, we fit individual RV offsets for HPF
and TRES.
To sample the Gaia covariance matrix, we modify the Gaia
likelihood function from Winn (2022):

! exp [%(@TC;;@@)], (10)

——¢€X
hY, (277)8 |det Cscale|

where Cyyle is the covariance matrix including a multiplicative
factor, oy, used to optionally scale the full covariance matrix,
where

L=

Cocale = J§cale x C, 11

where C is the original covariance matrix from the Gaia two-
body solution. oy iS squared in the above equation to
interpret the scaling factor as a multiplicative uncertainty
scaling factor rather than a multiplicative variance factor. As
Oscale Uniformly scales the full covariance matrix, this has the
effect of increasing the uncertainties between the different
parameters, while keeping the relative correlations between the
parameters the same.

© is the “Gaia deviation vector,” which is an eight-column
vector of the differences between the Gaia-reported value and
the calculated value for the following parameters:

A, B, F,G,e P, t, @ (12)

% https: //emcee.readthedocs.io/en/latest/tutorials /autocorr/
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When computing the RV model to determine the RV likelihood
in the joint sampling, we -calculate the semi-amplitude
according to Equation (15) from Winn (2022):

_ Z_W(ao/w)\/l — cos?i
P b

2

K

(13)
1 —e

while a is calculated using Equation (9).
The total likelihood for the joint sampling is therefore given by

log(‘CTotal) = 10g(£g) + log(ﬁv) (14)

Similar to the RV-only analysis, we use PyDE to find a
global maximum-likelihood solution, after which we use
emcee to perform MCMC sampling of the posteriors. For
the analysis, we ran two runs, a joint sampling where gy 18
fixed to 1, i.e., using the covariance matrix as is, and another
run where o, is allowed to float, where the latter was done to
help account for unexplained discrepancies seen between the
RV and the Gaia two-body solution.

For the former sampling where 0., = 1, we initialize 100
walkers and run those walkers for 45,000 steps. We removed
the first 2500 chains as burn-in chains. Our Gelman—Rubin
statistics are all within 1% of unity. The mean autocorrelation
timescale is 178, while the maximum is 282, meaning our
chains are well mixed.

For the second sampling run where oy, is allowed to float,
we initialize 100 walkers and run the walkers for 3,250,000
steps. We removed the first 100,000 steps as burn-in. The
Gelman—Rubin statistics are again within 1% of unity for all
parameters. The maximum autocorrelation length is 56,730 for
the parameters, which is less than 50 times the length of the
chains minus the burn-in, suggesting that our chains are well
mixed. As mentioned in Sections 4.1 and 4.2, the RVs uniquely
constrain w but not the inclination nor €2, while the astrometry
uniquely constrains inclination but has the 7 degeneracy for w
and 2. By jointly sampling the RVs and the astrometric
solution, we can constrain all three values and break the
degeneracies.

5. Results

Below, we discuss the results from the three different
methodologies we used to constrain the orbital parameters of
LHS 1610 b: from the available RVs (RV-only), the Gaia two-
body solution (Gaia only), and a joint sampling of both the RVs
and the Gaia two-body solution with and without a gy, factor
for the Gaia covariance matrix. Table 2 summarizes the
resulting posteriors from the different methodologies. The
results from our final adopted joint-sampling model are
graphically summarized in Figure 1.

5.1. RV-only

First, we compare our results in Table 2 from the RV-only fit
to the values in Winters et al. (2018). The values we obtain are
consistent with the values reported in Winters et al. (2018) which
used only RVs from the TRES spectrograph. The additional
HPF RVs allow us to significantly improve the precision on
multiple parameters, including decreasing the orbital period
uncertainty by a factor of 140, and the eccentricity is more
tightly constrained as e=0.37019 &+ 0.0003 compared to
e =0.36942 £ 0.00093 from Winters et al. (2018). We experi-
mented running fits with individual RV jitter parameters for
TRES and HPF that had Jeffreys priors from 0.1 to 100 ms ™.
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This returned Keplerian parameter constraints consistent with the
fits with no jitter. The jitter estimates were 1.6773ms™" and
44780 ms™" for TRES and HPF, respectively. The modes of the
distributions of the jitter values are Oms~'. From this, we
interpret that the RV uncertainties provide an accurate estimate
of the total uncertainties and we elect to list the posterior results
from the RV-only fit without the jitter values. The RVs from
TRES and HPF yield a minimum mass constraint of
my sin(i) = 44.38 £ 0.67 My,p.

5.2. RV-only versus Gaia Two-body Solution

Second, we compare our RV-only results to the results from the
Gaia two-body solution (third column in Table 2). We see that the
time of periastrion is consistent and the orbital period constraint is
broadly in agreement, although with the RV-determined period
being much more precise (P =10.5885+0.0013 day from the
Gaia two-body solution, compared to P = 10.594724 + 0.000016
from the RVs). Additionally, we see that the value for w between
the RV-only and the Gaia two-body solution differ by ~180°. This
is a result of the 7 degeneracy in w in the astrometric two-body
solution fits (see Section 4.1 and Appendix B of Halbwachs et al.
2023). An important note is that the inclination for Gaia sets the
direction of the orbit. Since the inclination is between [Z, 7], the
system orbits in a clockwise direction as observed from Earth.

Importantly, Table 2 highlights a discrepancy between the
eccentricity of the two solutions, where the Gaia solution
suggests an eccentricity of e = 0.524 £ 0.027, while the RV fit
suggests an eccentricity of e =0.37019 £ 0.00003. From the
quality of the RVs, the RV-derived eccentricity is reliable,
suggesting possible issues with the Gaia two-body solution.

A few possibilities could explain this discrepancy. First, a
third body may be present in the system that could be biasing
the astrometry. However, we deem this unlikely as the RV
residuals do not exhibit additional structure or trends from the
single-companion Keplerian fits.

Another possibility could be that the secondary companion is
contributing secondary light, breaking the assumption of a dark
companion in the Gaia two-body solution. To check if this
assumption is warranted in the LHS 1610 system, we estimated
the flux ratio, ¢, between the brown dwarf and host star in the
Gaia bandpass. Using the Sonora—Bobcat spectral templates
(Marley et al. 2021) for the brown dwarf, PHOENIX stellar
spectral templates (Husser et al. 2013) for the star, and
accounting for the transmission curve across the Gaia
bandpass, we estimate the flux ratio in the Gaia bandpass
(320-1100 nm) to be negligible (<107%). As such, we do not
expect light emitted from the brown dwarf to impact the Gaia
solution.

The Gaia two-body solution and the associated covariance
matrix may not be accurately depicting the shapes of the
posteriors of the orbital parameters, but highly structured and/
or other nonlinear covariances between different parameters
would likely not be accurately estimated using the sampling
methodology we used (see further discussion in Winn 2022 and
Marcussen & Albrecht 2023).

Additionally, we note that astrometric photocenter motion
dominated by motion along one axis in the sky plane can result
in biases of the orbital fit, including a bias toward close to edge-
on inclinations, which in turn would impact the derived
eccentricity. Based on the orbital parameters, the orientation of
LHS 1610 b’s orbit on the sky suggests motion primarily along
the decl. axis. This could help explain the eccentricity
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Figure 2. Comparison of Z-score values for the two joint-sampling
methodologies we considered. The joint-sampling Z-scores where we fix
Oscale = 1 are shown with red circles. Same as before but where we let 0., . be
a fit parameter in the MCMC sampling, shown with blue squares. The red
dashed lines show Z-score values of £1. The former sampling highlights
inconsistencies (absolute Z-score values larger than 1) for the parameters e, P,
and B. From the latter sampling, we see that through letting 0., inflate the
Gaia covariance matrix, this correspondingly increases the uncertainties in the
derived parameters (see Table 2) and thus results in Z-scores that are in better
agreement (absolute Z-scores <1).

discrepancy given the nearly edge-on inclination of the Gaia
two-body solution.

Lastly, the nominal scanning law that dictates how Gaia
observes the sky and the resulting projection of the orbit on the
detector may also be at play. For more detail, see Holl et al.
(2023), which discusses how the along-scan and across-scan
angles of Gaia can impact the derived orbital parameters.

5.3. Joint RV+Gaia Sampling

Given the availability of a Gaia two-body solution for LHS
1610 b, we performed a joint sampling of both the Gaia
covariance matrix and the RVs. Due to the discrepancies
between the RV-only solution and the Gaia two-body solution,
we consider two separate joint-sampling models. First, a joint
sampling where oy, = 1, and second, a joint sampling where
we let o4 be a fit parameter.

5.3.1. Joint Sampling with 0s.q, =1

First, we performed a joint sampling of the two-component
likelihood function in Equation (14), which includes a
likelihood of the Gaia covariance matrix with oy, = 1 along
with the RV likelihood. The results from this joint sampling are
summarized in column (4) of Table 2. From this joint sampling,
we find that the orbital period and the eccentricity converges on
the RV-derived values with the eccentricity estimated as
e =0.37004 £ 0.000030.

As noted previously, the Gaia astrometric fits have two
degenerate solutions for w and €2, and the Gaia two-body solution
is the solution where €2 is bound to [0,7] and w to [0,27]. The
RVs break the 7 degeneracy and informs us of the correct
solution, where 2 = —14.9° +0.82° and w = 89.31° £ 0.14°.

This joint sampling results in an inclination of
i=117.19°708% and a corresponding secondary mass of
50.94 4 0.9 My,p. This inclination is 24° greater than the value
expected by the Gaia two-body solution of i=92.8° 4 1.9°.
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This discrepancy highlights that the uncertainties from this
joint sampling are underestimated.

To further assess the quality of the joint sampling, we follow
Winn (2022) and we consider the Z-scores of the jointly
constrained parameters A, B, F, G, e, P, and t,, where the
Z-score for a given parameter is calculated as

Z—score = L2 (15)
Oy

where x; and x, are two different measurements of the same
parameter, and oy, is the uncertainty on the x, measurement.
Here, we define the Z-scores such that x; is the median joint-
sampling posterior value, x, is the median Gaia-only posterior
value, and oy, is the average of the upper and lower uncertainties
on the Gaia-only posterior value. In the case where gy, 15 a fit
parameter, the original Gaia-only uncertainties are multiplied by
the median fit value of o, before computing oy,.

Figure 2 shows the Z-scores for the Thiele—Innes coefficients
A, B, F, G, along with e, P, and t,. From Figure 2, we see that
the Z-scores highlight inconsistencies, in particular between the
eccentricity e, orbital period P, and the B coefficient. From
these inconsistencies, we caution against interpreting these
values as the final orbital parameters for LHS 1610 b.

5.3.2. Joint Sampling with 0.4, as a Free Parameter

To account for the discrepancies between the Gaia two-body
solution and the RV fit, we performed a second sampling of the
joint likelihood function where we let gy, be a free parameter
in the MCMC sampling. This scales the uncertainties in all of
the parameters in the Gaia covariance matrix, while keeping the
relative covariances.

The results of this are shown in the fifth column of Table 2
and are graphically summarized in Figure 1. In panels C and D,
we see that both the optical TRES and the NIR HPF RVs fully
agree on the RV orbit, showing RV residuals with no visually
apparent residual structure, suggesting a good fit. We also see
that the resulting parameters that are directly constrained by the
RVs all fully agree with the RV-only fit in Table 2.

From Table 2, we see that e = 9.0752, suggesting that a
significant scaling of the Gaia covariance matrix is needed to
self-consistently jointly sample the Gaia covarience matrix and
the available RVs. As expected, this value of oy, results in
larger uncertainties in the astrometric parameters, including the
inclination of i, = 114.5°*]3, and correspondingly the mass

estimate of LHS 1610 b of M = 49.5743 Mj,,. Despite the

large scaling factor of oyqe = 9.0f‘2‘j§, the fractional uncer-

tainty on the mass of LHS 1610 b is still at the ~7%-9% level,
sufficient to conclude that the object is a brown dwarf.

Similar to Section 5.3.1, we assess the quality of the
astrometric parameters through investigating the resulting
Z-scores, which are highlighted in Figure 2. Figure 2 shows
that increasing the uncertainties with oy, results in Z-scores
which all have absolute values <1, suggesting that the sampled
values are now in much better agreement given the updated
uncertainties. Given the updated Z-scores and the agreement in
the RV fit, we adopt these values as the formal parameters for
LHS 1610b.

We note that the adopted parameters assume that the joint-
sampling methodology is able to give a good description of the
parameters. As mentioned previously, we note that without
having access to the underlying astrometric Gaia time series, it
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is impossible to discern the exact cause of the underlying
discrepancies. We urge the community to revisit this system
and potentially other similar systems like it, to test the validity
of this approach and the consistency of the final derived
parameters.

6. Comparison to Other Brown Dwarf-M Dwarf Systems

LHS 1610b joins a small but growing number of nearby
brown dwarfs with precisely measured dynamical masses.
Figure 3 puts LHS 1610 b in context with other known brown
dwarf-M dwarf (BD-M) systems drawn from a compilation of
objects with masses between 13 and 80 My, from the NASA
Exoplanet Archive (Akeson et al. 2013), the exoplanet.eu
catalog, and the literature.

The top panel of Figure 3 shows the brown dwarf mass as a
function of the distance of the system from Earth, where the
points are color-coded by the host-star mass. We cut out
systems that have a mass precision worse than 33%. We find
LHS 1610b to be the third-closest BD-M system within our
mass-precision constraint. The other two more nearby targets
are GJ 229 B (Brandt et al. 2021) and Scholz’s Star B (Dupuy
et al. 2019). Brandt et al. (2021) note that GJ 229 B is in
tension with evolutionary models, as an object of its mass
cannot cool to its luminosity within a Hubble time, suggesting
it could instead be an unresolved binary (Howe et al. 2023).

By a statistical analysis of the brown dwarf population
around FGK stars, Ma & Ge (2014) suggested that the brown
dwarf population can be split into two regimes: the low-mass
regime (M <42.5 M,,,), with an eccentricity distribution
similar to gas giant planets, and a high-mass regime, with an
eccentricity distribution similar to binary stars. With a mass of
49.533 My, LHS 1610b is formally in the high-mass regime
discussed in Ma & Ge (2014), and therefore could have formed
through molecular cloud fragmentation, similar to a binary
stellar companion, as opposed to forming similar to a giant
planet via gravitational instability or core accretion. However,
in reality, the boundary between the two regimes is not exact,
and is rather characterized by a “depletion region” between 35
and 55 M as discussed by Ma & Ge (2014), where short-period
(P < 100 days) brown dwarfs are observed to be intrinsically
rare. From its mass alone it is unclear which formation pathway
LHS 1610 b would be more compatible with. Since the Ma &
Ge (2014) study was performed on a sample of FGK stars, it
may not be directly applicable to our BD-M dwarf binary.
Further, the Ma & Ge (2014) study was focused on a sample of
RV-discovered brown dwarfs, which only have minimum mass
measurements (m sini), making it unclear if the “depletion
region” discussed by Ma & Ge (2014) persists once true mass
constraints are estimated. More discoveries of brown dwarfs
that both have a RV and astrometric solutions will allow us to
measure true masses for the brown dwarfs and more robustly
determine if the “depletion region” persists in the brown dwarf
population.

The faint points in both panels of Figure 3 show estimated
values for the parameters of possible BD-M systems within
25 pc that have Gaia two-body solutions. The stellar masses are
estimated by compiling the K magnitudes and using the Mann
et al. (2019) mass—luminosity relation. Any object with an
estimated stellar mass less than 0.65 M, is retained. Using the
estimated stellar mass for these systems, we take the period,
eccentricity, photocenter semimajor axis, parallax, and cosine
of the inclination from the Gaia two-body solution and estimate
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the RV semi-amplitude, K, using Equation (13). With the
stellar mass estimate and computed K, we estimate the mass of
the companion under the assumption that the Gaia two-body
solution correctly describes a single dark companion. These
points highlight that Gaia is starting to uncover a number of
additional candidate BD-M systems, allowing further insights
into their occurrence rates and eccentricity distribution.
However, as highlighted in this work as well as in Winn
(2022), Halbwachs et al. (2023), and Marcussen & Albrecht
(2023), precise RV follow-up observations are necessary to
confirm that the two-body solutions are accurately describing
the parameters of the systems, and to robustly rule out false-
positive scenarios.

To further investigate LHS 1610b’s association with the
planet or binary star formation pathways, Figure 3(B) compares
the eccentricity and period of LHS 1610b to other brown
dwarfs. We see that LHS 1610 b has the highest eccentricity for
confirmed systems with periods <10,000 days. Because of the
short period and nonzero eccentricity, we may expect that tides
will circularize LHS 1610 b’s orbit (e.g., Mazeh 2008; Damiani
& Diaz 2016). The companion will be circularized if its orbital
period is less than the circularization period. M-dwarf binaries
have an observed circularization period of ~10days (Udry
et al. 2000; Mayor et al. 2001), while Sun-like binaries are
~10-12days (Duquennoy & Mayor 1991; Meibom &
Mathieu 2005; Raghavan et al. 2010). The dashed line in
Figure 3(B) indicates the maximum eccentricity a companion
of a given period could have without experiencing tidal effects
if the circularization period is 10 days (see Equation (3) in
Halbwachs et al. 2005). With a period of P = 10.6 days and an
eccentricity of e =0.37, LHS 1610 b is inconsistent with both
the aforementioned circularization period trends. Instead,
LHS 1610b fits a shorter circularization period of ~8 days,
more in line with the circularization periods of a few days
observed for giant exoplanets (Halbwachs et al. 2005; Pont
et al. 2011; Bonomo et al. 2017).

We estimate the circularization timescale to compare with
our coarse estimate of the age of 7.0743 Gyr from the SED
analysis. We use the Sonora—Bobcat models (Marley et al.
2021) to estimate the radius of the brown dwarf based on the
mass and an age between 0.5 and 12 Gyr. Using the solar-
metallicity models, at 0.5 Gyr we find a radius of 0.99 Ry,;,, and
at 12 Gyr, 0.79 Ry,p,. We estimated the circularization timescale
of the brown dwarf using Equations (1) and (2) from Jackson
et al. (2008) and presented in Cafias et al. (2022) as

11 1
—= (16)
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where 7, is the circularization timescale, 7, 4 is the timescale
contribution from the star, and 7,pp is the timescale
contribution from the brown dwarf. The parameters agp, M,
Mgp, Ry, Rgp, Ok, and QOpp are the semimajor axis of the
brown dwarf, the stellar host mass, the brown dwarf mass, the
radius of the stellar host, the brown dwarf radius, and the tidal
dissipation factors of the stellar host and brown dwarf,
respectively. We assume a value of Q,=10" based on
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Figure 3. LHS 1610 b in context with other brown dwarfs orbiting M stars (BD-M systems). The colored points are confirmed BD-M star systems drawn from the
NASA Exoplanet Archive, the exoplanet.eu catalog, and the literature. Not all systems have measurements for the plot parameters, so the points on each plot are
individually labeled. To highlight the yield that Gaia will help enable, the fainter points show candidate BD-M systems from Gaia two-body solutions within 25 pc.
Some errors are smaller than the marker size. Top (A): brown dwarf masses (better than 30) as a function of distance from Earth colored by the host-star mass.
LHS 1610 b is the third most nearby BD-M system with a precise mass measurement. Bottom (B): same as above, but showing eccentricity as a function of orbital
period in days. LHS 1610 b is one of the shortest-period BDs orbiting an M dwarf, and is the most eccentric in our sample besides GJ 229 B. The dashed line shows
the expected eccentricity at a given period for a circularization period of 10 days. Similar to panel A, the fainter points show candidate BD-M systems from Gaia two-

body solutions within 25 pc. The colored data points are available as the data behind the figure.

(The data used to create this figure are available in the online article.)
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modeling done in Gallet et al. (2017) and Qgp = 10° as inferred
for Jupiter (Goldreich & Soter 1966; Lainey et al. 2009;
Lainey 2016). We assume the tidal dissipation factors remain
constant over time, but in reality this factor will change as the
star and brown dwarf evolve. For the 0.5 Gyr and 12 Gyr age
assumptions, we obtain circularization timescales of 240 Gyr
and 720 Gyr, respectively. The high circularization timescale
we obtain in both cases suggests the system is not circularizing.

Additionally, we estimated the timescale for tidal synchro-
nization using the equation from Guillot et al. (1996) and Rasio
et al. (1996):

R

2 6
M, a
D BD BD
T, = w =21,
5 QBD(GMBD) BD( M, ) (RBD)

where wgp is the primordial rotation rate of the brown dwarf.
We again assume a value of Qgp = 10°. For the primordial spin
rate, Figure 13 of Tannock et al. (2021) shows measured
rotation periods for 78 L, T, and Y dwarfs. Across spectral
type, rotation periods between 1 and 10 hr are common. First,
we will assume a rotation rate (wgp) of 10hr (1.7 x
10~* cycles per second), equal to that of Jupiter. For the
0.5 Gyr and 12 Gyr age assumptions, we obtain synchroniza-
tion timescales of ~7 Gyr and ~15 Gyr, respectively. If we
assume a rotation period of 1 hr instead (1.7 x 10> cycles per
second), then our synchronization timescales for the 0.5 Gyr
and 12 Gyr age assumptions are ~70Gyr and ~150 Gyr,
respectively. Although we note that the exact value is strongly
dependent on the assumed primordial spin rate and tidal
dissipation factor, the lengthy timescales indicated above
suggest the brown dwarf has likely not become tidally locked.

19)

7. Prospects for Star-Companion Interactions

Companions that closely orbit their host stars are thought to
interact magnetically or sub-Alfvénically. These interactions are
expected to enhance the activity of the host star, manifesting as
enhanced X-ray and flaring activity (Lanza 2018; Ilin &
Poppenhaeger 2022), radio emission (Zarka et al. 2001;
Zarka 2007; Callingham et al. 2021; Kavanagh & Vedan-
tham 2023), and chromospheric spots (Shkolnik et al. 2005).
Furthermore, if the companion is magnetized, it may exhibit
auroral emission due to the interactions between the stellar wind
of the host star and its magnetosphere (Zarka et al. 2001).
Signatures of these interactions in close-in exoplanetary systems
are often loosely referred to as star—planet interactions. However,
given that the companion of LHS 1610 is a brown dwarf, the
term star—companion interactions is more appropriate.

To date, the magnitudes and scaling relationships of these
interactions remain poorly constrained. Therefore, detections of
objects compatible with such interactions are valuable
laboratories to study such models. Due to the system’s
proximity, large size, and the short orbital period of the
companion, LHS 1610 is a promising target for searching for
possible evidence of star—companion interactions. We discuss
this possibility in further detail in the following subsections.

7.1. Investigation of Potential Companion-induced Flaring

One way to look for evidence of sub-Alfvénic interactions is
through looking for evidence of the phase dependence of
flaring (e.g., Lanza 2018; Ilin & Poppenhaeger 2022) and/or
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orbital-phase-dependent variations in stellar activity indicators
(e.g., Shkolnik et al. 2005), especially at orbital phases close to
periastron. Examining the six visits of HPF observations, we
see no evidence of emission in the Call infrared triplet activity
indicators, and detect no hints of modulation as a function of
orbital phase, and conclude that the star is not chromo-
spherically active.

To constrain the possibility of flare-induced interactions in
LHS 1610, we examined the three available sectors of TESS
data of LHS 1610. To detect flares, we used the stella code
(Feinstein et al. 2020a, 2020b), which leverages a set of trained
convolutional neural networks to identify flares. To estimate a
flare rate, we follow the methods outlined in Pope et al. (2021)
and Medina et al. (2020), which we summarize briefly here.
Using stella, we analyze the TESS 2 minutes cadence
presearch data conditioning single-aperture photometry light
curves using the lightkurve package (Lightkurve Colla-
boration et al. 2018) and apply a flare probability threshold of
0.6. To remove false positives, we follow Pope et al. (2021)
and remove flares with (a) fractional amplitudes less than 3
times the standard deviation of a 400 minutes smoothed light
curve, or (b) rise and fall times less than 4 minutes (two TESS
cadences). After this step, sectors are reviewed by eye to add or
remove any flares that were clearly misidentified.

Using this methodology, we detected a total of 17 flares: four
in Sector 42, six in Sector 43, and seven in Sector 44 (see
Figure 8 in Appendix A). From this, we estimate a flare rate of
0.28 + 0.07 flares per day estimated using the total number of
flares across the observing baseline covered by all three sectors.
We estimate the 1o uncertainty using a two-sided Poisson
confidence interval. This flare rate is high given the star’s
rotation period when compared to a sample of nearby M stars
with confirmed radio emission presented in Pope et al. (2021).
LHS 1610 b has a flare rate similar to the M stars DO Cep and
LP 259-39, which have substantially more rapid rotation
periods of 0.41 day and 1.7 days, respectively.

To further investigate the possibility of flare-induced
interactions, in Figure 4(A) we compare the flare rate of LHS
1610 as a function of rotation period from the volume-complete
sample of mid-to-late M dwarfs within 15 pc from Medina et al.
(2020) and Medina et al. (2022). By replicating their energy
cutoff, completeness correction, and flare energy distribution,
we see that LHS 1610 has a flare rate on the high end for its
stellar rotation period of P, = 84.3 + 8 days. The natural log
of this flare rate is In(R3;5) = —2.51 4 0.45 flares per day for
flares above an energy of 3.16 x 10! erg. We refer to this as
the “high-energy” flare rate. In Figure 4(A), we highlight
systems with confirmed substellar companions from the NASA
Exoplanet Archive. Additionally, in Figure 4(A) we label in red
systems with published radio detections that have been
highlighted as potentially compatible with sub-Alfvénic
interactions, including GJ 1151 (Vedantham et al. 2020;
Callingham et al. 2021), Proxima Cen (Pérez-Torres et al.
2021), and YZ Ceti (Pineda & Villadsen 2023; Trigilio et al.
2023). Figure 4(A) shows that LHS 1610 joins those systems as
an inactive, nearby M star with a longer rotation period, high
optical flare rate, and a known companion. These similarities
lead us to speculate that the brown dwarf may be inducing
flares on LHS 1610. We evaluate the feasibility of observations
that could be used to gain further insights into such interactions
in the next section.
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Orbital Positions of LHS 1610 A and b during flaring events
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Figure 4. M-dwarf flare rates (A): log flare rate of flares with energies above the 3.16 x 10°' erg energy threshold discussed in Medina et al. (2022) as a function of
stellar rotation period. Points are color-coded by distance to Earth. LHS 1610 is highlighted with the star. Systems with substellar companions are highlighted with
black labels. Systems with published radio detections are highlighted in red. LHS 1610 joins a group of systems with high flare rates and long rotation periods. LHS
1610 flare orbital locations (B): orbit visualization of the LHS 1610 b (outer ellipse) and its host star (inner ellipse) around the common center of mass using the joint
Gaia-RV parameters from Table 2. The orbit is inclined ~114° and the orbital direction is clockwise. The red vector denotes the orbit normal, and the periastron
location is highlighted with the dotted line between the white squares. Locations of flares are highlighted twice per flare with the colored points, with a star/circle
marker at the corresponding star/companion location. We do not see statistically significant evidence for a phase dependence of flare locations. The shaded regions
define the intersection of the plane of the orbit with the plane of the sky along the line of nodes. The data shown in panel (B) are available as the data behind the figure.

(The data used to create this figure are available in the online article.)

We further visualize the position of the flares in the orbit of
LHS 1610 in Figure 4(B). Each flare along with its flare energy
are shown both on the host-star orbit (star markers), as well as
the position of the companion (circles). The flare energies are
estimated following the same methodology as Medina et al.
(2020). From Figure 4, we do not see any clear phase-
dependent preference, including no clear preference for flaring
close to periastron. In the half of the orbit encompassing
periastron (phase values between —0.25 and 0.25 in Panel D of
Figure 8) we find nine flares, which is consistent with the
expectation of 8.6 £ 2.2 flares given our flare rate, suggesting
there is no preference for flaring near periastron. We note that
due to the low number of 17 flares detected, the Poisson
counting uncertainties on the expected numbers of flares
remain high. As such, additional flare monitoring to increase
the total number of flare detections would be needed to provide
conclusive evidence of any flare dependence in the system.

Lastly, brown dwarfs are known to have flares at comparable
strengths to those observed around M stars (Gizis et al. 2017;
Paudel et al. 2020), and some or all of the flares seen in the
TESS photometry could be attributed to the brown dwarf.
However, flaring brown dwarfs are generally young (<1 Gyr),
and have spectral types earlier than L5 (Tegps~ 1800 K).
Using the Sonora—Bobcat models, we estimate the temperature
of LHS 1610 b at the lower bound of our age estimate (2.5 Gyr)
and find a value of ~1100 K. Paired with the age estimate,
LHS 1610 b seems unlikely to be the origin of the flares.

7.2. Stellar Wind Environment

For sub-Alfvénic interactions to occur, the companion must
orbit sub-Alfvénically, i.e., with an Alfvénic Mach number
(M) less than unity (Saur et al. 2013):

MA = AM/MA < 1. (20)

Here, Au is the relative velocity of the stellar wind as seen by
the orbiting planet:

Al = ﬁw - ’/_iorbs (21)
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where u,, is the wind velocity, and uy, is the orbital velocity of
the brown dwarf. u, is the Alfvén speed,

— Biw (22)

T Jampy

where B,, and p,, are the magnetic field strength and the mass
density of the stellar wind, respectively. Therefore, knowing
how both of these quantities vary as a function of distance,
along with the wind velocity, is required to determine if a
companion orbits sub-Alfvénically.

The wind densities of low-mass main-sequence stars like
LHS 1610 are notoriously difficult to detect given their rarefied
nature, and current measurements are both indirect and few in
number. A way to quantify stellar wind densities is through
their mass-loss rate:

M = 47r?p ., (23)

where r the is distance from the star, and u,, , is the wind
velocity in the radial direction. Wood et al. (2021) presented
the most up-to-date list of mass-loss rate estimates for low-
mass main-sequence stars. For M dwarfs, these values vary
from 0.06 to 200 Mg, where Mg = 2 x 107 Mg yr~! is the
mass-loss rate of the Sun (Cohen 2011). In the absence of a
measured mass-loss rate for LHS 1610, we adopt this range of
values.

Stellar winds from low-mass main-sequence stars are
thought to be predominantly driven by the thermal expansion
of a hot corona (Gombosi et al. 2018). Therefore, estimating
the temperature of their coronae can provide constraints on the
velocity of the wind. Johnstone & Giidel (2015) found the
following empirical relation between the observed surface
X-ray flux (Fy) and inferred coronal temperatures (7¢orona) Of
these stars:

Teorona = 0.11F¢%26 x 10% K, (24)

where Fy is in 10®ergs ' cm 2. Note that the errors in the

fit coefficients in Equation (24) are less than 1%.
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Magaudda et al. (2020) reported an X-ray luminosity for
LHS 1610 of Ly= 10****%%¢erg s from observations with
the Chandra X-ray Observatory (Weisskopf et al. 2000; Wright
& Drake 2016; Wright et al. 2018). Converting this value to the
surface X-ray flux (Fx = Lx/4wR,?), we estimate a coronal
temperature for LHS 1610 via Equation (24) of (3.05&*
0.07) x 10°K.

Models for thermally driven stellar winds have existed for
decades, the first of which being proposed by Parker (1958).
Despite its simplicity, it reproduces the bulk properties of the
solar wind remarkably well. While more sophisticated models
exist, they are both computationally expensive and dependent
on information that is often not readily available, such as the
surface magnetic field topology (e.g., Kavanagh et al. 2022).
Again, in the absence of such information for LHS 1610, we
opt for a simple prescription to estimate its wind velocity
profile. For this, we use the code developed by Kavanagh &
Vidotto (2020), which produces the radial wind velocity profile
Uy, described by Parker (1958) for a given stellar mass and
coronal temperature. We show our estimated velocity profile in
Figure 5. We find that over the course of its orbit, the
companion is subject to wind speeds of around 800 to
900 kms ™.

The wind velocity solution described by Parker (1958) is
purely radial in direction. Such a scenario is expected for a star
like LHS 1610 given its slow rotation (Preusse et al. 2005;
Johnstone 2017). Similarly, it is expected to have a large-scale
magnetic field that is predominantly radial. To validate this, we
take the wind model for the star Proxima Centauri presented by
Kavanagh et al. (2021), and compute the radial component of
the wind velocity and magnetic field, as well as the fraction of
the large-scale magnetic field that is open, as a function of
distance. This is shown in Appendix B. We choose Proxima
Centauri given both its similarities to LHS 1610 (Section 7.1)
and also since we lack a mass-loss rate estimate and the
magnetic field topology of the star (unlike Proxima). We find
that the wind velocity and magnetic field are predominantly
radial at a distance greater than around 10 stellar radii (R,) for
Proxima Centauri. This is also consistent with an open
magnetic field geometry.
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Knowing the geometry of the large-scale magnetic field is
important for estimating signatures of possible star—companion
interactions, as we will see in the following sections. For an
open-field geometry, magnetic flux conservation gives us the
following scaling for the magnetic field of the wind:

2
<BV>(&) .

r
Here, (By) is the unsigned average large-scale magnetic field
strength at the stellar surface. This is the most relevant quantity
in terms of what drives the stellar wind outflow (Jardine et al.
2017; Vidotto 2021).

The Zeeman Doppler imaging method (ZDI) can provide
estimates for (By). Recently, Klein et al. (2021), Bellotti et al.
(2023), and Lehmann et al. (2024) used ZDI to estimate
magnetic field strengths for slowly rotating M dwarfs like
LHS 1610 for the first time. These stars, all with rotation
periods exceeding 40 days, exhibit predominantly dipolar
magnetic fields, with strengths ranging from (By) =16 to
214 G. We adopt this range of values for LHS 1610. We note
that Henry et al. (2018) illustrated LHS 1610 may be under-
going magnetic cycles. However, the values used here from
Lehmann et al. (2024) include those for stars exhibiting
magnetic variability and long-term activity cycles. Therefore,
any variability in the large-scale surface magnetic field of
LHS 1610 should be encoded within the range of values
adopted here.

With the wind velocity profile, mass-loss rate, and magnetic
field of LHS 1610 estimated, we now compute the Alfvén
velocity via Equation (22). The density profile is obtained from
Equation (23). Note that since the orbital velocity vector of the
brown dwarf is perpendicular to the radial direction, and the
wind velocity is in the radial direction, the relative velocity
between the wind and the orbit of the brown dwarf is
Au = 2. With this, we then compute the

By = (25)

AY; uw,rz + up
Alfvénic Mach number via Equation (20).

Given that the separation between the star and its companion
varies significantly over the orbit, we compute the fraction of
the orbit where the companion is sub-Alfvénic as a function of
the mass-loss rate and magnetic field strength at the surface.
This is shown in Figure 6. We see that sub-Alfvénic
interactions are possible, provided the wind mass-loss rate is
low enough and the surface magnetic field is strong enough.
However, currently we do not have sufficient statistics for M
dwarfs to estimate the probability density of the mass-loss rate
and surface field strength for LHS 1610, and therefore cannot
determine the likelihood that it has conditions sufficient to
drive sub-Alfvénic interactions. The necessity of the surface
magnetic field measurement to study star—companion intera-
tions motivates follow-up observations to derive the surface
magnetic field of the star via the ZDI method.

7.3. Sub-Alfvénic Interactions between LHS 1610 b and Its
Host Star

If LHS 1610Db is in a sub-Alfvénic orbit, it could enhance
emission on the host star at a wide range of wavelengths by the
dissipation of energy carried by Alfvén waves generated via
sub-Alfvénic interactions (Zarka 2007; Saur et al. 2013). The
power produced via these interactions is (Saur et al. 2013;
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Figure 6. The fraction of the orbit that LHS 1610 b orbits sub-Alfvénically as a
function of the stellar wind mass-loss rate and unsigned average large-scale
surface magnetic field of the host star. The gray shaded region shows where
sub-Alfvénic interactions are not possible. Provided the mass-loss rate is
sufficiently low and the surface magnetic field is sufficiently strong, the brown
dwarf can magnetically interact with the host star, enhancing the star’s activity.

Kavanagh et al. 2022)

Psa = T/ 2Rops’By py,' /2 Au? sin? 0, (26)

where R, is the size of the obstacle perturbing the stellar
magnetic field, and 6 is the angle between the relative velocity
and magnetic field vectors Ai# and B,. As shown in
Section 7.2, the magnetic field of the wind likely points in
the radial direction (i.e., 6 is also the angle between A« and the
wind velocity vector i,). In the case that LHS 1610b is
unmagnetized, Ry is simply its radius, Rgp. However, if it
possesses an intrinsic magnetic field, the size of the obstacle is
the size of its magnetosphere, Ry;. This can be estimated by
computing the magnetopause distance, the point where the
pressure of the incident stellar wind balances with the pressure
exerted by the magnetic field of LHS 1610b (Vidotto et al.
2012):

1/6
Bgp?

Ry = Rgp.

M (327rpw) Bb

Here, Bgp is the field strength of LHS 1610b at its magnetic
poles, assuming the field is dipolar, and p,, is the pressure of
the stellar wind at its orbit:

27)

2

Pe = py@ + Au?) + BL, (28)
81

where a = ,/2kT /m,, is the isothermal sound speed.

As there are no published detections of radio aurorae from
LHS 1610b, we cannot estimate its magnetic field strength
directly (Kao et al. 2018). Therefore, we use the following
theoretical prescription for the magnetic field strength from
Reiners & Christensen (2010) to estimate the dipolar magnetic
field strength of LHS 1610 b:

2\1/6
MBDLBD) kG,

2 (29)

Bgp = 3.39(
Rgp

where Mgp, Rpp, and Lgp are the mass, radius, and luminosity
of the brown dwarf, respectively. Note that this relation
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Table 3
Physical Parameters Estimated for LHS 1610 b as a Function of Age
Age Rgp log Lgp Bgp Ry
(Gyr) (R,lup) (L(D) (G) (RJup)
2 0.86 + 0.01 —4.88+0:12 816758 9.67*{%7 12507352
7 0.80 + 0.01 —5.63 08 495+61 7.67153 991729
12 0.79 + 0.01 —5.93+04 402148 702538 9.075) 5

Notes. The radius Rgp and luminosity Lgp are obtained via our estimate for the
mass of 49.5742 M, Jup Using the isochrones from Marley et al. (2021). We then
use these to compute the dipole strength Bgp via Equation (29). Combined with
the estimated stellar wind parameters, we estimate the range of sizes for the
brown dwarf’s magnetosphere Ry, which varies over its orbit due to the
eccentricity. The lower and upper limits correspond to the values computed at
periastron and apastron, respectively.

assumes that the brown dwarf is rotating sufficiently fast,
which is likely for LHS 1610 b given its long synchronization
time (Section 6).

The radius and luminosity of brown dwarfs can be estimated
from isochrones if its mass and age are known. However, the
uncertainty on the age of the system is large. Therefore, we
consider three ages of 2, 7, and 12 Gyr for LHS 1610 b. We draw
samples for the mass of the brown dwarf from the constraint
obtained in Section 5.3.2, and linearly interpolate for the radius
and luminosity from the the solar-metallicity isochrones
provided by Marley et al. (2021) at the three ages listed above.
In this age range, we find radii of 0.86 to 0.79 Ry,,, and
luminosities of —4.88 to —5.93 L, in log-space, where L, is the
luminosity of the Sun (Lp =3.83 x 10 ergs™'; Vieira et al.
2022).

With the radius and luminosity estimated, we now use
Equation (29) to estimate the field strength for LHS 1610 b. For
this, we find strengths of 816—402 G, which are up to an order
of magnitude larger than the field strengths estimated for
M dwarfs similar to LHS 1610. This is unsurprising however,
as the star likely rotates much slower than the brown dwarf.
Having estimated the radius and field strength of the brown
dwarf, we finally can estimate the size of its magnetosphere via
Equation (27) in combination with the estimated stellar wind
properties. We find large sizes, ranging from around 7 to 13
Ry, depending on the age and orbital phase. The inferred
parameters and their uncertainties as a function of age are listed
in Table 3.

With both the estimates for the properties of the stellar wind
and the obstacle size of the brown dwarf established, we now
use Equation (26) to estimate the power dissipated along the
stellar magnetic field via sub-Alfvénic interactions. We
uniformly sample the mass-loss rate and unsigned large-scale
surface magnetic field strength in the aforementioned ranges
adopted for LHS 1610. We also consider the cases where
LHS 1610b is both magnetized and weakly/unmagnetized
(i.e., Rops =~ Rpp in Equation (26)).

In Figure 7, we show the estimated power generated via sub-
Alfvénic interactions between the brown dwarf and stellar
magnetic field as a function of orbital phase, for an age of
7 Gyr. For the magnetized case, we estimate the total power
produced to be within the range of ~10%*~10%° erg ™', whereas
in the unmagnetized case, it ranges from ~10** to 10* erg™'.
Due to the eccentricity of the orbit, the distance between the
two bodies varies from 38 to 83 R, over the course of the orbit.
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Figure 7. Estimated powers from both sub-Alfvénic interactions between
LHS 1610 b and its host star (red and orange curves), and auroral emission
from the brown dwarf’s magnetosphere due to the incident stellar wind (purple
curves). Each solid line and shaded region shows the median and the 1o region,
respectively. The powers are shown as a function of orbital phase, which are
modulated due to the eccentricity of the orbit. For the sub-Alfvénic powers, we
show the cases where the brown dwarf is both magnetized (red curves) and
unmagnetized (orange curves). The powers are computed assuming an age of
7 Gyr for the brown dwarf. The differences in the curves at the ages of 2 and
12 Gyr are small, as the radius of the brown dwarf does not change
significantly, and the size of its magnetosphere varies weakly with the magnetic
field strength (see Equation (27)). In all cases, a fraction of the energy 1074
1072) is expected to be released at radio wavelengths, resulting in flux
estimates that are within reach of sensitive radio telescopes such as LOFAR
and the VLA. Note that the sub-Alfvénic interaction scenario is only possible
provided the host star has a sufficiently low mass-loss rate and strong surface
magnetic field (see Figure 6).

As a result, the brown dwarf is subjected to time-varying stellar
wind conditions. Therefore, the power dissipated onto the star
also varies, as is seen in the light curves in Figure 7.

If the estimated power generated by sub-Alfvénic interac-
tions, Pgy, is indeed dissipated onto the star’s magnetic field,
some fraction is expected to manifest as bright radio emission
via the electron cyclotron maser (ECM) instability (Zarka 2007;
Saur et al. 2013). For the Io-induced emission on Jupiter, this
fraction or ‘“efficiency ratio” n is estimated to be around
107*-1072 (Turnpenney et al. 2018; Saur et al. 2021). If we
assume this fraction of the total power is uniformly dissipated
in the radio over the frequency range Awv, the flux density
observed at a distance d is

NPsaA

___MPsa 30
dZQbeam Av G0

v

where (Qpeanm 18 the solid angle of the emission beam, which is a
hollow cone since ECM emission is beamed. Typical values
assumed for 2 range from 0.16 to 1.6 sr (Zarka et al. 2004;
Turnpenney et al. 2018). If the frequency range Av is
sufficiently wide, it is effectively equal to the cutoff frequency
Vmax,» Which we assume to be that at the stellar surface. Given
that ECM emission occurs at the local cyclotron frequency
(Dulk 1985), the cutoff frequency is therefore the cyclotron

frequency at the surface:
Umax = 2.8(By) MHz, (31)

where (By) is the unsigned surface average field strength in
units of gauss.
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Let us consider a conservative scenario, in which 7= 10"°
and 2 =1.6sr. For the unmagnetized and magnetized cases,
the sub-Alfvénic radio fluxes produced can reach up to 0.6 mJy
and 60 mly, respectively. The emission frequency varies from
45 to 600 MHz based on the estimated surface field strength.
Emission in this range at a millijansky level is well within the
capabilities for detection with radio telescopes such as LOFAR
and the Giant Metrewave Radio Telescope (see Callingham
et al. 2021; Narang et al. 2021). Therefore, LHS 1610 is a
compelling case for follow-up searches in the radio for
signatures of sub-Alfvénic interactions.

We note also that since ECM emission is beamed, the
visibility of the radio emission is highly dependent on the
underlying system geometry (e.g., Kavanagh et al. 2022;
Kavanagh & Vedantham 2023). By combining the orbital
characteristics derived in this work with efforts to map the
surface magnetic field topology via ZDI (e.g., Klein et al.
2021), we could estimate at what orbital phases we would
expect to see the radio emission. In addition to potential radio
emission, signatures of sub-Alfvénic interactions occurring in
the system may be visible at different wavelengths such as in
the optical (see Section 7.1), ultraviolet (UV), and infrared
(Shkolnik et al. 2005; Klein et al. 2022).

7.4. Auroral Emission from LHS 1610 b

Regardless of whether LHS 1610 b is in a sub-Alfvénic orbit
or not, if it possesses an intrinsic magnetic field it may also
exhibit strong auroral emission produced via the dissipation of
the energy carried by the stellar wind onto its magnetosphere
(Zarka 2007). For the magnetized bodies in the solar system,
their observed auroral emission at radio wavelengths scales
linearly with the solar wind power intercepted by their
magnetospheres. The power intercepted is (Zarka 2007)

Paurora = 5AM7TRM29 (32)

where € = €y, + Emag + Em 18 the energy density of the incident
wind, which is comprised of a kinetic, magnetic, and thermal
component:

€in = PWAMZ’ (33)
BZsin?6
€mag = — > (34)
47
Em = a’p. (35)

In the solar system, generally only the kinetic and thermal
components are considered, which both appear to produce
powers that are directly proportional to the observed auroral
radio power, with around 10> to 10> of the incident power
being dissipated (Zarka 2007). For completeness, we also
include the thermal energy incident on the magnetosphere
(Elekes & Saur 2023). In a similar manner to Section 7.3, we
compute the incident power on the magnetosphere of
LHS 1610b as a function of its orbital phase, varying M and
(By) over the assumed ranges for the host star. This is shown in
Figure 7 alongside the powers estimated in Section 7.3 from
sub-Alfvénic interactions. We again find large powers of
around ~10*" erg~'. Note that accounting for the surface
magnetic field of the host star will introduce further modulation
to the powers shown in Figure 7 (e.g., Kavanagh et al. 2022).
Additionally, we assume the rotation and magnetic axes of the
brown dwarf are aligned with the star’s rotation axis. Varying
the orientation of these axes could also modulate power for
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these interactions, in that it will alter how the magnetic fields of
the wind and the brown dwarf interact. Accounting for this,
however, would require a full 3D magnetohydrodynamics
simulation, which is beyond the scope of this work.

We now compute the radio flux via Equation (30), replacing
Psa with Py We again choose conservative values for
n=10"° (an order of magnitude lower than the minimum value
estimated for auroral radio emission in the solar system) and
Q= 1.6 sr. We set the cyclotron frequency at the magnetic poles
of the brown dwarf as the cutoff frequency, as the field lines on
which the aurora is driven likely connect back near the magnetic
poles due to the large size of its magnetosphere. At an age of
7 Gyr, this frequency is ~1.4 GHz. We find that, with these
estimates, the flux density should be of the order of ~200 mJy.
At GHz frequencies, the Very Large Array (VLA) would be
suitable for follow-up observations (e.g., Villadsen & Halli-
nan 2019), which to date has been the primary telescope used to
discover radio emission from brown dwarfs (Tang et al. 2022).
This highlights the benefit of carrying out a multiwavelength
radio campaign of the system, in that we could determine if sub-
Alfvénic interactions and/or aurorae could be detected by
observing at both MHz and GHz frequencies. Such observations
could constrain both the sub-/super-Alfvénic nature of the
companion, and also the field strengths of both objects. Again,
the visibility of this emission is dependent on the geometry of
the brown dwarf’s magnetic field, which is unknown. However,
the auroral signature should appear at specific rotation phases
(Pineda et al. 2017), unlike stochastic flares from the star, which
should have no preferential phase. Auroral emission is also a
possibility at other wavelengths. If the brown dwarf was isolated,
prospects for detecting its aurora would likely be most favorable
at UV wavelengths (Saur et al. 2021).

8. Summary

We studied the LHS 1610 system, a nearby M5 dwarf
(d=9.7pc) hosting a brown dwarf in a short-period
(P =10.6 days), eccentric (e =0.37) orbit. This system is the
second-closest M dwarf with a substellar companion and a Gaia
two-body solution behind GJ 876, an M-dwarf system hosting
at least four known planets, and LHS 1610b is the most
eccentric brown dwarf orbiting an M dwarf behind GJ 229 B.

Jointly modeling the available RVs from HPF and TRES
with the Gaia two-body solution, we are able to make new
estimates for all of the orbital elements of LHS 1610b. We
obtain an orbital inclination of i, = 114.5°" 75", resulting in a
mass estimate of M = 49.57%3 Mjyp, confirming the brown
dwarf nature of the companion. We highlight the discrepancy
between the RV-only fit eccentricity (e =0.37) and that of the
Gaia two-body solution (e=0.52). To account for this
discrepancy, we include an uncertainty scaling factor in the
astrometric covariance matrix that inflates the overall errors.
We note the necessity to revisit this system when the
astrometric data are released in Gaia Data Release 4.

Due to LHS 1610 b’s large radius and close-in orbit around
its host star, LHS 1610 b is a promising target for the detection
of potential sub-Alfvénic interactions at a wide range of
wavelengths. Using the available TESS data, we derive a flare
rate of 0.28 + 0.7 flares per day. When accounting for a flare
energy cutoff (E > 10°'-%), the subsequent flare rate places LHS
1610 among the high end for its rotation period among a
volume-complete sample of mid-to-late M stars within 15 pc
from Medina et al. (2020) and Medina et al. (2022). Within this
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sample, LHS 1610 is similar in spectral type, flare rate, and
rotation period to Proxima Centauri and YZ Ceti, both of which
have observed radio emission attributed to possible sub-
Alfvénic interactions. Using the available TESS data for LHS
1610, we detected no significant phase dependence of the
flares, and highlight that additional data would be needed to
decisively confirm or rule out such a dependence.

We simulated the expected energetics of both sub-Alfvénic
interactions and auroral emission from the brown dwarf. For
the sub-Alfvénic interactions, we demonstrate that LHS 1610 b
may reside in a sub-Alfvénic orbit over its variable range of
orbital distances due to its eccentricity, a necessary requirement
to support sub-Alfvénic interactions. We show that, given even
conservative estimates, the radio emission expected from the
star due to these interactions is within the sensitivity range of
LOFAR and other radio instruments. Additionally, we show
that direct auroral emission from the brown dwarf could be
even more easily detectable than the radio emission from sub-
Alfvénic interactions, with nominal expected radio powers in in
the 10**~10*°ergs™' range. The detection of either of these
interactions is dependent on the orbital phase of the brown
dwarf, which benefit from the full orbital solution and precise
ephemeris provided in Table 2.

This work provides an outline for leveraging a fully
characterized orbital solution to study star—planet/star—compa-
nion interactions. This will be useful as more systems like LHS
1610 are discovered and characterized jointly by Gaia
astrometry and precise ground-based radial velocities.
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Appendix A
Transiting Exoplanet Survey Satellite Flares

We show the TESS photometry in Figure 8 and highlight
the flares identified from our analysis using the stella
(Feinstein et al. 2020a) flare-finding algorithm. The flares are
highlighted by vertical gray bars. Points are color-coded by the
flare probability assigned by stella, where red points have a
probability greater than 0.6 and gray points are those below
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Figure 8. Flares in TESS photometry. Panels A, B, and C show individual sector light curves for TESS Sectors 42, 43, and 44, respectively. Points are colored by flare
probability assigned by stella; red show a probability >60%, and gray points a probability <60%. Flares that passed our cuts are highlighted by the vertical gray
bars. Panel D contains the combination of all sectors phase-folded on the period centered on the time of periastron. Flares are again highlighted by vertical gray bars.

We do not see statistically significant evidence for phase-dependent flaring.
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0.6. We show the individual TESS Sectors 42, 43, and 44 in
panels A, B, and C, respectively. Panel D shows the combined
data from all sectors, phase-folded on the orbital period and
centered at the periastron time. As highlighted in Section 7.1,
we do not see evidence for phase dependence of the flares.

Appendix B
Magnetic Field Structure Surrounding LHS 1610

Here, we show the alignment of the wind velocity and magnetic
field vectors in the radial direction, and the fraction of open
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magnetic field lines, as a function of distance for the star Proxima
Centauri (Figure 9) serving as an analog to LHS 1610. We use the
stellar wind model presented in Kavanagh et al. (2021) for this. We
see that the wind is predominantly oriented in the radial direction
for distances greater than around 10 stellar radii, both in terms of
the mass flow and magnetic field. This is necessary information for
computing the angle 6 between the vectors Au and B,,, which in
turn allows for the power dissipated via sub-Alfvénic interactions
and auroral emission from the brown dwarf (Equations (26)
and (32)).
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Figure 9. The fraction of the wind velocity (top) and magnetic field vectors (middle) that points in the radial direction, and the fraction of open field lines (bottom) as a
function of distance for the wind of the LHS 1610 analog Proxima Centauri. The shaded regions in the top two panels show the 1o interval, highlighting the variations
in the wind inside the closed field. At distances greater than around 10 stellar radii, the wind flow direction and magnetic field becomes aligned with the radial
direction. Note that this happens at a distance significantly smaller than the average size of the Alfvén radius, inside of which sub-Alfvénic interactions can occur
between the star and companion, enhancing the activity of the star. Therefore, most sub-Alfvénic orbits experience a radial magnetic field.
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Appendix C

Radial Velocities, Priors, and Joint-sampling Posteriors the dates, radial velocities, and associated errors for the RVs

Figure 10 shows the corner plot of the posterior distributions from TRES and HPF. Table 5 lists the priors used in the RV-
of the joint Gaia and RV sampling with the scaled Gaia only, Gaia+RV without inflation, and Gaia+RYV with inflation
covariance matrix (O > 1) from Section 4.3. Table 4 lists MCMC runs for reproducibility purposes.
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Figure 10. Corner plot showing the posterior distributions of the joint Gaia and RV sampling with the scaled Gaia covariance matrix (0gcae > 1) from Section 4.3.
Median values are highlighted in Table 2.
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Table 4
Radial Velocities for LHS 1610A
BID (days) RV (kms™) RV error (km s~ 1) Instrument
2457785.7131 28.448 0.028 TRES
2457786.7850 32.365 0.028 TRES
2457787.6378 35.502 0.028 TRES
2457794.6483 22.514 0.028 TRES
2457795.7182 26.224 0.028 TRES
2457800.7416 44.533 0.028 TRES
2457806.6698 27.585 0.028 TRES
2457807.6875 31.293 0.029 TRES
2457808.6590 34.944 0.028 TRES
2457821.6194 43.586 0.028 TRES
2457822.6458 45.893 0.029 TRES
2457823.6552 40.479 0.031 TRES
2457824.6210 25.451 0.029 TRES
2459092.921787 —0.9804 0.0036 HPF
2459157.934541 1.1535 0.0028 HPF
2459185.659386 —10.612 0.003 HPF
2459212.786561 —21.375 0.006 HPF
2459274.599746 0.6958 0.0061 HPF
2459621.664956 —4.5927 0.0092 HPF

Note. TRES RVs are adopted as provided in Winters et al. (2018).

Table 5

Priors for the RV-only and Gaia+RV sampling
Parameter RV-only Prior Gaia+RV Prior—No Inflation Gaia+RV Prior—Inflation
M, (M) N(0.1671, 0.0041) N(0.1671, 0.0041)
my (My,p) U(1.0, 100.0) U(1.0, 100.0)
cosi Uu-1.0, 0.0 Uu-1.0, 0.0
i (deg)
K (ms™h 4(100000 .,200000.)
e U(0.0, 0.9) (0.0, 0.9) U(0.0, 0.9)
w (deg) (0.0, 360.0) (0.0, 360.0) (0.0, 360.0)
Q (deg) U(—180.0, 180.0) U(—180.0, 180.0)
tperi (days)” Uu-6.0, 6.0)* U-6.0, 6.0)* U(-6.0, 6.0)*
P (days) 14(10.5638, 10.6198)° 14(10.5638, 10.6198)° 1(10.5638, 10.6198)°

w (mas)
Yrres (M s
Yupr (ms~")
Oscale

€

U(—2000.0, 2000.0)
U(—17000.0, 17000.0)

N(103.879, 0.023)
U(—2000.0, 2000.0)
U(—17000.0, 17000.0)
1.0
0

N(103.879, 0.023)
U(—2000.0, 2000.0)
U(—17000.0, 17000.0)
U(1.0, 25.0)

0

Notes. Priors labeled U are uniform within those bounds. Those with N are normal priors, with the first value being the mean and the second value being the standard
deviation of the Gaussian distribution. Priors with only a numerical value are fixed at that value.
# For the periastron time, we follow the Gaia convention where the periastron time is fpey = 2457389.0 + 1, where t, is the value listed in the table above.
® This prior is a £100 window of the Winters et al. (2018) period of 10.5918 4 0.0028 days. This encompasses the period from the Gaia two-body solution.
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