of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 505, 1280-1292 (2021)
Advance Access publication 2021 May 12

L)

v
iy

https://doi.org/10.1093/mnras/stab1351

The Gaia-ESO survey: a lithium depletion boundary age for NGC 2232

A.S. Binks “,'< R. D. Jeffries “,! R. J. Jackson,* E. Franciosini “,> G. G. Sacco,? A. Bayo " >4
L. Magrini,? S. Randich,? J. Arancibia-Silva,3* M. Bergemann,® A. Bragaglia,® G. Gilmore,” A. Gonneau,’

A. Hourihane,” P. Jofré,® A. J. Korn,® L. Morbidelli,? L. Prisinzano,° C. C. Worley’ and S. Zaggia “'**

L Astrophysics Group, School of Chemical and Physical Sciences, Keele University, Keele, ST5 5BG, United Kingdom

2INAF-Osservatorio Astrofisico di Arcetri, Largo E. Fermi, 5, 1-50125 Firenze, Italy

3|nstituto de Fisica y Astronomia, Facultad de Ciencias, Universidad de Valparaiso, Av. Gran Bretafia 1111, Valparaiso, Chile

4N(cleo Milenio de Formacion Planetaria - NPF, Universidad de Valparaiso, Av. Gran Bretafia 1111, Valparaiso, Chile

5Max-Planck Institut fiir Astronomie, Kénigstuhl 17, D-69117 Heidelberg, Germany

6INAF-Osservatorio di Astrofisica e Scienza dello Spazio via Gobetti 93/3, 1-40129 Bologna, Italy

TInstitute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 OHA, UK

8Ncleo de Astronomia, Facultad de Ingenieria y Ciencias, Universidad Diego Portales (UDP), Santiago de Chile

90bservational Astrophysics, Division of Astronomy and Space Physics, Department of Physics and Astronomy, Uppsala University, Box 516, SE-751 20

Uppsala, Sweden

10|NAF-Osservatorio Astronomico di Palermo, Piazza del Parlamento, 1, 90134 Palermo, Italy
L INAF-Osservatorio Astronomico di Padova, vicolo dell’Osservatorio, 5, 1-35122 Padova, Italy

Accepted 2021 May 3. Received 2021 May 3; in original form 2021 April 6

ABSTRACT

Astrometry and photometry from Gaia and spectroscopic data from the Gaia-ESO Survey (GES) are used to identify the lithium
depletion boundary (LDB) in the young cluster NGC 2232. A specialized spectral line analysis procedure was used to recover
the signature of undepleted lithium in very low luminosity cluster members. An age of 38 & 3 Myr is inferred by comparing the
LDB location in absolute colour—magnitude diagrams (CMDs) with the predictions of standard models. This is more than twice
the age derived from fitting isochrones to low-mass stars in the CMD with the same models. Much closer agreement between
LDB and CMD ages is obtained from models that incorporate magnetically suppressed convection or flux-blocking by dark,
magnetic starspots. The best agreement is found at ages of 45—50 Myr for models with high levels of magnetic activity and
starspot coverage fractions >50 per cent, although a uniformly high spot coverage does not match the CMD well across the full

luminosity range considered.

Key words: stars: kinematics and dynamics —stars: late-type — stars: pre-main-sequence —solar neighbourhood.

1 INTRODUCTION

Estimating the ages of stars and star clusters is of great importance in
astrophysics, but age is something which cannot directly be measured
(Soderblom 2010). Star clusters, with their populations of nearly
coeval stars of similar initial compositions but with a broad range
of masses, offer the most incisive tests of stellar physics and a
route towards establishing the time-dependence of physical processes
associated with star formation and stellar evolution, and a means of
calibrating secondary age indicators [e.g. rotation and abundance
ratios; see e.g. Casali et al. (2019, 2020)] that can be applied to more
general galactic populations.

A fundamental test of stellar models that can be applied very
effectively in star clusters is that ages derived from multiple methods,
that are sensitive to different aspects of stellar physics or that sample
different parts of the stellar mass spectrum, should agree. In the
realm of young stars, there has been growing disquiet that ages
determined from high-mass stars evolving on and away from the
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main sequence are systematically older (by factors of two in the
youngest clusters) than the ages determined from fitting isochrones
in colour—magnitude diagrams (CMDs) for low-mass pre main
sequence (PMS) stars in the same clusters (Lyra et al. 2006; Naylor
2009; Bell et al. 2013; Herczeg & Hillenbrand 2015; Feiden 2016).

Further indications of significant problems in the physics of low-
mass PMS stars come from discrepancies between isochronal ages
and the amount (and dispersion) of lithium that PMS stars deplete
as they contract and their cores become hot enough to ‘burn’ lithium
(Jeffries et al. 2017; Bouvier et al. 2018). There are also direct and
indirect indications that magnetically active stars, whether they are
fast-rotating and young or members of close, tidally locked binary
systems, have larger radii than predicted by the most commonly
used stellar models (Morales et al. 2009; Torres 2013; Malo et al.
2014b; Kraus et al. 2015, 2017; Rizzuto et al. 2020). This has led to
suggestions that rotation, magnetic fields, and high surface coverage
of starspots may significantly alter the evolutionary tracks and
isochrones in young clusters (Feiden & Chaboyer 2013; Jackson &
Jeffries 2014a; Somers & Pinsonneault 2015; MacDonald & Mullan
2017). If so, this would lead to an underestimate of young cluster ages
by factors of 2 and a significant underestimate of stellar masses,
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particularly at low masses, when models that neglect these effects
are adopted (e.g. Feiden 2016; Jeffries et al. 2017; MacDonald &
Mullan 2021).

Resolving the age discrepancies in young clusters is crucial to
correctly infer the properties and evolutionary processes of several
strongly accreting stars identified at relatively late stages of their
PMS, for example, TW Hydrae and Hen 3-600A (Muzerolle et al.
2000, Ronco etal. in preparation), dozens of accreting low-mass stars
in Upper Scorpius (Manara et al. 2020), and many more ‘classical’
> 10 Myr old accretors identified in young stellar groups (Haisch,
Lada & Lada 2001; Mamajek et al. 2004; De Marchi et al. 2013;
Beccari et al. 2017; Silverberg et al. 2020).

Choosing which models and age scales to adopt is difficult because
most age determination methods still have significant physical
uncertainties associated with them; for example, the treatment of
convection, the amount of core-overshooting, and the lack of a
detailed understanding of how rotation and magnetic fields influence
the stellar structure. It is not clear that any of the ages discussed
above are correct!

Most weight should be attached to methods with the least model-
dependence and the ‘lithium depletion boundary’ (LDB) technique
is presently the least model-sensitive of those available (Soderblom
et al. 2013). When low-mass, fully-convective PMS stars contract,
their initial Li content is rapidly consumed once their cores reach

3 x 10%K because of the steep temperature dependence of the
Li(p,0)*He reaction. More massive PMS stars reach this point more
rapidly and the efficiency of convective mixing ensures that this is
reflected in their photospheric Li abundance shortly afterwards (e.g.
Bildsten et al. 1997). The net effect is that in a cluster of stars with a
range of masses, there is predicted to be a sharp transition, the LDB,
between stars that have depleted all of their Li and those with only
slightly lower masses and luminosities that still retain all their initial
Li. The sharpness of this transition persists even after accounting for
the known L.i dispersion for a given mass/Te bin.

The luminosity at the LDB therefore has the potential to be a
precise age indicator but it is also likely to be accurate. Theoretical
parameter studies have varied physical inputs over the range of
their remaining uncertainties and found that LDB ages are unlikely
to change by more than about 10 percent at the youngest ages
for which the technique is viable and just a few percent at older
ages (Burke, Pinsonneault & Sills 2004; Tognelli, Prada Moroni &
Degl’Innocenti 2015). Even the adoption of models that incorporate
magnetic activity and radius inflation, which can increase isochronal
ages by a factor of 2, result in systematic LDB age increases of just
10—20 per cent in young groups, as predicted by models accounting
for the effects of starspots (Jackson & Jeffries 2014b; Somers &
Pinsonneault 2015), and supported by LDB analyses of young
groups, e.g. the B Pictoris Moving Group (21—26 Myr; Binks &
Jeffries 2016).

LDB ages have been established in only about a dozen young
clusters and associations with ages between about 20 and 700 Myr
(see Jeffries et al. 2013; Soderblom et al. 2013; Martin et al. 2018,
and references therein). The method requires an assessment of the
Li abundances in very low-mass, low luminosity cluster M-dwarfs
and thus large amounts of spectroscopic time on large telescopes.
Nevertheless, the results are extremely valuable; obtaining a densely
sampled set of LDB age determinations in the age range where it is
sensitive can identify deficiencies in stellar models and empirically
calibrate evolutionary time-scales for contracting PMS stars.

Current results indicate that LDB ages are usually older than those
obtained by isochrone fitting (Stauffer, Schultz & Kirkpatrick 1998;
Stauffer et al. 1999; Jeffries & Oliveira 2005; Jeffries et al. 2013;
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Binks & Jeffries 2014; Malo et al. 2014a). This suggests: (i) that high-
mass stellar models need to incorporate modest levels of convective
core overshoot and/or rotational mixing to provide matched main
sequence turn-off ages; and (ii) that standard low-mass isochronal
ages may need revising upwards by incorporating new physics into
the PMS modelling.

In this paper we report a new LDB age determination for the
young cluster NGC 2232, using spectroscopy obtained as part of
the Gaia-ESO spectroscopic survey (Gilmore et al. 2012; Randich,
Gilmore & Gaia-ESO Consortium 2013, hereafter GES). With an
age of 30 Myr, NGC 2232 is at an interesting stage in its evolution
where ages can be estimated from isochronal fits to both low- and
high-mass stars as well as the LDB. The technique for selecting
NGC 2232 members is described in Section 2, while Section 3
explains the method for estimating the relative Li content of the
targets. Ages for NGC 2232 are estimated in Section 4 and Section 5
using the LDB method and fits to low-mass model isochrones,
respectively. A comparison of these semi-independently derived ages
and the implications for early stellar evolution and the cluster age-
scale are discussed in Section 6.

2 TARGET SELECTION

2.1 NGC 2232

NGC 2232 is a bright, young open cluster located in Monoceros.
It was first catalogued by Herschel (1864) and Dreyer (1888) and
its distance first estimated by Collinder (1931; d =425 pc). A
spectroscopic study of 16 members by Levato & Malaroda (1974)
reported E(B — V) = 0.06 = 0.03 mag and placed the cluster at 375
pc. Photometric studies by Claria (1972) and subsequently by Lyra
et al. (2006) reported similar distance (d = 360 and 320 =+ 30 pc,
respectively), reddening [E(B — V) = 0.01 and 0.07 == 0.02 mag] and
‘nuclear’ (main sequence turn-off) ages (=20 and 32 & 15 Myr). Lyra
et al. also reported an isochronal age of 25—32 Myr for low-mass
PMS members.

A chemical abundance analysis of NGC 2232 F- and G-type stars
by Monroe & Pilachowski (2010) found a super-solar metallicty of
[Fe/H] =0.27 % 0.08 dex and that their (probably still undepleted) Li-
abundances were consistent with clusters of 100 Myr or younger.
No previous study has focused on Li-depletion in the lower mass
stars of NGC 2232. There are 14 NGC 2232 targets (see Section 2.2)
with spectral-types FGK that were observed in GES and that have
high signal-to-noise ratio (SNR) spectra with reported [Fe/H] values
and uncertainties (see Appendix A). These metallicities were derived
using the same methods as for other young clusters observed in GES
(e.g. Spinaetal. 2017) and have been externally verified against Gaia
benchmark stars (Jofré et al. 2014). Based on these measurements,
Appendix A suggests a near-solar metallicity for NGC 2232 of [Fe/H]
= 0.00 with a dispersion of just 0.05 dex.

2.2 Selecting NGC 2232 members

NGC 2232 was observed as part of GES between 2015 November
6 and 11. Targets were selected in CMDs, based on their available
optical and near-infrared (near-IR) photometry, from a broad region
more than encompassing the likely location of cluster members.
The spectra were recorded with the FLAMES fibre instrument
(Pasquini et al. 2002), on ESO’s UT-2 Very Large Telescope,
either with the UVES spectrograph (resolving power, R 47000,
wavelength range AA4200 — 11000 A) for the minority of bright
targets, or with the GIRAFFE intermediate resolution spectrograph
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(R 12000, AA3700 — 9000 A). Both setups include the Li 1 6708
A absorption line. Raw images were homogeneously analysed and
spectra extracted and calibrated using standard GES pipelines (see
Jeffries et al. 2014; Sacco et al. 2014; Randich et al. 2018).
The spectra in this paper are from the fifth internal data release
(GESIDR5Y).

A list of high probability members of NGC 2232 with GES
spectroscopy was taken from Jackson et al. (2020). This study assigns
membership using astrometry from Gaia DR2 (Gaia Collaboration
2018) and radial velocity (RV) measurements from GESiDRS5. Since
the membership probabilities are calculated using kinematics alone,
the target list is unbiased with respect to the presence of lithium or
indeed any age-related property. Of the 760 targets with spectroscopy,
80 have a membership probability Psp > 0.95, with an average value
of 0.992. Based on these probabilities we expect <1 contaminant in
our list of members.

Since the publication of Jackson et al. (2020), the (early) Third
Gaia Data Release has been made available (herein Gaia EDR3;
Gaia Collaboration 2020). The statistical uncertainties for parallax
measurements in Gaia EDR3 are typically 30 percent smaller
and, more importantly, the systematic uncertainties due to possible
correlated errors in the parallax zero-point on small spatial scales
(Lindegren et al. 2018) have been significantly improved (Lindegren
et al. 2020). Although the membership probabilities use Gaia DR2
astrometry, we measure the weighted mean cluster parallax (11¢) and
distance modulus (dmeg) using Gaia EDR3 parallaxes as follows: first
an intrinsic dispersion of the cluster parallax is estimated, equal to
the standard deviation of cluster members minus the RMS parallax
uncertainty (subtracted in quadrature). This dispersion is added in
quadrature with the parallax uncertainties from each target and used
as a weight to give a mean 1, = 3.1355 + 0.0106 + 0.0300 mas
and dmog = 7.518 = 0.007 =+ 0.021 mag, where the two error bars
represent the statistical error in the mean and a remaining systematic
uncertainty [see Fig. 2(a) in Lindegren et al. 2020], respectively. The
corresponding distance of d = 319 = 1 + 3 pc is very similar to
Lyra et al. (2006) but with a much smaller error bar. We discuss
how the distance measurement affects our analyses in Section 4 and
Section 5.

We use Gaia DR2 G-band (optical) and Ks-band (near-1R) photom-
etry for our analyses. This is because Gaia provides homogeneous
G magnitudes with mmag-precision for all targets in our sample
(our faintest target has G~ 19) and absolute Ks magnitudes are
preferable in identifying the LDB since they are highly sensitive
to the peak flux from low-mass stars. Near-IR photometry is from
2MASS (Cutri et al. 2003) and the sixth data release of the Vista
Hemisphere Survey (VHS; McMahon et al. 2019). There are 2MASS
measurements available for all stars, and all these have the best
possible flags for quality, contamination, and confusion (in all three
bands). Ks magnitudes are also available for every target in VHS but
bright targets have saturated at K. For 49 sources where the 2MASS
Ks < 13 then that value is used. For 31 fainter sources, the VHS K
photometry is adopted.

The G — K colours are dereddened using the E(B — V) value
calculated in Lyra et al. (2006), Ry = 3.09, and Ax,/Ay = 0.114
(Cardelli, Clayton & Mathis 1989), where Ag is estimated using the
following fit to the Ag versus G — K relation for main sequence
stars provided in Danielski et al. (2018; see their Fig. 5, top middle

1The GESIDRS5 catalogue is available to the GES consortium at http://ges.ro
e.ac.uk/.
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Figure 1. EW(Li) versus (G — Kg)o in NGC 2232, using EW(Li) mea-
surements from GESIDR5. Red symbols represent the 80 high probability
members (P3p > 0.95). Open and filled symbols denote EW(L.i) values with
and without reported uncertainties in GESIDRS5, respectively. Blue points
are likely non-members of NGC 2232 (P3p < 0.1) observed in the same
instrument configurations as the members. The green squares are members
of the 2 Myr Cha | association also observed as part of GES.

panel),

0.84 — 0.04(G — Ky) + Ak,
(1.0 — 0.04Ay)

Ac = Ay X (1)

3 LITHIUM EQUIVALENT WIDTHS

3.1 GESIDR5

The equivalent width of the Li 1 6708 A feature, EW(Li), is reported
as part of the standard GESiDR5 analysis for all but two targets in
our list. The method of measurement is described in Bouvier et al.
(2016) and Randich et al. (2018).

The morphology of Fig. 1 suggests we are seeing the transition
from Li-depleted stars at (G — K)o < 4.0 to Li-rich stars at (G
— K)o > 4.1 that marks the LDB. The Li-rich stars have EW(LI)
values comparable to those seen in P3p > 0.9 members of the Cha |
association (also taken from GESIDR5). Since Cha | has an age of
only 2 Myr (Luhman 2007) then this level of Li likely represents
the undepleted local cosmic value.

Whilst these initial indications are promising, there are features
in the plot that are at odds with expectations for the EW(Li)/colour
distribution of a young open cluster. Firstly, stars immediately hotter
than the LDB should be almost completely depleted of Li and their
EW(Li) values should be 0. However, there appears to be a plateau,
withmean EW(Li) 120 mA, that isalso present. This may be indica-
tive of a systematic offset resulting from the EW estimation process
in GESIDR5, which is supported by the fact that the EW(Li) of cluster
non-members, which are almost certainly depleted of Li, also have
EW(Li)>0. The process of measuring EW(Li) is complicated in M-
dwarfs by molecular absorption features (e.g. Rajpurohit et al. 2014)
and the pseudo-continuum is highly sensitive to small temperature
changes. Errors in continuum placement can easily lead to systematic
shifts in EW(Li), particularly in low SNR spectra. Secondly, most of
the targets with (G — K)o > 3.7 do not have a reported error bar in
GESIDR5. Given the SNR for these objects is low ( 10; see Fig. 3),
it is important to quantify the EW(Li) uncertainties to determine
whether the targets with large EW(Li) values are real detections
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Figure 2. EW(Li) versus (G — K)o, using the revised EW(Li) values (and
errors) calculated from our analysis in Section 3.2. The symbols and notation
are the same as those described in Fig. 1.

or simply cases of noisy data or uncertain pseudo-continuum
placement.

3.2 Remeasuring EW(L1I)

To address the issues identified with the GESIDR5 measurements,
we independently measured EW(Li) using the reduced GESiDR5
spectra and a novel technique that is detailed in Appendix B. In
brief, template Li-free spectra for a given (G — K)o colour were
generated over the 6675-6730 A range by making use of the large
number of field stars serendipitously observed in the fields of GES
clusters (i.e. those with kinematic cluster membership probabilities
P3p < 0.1). For M-dwarfs we can safely assume that the vast majority
of these stars have no lithium at all. This is an entirely empirical
approach to determining a continuum for cool stars and not reliant
on the fidelity of model atmospheres. The FWHM of any Li feature is
determined by the instrumental resolution and the rotational velocity
of the star given by the VROT parameter in GESiDR5. EW(Li) is
then estimated by comparing the target spectrum with the template
that best matches its intrinsic colour and integrating over a Gaussian
profile that characterizes the FWHM. Uncertainties are calculated
by repeating this procedure for regions in the vicinity of the Li
feature.

For some stars with low SNR there are no VROT values reported
in GESIDRS. In these cases we assumed a value of 32 kms™*, which
is the mean value for the cluster M-dwarfs with VROT. Whilst
the FWHM for these stars may be incorrect, the effects on the
estimated EW(Li) are smaller than the error bars due to spectral
noise and continuum placement. A visual inspection confirmed that
the template continua appear well matched to the observations in all
cases.

The EW(Li) versus (G — K)o plot for these new EW(Li) estimates
is provided in Fig. 2 and in Fig. 3 we present the spectra for all
NGC 2232 members with (G — K)o > 3.8. The issues highlighted
in Section 3.1 appear to be resolved with our methods. The median
EW(Li) value of targets in the Li-chasm (3.3 < (G — K)o < 4.0)
is =5+ 72 mA, as expected for stars that have no Li. Secondly,
our analysis provides uncertainties for all targets, regardless of their
SNR.

The LDB of NGC 2232 1283

4 THE LDB OF NGC 2232

This section describes how the LDB is located in NGC 2232
(Section 4.1), the evolutionary models used in this work (Section 4.2),
and the method to calculate an LDB age (Section 4.3). All data used in
this work: P3p, photometry, and EW(L.i) values from both GESiDR5
(Section 3.1), and our own analysis (Section 3.2) are provided in
Table C1.

4.1 Identifying the LDB location

Curve of growth models predict that a 99 percent Li-depleted
early/mid M-type star has an EW(Li)=300 mA (Palla et al. 2007),
compared with 600-700 mA for no depletion. Therefore we use
EW(Li) = 300 mA to discriminate between Li-rich and Li-poor
stars. Figs 4 shows the intrinsic (G — Kg)o/Mx CMD for the NGC
2232 members. Symbols are colour coded for whether EW(Li) is
bigger or smaller than 300 mA. Objects that have EW(Li) within one
error bar of this threshold are shown as open symbols and triangles
indicate objects, which by virtue of their position in the CMD, are
likely to be unresolved binaries (the exact criterion is discussed in
Section 5).

The CMD show a reasonably clear boundary between Li-rich and
Li-poor targets. There are few targets near the EW(Li) threshold, as
expected, since the depletion of Li is rapid once it begins. Looking
just at the “single star’ sequence we put the LDB somewhere in the
grey, rectangular region separating Li-poor from Li-rich stars. The
upper bound is defined by the faintest clear Li-poor star, the lower
bound is defined by the brightest clear Li-rich star that lies redward
of the Li-poor marker. The box width is defined by their separation
in colour. Whilst this latter choice is somewhat arbitrary, changing
the box width by factors of two does not significantly affect the
calculated ages (see Section 4.3). There are two Li-rich stars that are
more luminous than the defined LDB hox, but these are most likely
to be unresolved binaries that are displaced upwards by up to 0.75
mag in the CMD.

4.2 Evolutionary models

The evolutionary models adopted in this work are categorized as
either ‘standard models’ or ‘magnetic models’. Standard models
feature only convective mixing and do not take any account of
the influence of magnetic activity on stellar structure. There are
numerous standard models that differ in their input physics regarding
the equation of state, treatment of convection, interior opacities, and
atmospheres. As representatives of these, we consider the models of
Dotter et al. (2008, herein, D08), Baraffe et al. (2015, herein, B15),
and the spot-free models of Somers, Cao & Pinsonneault (2020,
herein, S20).

Magnetic models incorporate some aspects of the dynamo-
generated magnetism that is known to be present in these young,
fast-rotating, magnetically active stars (Reiners & Basri 2009). Two
evolutionary codes are considered: (i) The S20 models that incorpo-
rate the blocking of flux by dark, magnetic starspots at the stellar
photosphere. These are available in increments of spot-coverage
fractions (fp) of 0.17. The spots are taken to be at a temperature
that is 80 per cent of the unspotted photosphere, meaning that about
0.59f, of the radiative flux from the star is blocked by the starpots.
The spot-free version is used as a standard model. (ii) The ‘magnetic
Dartmouth models’ described in Feiden & Chaboyer (2014) and
Feiden (2016, herein F16) that implement magnetic inhibition of
convection constrained by a boundary condition of an average 2.5
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Figure 3. GES spectra for the 24 targets with (G — K)o > 3.8. The normalized, reduced spectra from GESIiDR5 are displayed in grey, where the data have
been binned by 7 pixels. The best-matching spectral template (described in Section 3.2) is shown in the region encompassing the Li-feature at 6708 A (in red)
and in two regions either side of the feature (in blue). The title of each panel gives the Gaia DR2 source identifier, the SNR given in GESIDR5 and the (G —
Ks)o colour. The EW(Li) values are provided in the bottom left of each panel, where targets defined as Li-rich are highlighted in larger red text.

kG magnetic field at the stellar surface and that is approximately the
equipartition value at the surface of a mid-M dwarf. These models
are approximately an extension of the D08 standard model.

For consistency, the (G — K)o and Mg, values from each model
are calculated from log Tes and log L, using the same, age-dependent

MNRAS 505, 1280-1292 (2021)

cubic relationships between colours and temperatures and between
bolometric corrections and luminosities, derived from the models
of Baraffe et al. (2015). Specific relationships were calculated at
each age between 1.0 and 250.0 Myr (in steps of 0.1 Myr). This
was done to remove any disparities due to the adoption of different
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