THE ASTROPHYSICAL JOURNAL, 951:90 (20pp), 2023 July 10 https://doi.org/10.3847/1538-4357 /acd4bd
© 2023. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS
CrossMark

Stellar Characterization and Radius Inflation of Hyades M-dwarf Stars from the
APOGEE Survey

Fabio Wanderley1 , Katia Cunha'*? , Diogo Souto” , Verne V. Smith>* , Lyra Cao® , Marc Pinsonneault® s

C. Allende Prieto”"® , Kevin Covey9 , Thomas Masseron’*® , llaria Pascucci'’ , Keivan G. Stassun'' , Ryan Terrien'?
Galen J. Bergstenlo , Dmitry Bizyae\/13’14 , José G. Ferndndez-Trincado'> @, Henrik Jonsson'®®, Sten Hasselquist'’ @,
Jon A. Holtzman'® , Richard R. Lane'’ , Suvrath Mahadevan>%?! , Steven R. Majewski22 Dante Minniti>>**

1 Kaike Pan'> , Javier Serna®’ , Jennifer Sobeck?® , and Guy S. Stn'ngfellow
Observatério Nacional/MCTIC, R. Gen. José Cristino, 77, 20921-400 Rio de Janeiro, Brazil; fabiowanderley @on.br
2 Steward Observatory, University of Arizona, 933 North Cherry Avenue, Tucson, AZ 85721-0065, USA
3 Institut @’ Astrophysique de Paris, UMR7095 CNRS, Sorbonne Université, 98bis Bd. Arago, F-75014 Paris, France
4 Departamento de Fisica, Universidade Federal de Sergipe, Av. Marechal Rondon, S/N, 49000-000 Sdo Cristévao, SE, Brazil
5 NSF’s NOIRLab, 950 N. Cherry Ave. Tucson, AZ 85719, USA
Department of Astronomy, The Ohio State University, Columbus, OH 43210, USA
Instituto de Astrofisica de Canarias, E-38205 La Laguna, Tenerife, Spain
Departarnento de Astrofisica, Universidad de La Laguna, E-38206 La Laguna, Tenerife, Spain
Department of Physics & Astronomy, Western Washington University, Bellingham, WA 98225, USA
101 unar and Planetary Laboratory, The University of Arizona, Tucson, AZ 85721, USA
Department of Physics and Astronomy, Vanderbilt University, 6301 Stevenson Center Lane, Nashville, TN 37235, USA
12 Department of Physics & Astronomy, Carleton College, Northfield, MN 55057, USA
13 Apache Point Observatory and New Mexico State University, Sunspot, NM 88349, USA
Sternberg Astronomical Institute, Moscow State University, Moscow 119992, Russia
3 Instituto de Astronomia, Universidad Catdlica del Norte, Avenida Angamos 0610, Antofagasta, Chile
© Materials Science and Applied Mathematics, Malmo University, SE-205 06 Malmo, Sweden
7 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
New Mexico State University, Las Cruces, NM 88003, USA
19 Centro de Investigacién en Astronomia, Universidad Bernardo O’Higgins, Avenida Viel 1497, Santiago, Chile
Department of Astronomy & Astrophysics, Pennsylvania State, 525 Davey Lab, University Park, PA 16802, USA
! Center for Exoplanets & Habitable Worlds, Pennsylvania State, 525 Davey Lab, University Park, PA 16802, USA
Depa.rtment of Astronomy, University of Virginia, Charlottesville, VA 22904-4325, USA
B Departamento de Ciencias Fisicas, Facultad de Ciencias Exactas, Universidad Andrés Bello, Ferndndez Concha 700, Las Condes, Santiago, Chile
4 Vatican Observatory, Vatican City State 1-00120, Italy
S Instituto de Astronomia, Universidad Auténoma de México, Ensenada, B.C, México
6 Department of Astronomy, University of Washington, Box 351580, Seattle, WA 98195, USA
%7 Center for Astrophysics and Space Astronomy, University of Colorado, Campus Box 389, Boulder, CO 80309-0389, USA
Received 2023 January 26; revised 2023 May 9; accepted 2023 May 10; published 2023 July 5

)

)

Abstract

We present a spectroscopic analysis of a sample of 48 M-dwarf stars (0.2 M., <M < 0.6 M) from the Hyades open
cluster using high-resolution H-band spectra from the Sloan Digital Sky Survey/Apache Point Observatory Galactic
Evolution Experiment (APOGEE) survey. Our methodology adopts spectrum synthesis with LTE MARCS model
atmospheres, along with the APOGEE Data Release 17 line list, to determine effective temperatures, surface gravities,
metallicities, and projected rotational velocities. The median metallicity obtained for the Hyades M dwarfs is
[M/H] = 0.09 £ 0.03 dex, indicating a small internal uncertainty and good agreement with optical results for Hyades
red giants. Overall, the median radii are larger than predicted by stellar models by 1.6% £ 2.3% and 2.4% =+ 2.3%,
relative to a MIST and DARTMOUTH isochrone, respectively. We emphasize, however, that these isochrones are
different, and the fractional radius inflation for the fully and partially convective regimes have distinct behaviors
depending on the isochrone. Using a MIST isochrone there is no evidence of radius inflation for the fully convective
stars, while for the partially convective M dwarfs the radii are inflated by 2.7% =+ 2.1%, which is in agreement with
predictions from models that include magnetic fields. For the partially convective stars, rapid rotators present on
average higher inflation levels than slow rotators. The comparison with SPOTS isochrone models indicates that
the derived M-dwarf radii can be explained by accounting for stellar spots in the photosphere of the stars, with 76% of
the studied M dwarfs having up to 20% spot coverage, and the most inflated stars with ~20%-40% spot coverage.

Unified Astronomy Thesaurus concepts: M dwarf stars (982); Near infrared astronomy (1093); Open star clusters
(1160); Stellar activity (1580); Metallicity (1031)

Supporting material: machine-readable tables

1. Introduction

The low-mass M-dwarf stars represent a significant building

o block of the Milky Way, as they comprise around 70% of all

Original content from this work may be used under the terms — ggarg jn the Galaxy (Salpeter 1955; Reid & Gizis 1997; Henry
BY of the Creative Commons Attribution 4.0 licence. Any further et al. 2016) and are thus, by number, the dominant stellar class.

distribution of this work must maintain attribution to the author(s) and the title . / o R
of the work, journal citation and DOL Another important population within the Galaxy is represented



THE ASTROPHYSICAL JOURNAL, 951:90 (20pp), 2023 July 10

by the stellar members of open clusters, as they can be used to
trace chemical evolution across the Galactic disk, and M dwarfs,
due to their numbers, will also dominate the stellar census
within these clusters. Because the stellar members of open
clusters originate from the same molecular cloud, they are
expected, in principle, to have nearly the same age and
dynamics, and to have been born with nearly identical chemical
compositions. This makes open clusters excellent stellar
astrophysics laboratories in which to probe, in detail, chemical
compositions across the HR diagram, including members of the
M-dwarf sequence. Although the original chemical abundances
of open cluster stars are expected to be nearly homogeneous,
photospheric chemical variations will arise over time due to
mechanisms such as diffusion that can affect main-sequence and
turnoff stars (Chaboyer et al. 1995; Richard et al. 2005; Dotter
et al. 2017; Bertelli Motta et al. 2018; Gao et al. 2018; Souto
et al. 2018a, 2019; Liu et al. 2019), or convective dredge-up in
red giant stars (Becker & Iben 1979; Lagarde et al. 2012; Salaris
et al. 2015), that modify their surface abundances. M dwarfs, on
the other hand, are not expected to suffer significantly from
either effect due to their convective envelopes, although
changes to surface *He and “He abundances take place in the
lower-mass fully convective M dwarfs, due to contact between
the surface and the H-burning core. Although He abundances in
M dwarfs are not directly measurable via spectroscopy,
evidence for the boundary between the partially convective
and fully convective M dwarfs, and the role that *He burning
plays in this boundary (van Saders & Pinsonneault 2012) has
been revealed as a gap in the Gaia M;— (Ggp — Grp) diagram
(e.g., Jao et al. 2018; Feiden et al. 2021). Thus, other than He in
the lower-mass M dwatfs, these stars will carry the fingerprints
of near-pristine cluster abundances and are good indicators of
the true cluster chemical composition.

The modeling of M dwarfs has advanced in recent years.
Several works adopting high-resolution spectrum synthesis
techniques (Lindgren et al. 2016; Lindgren & Heiter 2017;
Souto et al. 2017, 2018b, 2020, 2022; Veyette et al. 2017;
Passegger et al. 2018, 2019a, 2019b, 2020a, 2020b; Rajpurohit
et al. 2018a, 2018b; Lopez-Valdivia et al. 2019; Birky et al.
2020; Khata et al. 2021; Marfil et al. 2021; Sarmento et al. 2021)
have demonstrated that reliable stellar parameters for M dwarfs
can be obtained, although there are certainly systematic
differences between the metallicity results that still need to be
evaluated in detail. The study of M dwarfs in open clusters as
benchmarks offers the possibility to test the metallicity scale as a
function of the M-dwarf effective temperature and also quantify
possible systematic metallicity differences between the M
dwarfs and the hotter FGK stars.

Very few chemical abundance studies of stars in open clusters to
date have analyzed M dwarfs. In recent work, Souto et al. (2021)
presented one of the first high-resolution spectroscopic studies of
an open cluster that included a sample of M dwarfs. They used
near-infrared spectra obtained by the Sloan Digital Sky Survey
(SDSS) Apache Point Observatory Galactic Evolution Experiment
(APOGEE) survey (Majewski et al. 2017) to derive metallicities in
seven M-dwarf members of the solar neighborhood (d =85 pc;
Tang et al. 2018), young (age =600 Myr; Casewell et al.
2006, 2014; Kraus & Hillenbrand 2007; Tang et al. 2018), near-
solar metallicity, open cluster Coma Berenices. The Coma
Berenices M dwarfs analyzed by Souto et al. (2021) covered the
Tesr range between roughly 3100 and 3800 K but also included
hotter stellar members of Coma Berenices, having F, G, and K
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spectral types in the analysis, finding a decrease in the mean
metallicities of ~0.05 dex between the more massive K dwarfs
relative to the M dwarfs; such a decrease in the metallicities is in
line with predictions of atomic diffusion from MIST isochrone
models (Choi et al. 2016).

The Hyades cluster (Melotte 25) is another young (625 +
50 Myr) solar neighborhood open cluster that is quite nearby
(center of mass located at ~43.3+0.3 pc from the Sun
Perryman et al. 1998). Previous studies of the Hyades analyzed
optical spectra of red giants and dwarfs of F, G, and K types.
Most of these studies found the Hyades to be slightly metal-rich
relative to the Sun. Heiter et al. (2014) conducted a critical
compilation of literature on high-resolution spectroscopic
metallicity studies in open clusters and collected 129 metallicity
measurements from 22 works in the literature for the Hyades
cluster through 2013. After a careful examination of the studies
and their uncertainties, they estimated a metallicity for a sample
of 16 red giant stars to be [Fe/H] = +0.12 4+ 0.04 and for a
sample of 76 dwarfs as +0.13 +0.06. Various other more
recent works using high-resolution spectroscopy determined
metallicities for samples of main-sequence stars that included
Hyades members, such as Brewer et al. (2016), Aguilera-Gémez
et al. (2018), and Takeda & Honda (2020). The average
metallicities of these studies obtained for the Hyades stars are,
respectively, +-0.22 £ 0.02 (for 10 solar-type stars), +0.1 £ 0.02
(for seven F-type stars), and 4-0.13 (for five solar-type stars), all
indicating that the Hyades open cluster is metal rich. A cross
match of the latest version of the PASTEL catalog (Soubiran
et al. 2016; Version 2020-01-30; a compilation of measurements
of effective temperatures, surface gravities, and metallicities
obtained from high-resolution, high signal-to-noise spectrosc-
opy) with the list of Hyades members from Goldman et al.
(2013) finds hundreds of matches (these results will be discussed
in Section 4). However, despite the great amount of data
available in the literature for the Hyades cluster, and the general
consensus about it being a metal-rich open cluster, there have
been no high-resolution spectroscopic abundance studies of the
Hyades M dwarfs.

Because the Hyades cluster is quite nearby, its M-dwarf
members can be observed with available midsize telescopes and
high-resolution spectrographs, such as those of the SDSS
APOGEE survey (Majewski et al. 2017). APOGEE has targeted
a large number of Hyades members, including faint M dwarfs to
a magnitude limit of H = 12.1. In this work, we use APOGEE
spectra to determine effective temperatures, surface gravities,
and metallicities, along with stellar masses and radii for a
sample of 48 M-dwarf members of the Hyades open cluster.

One aspect that can be investigated with the derived stellar radii
for the APOGEE Hyades sample is whether the studied M dwarfs
have inflated radii, as previous works have found evidence of radius
inflation in low-mass stars, including M dwarfs (Reiners et al. 2012;
Jackson et al. 2016, 2018, 2019; Jeffers et al. 2018; Kesseli et al.
2018; Jaehnig et al. 2019). Radius inflation could be related to the
presence of magnetic fields in M dwarfs through the inhibition of
convection and/or dark surface starspots, as explored by Chabrier
et al. (2007). In the case of strong global B-fields, they found that if
the fields inhibit convective efficiency, overall stellar luminosity is
lowered, as well as T, while the radius increases. Dark surface
starspots, as modeled by Chabrier et al. (2007), reduce the disk-
integrated effective temperature and, since the stellar luminosity is
unaffected, the radius of the star expands (Gough & Tayler 1966;
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Feiden & Chaboyer 2012). In this paper, we will compare the
derived radii with models including those that consider stellar spots.
This paper is organized as follows. Section 2 presents the
APOGEE spectra analyzed, and discusses membership and
sample selection. Section 3 describes the adopted methodology
used in the spectral analysis. Results are presented in Section 4,
and in Section 5 we discuss radius inflation in the Hyades, along
with indicators of X-ray and UV activity for the studied M
dwarfs. Finally, Section 6 summarizes the conclusions.

2. APOGEE Data and Sample Selection

In this work, we analyze spectra obtained by the SDSS-IV
APOGEE Survey (Majewski et al. 2017); most of them were
obtained by Data Release 17 (DR17; Blanton et al. 2017;
Abdurro’uf et al. 2022). The Hyades open cluster was observed
using the cryogenic, multifiber (300 fibers) APOGEE-N and
APOGEE-S spectrographs on the 2.5 m telescope (Bowen &
Vaughan 1973; Gunn et al. 2006; Wilson et al. 2019) located at
Apache Point Observatory (APO) and the 2.5 m du Pont
Telescope at Las Campanas Observatory, respectively. The
near-infrared APOGEE spectrographs operate in the H band,
covering the spectral range between A1.51 ym to A1.69 um, at
an average spectral resolution of R ~ 22,500.

The APOGEE survey systematically targeted a large number
of stellar members of open clusters, through the Open Cluster
Chemical Abundances and Mapping survey (Donor et al. 2020),
with the Hyades open cluster included in an effort referred to by
the APOGEE targeting team as BTX, or bright time extension.
The APOGEE BTX (Zasowski et al. 2017; Beaton et al. 2021)
began in 2017 with several goals, one of which was to extend
APOGEE observations, as much as possible, toward low-mass
main-sequence stars and to observe stars from the Kepler-2 (K2)
mission (Howell et al. 2014) fields: the Hyades cluster was one of
the fields observed by K2, making it one of the targets for BTX.

The selection of Hyades cluster members by the APOGEE
targeting team was based on the previous works of Roser et al.
(2011) and Goldman et al. (2013), who used kinematic and
photometric stellar parameters to identify 773 stars as possible
Hyades members, of which 238 stars were observed by the
APOGEE survey. We selected the APOGEE Hyades sample of
stars which are included in Gaia Early Data Release 3 (EDR3;
Gaia Collaboration et al. 2021) and have measured distances in
Bailer-Jones et al. (2021).

We then used the results from Douglas et al. (2019) to remove
those stars which were candidate members of binary or multiple
systems; all stars in their list flagged as being a binary (based
upon at least one of their binarity criteria) were removed from
our sample. Douglas et al. (2019) used K2 light curves to derive
rotational periods for low-mass Hyades stars and also compiled
other measurements from the literature (Radick et al.
1987, 1995; Prosser et al. 1995; Pojmanski 2002; Delorme
et al. 2011; Hartman et al. 2011; Douglas et al. 2016). Many
stars in our sample also had their K2 light curves and rotation
periods studied in Stauffer et al. (2018). Several stars had more
than one rotational period measurement, both in Douglas et al.
(2019) and Stauffer et al. (2018), with some of them showing
deviations in these measurements. A large deviation in
rotational period measurements can be an indicator of binarity,
although it can also be a sign of differential rotation or spots. As
proposed by Douglas et al. (2019), we adopted 20% as a
threshold in the variation of the rotational periods as being due
to binarity, assuming that lower variations can be explained by
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Figure 1. The left and right panels present, respectively, the distribution of
distances (from Bailer-Jones et al. 2021) and the radial velocities measured by
APOGEE for the sample of studied M-dwarf stars in the Hyades open cluster.

other mechanisms. We also checked our sample for binarity
using the Washington Double Star Catalogue (Mason et al.
2001), as well as, Ansdell et al. (2015). In addition, those stars
having very large Gaia RUWE numbers (RUWE > 1.6) have
not been included in our sample, as RUWE can give an
indication of the presence of an unresolved companion
(Belokurov et al. 2020).

We also checked the sample for stability in the radial velocity
values measured by APOGEE and removed those stars that
showed a scatter in radial velocity greater than 1 km s~ '. Each
APOGEE observation or namely visit generates one radial
velocity measurement (El-Badry et al. 2018). We note,
however, that many stars in our sample had only one APOGEE
visit. Finally, we also removed from our sample those stars with
outlier radial velocities (see Figure 1 for the final sample RV
distribution) and proper motions.

In this study, we focus on the analysis of M dwarfs with
spectral types between ~ M1-M5 and these correspond to a
magnitude range roughly between 11.9 < G < 15.8 and color
range between 2.1 < Ggp — Ggrp < 3.3 (Pecaut & Mama-
jek 2013; Bentley et al. 2019; Cifuentes et al. 2020). The
sample of Hyades M dwarfs selected to be analyzed here is
composed of 48 single M dwarfs having APOGEE spectra with
a signal-to-noise ratio (S/N) > 70. Table 1 presents the
photometric data for the sample stars (Two Micron All Sky
Survey or 2MASS; Skrutskie et al. 2006 and Gaia passbands;
Gaia Collaboration et al. 2016, 2021), distances (Bailer-Jones
et al. 2021; along with its uncertainties), the APOGEE radial
velocities, and the S/N for the analyzed APOGEE spectra.

In Figure 1 we present, from left to right respectively, the
distance (from Bailer-Jones et al. 2021) and radial velocity
distributions for the studied M-dwarf stars. The mean distance
obtained for the sample is 47.1 £ 4.0 pc, and the scatter within
this sample can be explained by the cluster depth along our line
of sight and is within the typically cited tidal radius of the
Hyades cluster of +10 pc (Reino et al. 2018). The average RV
of our sample is 40.1 & 1.2 km s~ " and this compares well with
other radial velocity determinations from the literature for the
Hyades, e.g., 39.36 £ 0.26 km s~! from Ledo et al. (2019).

3. Methodology
3.1. Stellar Parameters and Metallicities

We performed spectral synthesis modeling for APOGEE
spectra, in order to derive effective temperatures, surface
gravities, metallicities, oxygen abundances, and projected
rotational velocities for 48 M-dwarf stars from the Hyades



Table 1
Astrometric, Photometric, and Spectroscopic Parameters

APOGEE ID G Ggp Ggrp H K, RV d Tetr logg [M/H] A(O) Vsini BCk, Lo S/N
(kms ™) (bo) ® (kms ) (10°) 2

2M03534647+1323312 14.81 16.70 13.50 10.98 10.68 36.23 41.22 £+ 0.06 3124 5.06 0.13 8.84 £0.02 9.4 + 1.40 2.83 2.0+£0.1 135
2M05011599-+1608409 15.80 17.69 14.49 12.00 11.71 43.43 65.25 +0.16 3137 5.00 0.09 8.79 +£0.02 5.5+ 1.60 2.89 1.9+0.1 77

2M04242092+1910509 15.13 16.92 13.86 11.42 11.13 39.73 46.99 + 0.06 3167 5.01 0.10 8.79 £0.03 18.6 = 0.70 2.86 1.7 £0.1 112
2M04335544+1822507 14.97 16.76 13.70 11.24 10.97 40.60 46.20 £ 0.06 3215 5.07 0.10 8.80 + 0.02 10.5 +0.80 2.79 2.0+0.1 194
2M03581434+1237408 15.08 16.98 13.78 11.26 10.99 37.36 45.45 £+ 0.09 3219 5.07 0.08 8.80 £ 0.03 7.8 +£1.40 2.81 1.9 +£0.1 113
2M04183382+1821529 14.59 16.35 13.32 10.92 10.60 39.87 45.71 £ 0.08 3240 4.93 0.06 8.76 +0.01 7.8 +£1.30 2.76 2.84+0.1 118
2M04493656+1701593 14.76 16.54 13.49 11.01 10.75 42.03 50.26 + 0.06 3247 4.99 0.06 8.77 £0.02 9.8 + 1.50 2.81 2.8 £0.1 98

2M04001556+1924367 14.68 16.42 13.42 10.97 10.70 36.93 47.96 £ 0.07 3262 5.00 0.07 8.76 + 0.02 8.4+ 1.30 2.77 2.8+0.1 73

2M04175160+1513378 14.22 15.86 12.98 10.64 10.36 38.91 47.19 £ 0.06 3262 4.86 0.09 8.77 £0.03 5.54+0.90 2.77 3.8+0.1 140
2M04270314+2406159 14.59 16.38 13.32 10.88 10.57 38.91 47.06 £ 0.06 3263 5.02 0.13 8.82 +£0.02 5.1 £2.50 2.83 29 +0.1 118
2M04301702+2622264 14.94 16.74 13.67 11.16 10.91 38.85 54.75 + 0.10 3268 5.02 0.07 8.78 £0.03 10.3 +1.10 2.84 29+0.1 108
2M03390711+42025267 13.60 15.28 12.36 9.97 9.71 33.71 35.68 + 0.03 3273 5.00 0.15 8.86 +0.01 6.5 +0.70 2.77 39+0.1 274
2M04334280+1845592 13.96 15.65 12.70 10.32 10.05 40.30 41.28 £0.03 3290 5.02 0.08 8.78 £0.01 4.4 +0.90 2.78 3.8+0.1 324
2M04551484+-2121505 15.24 17.00 13.98 11.55 11.26 42.13 60.00 + 0.10 3300 5.04 0.13 8.83 +£0.02 13.0 + 1.70 2.82 2.5+0.1 98

2M04130560+1514520 14.36 16.06 13.10 10.73 10.44 38.76 44.62 + 0.06 3314 4.98 0.04 8.77 £0.01 10.1 4+ 1.40 2.78 3.1+0.1 118
2M04190307+1932395 13.95 15.65 12.70 10.29 10.01 39.06 43.07 £ 0.04 3318 4.94 0.12 8.82 +0.02 5.8 +£0.70 2.77 43+0.1 119
2M04575778+1427071 14.37 16.06 13.12 10.71 10.46 42.64 48.39 + 0.07 3343 5.02 0.06 8.76 £ 0.02 89+ 1.10 2.78 3.6+0.1 107
2M04235738+-2210537 13.82 15.44 12.59 10.25 10.00 39.23 42.96 + 0.04 3346 4.94 0.07 8.78 +0.01 4.1 +1.00 2.76 44 +0.1 128
2M04402825+1805160 13.66 15.33 12.41 10.03 9.76 40.65 38.89 £+ 0.03 3360 4.99 0.06 8.78 £0.02 2.2 +2.00 2.77 4.4 4+0.1 188
2M04561668+2122019 14.02 15.59 12.81 10.50 10.25 41.74 52.96 + 0.06 3392 4.87 0.05 8.76 +0.01 44+ 1.60 2.70 5.6 +0.2 152
2M04202761+1853499 13.99 15.56 12.77 10.48 10.22 39.26 50.69 + 0.07 3407 4.94 0.09 8.80 £ 0.02 6.0 £+ 0.40 2.75 5.0+0.2 148
2M04425217+2320224 13.74 15.25 12.54 10.21 10.01 40.57 53.85 + 0.05 3407 4.83 0.14 8.84 +0.01 6.6 +0.70 2.73 7.0+0.2 152
2M04425849+2036174 13.77 15.26 12.57 10.35 10.08 41.34 51.34 £+ 0.05 3407 4.82 0.04 8.74 £0.02 4.4 +0.70 2.72 6.0+ 0.2 197
2M0431110141623452 13.79 15.34 12.58 10.28 10.04 40.37 49.09 £ 0.05 3420 493 0.04 8.75 £ 0.02 53+1.20 2.80 53402 160
2M04574644+1628202 14.42 16.03 13.19 10.85 10.59 43.40 65.52 +0.16 3426 491 0.05 8.78 £0.02 7.4 £+ 0.60 2.75 59+0.2 126
2M04335669+1652087 13.74 15.29 12.53 10.23 9.96 40.49 46.42 £+ 0.04 3433 4.99 0.10 8.80 £+ 0.02 5.6 £1.70 2.74 54402 239
2M03434706+2051363 13.31 14.81 12.12 9.83 9.61 35.04 44.85 £ 0.05 3439 4.88 0.11 8.80 £+ 0.02 4.4+ 1.00 2.72 7.1+0.2 255
2M04322897+1754166 14.14 15.71 12.93 10.64 10.38 27.32 56.57 + 0.07 3442 5.01 0.03 8.75 +£0.02 9.6 +£0.70 2.74 55402 174
2M04363080+1905273 14.02 14.96 12.24 9.97 9.71 40.65 59.13 £ 0.23 3449 4.93 0.10 8.80 +0.01 5.0 £1.30 2.73 11.2+04 313
2M04501665+2037330 13.13 14.62 11.94 9.63 9.39 42.06 4523 £ 0.04 3456 4.79 0.11 8.81 +0.03 18.6 +0.90 2.72 8.8 +0.3 263
2M04421880+1741383 13.76 15.28 12.56 10.28 10.02 41.50 51.66 + 0.05 3462 4.87 0.04 8.75 £ 0.02 5.6 £0.40 2.73 64+0.2 170
2M04370517+2043054 13.99 15.50 12.80 10.52 10.28 40.64 57.70 + 0.07 3483 4.92 0.03 8.75 +£0.01 6.2 +0.90 2.83 57+0.2 110
2M03413689+2320374 12.74 14.11 11.59 9.42 9.16 34.28 41.22 £ 0.06 3505 4.82 0.13 8.82 +£0.03 6.1 +£0.90 2.69 9.34+0.3 271
2M04172811+1454038 13.26 14.68 12.08 9.87 9.62 39.32 49.16 £+ 0.04 3522 4.87 0.03 8.75 +£0.01 10.3 +0.70 2.71 85+03 253
2M04192976+2145141 12.85 14.23 11.69 9.44 9.22 39.25 47.52 £ 0.05 3523 4.72 0.11 8.82 £0.03 19.1 +0.30 2.70 11.6 £ 04 236
2M04293738+-2140072 13.01 14.46 11.83 9.64 9.41 39.93 42.60 £+ 0.04 3534 4.87 0.07 8.79 +0.01 6.0 £ 0.80 2.70 7.84+0.3 117
2M03585452+2513113 13.00 14.30 11.87 9.76 9.50 35.58 49.38 £0.10 3547 4.78 0.08 8.77 £ 0.01 5.0 £ 0.60 2.66 10.0 £ 0.3 311
2M04350330+-2451146 13.48 14.81 12.34 10.18 9.92 33.28 59.33 + 0.08 3552 4.83 0.15 8.82 £0.02 6.0 £+ 0.50 2.69 9.6 £0.3 182
2M04544410+1940513 12.83 14.17 11.68 9.49 9.28 42.28 45.35 £ 0.04 3579 4.82 0.10 8.80 £+ 0.00 5.4 +0.80 2.68 10.2+0.3 212
2M04290099+1840254 12.25 13.53 11.13 8.95 8.69 41.20 4320 £ 0.04 3585 4.69 0.19 8.90 £+ 0.03 18.4 +0.40 2.67 16.0 = 0.5 549
2M04401271+1917099 12.55 13.81 11.44 9.36 9.12 40.84 44.88 +0.05 3590 4.74 0.09 8.78 £ 0.02 5.1 £1.30 2.66 11.8+0.4 181
2M043854714+1910560 12.90 14.25 11.75 9.51 9.27 40.33 49.80 + 0.05 3636 4.84 0.10 8.83 £0.01 250+ 1.75 2.69 123+ 04 294
2M04491107+1742557 13.00 14.22 11.90 9.84 9.60 42.34 58.38 + 0.06 3642 4.76 0.07 8.74 £+ 0.00 434+1.55 2.65 129+ 04 124
2M03415547+1845359 12.23 13.45 11.14 9.11 8.87 34.77 41.21 £0.04 3642 4.78 0.10 8.79 +0.02 4.3 +0.40 2.65 12.6 £ 0.4 330
2M04363893+1836567 12.30 13.52 11.20 9.15 8.94 40.99 42.00 £ 0.03 3646 4.76 0.06 8.75 +£0.01 3.7 £0.50 2.65 123+ 04 519
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Table 1
(Continued)
APOGEE ID G Ggp Ggrp H K, RV d Tesr logg [M/H] A(O) Vsini BCg, Lyo S/N
(kms™") (o) ® (kms ) (10™)
2M04295572+1654506 11.97 13.10 10.90 8.90 8.65 40.38 4398 £+ 0.04 3709 4.67 0.14 8.84 +0.03 5.7 £0.30 2.60 18.3+0.6 514
2M04291097+2614484 12.06 13.15 11.01 9.04 8.83 38.26 47.80 £ 0.04 3724 4.67 0.16 8.84 +0.02 6.0 +£0.30 2.60 18.5+0.6 297
2M03591417+2202380 12.07 13.26 10.98 8.91 8.70 35.20 40.38 £ 0.04 3744 4.82 0.05 8.79 £ 0.00 52+ 1.70 2.64 142 +0.5 226

Note. The estimated uncertainties in the derived parameters are presented in Section 3.4.

(This table is available in machine-readable form.)
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open cluster. This spectral analysis employed 1D plane-parallel
LTE MARCS model atmospheres (Gustafsson et al. 2008), the
APOGEE DR17 line list (Shetrone et al. 2015; Smith et al.
2021) and the radiative transfer code Turbospectrum2020
(Plez 2012) to compute synthetic spectra. We used the
BACCHUS (Masseron et al. 2016) wrapper to derive chemical
abundances, but took into account the associated line spread
function (LSF) for each of the spectra analyzed, as the APOGEE
spectra show fiber-to-fiber LSF variations, as well as
wavelength LSF variations across the chips (Nidever et al.
2015; Wilson et al. 2019).

The M-dwarf model spectra have low sensitivity to the
microturbulent velocity parameter, with a value of 1 km s !
providing good fits to the observations (Souto et al. 2017), and
this value was adopted in all calculations.

The effective temperatures and oxygen abundances in this
study were derived using the methodology presented in Souto
et al. (2020), which is based upon measurements of H,O and
OH lines in APOGEE spectra of M dwarfs. The principle is
simple: while the strength of the H,O and OH lines are both
sensitive to the oxygen abundance, the measured water lines are
highly sensitive to T, while the OH lines are rather insensitive
to changes in the effective temperature. This difference in
behavior is due, in part, to the measured OH lines arising
generally from lower-excitation energy levels (y ~ 0.2-0.9 eV),
while the measured H,O lines are dominated by higher-
excitation levels (x ~ 1-2.5 eV). In addition, the partial
pressures of H,O change much more than OH in the stellar
atmosphere line-forming regions as a function of T, across the
M-dwarf sequence. The resulting differences in the behavior of
the water and OH lines as functions of the effective temperature
can be used to constrain T.g by defining a common 7Te;—A(O)
pair that brings the oxygen abundances of OH and H,O into an
agreement.

Figure 2 illustrates this methodology, the green and blue solid
and dashed lines represent, respectively, the median and median
absolute deviations (MADs) of the water and OH abundances
obtained from line measurements; the crossing between the
solid lines define the effective temperature. In Table 2 we
present our measured OH spectral lines, along with their
excitation potentials and loggf s. Since the M-dwarf near-
infrared spectrum is severely blended with water, we are not
able to assign a specific transition for our water measurements.
We present in Table 2 the regions used for the chi-square
minimization used in the water abundances determination.

The metallicities and surface gravities for the studied stars
were determined one at a time from best fits between the model
and observed spectra obtained via chi-squared minimization in
20 A wide spectral regions covering the entire APOGEE
spectrum. We note that our methodology to derive metallicities
and surface gravities is different from Souto et al. (2020) who
used the best fits for FeI lines. Projected rotational velocities
(vsini) were also derived from individual chi-squared fits to
individual OH lines. Finally, we iterated the solution, by starting
with the stellar atmospheres model obtained from the steps
above and refining the solution by recomputing individual
oxygen abundances for the OH and water lines. The derived
spectroscopic parameters (7., log g, [M/H], A(O) and v sini)
are presented in Table 1.

An illustration of the quality of the model fits obtained in this
study is presented in Figure 3, where we show the observed
(blue points) and synthetic (green line) spectra for the APOGEE
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Figure 2. An illustration of the dependence of the oxygen abundances derived
from the OH and water lines as a function of the effective temperature of the
model atmosphere. The two solid lines show, respectively, the median values of
the oxygen abundances derived from OH lines (blue) and H,O lines (green). The
intersection of these lines in the T.¢ and A(O) diagram defines the effective
temperature and oxygen abundance for the star. Dashed lines represent the
median absolute deviations of the oxygen abundances from the respective OH
and H,O lines.

Table 2

Spectral Lines
Species {,\ Xexc IOg gf
(A) V)
OH 15266.168 0.210 —5.500
OH 15281.055 0.205 —5.453
OH 15372.539 1.053 —5.102
OH 15391.205 0.494 —5.512
OH 15407.294 0.255 —5.435
OH 15409.170 0.255 —5.435
OH 15505.324 0.515 —5.378
OH 15505.746 0.515 —5.378
OH 15558.017 0.304 —5.375
OH 15560.245 0.304 —5.375
OH 15565.815 0.898 —5.386
OH 15566.000 0.898 —5.386
OH 15568.782 0.299 —5.337
OH 15572.084 0.300 —5.337
OH 15627.289 0.886 —5.514
OH 16052.766 0.639 —4.976
OH 16061.702 0.476 —5.222
OH 16534.582 0.781 —4.806
OH 16871.893 0.763 —5.056
OH 16872.277 0.759 —5.032
H,0 15255-15261
H,O 15269-15272
H,0 15314-15319
H,O 1535215355
H,O0 15359-15362
H,O0 15446-15450
H,0 15455-15457
H,O 15459-15463
H,O 15502-15505

spectral region around 16100 A obtained for three target M
dwarfs covering the range in T in this study: 2M04291097
42614484 (T ¢ = 3724 K; top panel); 2M04425849+2036174
(Tegr=3407 K; middle panel) and 2M03534647+1323312
(Teir=3124 K; bottom panel). Besides illustrating the
APOGEE observed spectra of M dwarfs and the quality of the
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1.2

2M04291097+2614484, Toir = 3724 K, logg = 4.67, [M/H]=0.16, A(0)=8.84, vsini=6.0 km/s
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Figure 3. Comparisons between observed APOGEE spectra and synthetic spectra spanning a 200 A region within the APOGEE spectral window for the stars
2M04291097+2614484 (top panel), 2M04425849+2036174 (middle panel), and 2M035346474-1323312 (bottom panel). These spectra illustrate the changes in
spectral features as the effective temperature decreases from spectral type M1 to M5. Note the deepening pseudocontinuum in the cooler M dwarfs, caused by increasing

absorption from, primarily, water and FeH lines.

fits obtained as a function of the effective temperature, this
figure also illustrates the deepening of the pseudocontinuum
with decreasing T.¢ in M dwarfs, which is due to increased
absorption from water lines as well as iron hydride lines.

3.2. Stellar Luminosities and Radii

The methodology adopted to derive the stellar luminosities
and stellar radii followed the previous study by Souto et al.
(2020) and as discussed in the latter, their derived radii were
compared to and showed good agreement with stellar radii
measured via interferometric measurements. We obtained
bolometric luminosities for our sample using K-band bolometric
corrections from Mann et al. (2015, 2016) photometric
calibrations, V magnitudes from Muirhead et al. (2018), and
Bailer-Jones EDR3 distances (Bailer-Jones et al. 2021) and an
adopted zero-point luminosity of 3.0128 x 10°> erg s~ from
Mamajek et al. (2015). The bolometric corrections and derived
luminosities (in units of 10*! erg s ') are presented with the other
stellar parameters in Table 1.

Using the computed values for the stellar luminosities and the
spectroscopic effective temperatures derived in this study,
stellar radii were derived using the Stefan—Boltzmann equation,
given below:

L = 47R%0 T4, (1)
Our stellar radii derived from luminosity and 7. are

presented in Table 3 and these will be compared to theoretical
radii from various isochrone families in the literature.

3.3. Isochrone Families and Stellar Masses

Available comparison isochrones (without magnetic fields)
include those from MIST (MESA Isochrones and Stellar
Tracks; Choi et al. 2016) and DARTMOUTH (Dotter et al.
2008), along with PARSEC (V2.0; Bressan et al. 2012; Nguyen
et al. 2022) and BHACI15 (Baraffe et al. 2015). As only solar-
metallicity isochrones are presented in BHACI1S5, while the
Hyades stars are significantly metal rich, these particular
isochrones are not used in the radii comparisons. In addition,
since the PARSEC isochrone radii have been adjusted to fit
M-dwarf radii derived from eclipsing binary systems, while the
MIST and DARTMOUTH isochrones are based entirely on
stellar models, we will restrict our M-dwarf radii comparisons
using MIST and DARTMOUTH.

An additional set of isochrones used for comparison with the
derived M-dwarf radii is from Somers et al. (2020) and are
referred to as SPOTS models (Stellar Parameters Of Tracks with
Starspots). These isochrones are somewhat different from those
discussed above, as each SPOTS isochrone has an associated
spot fraction, corresponding to different spot coverage, fypor, OF
the stellar photosphere. The average temperature of the region
covered by spots is 80% of the temperature of the rest of the
photosphere and the SPOTS effective temperatures are disk-
integrated temperatures of the photosphere (Somers et al. 2020).

Three stellar mass estimates were obtained by matching the
observed luminosities to those from mass—luminosity values
from the three families of isochrones discussed above (MIST,
DARTMOUTH, and SPOTS). Each mass estimate is presented
in Table 3 along with average masses and standard deviations.



Table 3
Masses, Radii, Rotational Periods, and Activity Data

APOGEE ID R* P rot M M M <M > Rfrac Rfmc Rfrac Tez Tez Tez Ro Ro Ro Lnuv quv Lx

R>) (days)  (Mo) (M) (M) M.) 107y 0% (10%)

b e MIS DAR SPO e MIS DAR SPO MIS DAR SPO MIS DAR SPO e ‘e ‘e

2M04192976+2145141 0.47 +0.03 0.6 0.47 0.48 0.50 0.483 + 0.011 0.08 0.05 0.03 49.2 48.2 45.7 0.01 0.01 0.01 94.5
2M04242092+1910509  0.22 + 0.01 0.6 0.21 0.19 0.20 0.198 + 0.006 —0.03 0.06 0.01 108.3 113.7 111.0  0.01 0.01 0.01 5.7
2M03581434+1237408 0.23 + 0.01 0.9 0.22 0.20 0.21 0.209 + 0.006 —0.04 0.04 0.00 104.7 109.6 107.7 0.01 0.01 0.01 10.8
2M04385471+1910560  0.45 + 0.03 0.9 0.48 0.49 0.49 0.487 £ 0.005 0.02 0.00 0.00 479 47.1 46.3 0.02 0.02 0.02 30.4 4.3 -
2M04501665+2037330  0.42 £+ 0.03 1.0 043 0.44 0.45 0.44 + 0.01 0.07 0.04 0.02 55.4 54.2 51.7 0.02 0.02 0.02 28.2 7.3
2M05011599+1608409  0.24 + 0.02 14 0.22 0.20 0.21 0.21 4+ 0.007 0.01 0.09 0.02 105.1 110.1 105.6 0.01 0.01 0.01 8.7 14.9
2M04551484+2121505 0.25 +0.02 14 0.25 0.24 0.24 0.242 + 0.007 —0.06 0.01 0.00 93.8 97.8 98.2 0.02 0.01 0.01 7.5 9.0 36.4
2M04493656+1701593 0.27 £ 0.02 14 0.27 0.26 0.27 0.263 + 0.005 0.00 0.05 0.01 89.4 92.5 89.8 0.02 0.02 0.02 9.4 6.9 26.1
2M04335544+-1822507 0.23 +0.02 1.5 0.22 0.21 0.22 0.217 + 0.006 —0.03 0.05 0.00 102.0 107.0 104.5 0.01 0.01 0.01 8.1
2M04290099+1840254  0.53 +0.03 1.5 0.52 0.53 0.55 0.533 + 0.011 0.10 0.08 0.05 42.7 423 39.8 0.04 0.04 0.04
2M04322897+1754166  0.34 +0.02 1.7 0.36 0.36 0.36 0.358 + 0.001 —-0.01 —-0.01 —-0.01 68.1 68.2 67.6 0.02 0.02 0.03 15.0
2M04001556+1924367  0.27 +0.02 1.9 0.27 0.26 0.26 0.261 + 0.004 —-0.01 0.04 0.01 89.5 92.6 91.2 0.02 0.02 0.02 32.6
2M04130560+1514520  0.27 +£0.02 1.9 0.28 0.27 0.27 0.27 + 0.006 —0.04 0.01 0.01 86.6 89.6 89.9 0.02 0.02 0.02 3.5
2M04575778+1427071 0.29 + 0.02 2.0 0.30 0.29 0.29 0.292 + 0.003 —0.04 0.01 0.00 81.9 83.6 83.5 0.03 0.02 0.02
2M04183382+1821529  0.27 £ 0.02 2.3 0.27 0.26 0.26 0.262 + 0.005 0.00 0.05 0.02 89.6 92.7 90.2 0.03 0.03 0.03 3.2 6
2M04172811+1454038 0.40 + 0.02 24 0.42 0.43 0.44 0.43 4+ 0.005 0.03 0.00 0.00 56.4 55.1 54.4 0.04 0.04 0.04 45.2
2M04175160+1513378 0.31 +0.02 3.6 0.30 0.30 0.32 0.307 + 0.009 0.02 0.07 0.01 80.0 81.3 76.3 0.05 0.04 0.05
2M04334280+1845592  0.31 +£0.02 4.8 0.31 0.30 0.31 0.307 £ 0.006 0.00 0.05 0.01 79.6 80.8 77.6 0.06 0.06 0.06 28.5
2M04425849+2036174  0.36 +0.02 10.5 0.37 0.37 0.38 0.374 + 0.005 0.03 0.02 0.01 65.7 65.3 63.7 0.16 0.16 0.17 3.9 5.7
2M043705174+2043054  0.33 +£0.02 11.9 0.36 0.36 0.364 + 0.001 —0.03 —0.03 67.0 66.9 0.18 0.18 10.0
2M04421880+1741383 0.36 + 0.02 12.2 0.38 0.38 0.38 0.382 + 0.002 0.01 0.00 0.00 63.9 63.3 62.9 0.19 0.19 0.19 9.4 4.6
2M03434706+2051363 0.38 +0.02 12.3 0.39 0.40 0.41 0.402 + 0.006 0.04 0.02 0.01 61.2 60.0 58.6 0.20 0.21 0.21 25.1
2M04363080+1905273 0.48 +0.03 13.1 0.47 0.47 0.50 0.479 + 0.015 0.12 0.09 0.05 50.0 49.0 45.5 0.26 0.27 0.29 10.0 11.6
2M04295572+1654506  0.53 £+ 0.03 14.5 0.54 0.55 0.56 0.551 + 0.008 0.06 0.04 0.03 40.3 40.2 38.5 0.36 0.36 0.38 22.5 33 58.7
2M04291097+2614484  0.53 £+ 0.03 18.0 0.55 0.55 0.56 0.552 + 0.007 0.05 0.03 0.02 40.1 40.0 38.4 0.45 0.45 0.47 22.9
2M04202761+1853499  0.33 +£0.02 20.3 0.35 0.35 0.35 0.346 + 0.001 0.00 0.00 0.01 70.5 70.5 70.4 0.29 0.29 0.29 13
2M03591417+2202380  0.46 £+ 0.03 20.7 0.50 0.51 0.507 + 0.002 —-0.01 —0.03 44.9 443 0.46 0.47 6.7 4.0 2.1
2M04401271+1917099  0.45 + 0.03 21.5 0.47 0.48 0.49 0.482 + 0.007 0.04 0.01 0.01 48.8 479 46.5 0.44 0.45 0.46 6.6 4.6
2M04425217+2320224  0.39 +0.02 21.8 0.39 0.40 0.42 0.402 + 0.01 0.06 0.04 0.01 61.5 60.3 57.6 0.35 0.36 0.38 29.9
2M04363893+1836567 0.45 +0.03 21.9 0.48 0.49 0.49 0.488 + 0.005 0.02 —0.01 0.00 47.8 47.0 46.3 0.46 0.47 0.47 7.5 5.6 5.5
2M04235738+2210537 0.32 +0.02 21.9 0.33 0.32 0.33 0.328 + 0.003 0.01 0.02 0.01 74.4 75.1 73.4 0.29 0.29 0.30 6.8 15.5
2M042703144-2406159  0.27 +£0.02 28.0 0.27 0.26 0.27 0.265 + 0.005 —0.01 0.04 0.01 88.5 91.7 89.8 0.32 0.31 0.31 11.1 37.7
2M04335669+1652087  0.33 +0.02 31.0 0.36 0.36 0.36 0.356 + 0.001 —-0.01 0.00 0.00 68.6 68.6 68.4 0.45 0.45 0.45 2.8 0.4
2M04350330+2451146  0.42 + 0.02 59.0 0.44 0.45 0.46 0.449 + 0.006 0.03 0.00 0.00 53.5 52.3 51.3 1.10 1.13 1.15
2M043111014+1623452  0.34 +0.02 68.4 0.35 0.35 0.35 0.354 + 0.001 0.00 0.00 0.01 68.9 68.9 68.8 0.99 0.99 0.99 9
2M03390711+4-2025267 0.31 £ 0.02 0.31 0.31 0.32 0.313 + 0.009 0.02 0.06 0.01 79.1 79.6 75.1 6.7 2.4 144
2M03413689+2320374  0.42 4+ 0.03 0.44 0.44 0.45 0.445 + 0.007 0.05 0.02 0.02 54.2 53.1 51.5 19.5
2M03415547+1845359  0.46 £+ 0.03 0.49 0.49 0.50 0.492 + 0.005 0.03 0.00 0.00 473 46.5 45.6 13.2 4.8 20.4
2M03534647+1323312  0.25 +£0.02 0.23 0.21 0.23 0.222 + 0.009 0.02 0.11 0.02 101.9 106.9 100.1 21.5
2M03585452+2513113 0.43 +0.03 0.45 0.46 0.47 0.457 + 0.008 0.04 0.01 0.01 52.4 51.3 49.8 54 6.1 429
2M04190307+1932395 0.32 +0.02 0.33 0.32 0.33 0.327 + 0.004 0.02 0.04 0.02 74.8 75.6 73.6 12.5
2M04293738+-2140072  0.38 +0.02 0.41 0.42 0.413 + 0.004 0.00 —0.02 . 58.6 57.3 5.0 19.5
2M04301702+2622264  0.27 +0.02 0.27 0.26 0.26 0.262 + 0.004 —0.02 0.03 0.01 89.3 92.4 91.0 8.2 10.1
2M04402825+1805160  0.32 +0.02 0.33 0.33 0.33 0.329 + 0.001 0.00 0.02 0.01 74.1 74.6 73.9 9.8 4.0
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Table 3
(Continued)

APOGEE ID R* Pmt M M M <M> Rfruc Rfrac Rfrac Tez Tez Tez Ro Ro Ro Lnuv quv Lx
R ayy) (M) (M) (M) (M) 10y 0%y (10%)

- o MIS DAR  SPO - MIS DAR SPO MIS DAR SPO MIS DAR SPO . . .
2M044911074-1742557  0.46 = 0.03 0.49 0.49 0.50 0.495 £ 0.006 0.03 0.00 0.01 46.9 46.1 45.1
2M045444104-1940513  0.42 +£0.02 0.45 0.46 0.46 0.458 £ 0.005 0.03 0.00 0.00 52.0 50.9 50.3
2M04561668+4-2122019  0.35 £ 0.02 0.36 0.36 0.37 0.363 £ 0.003 0.02 0.02 0.01 67.4 67.4 66.2
2M045746444-1628202  0.35 £ 0.02 0.37 0.37 0.37 0.371 £ 0.002 0.01 0.01 0.01 65.9 65.6 64.8 3124 209.6

Note. Measurements associated with MIST, DARTMOUTH, and SPOTS are labeled respectively as “MIS,” “DAR” and “SPO.” The estimated uncertainties in the derived masses and radii are presented in Section 3.4.

(This table is available in machine-readable form.)
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3.4. Estimated Uncertainties

In this section, we discuss different sources of uncertainties in
the derived parameters for this study. The final uncertainties
are: 100 K for Toe; £0.15 dex for log g; £0.14 dex for the
derived metallicities; +1.2 km s~ for v sini, +0.10 for oxygen
abundances, and 0.005 M, for stellar masses.

The uncertainties in the derived T.¢s and oxygen abundances
were estimated previously in Souto et al. (2020) and their
estimated uncertainties are adopted here. The uncertainties in
the derived log gs and metallicities were estimated by summing
in quadrature two uncertainty sources: the dispersion of the
log g and metallicity values derived from the best fits obtained
for each individual spectral region analyzed (average uncer-
tainty for logg and metallicity are respectively +0.09 and
40.07); and the uncertainty associated to our methodology’s
sensitivity to change in input parameters, uncertainties were
obtained by perturbing each parameter individually and we
obtained an average uncertainty for logg and metallicity of
respectively £0.13 dex and £0.12 dex.

For v sin i we considered the line-to-line dispersion of the OH
molecular lines to compute the individual stellar uncertainties
and adopted the mean of the individual results as the global
uncertainty for the sample. We also computed the line-to-line
dispersion for oxygen abundances, considering the analyzed
OH and water lines. The line-to-line uncertainties for each star
are presented in Table 1.

In addition, we also investigated the effect of adding or
subtracting the pixel-to-pixel flux uncertainties to the observa-
tions. However, this made a very small difference in the derived
results, where we found typical uncertainties for T, logg,
[M/H], A(O) and v sini of, respectively, +14 K, +0.03 dex,
+0.03 dex, 0.04 dex and 0.4 km s~ !, which are small and
not representative of the expected uncertainties in our results.

Finally, we can infer internal uncertainties by investigating
the scatter in the mean abundances of the Hyades cluster
obtained from our sample. The derived metallicities and oxygen
abundances show good levels of consistency within the cluster
stars; the standard deviations and MADs are 0.04 and 0.03, and
0.03 and 0.03 dex, respectively, for metallicities and oxygen
abundances.

To compute the uncertainties in the radii, we used the
uncertainties in distances from Bailer-Jones et al. (2021) and the
estimated uncertainties in the bolometric corrections of 0.036
mag to obtain uncertainties in the stellar luminosities which,
along with T.g uncertainties, are propagated to obtain stellar
radii uncertainties. These values vary between 0.01 and 0.03
R, and represent (median &= MAD) 6.1% =+ 0.2% of the stellar
radii.

To estimate the uncertainties in the derived masses we used
the median standard deviation of the median stellar mass
obtained from the three sets of isochrones in Table 3 to compute
a median uncertainty in mass for the sample of 0.005 M., which
is equivalent to ~1.5% of the median stellar mass.

4. Results

The studied M dwarfs cover roughly the spectral type range
between M1 and M5 (Section 2); all targets have effective
temperatures higher than 7.~ 3100 K, and lower than
Terr ~ 3800 K, as above this effective temperature limit water
lines start to become too weak for reliable measurements. The
surface gravity values obtained from our analysis are typical of
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Figure 4. Top panel: a Kiel diagram showing the results for the Hyades M
dwarfs obtained here from APOGEE spectra (cyan circles), along with those
from high-resolution optical studies from the literature for Hyades FGK dwarfs
(gray Xs) and red giant stars (black triangles). Three sets of isochrones with
an age of 0.6 Gyr are shown as guidelines: PARSEC (V2.0; yellow line,
[M/H] = +0.07), DARTMOUTH (gray line, [M/H] = 40.07) and MIST
(green line [M/H] = +0.1). Bottom panel: comparisons between the
metallicities vs. Teg for the M dwarfs (this work), along with those from red
giants and hotter dwarfs from the Hyades cluster, with these comparisons
spanning almost 4000 K in T.¢. The median metallicity for the M dwarfs studied
here is ([M/H]) = 0.09 & 0.03, and shows no significant trend as a function of
Tegr; it is also in good agreement with the median metallicity for the red giants
from the literature (([M/H]) =0.12 £0.03). The literature results reveal
a dip in metallicity for the hotter dwarfs with effective temperatures between
6000 and 7000 K. The estimated uncertainties are shown as error bars.

M dwarfs and range roughly between 4.7 < logg < 5.1. The
T.rlog g results for the stars are presented in the Kiel diagram
shown in the top panel of Figure 4 (shown as cyan circles). The
figure also presents for illustration purposes only PARSEC
(V2.0, Bressan et al. 2012; Nguyen et al. 2022), DARTMOUTH
(Dotter et al. 2008), and MIST (Choi et al. 2016) isochrones
corresponding roughly to the Hyades age (0.6 Myr), and with
metallicities of respectively +0.07, +-0.07, and +-0.1.

The metallicity results for the studied Hyades M dwarfs are
presented in the bottom panel of Figure 4 as a function of their
effective temperatures. The median (+MAD) metallicity
obtained for this sample is metal-rich relative to the Sun and
the scatter in the metallicity measurements is small and can, in
principle, be explained by the internal uncertainties in the
determinations: ([M/H]) =+ 0.09 £ 0.03; such consistency in
the derived metallicities is in line with the expectation that stars
in an open cluster are from a single stellar population and have
homogeneous abundances.

An important feature to highlight in our results shown in
Figure 4 is the good consistency of the metallicities obtained
here for a sample of M-dwarf stars, which cover an extended
range of ~700 K in effective temperature.

As discussed in the introduction, to our knowledge, this is the
first high-resolution spectroscopic abundance study of M-dwarf
stars in the Hyades open cluster, but, there are several studies
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that analyzed the hotter main-sequence and red giant stellar
members of this cluster, and their metallicities can be compared
to the M-dwarf metallicity scale derived here.

Using the PASTEL database (Soubiran et al. 2016) as a
starting point and by adding results from the literature for
Hyades members, we compiled a total of 286 metallicity
measurements for stars in the Hyades open cluster (with T, in
the range between 4500 and 7000 K), that were analyzed in 37
published works from 1990 to the present (note that these are
not all studies about the Hyades open cluster, but high-
resolution studies that have results for at least one Hyades
member. Also, we only considered stars with T < 7000 K).
Figure 4 (top and bottom panels) shows results for the compiled
sample, which are taken from the following studies: Boesgaard
& Friel (1990), Fernandez-Villacanas et al. (1990), McWilliam
(1990), Luck & Challener (1995), King & Hiltgen (1996),
Smith (1999), Varenne & Monier (1999), Cunha et al. (2000),
Paulson et al. (2003), Sestito et al. (2003), Mishenina et al.
(2004), Sestito et al. (2004), Valenti & Fischer (2005), Schuler
et al. (2006), Randich et al. (2006), Mishenina et al. (2006), da
Silva et al. (2006), Takeda et al. (2007), Hekker & Meléndez
(2007), Mishenina et al. (2008), Wang et al. (2009), Gebran
et al. (2010), Kang et al. (2011), Pompéia et al. (2011), Carrera
& Pancino (2011), Tabernero et al. (2012), Mishenina et al.
(2012), Ramirez et al. (2013), Maldonado et al. (2013), Mortier
et al. (2013), Ramirez et al. (2014), Datson et al. (2015), da
Silva et al. (2015), Maldonado & Villaver (2016), Brewer et al.
(2016), Aguilera-Gémez et al. (2018), Takeda & Honda (2020).

It can be seen from the top panel of Figure 4 that the literature
sample is composed of stars on the main sequence that are
cooler than the turnoff, as we selected stars with T.g ranging
roughly between 4500 and 7000 K (shown as gray Xs), and
more evolved Hyades members on the red giant branch (shown
as black triangles), with all of the literature results following,
quite reasonably, the isochrone tracks for an age of 0.6 Gyr.

The bottom panel of Figure 4 shows the same sample as in the
top panel. The metallicity results for the M dwarfs in this study
overall compare well with those from optical studies in the
literature. The median metallicity of the warmer FGK dwarfs
from the literature is ([M/H]) =0.13 +0.05, which is just
slightly more metal rich than that we obtained for our sample of
M dwarfs (([M/H]) = 0.09 £ 0.03), but with a noticeably larger
scatter among the warmer dwarfs, resulting from the generally
decreasing trend of metallicity as T, increases from roughly
6000 to 7000 K. If, for example, we compute median
metallicities using a T.¢ threshold at 6000 K, we have median
metallicities of, respectively, +0.1 £ 0.08 and +0.14 £ 0.04 for
effective temperatures above and below 6000 K. This trend with
effective temperature may be due in part to systematic
uncertainties but may be explained by mechanisms, such as
atomic diffusion, which decreases the overall metallicity of the
stars and is a function stellar mass and age. When the hydrogen
core is exhausted, main-sequence stars evolve through the
subgiant and red giant branches expanding their outer
convective envelopes and erasing the chemical fingerprints
produced by atomic diffusion. The evolved stars in Figure 4 are
either clump giants or ascending red giants within a relatively
small T.¢ range. The scatter in metallicity for these red giant
results from the literature is smaller when compared to that of
the dwarfs, having a median (£MAD) metallicity of
+0.12£0.03, which compares well with the median and
MAD values for the M dwarfs, within the uncertainties. All in
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all, red giant stars are good comparisons for the M dwarfs, as
giants are not expected to exhibit decreased abundances
resulting from atomic diffusion, with the only expected
abundance changes being in C and N, due to the first dredge-
up (Lagarde et al. 2012; Choi et al. 2016).

5. Discussion

Radius inflation is a term coined to describe a phenomenon
that appears in a fraction of low-mass stars in which their
derived radii are larger than predicted by physical models.
Different works in the literature, employing different techniques
to derive stellar radii and compare them with physical models,
have found evidence for radius inflation. Here we briefly
summarize some of them.

Eclipsing binary systems analyzed using both photometric
light curves and spectroscopic radial velocity curves provide
opportunities to determine both the masses and physical radii of
their stellar components. Garrido et al. (2019) analyzed light
curves (but not radial velocity curves) for 230 detached
eclipsing binary systems and found a general trend of radius
inflation for low-mass main-sequence stars, with a relative
increase of inflation in lower stellar masses when compared to
stellar evolutionary models. Parsons et al. (2018) presented
mass—radius results for 23 M dwarfs that were members of
eclipsing binary systems with white dwarfs as the companion
star; they note that the small size of white dwarfs provides very
sharp eclipses, allowing for precise radii determinations of the
M dwarfs. Relative to selected isochrones, these M dwarfs have
measured radii that are 6.2% larger than predicted, although this
average has a large scatter of 4.8% (lo). The inflation is
observed in both partially convective stars, where the mean
value is 4.0% =+ 2.5%, as well as in the cooler fully convective
stars, with a mean inflation of 7.1% 4 5.1%. Parsons et al.
(2018) also include 101 eclipsing binary M-dwarf radii taken
from several published sources in their summary discussion and
obtain an average inflation value of 5% + 5% for the entire
sample. Examples of detailed analyses of individual eclipsing
binary systems include Torres & Ribas (2002) for YY Gem,
Lopez-Morales & Ribas (2005) for GU Boo, Han et al. (2017)
for T-Cygl1-12664, or Healy et al. (2019) for NSVS 07394765.
YY Gem and GU Boo are both double M-dwarf binary systems
and the stars in YY Gem are found to be inflated by ~20%,
while those in GU Boo are ~10%-15% larger than predicted by
models. The eclipsing binary T-Cygl-12664 has one M dwarf
as the secondary star and Han et al. (2017) find it not to be
measurably inflated with respect to models, within a few
percent, while the double M-dwarf binary NSVS 07394765 has
stars that fall within ~=47% of the chosen comparison isochrone
(Healy et al. 2019). Broadly speaking, the radii results for M
dwarfs in eclipsing binary stars indicate a range of inflated radii
from little to no inflation up to values as large as about 20%.

Kesseli et al. (2018) studied a sample of 88 rapidly rotating
fully convective M dwarfs from their Rsini distribution
and found that while the hotter M dwarfs in their sample
0.18 M., <M <04 M) had underestimated radii in the
models by ~6%, the M dwarfs with masses between
0.08 M, <M<0.18 M, had inflated radii by 13%-18%,
indicating the existence of an offset trend between theoretical
and observational measurements inside the fully convective limit.

The young open clusters NGC 2264, NGC 2547, and NGC
2516 were studied in Jackson et al. (2016). They obtained
statistical radii from the R sini distribution derived from v sini
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and rotational period measurements and found radius inflation
of up to 30% £ 10% for fully convective pre-main-sequence
stars and ~10% for zero-age main-sequence stars with radiative
cores. Jackson et al. (2018, 2019) expanded this work and
obtained average radius inflation of ~14% for K and M-dwarf
stars in the Pleiades and ~6% for M-dwarf stars in the Praesepe
open cluster. Also for the Pleiades, Somers & Stassun (2017)
employed spectral energy distribution fitting to derive stellar
radii for solar-type stars and found radius inflation up to
20%-30%.

Previous studies in the literature have also noted correlations
between the occurrence of radius inflation and magnetic activity
indicators, such as Ha emission, X-ray luminosity, rapid
rotation, or the Rossby number, Ro (defined in Equation (3)).
The latter can be used as an indicator of stellar activity and often
used as a diagnostic for the efficiency of the dynamo mechanism
(e.g., Reiners et al. 2012; Lanzafame et al. 2017; Jeffers et al.
2018; Cao & Pinsonneault 2022). Stars with short rotational
periods have not dissipated significantly their angular
momentum through magnetized winds and are expected to
have stronger magnetic fields, while cooler stars have longer
convective turnover times, due to their deeper convective
envelopes, which can sustain dynamos for longer timescales
than hotter and more massive stars.

For the Hyades open cluster, in particular, evidence of radius
inflation has been reported by Jaehnig et al. (2019). They
computed stellar radii from photometry for a sample of 68 stars
of F, G, K, and M spectral types and compared the derived radii
with isochrones, finding average inflation factors for their fast
rotators subsample of ~5%, with the most inflated member
showing more than ~20% inflation. Jaehnig et al. (2019) also
found a stronger anticorrelation between radius inflation and
Rossby number than with rotational period, which was in
agreement with the findings by Noyes et al. (1984) that the
Rossby number correlates better with magnetic activity than
with rotational periods alone.

5.1. Radius Inflation in Hyades M Dwarfs

To infer the amount of radius inflation for the Hyades sample
studied here, we follow the same prescription as Jachnig et al.
(2019) and compute fractional differences between the derived
radius and the isochrone radius:

R — Riso
Riso

The isochrone radii were derived by matching the stellar
luminosities with a reference isochrone corresponding to the age
and metallicity expected for the cluster.

In addition, to gain insight into radius inflation in relation to
activity and rotation period, we also employ the Rossby
number, Ro, which is defined as

Ro = &

Tez

)

Riae =

3)

As discussed in Section 2, to avoid having binary stars in our
sample as much as possible, we did not include stars having
non-unique rotational period measurements, within a 20%
threshold difference. However, not all stars in our sample had
measured rotational periods; for 35 of them, P, was available
in Stauffer et al. (2018), Douglas et al. (2016, 2019), Delorme
et al. (2011), Hartman et al. (2011). (We note that when more
than one P, value was available an average was computed.)
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Figure 5. Radii vs. effective temperatures are shown for the M dwarfs
segregated based on rotation (P > 5 days are slow rotators and Py < 5 days
are fast rotators) and mass (M > 0.35 M, are partially convective M dwarfs and
M < 0.35 M, are fully convective stars). The same set of three isochrones
shown before (Figure 4) is presented here. The shaded gray area represents the
region covered by the isochrone limits, including the PARSEC one, which is the
most discrepant. The estimated uncertainties are shown as error bars.

To compute 7., we used Equation (4), which was obtained
from an empirical calibration in Wright et al. (2018), and used
the stellar masses derived in Section 3.2 to compute convective
turnover times, and finally Rossby numbers:

log 7, = 233 — 1.50(M/M.) + 031(M/M.)%.  (4)

In Table 3 we present rotational periods, along with three
values of fractional radius inflation, convective turnover times,
and Rossby numbers derived from different isochrones for the
studied stars.

The sample was divided into three groups based upon
rotational periods: “slow rotators™ having periods longer than 5
days (Pt > 5 days, composed of 17 stars) and “rapid rotators”
with periods less than 5 days (P, <5 days, composed of 18
stars), with the remaining stars in our sample having no
rotational period information available in the literature (13
stars). If we separate the same sample based on Rossby numbers
instead of rotational periods, we would have a threshold of 0.06
with low Rossby numbers representing high rotational velocity.

Figure 5 shows the stellar radius versus Ty derived for
the M dwarfs segregated by rotation, along with three sets of
~0.6 Gyr isochrones (without consideration of magnetic fields
or spots, Section 3.3) from different groups: PARSEC (v2.0,
[M/H] = 40.07; Bressan et al. 2012; Nguyen et al. 2022),
DARTMOUTH (IM/H] = 40.07; Dotter et al. 2008), and
MIST ([M/H] = +0.1; Choi et al. 2016). All stars in our sample
are shown: fast rotators are represented by blue circles, slow
rotators by maroon Xs, and stars without rotational period
measurements by gray triangles (note that although rotational
periods are not available for these stars, we measure their v sin i
and these values are presented in Table 1).

One general feature from the 7 distribution for the fast- and
slow-rotator groups studied here is that, overall, the fast-rotator
sample tends to be cooler than the slow-rotator sample, which is
expected due to the shorter spindown timescales of the latter.

Overall, a simple inspection of the distribution of the derived
radii relative to the isochrones indicates that if, for example, the
MIST or DARTMOUTH, isochrones were adopted as
references, we would find that many of the Hyades M dwarfs
in our sample show some level of radius inflation; however, if
the PARSEC isochrone were adopted instead, the conclusion
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would be opposite, with most stars having smaller radii than
predicted by the model. Most of the results for the M dwarfs
obtained here fall within the region between the isochrones
(shaded in gray) but this is mostly because of the larger radii
predicted by the PARSEC isochrone. It is important to note,
however, that this is because the PARSEC isochrones have been
tuned to reproduce the mass—radius relation of eclipsing binaries
(Bressan et al. 2012; Nguyen et al. 2022) and this produces
larger radii. In addition, it is clear that in the effective
temperature regime between ~3400 and 3100 K, the
Toee—radius behavior of the MIST isochrone overall matches
most of the results for the coolest M dwarfs in our sample. This
will be further discussed in Section 5.1.1.

Figure 6 shows the fraction of radius inflation relative to both
the MIST isochrone (left panels) and DARTMOUTH isochrone
(right panels) as functions of mass (top panels), rotational period
(middle panels), and Rossby number (bottom panels) for the
sample of Hyades M dwarfs. In this figure, the sample is divided
by mass into fully convective M dwarfs, with M < 0.35 M,
(filled blue circles), and partially convective M dwarfs having
radiative cores and convective outer envelopes (M > 0.35 M.;
maroon Xs). When considering the results for the entire Hyades
M-dwarft sample, the MIST, and DARTMOUTH isochrones
indicate a median (=MAD) radius inflation of respectively
1.6% £2.3% and 2.4% 4 2.3%, and we find radius inflation
values of up to, respectively, ~12% and ~11%. However, these
statistics that overall indicate good agreement do not highlight
important differences that depend on the model. In
Sections 5.1.1-5.1.3, we will first discuss the comparisons with
the MIST isochrone (Section 5.1.1), and subsequently the
results relative to the DARTMOUTH isochrone (Section 5.1.2),
and finally relative to the SPOTS models (Section 5.1.3).

5.1.1. Radius Inflation Relative to MIST Models

Focusing solely on the left panels of Figure 6 showing
fractional radius inflation (Rg,.) when adopting the MIST
isochrone as a baseline, the median radius inflation obtained for
the entire sample of 48 Hyades M dwarfs is 1.6%. However, the
segregation by mass in this figure reveals a distinction between
the behavior of the fully convective M dwarfs relative to the
partially convective ones. Stars with M < 0.35 M. show
basically no radius inflation (a median radius inflation of
—0.4% + 1.8%), while the more massive, partially convective
M dwarfs (M > 0.35 M) have a median value of 2.7% +2.1%
for the radius inflation. This point is illustrated in the top panel
of Figure 6, where we show horizontal lines in blue (for
M < 0.35 M) and maroon (for M > 0.35 M) that represent the
median values of fractional radius inflation for each case.

The fraction of radius inflation as a function of rotational
period and Rossby number is shown in the middle and bottom
panels of Figure 6, respectively. The statistics based on
rotational periods show similar behavior as above, with the
rapid- (P, < 5 days) and slow-rotator (P, > 5 days) samples
having median radius inflation values of —0.3% +2.8% and
2.0% =+ 2.4%, respectively. For the M dwarfs with radiative
cores (represented by maroon Xs) in particular, we can see a
trend where the six stars with P, <5 days (or Ro < 0.06)
present a median inflation of 4.9% +2.9%, while the slow
rotators present a median inflation of 2.9% +2.5%. Given the
small number of statistics, this difference may not be considered
significant for our sample. However, we compared our results to
those from Jaehnig et al. (2019) by deriving stellar masses for
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their sample using their published bolometric fluxes to derive
luminosities, along with their published effective temperatures,
and found that their entire sample has estimated masses
M > 0.35 M. Our results for partially convective M dwarfs
are then in agreement with their results, with both having similar
dependences between radius inflation and rotational periods and
Rossby numbers. This correlation between radius inflation and
rotational period for Hyades M dwarfs with radiative cores
suggests that radius inflation, in these stars, is possibly
correlated to activity and magnetic fields.

The absence of radius inflation for fully convective M dwarfs
in the left panels of Figure 6, even though these stars have low
Rossby numbers (middle panel of Figure 6), is in line with
predictions of stellar models that additionally include magneto-
convection in the stellar interior structure. Feiden et al. (2015)
presented Dartmouth magnetic isochrone models that include the
effects of magnetic fields. They showed that either rotational or
turbulent dynamo prescriptions predict that the radii of fully
convective stars are almost unaffected by magnetic fields, with
only very strong internal magnetic fields being capable of
inflating these stars. On the other hand, magnetic inhibition of
convection can produce significant inflation for stars with
radiative cores and convective outer envelopes (Feiden &
Chaboyer 2012, 2013; MacDonald & Mullan 2014). As
discussed in Chabrier et al. (2007), magnetic fields can inflate
a star by inhibition of convection or by producing large stellar
spots that can inflate a star due to its unchanged total luminosity.
However, the radii of fully convective M dwarfs would only be
affected by the latter effect, and only if a large percentage of the
stellar photosphere is covered by spots (around 30%—-50%).

Finally, we point out that, although the median value for
Riracmist 1s near zero for the fully convective stars in our
sample, there may be a hint of a possible mass dependency for
radius inflation inhibition within the fully convective regime. It
should be kept in mind that the boundary for a star becoming
fully convective may be uncertain and this combined with
systematic uncertainties in the masses may make the
classification of stars near the boundary incorrect.

As shown in Figure 6, there is a similar relation between
radius inflation with rotational periods and Rossby numbers.
This relationship was also studied in other works, Jachnig et al.
(2019) binned their Hyades results in rapid and slow rotators
considering a threshold in Rossby numbers of 0.1 and found that
it produces a better separation between slow and fast rotators
than when considering rotational periods. They also studied the
results from Somers & Stassun (2017) for solar-type Pleiades
stars and found the same threshold in Rossby numbers. As
previously discussed, we found a transition at P, ~ 5 days, or
Ro ~ 0.06. We note, however, that there is a gap in our sample
between slow and fast rotators, with the fastest star from the
slow-rotator sample presenting a rotational period of 10.5 days
and a Rossby number of 0.16.

5.1.2. Radius Inflation Relative to DARTMOUTH Models

Similarly to what was presented and discussed in
Section 5.1.1 using the MIST isochrone as a reference, the
right panels of Figure 6 now show Ry, results pertaining to
comparisons with a DARTMOUTH isochrone. An overall
median fractional radius inflation value of 2.4% is obtained
when considering the full sample of Hyades M dwarfs and this
median R, parTMouTH Value is similar to that found for the
full sample relative to the MIST isochrone. This simple
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Figure 6. Relation between the fraction of radius inflation relative to the MIST isochrone (left panels) and DARTMOUTH isochrone (right panels) as a function of mass
inferred from the isochrone models (top panels), rotational period (middle panels) and Rossby number (bottom panels) for the studied Hyades M dwarfs. The sample is
divided into fully convective M dwarfs with M < 0.35 M, (filled blue circles) and partially convective M dwarfs with M > 0.35 M, (maroon Xs). The median (:tMAD)
values of radius inflation are given for each sample and are represented by the horizontal lines in the upper panels. The estimated uncertainties are shown as error bars.

comparison masks significant differences between the MIST Figure 6. In the top right panel of Figure 6 (DARTMOUTH),
and DARTMOUTH-derived values of Rg,. as a function of the stars displaying significant nonzero radius inflation are the
stellar mass, however, as is shown clearly in the top panels of fully convective M dwarfs (with the median value of the
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inflation indicated by the blue horizontal line), as opposed to
much smaller, or insignificant values of radius inflation for the
partially convective M dwarfs (median value shown as the
horizontal red line); this is exactly opposite to the behavior of
Rgac as a function of stellar mass derived from the MIST
isochrone (top left panel), where the fully convective M dwarfs,
on average, show no overall radius inflation. In addition to the
differences in Rg,. resulting from comparisons between the
baseline MIST and DARTMOUTH isochrones, we point out
that Feiden et al. (2015) described an update to the Dartmouth
stellar evolution models that include magnetic fields generated
by either a stellar rotational or turbulent dynamo. The results of
this upgrade are summarized in Figure 2 of their work, where it
can be seen that relative to a baseline Dartmouth isochrone with
an age of 1.0 Gyr and solar metallicity, radius inflation at levels
up to ~8% (for a rotational dynamo) and ~13% (for a turbulent
dynamo) can be generated, depending on the strength of the
magnetic fields and stellar mass. Although the values of radius
inflation increase with stellar mass for the partially convective
M dwarfs with radiative cores, the upgraded “magnetic”
Dartmouth model does not predict significant radius inflation
for the fully convective low-mass stars. However, although not
predicted by the models, finding higher inflation for the coolest
stars is in general agreement with many observational results
from the literature (e.g., Kesseli et al. 2018; Parsons et al. 2018;
Garrido et al. 2019).

Values of Rg,. derived from the DARTMOUTH isochrone
versus P, and Ro are shown in the right middle and bottom
panels of Figure 6. Using the same separation in P,y at 5 days
(or Ro ~ 0.06) as previously, the median Rg,c_parTMOUTH TOT
rapid and slow rotators are, respectively, 4.5% 4+ 1.6% and
1.3% =+ 1.8%, indicating that stars that rotate fast have, in the
median, more radius inflation. A similar result is found when
considering the Rossby numbers. Finally, we note that there is
no clear distinction between the behavior for the fully and
partially convective samples.

Before discussing the SPOTS models (Section 5.1.3) we
briefly summarize the differences between the analysis from
MIST and DARTMOUTH isochrones. By obtaining Ry,. from
different isochrones with the same ages (0.6 Gyr) and similar
metallicities (0.1 for MIST and 0.07 for DARTMOUTH), we
concluded that inflation is dependent on the prescriptions/
constraints adopted for the different models. By dividing the
data into fully and partially convective M dwarfs, we discovered
that the outcomes from both isochrones concur that for partially
convective stars, radius inflation is strongly correlated with
rotation. Stars with smaller Rossby numbers and shorter
rotational periods exhibit higher levels of inflation. The results
were found to differ when it comes to fully convective stars. The
DARTMOUTH results suggest a correlation between rotation
and inflation similar to that found for partially convective stars,
while the MIST isochrones predict well the radii for fully
convective stars, implying that despite their fast rotation, fully
convective stars do not exhibit significant inflation levels, which
is in agreement with models that include magnetic fields from
Feiden et al. (2015).

5.1.3. Radius Inflation Relative to SPOTS Models

An additional comparison of the derived M-dwarf radii with a
different set of models is presented in Figure 7. This figure
shows [M/H] = +0.1 isochrones from Somers et al. (2020;
SPOTS, for Stellar Parameters Of Tracks with Starspots) for an
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Figure 7. Radii vs. effective temperatures are shown for the M dwarfs
segregated based on rotation (P, = 5 days separating slow and fast rotators).
We also present SPOTS isochrones ([M/H] = 0.1, Age ~0.6 Gyr), with each
curve representing stellar photospheres covered by varying spot fractions (fipoo)-
The range in radius inflation found within our results can be explained generally
in terms of models taking spots into account, with 76% of the studied M dwarfs
having up to 20% spot coverage, and extremely inflated stars with 20% to ~40%
spot coverage. The estimated uncertainties are shown as error bars.

age of ~0.6 Gyr; the SPOTS models were discussed in
Section 3.4. Each isochrone in Figure 7 is associated with a
different fraction of a stellar photosphere covered by spots ( fspor
indicated by the percentage described in the legend of the plot).
Keep in mind that Somers et al. (2020) used an average
temperature of the region covered by spots to be 80% of the
temperature of the rest of the photosphere, with the SPOTS
effective temperatures being disk-integrated temperatures of the
photosphere.

As discussed previously, there is a class of models that
produce larger radii from the inclusion of magnetic fields
(Feiden & Chaboyer 2013; Feiden et al. 2015). While Feiden
et al. (2015) accounted for magnetic fields in their models, the
SPOTS models from Somers et al. (2020) consider the effect of
the spots on the structure of the star. The SPOTS models result
in radius inflation by suppressing the convection in subsurface
layers and thus changing the temperature and pressure
conditions in the photosphere. Differently from Feiden et al.
(2015), who consider that luminosity is unchanged as stars
inflate, SPOTS models result in stellar spots reducing the
internal pressure within the star which, in the case of fully
convective stars, reaches the nuclear-burning core, diminishing
the fusion reactions, and therefore reducing the luminosity of
the star (Somers & Pinsonneault 2015).

Figure 7 shows stellar radius versus effective temperature
from SPOTS models, along with those derived for the M
dwarfs, and illustrates that, at a given effective temperature,
SPOTS models with higher stellar spot fractions are associated
with larger stellar radii. All Hyades M dwarfs studied here span
ranges in spot coverage up to ~40%, although 76% fall below
the 20% coverage models. This comparison demonstrates that
stellar spot models can also explain the observed radius inflation
in the Hyades M dwarfs.

SPOTS isochrones predict that stars with higher f;,o: values
present lower luminosities if compared to less-spotted stars with
the same mass. To account for this effect, instead of directly
comparing stellar luminosities to the isochrones as previously,
we interpolated SPOTS isochrones with different fractional
spots coverage, in T.; and luminosity, creating an isochrone
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Figure 8. Comparison between our derived effective temperatures and luminosities and SPOTS isochrones (age of ~0.6 Gyr and metallicity of 0.1) interpolated in 7
and luminosity. The isochrones in the left panel are color coded by stellar mass, while in the right panel, they are color coded by f,o. The adopted stellar mass and fipoc
for each star is indicated by the location in the T, g—luminosity plane. The estimated uncertainties are shown as error bars.

plane. This is illustrated in Figure 8, showing the dependence of
the effective temperatures with luminosities for SPOTS
isochrones as functions of mass (left panel) and fq,o (right
panel). We also show in Figure 8 the effective temperatures and
Iuminosities (and estimated uncertainties) for our stars as black
filled circles. Given a T.g—L pair the left panel of Figure 8 was
used to interpolate the mass, while the right panel was used to
obtain fy,o. Finally, with this given mass, we considered R;s,, as
the radius for the same mass in the fiducial isochrone having
2er0 Spots (fipor = 0%), and compared it with our stellar radius
to derive Rg.,.-SPOTS. (We note that three outliers with T oL
out of the isochrones boundaries, which would require
extrapolations, were excluded from subsequent analysis).

Figure 9 presents the distribution of masses and Ry.c_spoTs
for our sample along with the isochrones Ry,._spots, obtained
by comparison of the radii and masses of each isochrone and the
Jspot = 0% 1isochrones. The radius inflation obtained from
SPOTS isochrones is considerably smaller than the ones
obtained from MIST and DARTMOUTH isochrones, present-
ing a median (EMAD) of 1.0% % 0.5%, with the most inflated
star reaching an inflation value of 5.3%. The median inflation of
the fully and partially convective samples are 1.1% =+ 0.2% and
0.7% =+ 0.6%, respectively. Although this single statistic for
both subsamples is very similar, it hides important differences,
which can be seen in Figure 9. Overall, fully convective stars
exhibit moderate levels of inflation (~0%—-2%), despite most of
them being rapid rotators with a small scatter, and inflation
levels showing no clear dependence on stellar mass. On the
other hand, partially convective M dwarfs exhibit significant
scatter that is dependent on stellar mass, with the more massive
examples reaching inflation levels of more than 5%. The
boundary between the fully convective and partially convective
stellar models (M ~ 0.34-0.37 M) exhibits a small “bump” in
Rfrac—spors Which may be related to the nonequilibrium

He-burning instability found by van Saders & Pinson-
neault (2012).

Our results are also in good agreement with what is predicted
by SPOTS isochrones. A singular SPOTS isochrone with a
given fio predicts an approximately flat relation between
inflation and mass for fully convective stars and a positive
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Figure 9. Radius inflation relative to SPOTS isochrones (age = 0.63 Gyr and
[M/H] = 0.1) vs. masses is shown. Additionally, we show the radius inflation
of SPOTS isochrones with varying levels of spot coverage (fspo) compared to a
SPOTS isochrone with 0% spot coverage. The estimated uncertainties are
shown as error bars.

correlation for partially convective stars. It also predicts a
“bump” around the boundary between fully and partially
convective M dwarfs. This behavior is similar to what is shown
in our derived radii.

5.2. UV and X-Ray Activity in the Hyades Open Cluster

Active M-dwarf stars have high-energy luminosities that are
often orders of magnitude greater than what is expected from
their stellar effective temperatures. Here we investigate whether
the stellar luminosities in the near-ultraviolet (NUV), far-
ultraviolet (FUV), and X-ray correlate with the derived spot
fractions. To compute high-energy luminosities for our targets
we used the compiled X-ray luminosities in Freund et al. (2020),
and NUV and FUV data from the Galaxy Evolution Explorer in
Schneider & Shkolnik (2018). The computed high-energy
Iuminosities (in units of 10%7 erg s_l), when available, are
presented in Table 3.

Figure 10 illustrates the distribution of the NUV (top panel),
FUV (middle panel), and X-ray (bottom panel) luminosities
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Figure 10. Histograms of the ratios between the NUV (top panel), FUV (middle
panel), and X-rays (bottom panel) luminosities and bolometric luminosities. The
partially convective rapid-rotator (P, <5 days), and slow-rotator (P > 5
days) samples are shown respectively in blue and green, and the fully convective
sample in red. The median + MAD L, /Ly, ratio of each data set is given.

divided by the bolometric luminosities for partially convective
rapid rotators (black histogram), partially convective slow
rotators (red histogram), and fully convective stars (blue
histogram). The median + MAD of the L,/Ly, ratios are also
given for each sample. The partially convective slow rotators
have typical luminosity ratios that are several times smaller than
the other two samples, indicating that for our studied stars,
activity is highly dependent on stellar rotation. The luminosity
ratios of the rapidly rotating partially convective and fully
convective M dwarfs (the latter composed mostly of rapid
rotators) are very similar, with the exception of the FUV regime,
where the fully convective stars have higher ratios.

A comparison of the M-dwarf surface spot fractions derived
in this study with stellar activity levels is shown in Figure 11,
where fopo is plotted versus the high energy to bolometric
luminosity ratios, L, /Ly, with the sample divided into two
groups: partially convective (M < 0.35 M.) and fully
convective, (M > 0.35 M) stars, using masses derived from
the SPOTS isochrones. The symbols and error bars in the figure
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Figure 11. Fractional spot coverage, fipo, V. the ratios of NUV, FUV, and
X-ray to bolometric luminosities for the Hyades M dwarfs segregated by mass
into partially convective and fully convective stars. The filled symbols are the
median + MAD values for the fully and partially convective stellar samples
(respectively in blue and maroon), and are also separated into the three high-
energy luminosity regimes (NUV, FUV, and X-ray) represented, respectively,
by circles, crosses, and triangles). The estimated uncertainties are shown as
error bars.

represent median = MAD values of fy,o and L,/Ly, for each
mass bin and show that the fully convective sample exhibits
both higher activity levels and stellar surface spot fractions
relative to the partially convective sample. Note that the
differences between the luminosity ratios in the two samples are
smaller for the X-ray window when compared to the NUV and
FUV differences, although all show a positive correlation
between fpo and stellar activity.

6. Conclusions

We performed a quantitative spectroscopic analysis on a
sample of 48 single M-dwarf members of the young Hyades
open cluster using SDSS/APOGEE high-resolution near-
infrared spectra (Majewski et al. 2017) and present derived
effective temperatures, surface gravities, metallicities, and
projected rotational velocities. The analysis was based on
spectroscopic techniques, which rely on measurements of HO
and OH lines, developed by Souto et al. (2020, 2022).

The Hyades M dwarfs analyzed here span the effective
temperature range from Te;~ 3100 to 3750 K and have
metallicities that compare well with previous literature
determinations from high-resolution optical spectra that were
based on either hotter main-sequence stars (FGK dwarfs), or red
giant stars: the median (=MAD) metallicity obtained for the 48
M dwarfs is [M/H] = +0.09 +0.03, indicating internal
consistency in the results.

Stellar luminosities were computed using K,-band bolometric
corrections (Mann et al. 2015, 2016) and Gaia distances (Bailer-
Jones et al. 2021), with radii then derived from the luminosity
and T, resulting in values ranging from R=0.22R. to
0.53R. These radii have a median estimated uncertainty of
6.1%. Stellar masses were obtained by combining the
luminosities with isochrones having an age of 0.6 Gyr and
metallicities of [M/H] = +0.1, with the estimated masses
falling in the interval of M ~ 0.20-0.55 M. Rotational periods
for 28 of the M dwarfs were taken from the literature and used in
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combination with the masses to calculate Rossby numbers for
this subsample of stars. The convective envelope turnover time
was computed using the relation in Wright et al. (2018).

Using the derived effective temperatures and luminosities we
investigated radius inflation in the Hyades open cluster M
dwarfs. The M-dwarf radii were compared to predicted radii
from different sets of isochrone models that do not consider
magnetic fields nor spots: DARTMOUTH (Dotter et al. 2008),
MIST (Choi et al. 2016), and PARSEC (Bressan et al. 2012;
Nguyen et al. 2022), and were found to be, overall larger than
the model isochrones, except for the PARSEC isochrone (which
was adjusted to empirical data of stellar radii in eclipsing
binaries). The median (+MAD) radius inflation values for the
sample considering MIST and DARTMOUTH models are,
respectively, 1.6% =+ 2.3% and 2.4% 4 2.3%.

More detailed comparisons to isochrone models were
investigated by dividing the M dwarfs into subsamples
comprised of rapid rotators (P, <5 days) and slow rotators
(Pt > 5 days). This threshold in rotational periods represents a
threshold in Rossby number of Ro = 0.06 for our sample.
Additional comparisons were done by dividing the sample
by mass, in order to segregate partially convective stars
(M >0.35 M.) and fully convective stars (M < 0.35 M.).
Cross matching the rotational periods with the masses, we find
that most of the fully convective M dwarfs with available
rotational periods, fall into the rapid rotating group, while the
partially convective stars with available rotational periods
consist of both rapid (six) and slow (14) rotators.

Taking the MIST isochrone as a baseline the median
(£MAD) radius inflation obtained for fully and partially
convective M dwarfs are —0.4% + 1.8% and 2.7% + 2.1% (see
Figure 6). This indicates an inhibited or very small radius
inflation for the fully convective M dwarfs, which is in
agreement with the predictions from the models that consider
magnetic fields (Feiden et al. 2015). Also in agreement with the
predictions of magnetic models is our finding that there is more
significant radius inflation for the more massive and partially
convective M dwarfs.

For a DARTMOUTH isochrone, on the contrary, there is
more radius inflation for the fully convective M-dwarf regime
and less for the partially convective one, as has been identified
in other studies in the literature mentioned previously. The
median (MAD) radius inflation obtained for fully and partially
convective M dwarfs are 3.9% £ 1.5% and 0.6% + 1.6%. In
addition, there is no clear difference between partially and fully
convective M dwarfs, with both samples presenting a similar
relation between radius inflation and rotation. The results
obtained for partially convective M dwarfs, however, agree with
those from MIST isochrone, that, for these stars, radius inflation
is dependent on rotation, with partially convective rapid rotators
(subsample composed of just six stars) presenting on average
higher inflation levels than slow rotators.

A comparison with isochrone models that consider different
levels of fractional spot coverage (Somers et al. 2020) indicates
that radius inflation may be explained by stellar spots. Locations
in the luminosity—T¢ plane covered by the stars in our sample
find that 76% are consistent with fractional spot coverage up to
20%, while stars exhibiting the highest levels of inflation fall
between ~20% and ~40% of spot coverage. The median
inflation for the sample obtained from SPOTS isochrones is
1.0% £ 0.6%, reaching up to ~5%, while the maximum
inflation obtained from MIST and DARTMOUTH isochrones
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is, respectively, ~12% and ~11%. The inflation pattern of our
sample roughly follows the trend expected from SPOTS
isochrones, with fully convective stars presenting constant and
moderate inflation levels, and partially convective M dwarfs
presenting a large scatter, with more massive M dwarfs reaching
higher levels of inflation. We also found that stars around the
threshold that separate fully from partially convective M dwarfs
present higher inflation levels than their neighbors with lower
and higher masses, as expected from SPOTS isochrones.

Finally, ratios of NUV, FUV, and X-ray luminosities to
bolometric luminosities compared to fractional photospheric spot
coverage, fopo, sShow that the fully convective sample is both
more active and spotted than the partially convective sample
(keeping in mind that the fully convective stars are composed
mostly of rapid rotators), revealing a correlation between activity
and spot coverage as derived from SPOTS isochrones.
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