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The CARMENES search for exoplanets around M dwarfs
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ABSTRACT

We determined effective temperatures, surface gravities, and metallicities for a sample of 343 M dwarfs observed with CARMENES,
the double-channel, high-resolution spectrograph installed at the 3.5m telescope at Calar Alto Observatory. We employed
STEPARSYN, a Bayesian spectral synthesis implementation particularly designed to infer the stellar atmospheric parameters of late-
type stars following a Markov chain Monte Carlo approach. We made use of the BT-Settl model atmospheres and the radiative transfer
code turbospectrum to compute a grid of synthetic spectra around 75 magnetically insensitive Fe1 and TiT lines plus the TiO y
and € bands. To avoid any potential degeneracy in the parameter space, we imposed Bayesian priors on T and logg based on the
comprehensive, multi-band photometric data available for the sample. We find that this methodology is suitable down to M7.0 V, where
refractory metals such as Ti are expected to condense in the stellar photospheres. The derived T.q, log g, and [Fe/H] range from 3000
to 4200 K, 4.5 to 5.3 dex, and —0.7 to 0.2 dex, respectively. Although our T scale is in good agreement with the literature, we report
large discrepancies in the [Fe/H] scales, which might arise from the different methodologies and sets of lines considered. However,
our [Fe/H] is in agreement with the metallicity distribution of FGK-type stars in the solar neighbourhood and correlates well with
the kinematic membership of the targets in the Galactic populations. Lastly, excellent agreement in T.q is found for M dwarfs with
interferometric angular diameter measurements, as well as in the [Fe/H] between the components in the wide physical FGK+M and
M-+M systems included in our sample.
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1. Introduction 2018; Reylé et al. 2021). With main-sequence lifespans longer

. . . than the age of the Universe (Laughlin et al. 1997), these stars
N; c%lwarfsuare coollaqd fa}lnthstarslthat C.OELPHSE abgu;ltwo—thlrdls are not only an excellent record of the structure and evolution of
of the stellar population in the solar neighbourhood (Henry et al. the Milky Way (Bochanski et al. 2007), but have also become

* Full Tables B.1-B.3 are only available at the CDS via anonymous ftp prime targets for exopla.net. surveys owing to their low mass,
to cdsarc.u-strasbg. fr (130.79.128.5) or via http://cdsarc.  1OW temperature, and ubiquity (Bonfils et al. 2013; Dressing &
u-strasbg. fr/viz-bin/cat/]/A+A/656/A162 Charbonneau 2013; Reiners et al. 2018); this combination favours
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detections of Earth-mass planets inside their habitable zone,
where liquid water can be sustained (Scalo et al. 2007).

Installed at the 3.5 m telescope at the Calar Alto Observa-
tory, the CARMENES instrument (Quirrenbach et al. 2020) is,
along with SPIRou (Donati et al. 2020), NIRPS (Wildi et al.
2017), HPF (Mahadevan et al. 2012), IRD (Kotani et al. 2018),
MAROON-X (Seifahrt et al. 2020), NEID (Schwab et al. 2016),
and GIARPS (Claudi et al. 2018), a new-generation spectro-
graph designed to detect Earth-mass planets around M dwarfs
by means of the radial velocity technique (Reiners et al. 2018). It
consists of optical (hereafter VIS) and near-infrared (NIR) chan-
nels that cover the 5200-9600 A and 960017 100 A wavelength
regions with spectral resolutions of R = 94 600 and R = 80400,
respectively. As of mid-2020, the CARMENES exoplanet survey
had collected more than 18 500 VIS and 18 000 NIR spectra for
a sample of 365 M dwarfs (Quirrenbach et al. 2020) obtained as
part of its 750-night guaranteed time observations (GTO) pro-
gramme. In addition to detecting and characterising the orbits
of exoplanets (e.g. Trifonov et al. 2018, 2020; Luque et al. 2019;
Zechmeister et al. 2019) and their atmospheres (Nortmann et al.
2018; Alonso-Floriano et al. 2019; Yan et al. 2019), the survey
represents a unique opportunity to gain insights into the nature
of M dwarfs (namely, their photospheric parameters, chemical
compositions, magnetic fields, and chromospheric activity lev-
els) in a statistically relevant way (Fuhrmeister et al. 2018, 2020;
Passegger et al. 2018, 2019; Hintz et al. 2019, 2020; Schofer et al.
2019; Schweitzer et al. 2019; Shulyak et al. 2019; Abia et al.
2020; Shan et al. 2021).

In the context of exoplanet research, a thorough account of
the general properties of host stars directly affects the determi-
nation of the position of the habitable zone (Selsis et al. 2007,
Kopparapu et al. 2013), the radius and mass of detected exoplan-
ets, and their composition (Maldonado et al. 2020; Ishikawa et al.
2020). In addition, planet formation theories attempt to explain
the observed occurrence rate of exoplanets (Johnson et al. 2010;
Howard et al. 2012; Buchhave et al. 2012; Sabotta et al. 2021)
and selection effects (Winn & Fabrycky 2015) in terms of the
stellar parameters.

However, the computation of photospheric parameters for M
dwarfs from stellar spectra, namely the effective temperature,
T.g, surface gravity, logg, and stellar metallicity, [Fe/H], is an
arduous challenge. The low photospheric temperatures give rise
to pervasive molecular bands that severely distort the stellar con-
tinuum (Kirkpatrick et al. 1991; Tinney & Reid 1998; Reiners
et al. 2018). This alone rules out classical techniques commonly
adopted in the analysis of solar-type spectra, such as the equiva-
lent width (EW) method (Marfil et al. 2020). Stellar convection
in M dwarfs also calls into question some of the physical assump-
tions behind the model atmospheres of late-type stars, such as
local thermodynamic equilibrium (LTE) and one-dimensional
(1D) geometry for radiative transfer, which often represents a
limitation to the interpretation at the resolution achieved by mod-
ern spectrographs (Bergemann et al. 2017; Olander et al. 2021).
Furthermore, M dwarfs may exhibit strong magnetic fields that
not only drive stellar activity (Delfosse et al. 1998; Donati
et al. 2008), but may also distort magnetically sensitive lines
via the Zeeman effect (Landi Degl’Innocenti & Landolfi 2004;
Passegger et al. 2019). It is, therefore, difficult to choose a set of
lines to disentangle the impact of the magnetic field and the pho-
tospheric parameters on the stellar spectra (Shulyak et al. 2019).
To make matters worse, telluric absorption is ubiquitous in the
NIR (Reiners et al. 2018; Nagel 2019), where the spectral energy
distribution of M dwarfs peaks (Cifuentes et al. 2020).
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Despite the above, several methods have proved fruitful for
inferring T, logg, and [Fe/H] in M dwarfs, including spec-
tral synthesis (e.g. Passegger et al. 2018, 2019; Rajpurohit et al.
2018b; Souto et al. 2020; Hejazi et al. 2020), pseudo-EWs (e.g.
Mann et al. 2013a, 2014; Neves et al. 2014; Maldonado et al.
2015, 2020), and spectral indices (e.g. Rojas-Ayala et al. 2012;
Khata et al. 2020), all of which can be further investigated
following a machine-learning approach (e.g. Sarro et al. 2018;
Antoniadis-Karnavas et al. 2020; Passegger et al. 2020; Li et al.
2021). In general terms, spectral synthesis relies on a minimisa-
tion algorithm to find the synthetic spectrum that best matches
the observed spectrum (Valenti & Fischer 2005; Brewer et al.
2016), while pseudo-EW and spectral index approaches draw on
the sensitivity of certain features to Tt and [Fe/H], as well as on
calibrations with wide physical binaries harbouring an FGK-type
primary with known metallicity (Casagrande et al. 2008; Neves
et al. 2012; Montes et al. 2018, and references therein). Further
studies have focused on ensuring consistency between these two
approaches (Veyette et al. 2017).

Semi-empirically calibrated methods have been widely
adopted in the literature. For example, based on observations
in the photometric ¥ band (947011210 A) with NIRSPEC on
Keck II, Veyette et al. (2017) used a method to derive T.s, [Fe/H],
and [Ti/H] that rests on the approach described by Mann et al.
(2013b) and a calibration sample of M dwarfs in common proper
motion FGK+M binaries from Mann et al. (2013a). The method
relies on the measured FeH index in the Wing-Ford band and
on the EWSs of seven FeT and ten TiTI lines found in the Y band.
More recently, Maldonado et al. (2020) derived Teg, log g, and
[Fe/H] for a sample of 204 stars with spectral types from K7 V to
M4.0V with HARPS and HARPS-N data, assuming the photo-
metric Mg-[Fe/H] relationship from Neves et al. (2012) and the
Tes scale from Mann et al. (2013b).

M-dwarf studies based on spectral synthesis differ from one
to another in terms of the synthetic grid employed, the spectral
resolution of the data, and the features selected for compari-
son across different wavelength regions. For instance, Passegger
et al. (2018) derived Tes, log g, and [Fe/H] for 300 M dwarfs, 235
of which were observed with CARMENES. They adopted a y?
minimisation procedure based on the PHOENIX-ACES library
of synthetic spectra (Husser et al. 2013) and several spectral fea-
tures in the VIS wavelength region covered by CARMENES,
namely the TiO vy band and several K1, Fel, Ti1, and MgI
lines. To avoid unreliable values of logg and [Fe/H] for some
stars in the sample caused by degeneracies in the parameter
space, they constrained log g by using the evolutionary models of
Baraffe et al. (1998). Passegger et al. (2019) expanded the anal-
ysis into the NIR wavelength region covered by CARMENES.
For the first time, they directly compared the stellar parameters
of 282 M dwarfs determined from simultaneous observations in
the VIS and NIR wavelength regions. Despite some discrepan-
cies, Passegger et al. (2019) conclude that it is best to consider
both regions simultaneously to maximise the amount of spectral
information and, thus, minimise the effects of imperfect mod-
elling in M dwarfs. Furthermore, Passegger et al. (2019) lessened
the impact of the Zeeman line broadening caused by the stel-
lar magnetic field in the parameter computations in the NIR by
selecting lines with low effective Landé factors. Adapting the
method described by Rajpurohit et al. (2012, 2018b), Rajpurohit
et al. (2018a) computed T.g, log g, and [Fe/H] for 292 M dwarfs
from the individual CARMENES spectra published by Reiners
et al. (2018), using a grid of BT-Settl models (Allard et al.
2012), while keeping logg free throughout the minimisation
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process. Hejazi et al. (2020) also employed BT-Settl models to
derive the T.q, log g, metallicity [M/H], and « element to iron
abundance ratio, [a/Fe], of 1544 M dwarfs in the solar neigh-
bourhood from low- and medium-resolution spectra collected
at the Michigan-Darmouth-MIT, Lick, Kitt Peak National, and
Cerro-Tololo Inter-American observatories. Souto et al. (2020)
computed T, logg, and [Fe/H] for 21 M dwarfs from mid-
resolution (R ~ 22 500) APOGEE H-band spectra (Wilson et al.
2010), a grid of MARCS models (Gustafsson et al. 2008), and
the turbospectrum code (Plez 2012) through the bacchus
wrapper (Masseron et al. 2016) and find excellent agreement
in [Fe/H] between components in the wide physical binaries
included in their sample. More recently, Sarmento et al. (2021)
derived Teg, log g, [M/H], and vy, for a sample of 313 M dwarfs
from APOGEE H-band spectra by means of a y?> minimisation
against a synthetic grid generated with turbospectrum, ispec
(Blanco-Cuaresma et al. 2014), and MARCS model atmospheres
and find good agreement with the parameters obtained with the
APOGEE Stellar Parameter and Chemical Abundances Pipeline
(Garcia Pérez et al. 2016).

In this work we derived the stellar atmospheric parame-
ters (Te, logg, and [Fe/H]) for a sample of 343 M dwarfs
observed with CARMENES (i.e. 5200-17 100 A at R ~ 90 000)
by means of the STEPARSYN code (Tabernero et al. 2021), a
Bayesian implementation of the spectral synthesis technique.
This approach relied on the comparison of a synthetic grid
against 75 magnetically insensitive Ti1 and Fe I absorption lines
along with the TiO y and € bands. For the computation of the
synthetic grid, we employed the turbospectrum code (Plez
2012) along with the BT-Settl model atmospheres (Allard et al.
2012). In contrast to other works that disregard stellar activity
(Rajpurohit et al. 2018b; Sarmento et al. 2021), our methodology
allowed us to expand the analysis to M dwarfs that are strongly
active, fast-rotating, or late-type (down to M7.0 V), as a result
of the careful selection of TiT and FeT lines according to their
low sensitivity to chromospheric activity and the stellar magnetic
field. In addition, the selected TiT and FeT lines are mostly free
from non-LTE effects, which seem to affect lines of other ele-
ments widely used in other works (Passegger et al. 2018, 2019;
Rajpurohit et al. 2018b), such as K1 (Olander et al. 2021).

This study is structured as follows. In Sect. 2 we describe
the CARMENES GTO sample. We explain the derivation of the
stellar atmospheric parameters in Sect. 3. Finally, we discuss the
results and highlight the main conclusions in Sects. 4 and 5,
respectively.

2. Sample

Until mid-2020, the CARMENES M-dwarf radial velocity sur-
vey comprised 365 targets that cover the full M sequence from
MO0.0V to M9.0V (Quirrenbach et al. 2020). The sample also
includes three K7 dwarfs. Spectra for all stars were collected as
part of the GTO programme of the instrument consortium from
January 2016 to March 2021, equivalent to more than 5000 h of
observing time.

A histogram of the M-dwarf sample analysed in this work is
shown in Fig. 1, while all targets excluded from further analy-
sis are listed in Table 1. Among these targets are one eclipsing
binary (CM Dra; Morales et al. 2009), ten double-line spec-
troscopic (SB2) binaries (Baroch et al. 2018, 2021), and two
triple-line spectroscopic triple systems (Baroch et al. 2021), for
which no reliable parameter determinations could be made. We
also discarded three targets because of conspicuous artefacts

60

50 4

40 A

30 4

Number of stars

20 4

10 4

I This work
B Excluded targets

Q‘OQ‘OQ‘OQ‘OQ‘OQ%Q‘GQ‘OQ
R I RIS

Spectral type

Table 1. GTO M dwarfs excluded from the analysis.

Fig. 1. Histogram of the M-dwarf sample analysed in this work (black)
and the excluded CARMENES GTO targets (blue).

Karmn Name Reason
J00162+198W EZ Psc AB €))]
J01056+284 GJ 1029 AB €))]
J02486+621 2MASS 102483695+6211228 3)
J02573+765 G 245-61 3)
J04198+425 LSR J0419+4233 @
J04219+213 K2-155 3)
J05394+406 LSR J0539+4038 “)
J05532+242 Ross 59 AB €))]
JO7001-190 2MASS J07000682—-1901235 AB (1)
J08536-034 LP 666-009 “4)
J10182-204 NLTT 23956 AB €))]
J10354+694 LP 037-179 AB (1)
J14155+046 GJ 1182 AB €))]
J15412+759 UU UMi AB €))]
J15474—-108 LP 743-031 ABC 2)
J16343+571 CM Dra Aab (®)]
J18356+329 LSR J1835+3259 (@]
J19169+051S V1298 Aql (@]
J19255+096 LSPM J1925+0938 “)
J20198+229 LP 395-008 AB €))]
J20556—-140N  GJ 810 Aab (D)
J23064—-050 2MUCD 12171 (Trappist-1) @
J23585+076 Wolf 1051 ABC 2)

References. (1) Double-line spectroscopic (SB2) binary (Baroch et al.
2018, 2021). (2) Triple-line spectroscopic triple systems (Baroch et al.
2021). (3) Conspicuous artefacts in the CARMENES template spectra.
(4) Spectral type M8.0V or later. (5) Eclipsing binary (Morales et al.
2009).

over multiple orders of their CARMENES spectra. Lastly, after
performing the spectral processing presented in Sect. 3.1, seven
M dwarfs with spectral types M8.0V or later were excluded
due to limitations in our method. Altogether, our final sample
includes 343 CARMENES GTO stars.

A162, page 3 of 25



A&A 656, A162 (2021)

[%2]
P
8 30 4
(%2}
G
o
o 20 -
()
0
Em-
=
—1
() T T T T T T T
0 10 20 30 40 50 60
vsini [km s7]
60 - L .
T o *
2 40 o
e ° .
- R
227 [ LI
0 [ ]
<} . s ° ® 9 ° 9 °
[ ] ' ' L] ° °
R el . 0o
0— T T T T T T T T T T T T T T T T T T T
QQ‘OQ")Q‘O Q%Q‘OQ")Q
ESQESRRESEEESOORRORN

Spectral type

Fig. 2. Distribution of projected rotational velocities larger than
2kms~! in the sample.

Table B.1 displays the CARMENES identifiers, common
names, spectral types from the CARMENES Cool dwarf Infor-
mation and daTa Archive (Carmencita; Alonso-Floriano et al.
2015; Caballero et al. 2016a), radial velocities (v;), projected
rotational velocities (vsini) adopted from Reiners et al. (2018)
if available or computed following the same method otherwise,
signal-to-noise ratios (S/N) over the entire spectra, and activity
flags for the sample. Active stars are identified with an activity
flag 1 if the pseudo-EW of the He line satisfies pPEW’'(Ha) <
034, following Schofer et al. (2019). For most targets, radial
velocities were adopted from Lafarga et al. (2020), who used
cross-correlation with weighted binary masks. For targets that
were not in Lafarga et al. (2020), we adopted the radial velocities
provided by the CARMENES standard radial-velocity pipeline
serval! (Zechmeister et al. 2018, 2020), based on least-squares
fitting using high-S/N templates.

The distribution of vsini in the sample is shown in Fig. 2.
Most targets in our sample (268 stars) do not exhibit significant
rotation, that is, vsini < 2kms~!, while targets with vsini val-
ues higher than this upper limit (74 stars) are typically mid-type
M dwarfs (M4.0-5.0 V).

3. Analysis

In the following we describe the processing of the CARMENES
observations, the selection of the spectral features to be com-
pared with the synthetic spectra, the computation of the synthetic
grid by means of the BT-Settl models and turbospectrum, and
the analysis of the sample with the STEPARSYN code.

3.1. Spectral processing

All M dwarfs considered have been observed with CARMENES
at several epochs since January 2016 (Reiners et al. 2018;
Quirrenbach et al. 2020). The spectra were reduced following

I www.github.com/mzechmeister/serval
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Table 2. Reference stars for the selection of FeI and TiT lines.

Reference star SpT Tt [K]
GX And M10V  ~3700
Luyten’s star M35V ~3400
Teegarden’s star M7.0V ~ ~2900

the standard CARMENES data flow. They were processed and
calibrated in wavelength with the caracal pipeline (Caballero
et al. 2016b). The wavelength calibration relies on a com-
bination of hollow cathode lamps and two temperature- and
pressure-stabilised Fabry-Pérot units that ensure median uncer-
tainties of about 1m s~! in the VIS channel (Trifonov et al.
2018; Zechmeister et al. 2018). As an additional step in the
data flow, individual spectra were corrected for telluric absorp-
tion before the co-addition into template spectra as a way to
increase the S/N. The modelling of the telluric spectra was
done with the software package molecfit? (Smette et al. 2015;
Kausch et al. 2015), which incorporates the line-by-line radia-
tive transfer code LBLRTM (Clough et al. 2005) and the HITRAN
molecular line list (Rothman et al. 2009). Further details on the
removal of the telluric features can be found in Nagel (2019).
The radial velocity pipeline serval (Zechmeister et al. 2018) co-
adds all individual spectra and provides one high-S/N template
spectrum per star and instrument channel. We transformed the
wavelengths onto the air scale following the International Astro-
nomical Union standard (Morton 2000) and corrected the spectra
for the Doppler shift using the corresponding radial velocities of
the targets.

3.2. Selection of spectral features and line masks

The selection of Fe1 and TiT lines employed in this work was
the result of a careful inspection of the template spectra of
three representative early-, mid-, and late-type M dwarfs, namely
GX And, Luyten’s star, and Teegarden’s star (see Table 2). These
M dwarfs show no significant rotation or activity, except for Tee-
garden’s star, which shows relatively little activity for its spectral
type (Zechmeister et al. 2019). In addition, their template spectra
have a very high S/N. This choice of reference stars mirrors that
of Reiners et al. (2018) for their spectral atlas.

For this purpose, we first requested several line lists from
the Vienna Atomic Line Database® (VALD3; Ryabchikova et al.
2015) via the extract all option, across the VIS and NIR
wavelength regions covered by CARMENES. Following the pre-
scriptions of Passegger et al. (2019), we excluded all Fe1and Ti1
lines in the NIR channel (1 > 9600 A) with large Landé factors
(i.e. ger > 1.5) to alleviate the impact of the stellar magnetic field
on the line profiles. The visual inspection was complemented by
a literature search to include some of the Fe 1 and TiT line selec-
tions of Tabernero et al. (2018) and Passegger et al. (2019). The
final list of 75 Fe 1 and Ti I lines along with the synthesised wave-
length ranges can be found in Table B.2. The ranges are wide
enough (i.e. a few A) to circumvent potential problems posed by
convolution at the edges. We also included the TiO y and € bands
for the present analysis (see Table 3) given their high sensitivity
to Tex (Rajpurohit et al. 2014; Passegger et al. 2016). In Fig. 3
we show the template spectra of the three reference stars along

2 http://www.eso.org/sci/software/pipelines/skytools/
molecfit
3 http://vald.astro.uu.se
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Fig. 3. CARMENES template spectra of GX And (M1.0V, J00183+440), Luyten’s star (M3.5V, J07274+052), and Teegarden’s star (M7.0V,
J02530+168) in the VIS channel (fop panel) and the NIR channel (bottom panel). Blue and red shaded regions denote the ranges synthesised in this
work. The two wide spectral gaps in the NIR channel shown as hatched rectangles correspond to regions severely affected by telluric absorption
(Reiners et al. 2018). Inter- and intra-order gaps in the NIR channel are also shown, as grey shaded regions.

with the selected wavelength ranges (see also Figs. 6 and 7). In
contrast to some of the lines used in other works, such as K1
(Passegger et al. 2018, 2019; Rajpurohit et al. 2018b), non-LTE
effects are negligible for FeI and Ti lines (Olander et al. 2021).

We followed Tabernero et al. (2021) to define the wavelength
regions around the observed Fe I and TiI line profiles in the tem-
plate spectra to be compared with the synthetic grid (i.e. the
line masks). We first performed a preliminary Gaussian fit to the
TiT and Fe1 lines by means of the Levenberg-Marquardt algo-
rithm through the Python scipy package (Virtanen et al. 2020).
Next, we adjusted the line profiles assuming an initial width of
30 around their centre, avoiding adjacent spectral features. For

targets with vsini > 4 kms~' where the Gaussian approxima-

tion may no longer accurately reproduce the line profiles, we also
broadened these line regions to account for rotation following the
expression (Tabernero et al. 2021):

AL = 2o 2L
C

ey
where AA is the broadening, Ay, is the central wavelength of the
line, and c is the speed of light.

For active stars (as indicated by the Ha flag), we specifically
excluded some FeT and Til lines that appear to be particularly
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Table 3. TiO bands and wavelength ranges synthesised.

TiO band Range Band head
/lmin [A] /lmax [A] /lhead [A]
7049.69  7058.85 ~7054

v bands 7082.49  7092.31 ~7087
712030  7129.69 ~T7125

¢ bands 8436.60  8446.51 ~8440
8854.87 8864.58 ~8859
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Fig. 4. Coverage of our synthetic grid in T.q, log g, and [Fe/H].

sensitive to chromospheric activity and the stellar magnetic field.
These lines are marked as magnetically sensitive in Table B.2
and will be discussed in a future publication (Lépez-Gallifa
et al., in prep.; for more details, see Montes et al. 2020). This
additional consideration is particularly relevant for M dwarfs
showing magnetic fields that can be as high as several kilogauss,
such as EV Lac and YZ CMi (Shulyak et al. 2019). Overall, the
line exclusion affected a total of 91 active stars in our sample
and proved crucial in reaching convergence and, thus, avoiding
getting unreliable parameters with STEPARSYN.

3.3. Synthetic grid

After the line selection step, we computed a coarse grid of syn-
thetic spectra based on a set of BT-Settl model atmospheres
(Allard et al. 2012) and the 1D LTE spectrum synthesis code
turbospectrum (Alvarez & Plez 1998; Plez 2012). The grid is
representative of the M-dwarf regime and ranges from 2600 to
4500 K and 4.0 to 6.0 dex, when available (i.e. 5.5 dex instead for
models with T.g > 4000 K) in steps of 100 K and 0.5 dex in T
and log g, respectively (see Fig. 4). We set the metallicity, [Fe/H],
to the following values: —1.0, —0.5, 0.0, +0.3, and +0.5 dex. For
all models, we adopted the same micro-turbulence velocities as
in the PHOENIX-ACES library of synthetic spectra* (Husser
et al. 2013). We assumed the solar abundances as reported by
Asplund et al. (2009) and scaled the abundances of the « ele-
ments (O, Ne, Mg, Si, S, Ar, Ca, and Ti) following the discussion
of Gustafsson et al. (2008) for the standard grid of MARCS
models, so that [a/Fe] = —0.4[Fe/H] for —1.0 < [Fe/H] < 0.0, and

4 http://phoenix.astro.physik.uni-goettingen.de/
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[a/Fe]=0.0 (i.e. no enhancement) for [Fe/H] > 0.0. The synthetic
grid was finally stored in a binary file by means of the Python
module pickle (Van Rossum 2020).

The atomic data were gathered via automatic email requests
to the VALD3 database using the extract all option for all
the ranges listed in Tables 3 and B.2. The required molecular data
were compiled from several sources and included H,O (Barber
et al. 2006), FeH (Dulick et al. 2003), MgH (Kurucz 2014), CO
(Goorvitch 1994), SiH (Kurucz 2014), OH (Kurucz 2014), VO
(McKemmish et al. 2016), CaH, ZrO, and TiO (B. Plez, priv.
comm.; see Heiter et al. 2021). To reduce computation times, we
only considered the most relevant transitions in each molecular
line list by applying the following Boltzmann cut (Gray 2008):

log (9f - 4) = xi - 6 > max[log (g - 4) — xi - 0] =5, 2)

where A; denotes the wavelength in A of the transition i, log gf
is the oscillator strength, y; is the excitation potential in eV, and
0 =5040K/T, with T = 3000 K.

As discussed in Tabernero et al. (2021), the STEPARSYN
code allows the synthetic grid to be sequentially convolved on
the fly (i.e. prior to the comparison with the observed spectra) to
account for both the stellar rotation and the instrumental profile
as the main sources of spectral broadening. As for rotation, we
assumed the rotational profile with a limb darkening coefficient
of 0.6 from Gray (2008), and adopted the projected rotational
velocities from Table B.1. Finally, to account for the instrumental
profile, we convolved the spectra with a Voigt profile, assum-
ing the corresponding median averaged Gaussian and Lorentzian
components for the CARMENES VIS and NIR channels
(Nagel 2019).

3.4. STEPARSYN

STEPARSYN is a Bayesian code written in Python 3 designed
to map the probability distributions of the stellar atmospheric
parameters (7., log g, [Fe/H], and vsin i) from a given observed
spectrum following an Markov chain Monte Carlo approach
(Tabernero et al. 2021). It has already been employed in many
astrophysical contexts, including the study of stars in open
clusters (Lohr et al. 2018; Alonso-Santiago et al. 2019), stars
in galaxies of the Local Group (Tabernero et al. 2018), and
exoplanet host stars (Borsa et al. 2021; Demangeon et al. 2021).

In broad terms, the STEPARSYN code compares the
observed spectrum with a grid of synthetic spectra computed
around particular features. Prior decomposition of the syn-
thetic grid following a principal component analysis (Francis
& Wills 1999) helps to assess any given point of the param-
eter space in a computationally inexpensive way. STEPARSYN
finally returns the marginalised posterior distributions in the
stellar atmospheric parameters, as shown in Fig. 5 for a rep-
resentative case (the M1.0V star HD 233153), along with the
best synthetic fits for the atomic lines and molecular bands,
as shown in Figs. 6 and 7, respectively, for the same star (see
Figs. A.1-A.9 for the reference stars GX And, Luyten’s star, and
Teegarden’s star). The corner plot showing the marginalised pos-
terior distribution obtained with STEPARSYN was made with the
Python pygtc package (Bocquet & Carter 2016). Further details
about STEPARSYN can be found in Tabernero et al. (2021).

To avoid degeneracies in the M-dwarf parameter space, par-
ticularly between log g and [Fe/H], we assumed Gaussian prior
probability distributions in T and log g centred according to the
T, stellar mass, and radius reported by Cifuentes et al. (2020)
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Fig. 5. Marginalised posterior distributions in T, log g, and [Fe/H] for
the M 1.0V star HD 233153 (J05415+534). The colour shades denote the
1o, 207, and 30 levels. The retrieved parameters are Teg = 3825 + 14 K,
logg = 4.94 + 0.10dex, and [Fe/H] = —0.04 + 0.06 dex.

for each target when available’, or otherwise the averaged param-
eters as listed in Table 6 in Cifuentes et al. (2020), with standard
deviations of 200 K and 0.2 dex, respectively. Tt and log g prior
distributions for our sample are included in Table B.3. These
T.s values were derived from a thorough multi-band photometric
analysis carried out with the Virtual Observatory Spectral energy
distribution Analyser (vosa; Bayo et al. 2008), whereas the stel-
lar radii and masses were obtained from the Stefan-Boltzmann
law and the mass-radius relation derived by Schweitzer et al.
(2019), respectively.

In Fig. 8 we show a Kiel diagram (i.e. logg versus Teg)
of the prior T and logg values that we adopted for our sam-
ple. Some stars show low log g values, which can be explained
with stellar age. These stars were already identified as young
stars by Schweitzer et al. (2019) on account of their member-
ship in young stellar kinematic groups (Cortés-Contreras et al.,
in prep.). Among these are the Local Association, S Pictoris
Moving Group, the IC 2391 Supercluster, and Castor Moving
Group, with estimated ages of 10-150 Ma (Bell et al. 2015),
18.5 Ma (Miret-Roig et al. 2020), 50 Ma (Barrado y Navascués
et al. 2004), and 440 Ma (Mamajek et al. 2013), respectively.
On the contrary, a few additional targets exhibit a high logg,
probably due to their behaviour akin to subdwarfs, following the
discussion by Schweitzer et al. (2019). All these outliers in log g
are listed in Table 4.

4. Results and discussion

The stellar atmospheric parameters of the sample computed with
STEPARSYN (T, logg, [Fe/H]) are given in Table B.3. Since
some M-dwarf studies do not consider alpha enhancement in the
computation of synthetic spectra (see e.g. Passegger et al. 2018),
we corrected our [Fe/H] scale into [Fe/H].o in order to com-
pare our results more directly with that of the literature. We did

5 https://github.com/ccifuentesr/CARMENES-V

this through a linear interpolation scheme via the scipy pack-
age between the mass fraction of elements heavier than helium
(Z) and the corresponding [Fe/H] value in alpha-enhanced and
alpha-solar (i.e. no alpha enhancement) models, respectively, as
shown in Fig. 9. The correspondence between Z and [Fe/H] was
adopted from the MARCS atmosphere models with standard and
alpha-poor compositions®. The interpolation scheme retrieves
the [Fe/H] o value that corresponds to a given Z defined by the
original [Fe/H] scale.

We note the limitations of our methodology with respect to
the analysis of M dwarfs with spectral types M8.0V or later due
to the scarcity of useful Fe 1 and Ti I lines and the poor sensitivity
of the TiO molecular bands to T.g as a result of dust forma-
tion in the stellar photospheres (Tsuji et al. 1996; Allard et al.
2001). Furthermore, the version of the BT-Settl models used in
this work does not allow for the formation of enough dust in very
late M dwarfs (Allard et al. 2012). However, we note that this
limit in spectral type is similar to other studies based on spectral
synthesis in M dwarfs (Rajpurohit et al. 2018b; Schweitzer et al.
2019).

We compared our results against some recent M-dwarf stud-
ies, including Passegger et al. (2019, Fig. 10), Rojas-Ayala et al.
(2012, Fig. A.10), Gaidos & Mann (2014, Fig. A.11), Maldonado
et al. (2015, Fig. A.12), Mann et al. (2015, Fig. A.13), Passegger
et al. (2018, Fig. A.14), Rajpurohit et al. (2018b, Fig. A.15),
Schweitzer et al. (2019, Fig. A.16), Maldonado et al. (2020,
Fig. A.17), and Passegger et al. (2020, Fig. A.18). The approaches
to the computation of stellar parameters in the M-dwarf regime
are manifold and generally dependent on the covered wavelength
region A4, the spectral resolution R, and the S/N of the spec-
tra. For instance, Tes can be derived from the H,O-K2 index
(Rojas-Ayala et al. 2012), the pseudo-EW of spectral features
(Maldonado et al. 2015, 2020), and spectral fitting to a variety
of synthetic grids, including PHOENIX-ACES (Passegger et al.
2018; Schweitzer et al. 2019), PHOENIX-SESAM (Passegger
et al. 2019), and grids based on BT-Settl models (Gaidos &
Mann 2014; Mann et al. 2015; Rajpurohit et al. 2018b). As for
log g, in some studies it is left as a free parameter in the fit-
ting procedure (Rajpurohit et al. 2018b), while in others logg
is kept fixed instead based on evolutionary models to break the
observed degeneracy in the M-dwarf parameter space (Rojas-
Ayala et al. 2012; Passegger et al. 2018, 2019). In other cases,
logg is derived indirectly from the stellar masses and radii
obtained from different approaches, primarily semi-empirical
calibrations (Gaidos & Mann 2014; Mann et al. 2015; Maldonado
et al. 2015, 2020; Schweitzer et al. 2019). Lastly, stellar metallic-
ity is usually derived from semi-empirically calibrated relations
established between the spectral features of M dwarfs that are
companions of FGK-type stars with known metallicities (Terrien
et al. 2012; Mann et al. 2013a, 2014, 2015; Newton et al. 2014;
Neves et al. 2014; Maldonado et al. 2015, 2020), and the use of
weights in the spectral fitting for spectral features that appear to
be more sensitive to metallicity variations (Passegger et al. 2016,
2018, 2019).

To explore possible sources of systematic trends or offsets,
we followed the same Monte Carlo method as in Tabernero
et al. (2018). We generated 10000 artificial samples based on
the stellar atmospheric parameters derived with STEPARSYN by
assuming a normal distribution centred at the original measure-
ments, and widths equal to the uncertainties in the parameters.
The summary of these Monte Carlo simulations can be found
in Table 5. We computed the Pearson (r,) and the Spearman

6 https://marcs.astro.uu.se/
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Fig. 6. Atomic line fits for the M1.0 V star HD 233153 (J05415+534). The solid black and orange lines are the observed and synthetic spectra,
respectively. The blue and pink shaded areas are the regions of comparison between the observed and the synthetic spectra (i.e. line masks) for
features in the VIS and NIR channels of CARMENES, respectively. The vertical dashed black lines mark the central wavelengths. The species, the
central wavelength, and the effective Landé factor, g.q, of the lines are indicated inside each box.

(r) correlation coefficients, which quantify the degree of cor-
relation between any two given variables. Our temperature scale
appears to have an intrinsic systematic offset relative to the lit-
erature values in the range from 4 to 85 K. The offset is smallest
for Gaidos & Mann (2014) and largest for Mann et al. (2015).
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In other words, all literature sources report on average slightly
lower effective temperatures. However, we note that the offsets
are compatible with zero in all instances but Mann et al. (2015).
Regarding log g, our values appear to be higher (between 0.02
and 0.17 dex on average with respect to the literature), except for
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Table 4. Outliers in log g.

Name Karmn SpT Priorlogg Label @ Remarks
[dex]

Barta 161 12 JO1352-072 M4.0V 4.60 2) Member of S Pictoris Moving Group
RX J0447.2+2038 J044724206 M5.0V 4.82 7) Member of IC 2391 Supercluster
1RXS J050156.7+010845 JO5019+011 M4.0V 4.66 3) Member of S Pictoris Moving Group
RX J0506.2+0439 J05062+046 M4.0V 4.68 &) Member of S Pictoris Moving Group
2MASS J05082729-2101444  J05084-210 MS5.0V 4.59 (6) Member of Local Association
LP 205-044 J06318+414 MS5.0V 4.81 @) Member of Local Association
1RXS J114728.8+664405 J11474+667 M5.0V 491 ®) Member of Castor Moving Group
K2-33 J16102-193 M3.0V 441 “4) Member of Local Association
1RXS J173353.5+165515 J17338+169 MS5.5V 4.86 O] Member of Local Association
LSPM J1925+0938 J19255+096 MS8.0V 5.12 (10) Spectral type M8.0V (see Table 2)
AU Mic J20451-313 MI1.0V 4.54 ) Member of 8 Pictoris Moving Group
Ross 695 J12248-182 M2.0V 5.00 (12) Behaviour akin to a subdwarf
GJ 625 J16254+543 MI1.5V 4.94 (11) Behaviour akin to a subdwarf
Ross 730 J19070+208 M2.0V 4.94 (11) Behaviour akin to a subdwarf
HD 349726 J19072+208 M2.0V 4.94 (11) Behaviour akin to a subdwarf

Notes. Membership in young stellar kinematic groups following Cortés-Contreras et al. (in prep.). Label column refers to Fig. 8. Two and three

stars are superimposed under labels (7) and (11), respectively.
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Fig. 7. Same as Fig. 6, but for the TiO y and € bands.

Rajpurohit et al. (2018b), although even in that case the discrep-
ancies are compatible with zero. As to metallicity, our [Fe/H]
scale seems to agree best with the results by Rojas-Ayala et al.
(2012), Mann et al. (2015), and Maldonado et al. (2015, 2020).
In contrast, large discrepancies in metallicity can be seen when
comparing our results with Passegger et al. (2018, 2019), and
Schweitzer et al. (2019). Among the plausible explanations are
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Fig. 8. Central prior Ter and logg values for the sample following
Cifuentes et al. (2020). The spectral types are colour-coded. The dashed
black line is the average T.s and logg for K7V to M9.0V objects,
with the corresponding uncertainties shaded in grey. The 15 outliers
discussed in Sect. 3.4 are labelled and listed in Table 4. Two and three
stars are superimposed under labels (7) and (11), respectively.

the use of different synthetic models, minimisation algorithms,
and sets of lines in their analyses, especially K 1 lines, which have
been shown to be affected by non-LTE effects that can translate
into metallicity corrections of the order of 0.2 dex (Olander et al.
2021).

Regarding the comparison between our results and the prior
distributions, we find that the spectroscopic T.g values are higher
by 136 + 88K, which is in agreement with the findings of
Cifuentes et al. (2020) when comparing their estimations using
photometry and vosa to spectroscopic studies, namely Passegger
et al. (2019) and Rajpurohit et al. (2018b). This difference is in
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Table 5. Summary of the Monte Carlo simulations on 7T.g, log g, and [Fe/H] between different comparison samples.

Sample Size  Parameter Difference p + 0p s £ 0%
Tesr 64 £ 95K 0.807 +£0.016  0.824 +0.013
Rajpurohit et al. (2018b) 292 logyg —0.23 £0.30dex 0.069 +£0.054 0.051 +£0.054
[Fe/H] —0.25+0.28dex 0.079 £0.054 0.084 +0.053
Teg 25+53K 0.937 +£0.006 0.940 + 0.005
Schweitzer et al. (2019) 287 logg 0.03£0.20dex  0.253 £0.040 0.288 +0.039
[Fe/H] —0.19 £0.17dex 0.397 £0.018 0.467 +£0.013
Tes 48 + 61K 0.931 £0.007  0.930 + 0.006
Passegger et al. (2019) 282 logg 0.13+£0.14dex  0.223 +£0.041 0.259 + 0.042
[Fe/H] -0.20 £0.15dex 0.275+0.051 0.288 +0.049
Ter 29 +44K 0.932 +0.008 0.945 + 0.005
Passegger et al. (2018) 235 logg 0.02+£0.15dex  0.182+0.045 0.241 +0.045
[Fe/H] —0.10+0.12dex 0.288 £0.051 0.350 = 0.048
Tee 29+80K 0.883 +0.014 0.877 £0.015
Maldonado et al. (2020) 102 logg 0.08+0.15dex 0.249+0.071 0.285+0.072
[Fe/H] —0.06 £0.15dex 0.312 £0.063 0.364 + 0.065
Ter 85+ 63K 0.928 £0.011 0.924 £ 0.011
Mann et al. (2015) 86 logg 0.11 £0.13dex  0.355+0.063 0.427 +0.060
[Fe/H] —0.13+0.13dex 0.611 £0.057 0.648 +0.046
Te 4+76K 0.850 +0.030 0.860 + 0.023
Gaidos & Mann (2014) 63 logg 0.09 £0.15dex  0.088 +0.084 0.156 + 0.083
[Fe/H] —0.12+0.11dex 0.643 +£0.064 0.665 +0.051
Tesr 23 + 107K 0917 +0.017 0.911 +£0.015
Passegger et al. (2020) 50 logg 0.17+0.16dex  0.341 +£0.088 0.398 + 0.098
[Fe/H] -0.32+0.12dex 0.264+0.122 0.245+0.138
Tegr 41 £ 124K 0.915+0.019 0.886 +0.021
Rojas-Ayala et al. (2012) 40 log g @ . . .
[Fe/H] —0.15+0.13dex 0.513+0.103 0.533 +0.099
Teg 39+42K 0.884 +0.040 0.883 +0.037
Maldonado et al. (2015) 21 logg 0.12+0.13dex 0.213+£0.169 0.210+0.171
[Fe/H] —0.07 £0.14dex 0.576 £0.116  0.581 +0.100

Notes. We give the average difference on each parameter and the Pearson (7;,) and the Spearman (r;) correlation coefficients (see Sect. 4 for details).

(@Rojas-Ayala et al. (2012) fixed log g to 5.0 dex.

turn more noticeable towards the mid-type and late M dwarfs,
probably due to missing opacity sources. Regarding log g, it also
seems to be higher by 0.08 + 0.14 dex with respect to the prior
values.

Similarly to Figs. 8, 11 is a Kiel diagram of our sample
showing the results obtained with STEPARSYN along with theo-
retical isochrones from the PAdova and TRieste Stellar Evolution
Code (PARSEC; Bressan et al. 2012). Since M dwarfs evolve
very slowly once they reach the main sequence (Burrows et al.
1997), we selected a set of isochrones with an age of 5 Ga and
different compositions, namely [Fe/H]=-0.4, 0.0, and 0.2 dex.
Active and inactive stars in Fig. 11 are shown with different
symbols. First, we note that the fraction of active stars increases
towards the late M-dwarf regime, as discussed by Tal-Or et al.
(2018) and Reiners et al. (2018). While some stars fall inside
the region encompassed by the isochrones, we note that most of
them deviate towards higher values of log g. However, the trend
established by the isochrones is preserved in the retrieved log g
values throughout the diagram. Additionally, conspicuous out-
liers have been labelled and marked with red and blue circles.
Red circles denote seven of the ten targets identified as young
according to Table 4, whereas blue circles indicate other stars
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that also correspond to higher log g values. We note that most of
them are active stars, with the exception of the early M dwarfs
BD+21 652 and HD 275122.

In light of such a large dispersion in logg, we performed
an additional run by fixing log g to the prior values. The results
of this run (Tes, fixed» [Fe/Hlfixed, and [Fe/H]corr, fixed) can also be
found in Table B.3. In Fig. 12 we show the differences in Teg
and [Fe/H] between these two runs. The impact of fixing logg
on T, is well below 100K for most targets, whereas the impact
on [Fe/H] is between 0.1 and 0.2 dex in most cases. In general
terms, the larger the difference in logg between the runs, the
larger the change in [Fe/H], as expected.

To check our metallicity scale, in Fig. 13 we compare the
M-dwarf metallicity distribution presented in this work to that
from the Geneva-Copenhagen survey (Nordstrom et al. 2004),
which comprises around 14 000 F- and G-type dwarfs in the solar
neighbourhood, and is volume-complete to a distance of ~40 pc.
We note that the two distributions are very similar in the low-
metallicity regime, whereas high-metallicity stars appear to be
marginally underrepresented. There appears to be an excess of
M dwarfs with solar metallicity and we retrieve no metallicity
higher than 0.25 dex. The scarcity of high-metallicity values is
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Fig. 9. Interpolation scheme between Z and [Fe/H] in alpha-enhanced
(red) and alpha-solar (black) models.

also noticeable when comparing our determinations with the lit-
erature, as shown in Figs. A.10 (Rojas-Ayala et al. 2012), A.11
(Gaidos & Mann 2014), and Fig. A.13 (Mann et al. 2015).

We also investigated the M-dwarf metallicity distribution in
terms of the kinematic membership of the stars in the Galac-
tic populations, namely the thick disc (TD), the thick disc-thin
disc transition (TD-D), the thin disc (D), and the young disc
(YD) (Montes et al. 2001; Cortés-Contreras et al., in prep.), as
shown in Fig. 14. It can be seen that the mean metallicity of M
dwarfs belonging to the TD is lower than that of those belong-
ing to the D, in accordance with the results presented by Bensby
et al. (2003, 2005).

4.1. M dwarfs with interferometric angular measurements

In Table 6 we compile the 18 M dwarfs in our sample with inter-
ferometrically measured radii from Boyajian et al. (2012) and von
Braun et al. (2014), which may be used along with other infor-
mation (e.g. trigonometric parallax, bolometric flux, isochrone
fitting, and mass-luminosity relations) to derive Tt and logg
independently from spectroscopy. For this reason, this set of stars
is particularly helpful as a benchmark test for any method aimed
at determining stellar atmospheric parameters (Casagrande et al.
2008; Mann et al. 2015; Birky et al. 2020).

Figure 15 shows the comparison in T and logg for these
M dwarfs between Boyajian et al. (2012), von Braun et al.
(2014), and this work. The logg value was computed from the
stellar mass and radius using the standard definition (i.e. g =
GM/R?, where G is the gravitational constant). In general, we
find good agreement, with systematic offsets of 72 + 67K in
T, and 0.10 £ 0.09 dex in log g. However, we note two outliers
in Tef, namely I1 Aqr and HD 173740, which show a difference
around 300 K between the interferometric and the spectroscopic
approaches. Interestingly enough, HD 173740 also belongs to
a wide binary system together with HD 173739, as discussed
in Sect. 4.3. Although they exhibit similar chemical composi-
tions and differ by only one spectral subtype, the T.; derived
from interferometry appears to be irreconcilable between the
two components. In contrast, we derived very similar T.g with

STEPARSYN for both components. However, accounting for this
difference is beyond the scope of this paper.

4.2. M dwarfs in FGK+M systems

The study of multi-star systems serves as a benchmark test for
[Fe/H] given that all components are thought to be formed from
the same molecular cloud, be coeval, and have roughly similar
chemical compositions (Desidera et al. 2006; Onehag et al. 2012;
Souto et al. 2020; Ishikawa et al. 2020). In Table 7 we compile all
M dwarfs in our sample that are bound in wide physical binaries
with an FGK-type primary (Montes et al. 2018). For the FGK-
type primaries, we adopted the metallicities from Montes et al.
(2018), who employed the STEPAR code (Tabernero et al. 2019)
as the preferred implementation of the EW method. For the fast-
rotating F7 V star § Boo A (vsini = 30.4 km s7!, Luck 2017), we
adopted the metallicity from Tabernero et al. (2021).

In Fig. 16 we show the comparison in [Fe/H] between the
components in these FGK+M systems. We find good agreement
between our [Fe/H] determinations for the M-dwarf secondaries,
with an internal scatter of —0.01 + 0.19 dex, which is similar
to what is found in other works (Souto et al. 2020; Antoniadis-
Karnavas et al. 2020). The largest discrepancy in metallicity
between components is found for p Cnc B. If we assume a homo-
geneous chemical composition in FGK+M systems, this star also
exhibits a C/O ratio that is larger than expected for an M dwarf,
since C/O = 1.12 for the primary star (Delgado Mena et al.
2010). We note that the pseudo-continuum level is very sensi-
tive to C/O and alterations in C/O can explain a large fraction of
the variation in the strength of the atomic metal lines in M-dwarf
spectra (Veyette et al. 2016; Souto et al. 2020). However, disen-
tangling the effect of C/O on [Fe/H] computations is beyond the
scope of this paper.

4.3. M dwarfs in M+M systems

Similarly to FGK+M systems, wide physical M+M binaries can
also prove useful as a benchmark test for [Fe/H]. In this case,
both components are analysed with the same methodology (i.e.
spectral synthesis). In Table 9 we list the astrometric parame-
ters (parallax m, proper motion y, and radial velocity v;) along
with the stellar atmospheric parameters (7g, log g, and [Fe/H])
of the 32 M dwarfs in our sample bound in M+M systems. These
include two SB2 systems (EZ Psc and GJ 810) and the M8.0 V
star V1298 Aql (vB 10), for which no reliable parameter deter-
minations could be made (see Table 1). Parallaxes and proper
motions were compiled from the Gaia DR2 and EDR3 releases
(Gaia Collaboration 2018, 2021).

In Fig. 16 we compare the metallicity computed in this work
for both components, in the same way as for the FGK+M wide
binaries. The mean difference in [Fe/H] between components is
0.10 £ 0.08 dex, which is in agreement with other works (0.06 +
0.07 dex, Antoniadis-Karnavas et al. 2020). However, we note
that the differences become larger (i.e. up to ~0.2 dex) in cases
where the components differ by more than one spectral type.

4.4. Choice of model atmospheres

Recent studies have shown that different parameter determina-
tion methods can lead to significant variations in the results
for the same stars (Blanco-Cuaresma 2019; Passegger et al.
2021). These differences can be attributed to a number of fac-
tors, including the choice of model atmospheres, atomic and
molecular data, and radiative transfer code. For this reason, we
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Fig. 10. Comparison between this work and the VIS+NIR analysis done by Passegger et al. (2019). Spectral types are colour-coded. The dashed
black lines indicate the 1:1 relationship.

Table 6. M dwarfs with interferometric angular diameter measurements in common with the CARMENES GTO survey.

Name Karmn SpT R Teit Lol M  Ref.@  Tg4® logg® [Fe/H]corr ®
[Ro] [K] [10°Lo]  [Mo] [K] [dex] [dex]

HD 79210 J09143+526 MO.OV 0.5773 +£0.0131 3907 +35 697+21 0622 Bl2 4015+16 491 +0.08 -0.12+0.05
HD 79211 J09144+526 MO.OV 0.5673 +£0.0137 3867 +37 647+19 0600 Bl12 3983+17 5.17+0.07 -0.03+0.04
GX And JO0183+440 MI1.0V 0.3874 +£0.0023 3563 +11 2173 +2.1 0423 Bl12 3603+24 499+0.14 -052+0.11
BD+44 2051 A J11054+435 MI1.0OV 0.3982+0.0091 3497 +39 2129+26 0403 Bl2 3628+19 5.01+0.13 -0.56 +0.09
BD+25 3173 J16581+257 MI1.0V 0.5387 £0.0157 3590+45 432+13 0.54 vid 3782+ 17 4.87+0.09 -0.05=+0.05
HD 199305 J20533+621 MI1.0V 0.5472 +£0.0067 3692 +22 499.0+6.2 0573 Bl2 3815+16 483 +0.14 -0.10+0.08
HD 36395 J05314-036 M15V 0.5735+0.0044 3801+9 6163+88 0.615 BIl2 3850+27 4.71+0.18 0.05+0.08

Lalande 21185  J11033+359 M15V 03921 £0.0037 3465+17 198.9+12 0403 BIl2 3557+26 495+0.14 -0.49 +0.10
HD 119850 J13457+148 MI1.5V 0.4840 +0.0084 3618 +31 360+ 5 0520 Bl12 3620+24 493+0.12 -0.34+0.07
HD 216899 J22565+165 M1.5V 0.5477 £0.0048 3713 +11 511.2+74 0569 Bl2 3798+21 4.80+0.12 0.03+0.06

HD 285968 J04429+189 M2.0V 0.4525+0.0221 3679 +77 337 +18 0.45 vi4 3678 +16 5.13+0.08 0.00+0.03

Ross 905 J11421+267 M25V 04546 +£0.0182 3416 +£53 2525+1.2 0472 Bl12 3533+26 4.83+0.11 -0.12+0.10
HO Lib J15194-077 M3.0V 0.2990 + 0.0100 3442 + 54 113 +£8 0.297 BIl12 3500+26 497 +0.11 -0.08 +0.07
BD+68 946 J17364+683 M3.0V 04183 +0.0070 3413 +28 212.8+23 0413 Bl2 3389+81 4.89+0.15 -0.06+0.13
HD 173739 J18427+526N M3.0V 0.3561 £0.0039 3407 +15 153.1+1.8 0.318 B12 3473+34 490+0.11 -0.31+0.12
Barnard’s star  J17578+046 M35V 0.1867 £0.0012 3224 +10 33.8+0.2 0.150 Bl12 3254+32 5.13+0.12 -0.57+0.10
HD 173740 J18427+596S M3.5V 0.3232 +0.0061 3104 +28 87.1+12 0.235 B12 3393+48 498+0.12 -0.38+0.18
IL Aqr J22532-142 M4.0V 0.3761 +£0.0059 3129 +19 122 +2 0.37 v1d 3421 +40 4.83+0.10 -0.06+0.10

Notes. @Stellar radii, effective temperatures, luminosities, and stellar masses from Boyajian et al. (2012, B12) and von Braun et al. (2014, v14).
The estimates of the stellar mass from these works conservatively assume 10 and 5% uncertainties, respectively. ¥ This work.

Table 7. M dwarfs in wide physical binaries with FGK-type primaries in common with the CARMENES GTO survey.

Primary Secondary
Name SpT [Fe/H] [dex] Name Karmn SpT Ter [K] logg[dex] [Fe/H]or [dex]
V538 Aur K1V 0.04 £0.02 HD 233153 JO5415+534 MI1.0V 3825+14 494+0.10 -0.02 +0.06
V869 Mon KO0/2V -0.11+0.03 GJ282C J07361-031 MI1.0V 3825+12 5.06+0.08 -0.04 +0.06
HD 154363 K5V -0.62+0.05 HD 154363 B J17052-050 MI1.5V 358714 4.89+0.10 -0.39=+0.07
6 Boo A F7V -0.09+0.01 6BooB J14251+518 M2.5V 355122 490+0.10 -0.14 +0.06
HD 16160 K3V -0.20+£0.02 BX Cet J02362+068 M4.0V 3335+45 491+0.10 -0.24+0.12
0" Eri A K05V —037+0.02 0% EriC J04153-076 M4.5V  3179+61 5.00+0.18 —0.30+0.17
p Cnc G8V 0.29+0.04 pCncB J08526+283 M4.5V 3321 +37 487+008 -0.10+0.11

Notes. Metallicities of the FGK-type primary stars from Montes et al. (2018), except for 6 Boo A, which is from Tabernero et al. (2021). Stellar
atmospheric parameters of the M-dwarf secondaries (T.g, log g, and [Fe/H]) as computed in this work.

A162, page 12 of 25



E. Marfil et al.: Stellar atmospheric parameters of target stars with STEPARSYN

Table 8. Parameters derived for the reference stars with different synthetic grids.

Reference star Grid Test logg [Fe/H]corr
[K] [dex] [dex]
BT-Settl 3603 +£24 499+0.14 -0.52+0.11
GX And MARCS 3675+30 4.90+0.10 -0.45+0.08
PHOENIX-ACES 3664 +37 4.84+0.12 -0.54+0.13
BT-Settl 3380+43 496+0.11 -0.11+0.11
Luyten’s star MARCS 3429 £38 4.88+0.10 -0.08 +0.09
PHOENIX-ACES 3412+50 4.81+0.14 -0.19+0.12
BT-Settl 3034 £45 5.19+020 -0.11+0.28
Teegarden’s star MARCS 3072 +51 5.08+0.16 -0.13+0.24
PHOENIX-ACES 3081 +57 5.10+0.17 -0.24+0.25
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Fig. 11. Kiel diagram of the sample showing the parameters com- ° ] o .3 ; .
puted with STEPARSYN. Squares depict Ha-active stars. The metal- g 00 | . . S0 e’ oo
licity [Fe/H]co is colour-coded. Lines correspond to 5-Ga PARSEC hot o o e
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performed a test on the reference stars (i.e. GX And, Luyten’s - . : /‘/.’-: .. :
star, and Teegarden’s star) with the aim of evaluating the impact 06 ] 5 %
of different sets of models on our parameter computations with o /,’: ° . . e
STEPARSYN. T T T T T
We first computed a synthetic grid based on MARCS models —0.6 —0.4 —0.2 0.0 0.2
by following the same procedure as described in Sect. 3.3. We set [Fe/H] [dex] (log g free)
the MARCS grid from 2500 to 3900 K, 4.0 to 5.5 dex, and —1.0 Alogg
t0 +1.0 dex, in steps of 100K, 0.5 dex, and 0.25 dex in Tef, log g, e o1 02 03 01 0%

and [Fe/H], respectively. Similarly, we adopted the PHOENIX-
ACES grid used by Passegger et al. (2021), which ranges from
2700 to 4500 K, 4.2 to 5.5 dex, and —1.0 to +0.8 dex, in steps of
100K, 0.1 dex, and 0.1 dex in T, log g, and [Fe/H], respectively.
While the MARCS grid is based on atmosphere models with
standard composition and, thus, follows the same scaled [a//Fe]
pattern as the BT-Settl grid, the PHOENIX-ACES grid has
[a/Fe] = 0 since models with [e@/Fe] # 0 are only available for
T > 3500 K (Husser et al. 2013; Passegger et al. 2018). There-
fore, metallicities derived with the PHOENIX-ACES grid do not

Fig. 12. Comparison of Ty (top panel) and [Fe/H] (bottom panel)
between the runs with free and fixed logg. The quantity Alogg is
calculated as log g (prior) — log g (free).

need to be corrected with the interpolation scheme described in
Sect. 4.

In Table 8 we list the parameters obtained for the refer-
ence stars and the considered grids (i.e. BT-Settl, MARCS, and
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transition (TD-D), the thin disc (D), and the young disc (YD), following
Cortés-Contreras et al. (in prep.). The vertical dashed lines indicate the
peak of the distributions.

PHOENIX-ACES). The derived logg and [Fe/H] values agree
within the uncertainties for all models, while the average differ-
ences in 7., log g, and [Fe/H] between models are around 32 K,
0.11 dex, and 0.06 dex, respectively. In addition, the derived Teg
values appear to be slightly higher when using MARCS and
PHOENIX-ACES models. In contrast, log g values are slightly
lower. The differences in these results might arise from the syn-
thetic gap (Passegger et al. 2020), that is, the fact that synthetic
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M dwarfs with interferometric angular measurements (see Table 6). The
dashed black lines indicate the 1:1 relationship, whereas the dotted red
lines show the 1:1 relationship, shifted following the average differences
in each parameter. The blue shaded region denotes the 1o level.

spectra do not perfectly match the observed spectra as a result of
the underlying chemo-physical assumptions (e.g. different equa-
tions of state). However, a more detailed study is required to
further explore the origin of these small discrepancies.

5. Summary and conclusions

We have computed the stellar atmospheric parameters (7.,
log g, [Fe/H], and [Fe/H].o) of 343 M dwarfs observed with
CARMENES with the STEPARSYN code as a Bayesian imple-
mentation of the spectral synthesis technique, along with
a grid of BT-Settl models, and the radiative transfer code
turbospectrum. We excluded one eclipsing binary, ten SB2
binaries, two triple-line spectroscopic triple systems, and three
targets with low-quality spectra to prevent unreliable parame-
ter determinations. To avoid any potential degeneracy in the
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Table 9. Astrometric and stellar atmospheric parameters of the M dwarfs bound in M+M systems in the CARMENES GTO sample.

Karmn Name SpT T Mo COS O Us vp Test logg [Fe/H]com
[mas] [masa™!] [masa™!] [kms™!] K] [dex] [dex]
J00162+198E  LP 404062 M4.0V 65.05+0.04 708.14+0.05 —748.88+0.04 —1.62+0.02 3329+30 4.93+0.07 —0.11+0.09
J00162+198W EZ Psc AB@ M4.0V 65.11+0.04 714.64+0.05 —761.97+0.04 —0.50+0.04
J00183+440  GX And MILOV 280.71 £0.02 2891.52+0.02 411.83+0.01 +11.48+0.02 3603 +24 4.99+0.14 -0.52+0.11
J00184+440  GQ And M3.5V 280.69 +0.03 2862.80+0.02 33643+0.02 +10.68+0.03 331853 520+0.11 —0.36+0.17
J01026+623  BD+61 195 MIL5V 101.42+0.02 731.09 +0.01 90.53 +0.02 -630+£0.02 3791 +19 476+0.11 0.05+0.06
J01033+623 V388 Cas M5.0V 101.37 £0.05  730.40 + 0.04 85.97 +0.05 -6.52+0.08 3057 +49 5.12+0.18 —0.24 +0.24
J02489-145W PM J02489—1432W M2.0V 26.57+0.02  164.07 +0.03 46.55+0.03  +3227+0.06 3655+25 4.98+0.10 0.04+0.05
J02489—-145E  PM J02489-1432E M2.5V 2654 +0.02  174.43 +0.03 4547 +£0.03  +32.40£0.06 357227 4.94+0.12 0.00+0.04
J05365+113 V2689 Ori MOOV 87.53+0.02 —2.82+0.03 -56.35+0.02 +21.51+£0.02 4067 +14 504+0.07 0.01+0.03
J05366+112  PM J05366+1117  M4.0V 87.35+0.03  —3.32+0.04 -60.84 +0.03  +21.53+0.02 3355+23 5.17+0.16 —0.20+0.10
J09143+526  HD 79210 MO.OV 157.89+0.02 —154579 £0.02 -569.05+0.02 +10.69+0.02 4015+16 4.91+0.08 —0.12+0.05
J09144+526  HD 79211 MO0.0V 157.88 £0.02 —1573.04£0.02 —659.91+0.02 +11.90+0.02 3983 +12 5.17+0.07 —0.03 +0.04
J09425+700  GJ 360 M20V 8433+0.02 -671.78+0.02 -271.16+0.02 +6.70+0.02 354723 5.02+0.12 0.00+0.03
J09428+700  GJ 362 M3.0V 8430+0.02 —670.96+0.02 -26546+0.02 +6.35+0.03 3504+30 5.06+0.12 0.02+0.05
J11054+435  BD+44 2051 A MI1.0V 203.89 +0.03 —440647 +0.03 938.53+0.03 +68.58+0.02 3628 +19 5.01+0.13 —0.56+0.09
J11055+435 WX UMa M5.5V 203.83+0.05 -4339.85+0.05 960.70 +0.04 +69.16+0.02 3278 +86 525+0.20 —0.36+0.25
J11110+304E  HD 97101 A K70V 84.18+0.03 591.60+0.02 —197.12+0.03 —16.00+0.03 4211+13 498 +0.07 0.04+0.03
J11110+304W HD 97101 B M20V 84.16+0.02 604.91+002 -206.05+0.02 -15.69+0.02 373020 4.78+0.13 —0.05+0.07
J14257+236W BD+24 2733 A MOOV 61.24+0.02 79255+0.01 —1116.41+0.02 +8.88+0.02 3985+13 4.89+0.08 0.07+0.04
J14257+236E  BD+24 2733 B MO.5V 61.20+0.02 793.44+001 —111891+0.02 +7.96+002 3933+12 4.71+0.11 0.09+0.04
J16167+672S  HD 147379 MOOV 92.88+0.01 —497.92+002 84.05+0.02 —1936+0.02 4034+17 4.78+0.09 0.00+0.04
J16167+672N  EW Dra M3.0V 9290+0.02 -483.01+002 89.05+0.02 —18.78+0.03 3569 +32 4.97+0.11 -0.02+0.06
J16554-083N  GJ 643 M35V 153.88+0.05 —817.58+0.05 —898.60+0.04 +15.50+0.03 3397 +33 5.07+0.12 —0.17 £0.10
J16555-083  vB 8 M70V 15397 +0.06 -813.04+0.06 —870.61 +0.04 +14.41+0.03 3005+21 525+0.18 —0.04 +0.09
J18427+596N HD 173739 M3.0V 283.84+0.02 —1311.68+0.03 1792.33+0.03 —-0.75+0.08 3473 +34 490+0.11 —031+0.12
J18427+596S  HD 173740 M35V 283.84+0.03 —1400.26 +0.04 1862.53+0.03 +1.02+0.08 3393 +48 498+0.12 —0.38+0.18
J19070+208  Ross 730 M2.0V 11325+0.03 —-47827+0.02 -349.09+0.03 +32.06+0.02 3543 +21 5.03+0.12 —0.46+0.07
J19072+208  HD 349726 M20V 11322+0.02 -480.75+0.02 -332.50+0.02 +31.83+0.02 355819 5.06+0.10 —0.46 +0.06
J19169+05IN V1428 Aql M25V 169.06 +0.02 —-579.08 +0.03 —1332.87+0.02 +35.61 +£0.03 3575+25 4.88+0.12 —0.08 +0.08
J19169+051S V1298 Aql® M8.OV 168.95+0.07 —-598.76+0.07 —1366.06+0.07 +35.73 +0.03
J20556-140N  GJ 810 Aab @ M4.0V 84.86+047 1416.62+044 —472.38+0.33 —142.10+0.02 .. ... ...
J20556-140S  GJI 810 B M50V 80.20+0.04 1420.76 +0.04 —472.27 +0.03 —142.04+0.02 3193 +23 4.98+0.10 —-0.36+0.11

Notes. Parallaxes () and proper motions (i, cos d, is) from Gaia DR2 and DR3 (Gaia Collaboration 2018, 2021). Radial velocities (v,) from Lafarga
et al. (2020), except for J00162+198W and J20556—140N, which are from Baroch et al. (2018), and J02489—145E, J02489—145W, J11110+304E,
and J18427+596S, which were computed with serval (Zechmeister et al. 2018, 2020). “Double-line spectroscopic (SB2) binary (Baroch et al.
2018). ®Spectral type M8.0V or later.

M-dwarf parameter space, we imposed prior probability distri-
butions in Tt and log g based on the comprehensive, multi-band
photometric data available for the sample (Cifuentes et al. 2020).
Our method is suited for the M sequence from M0.0 V to M7.0V,
but not beyond, due to the scarcity of Ti1 and Fe 1 lines at M8.0 V
and later spectral types, as well as the insensitivity of TiO bands
to Teg as a result of dust formation (Tsuji et al. 1996; Allard et al.
2001).

We selected 75 Fel and Til lines in the VIS and NIR
wavelength regions covered by CARMENES. Following the pre-
scriptions of Passegger et al. (2019), NIR lines with low Landé
factors (i.e. geg < 1.5) were selected to minimise the impact of
the stellar magnetic field on parameter computations. Even so,
some FeT and TiT lines appear to be highly sensitive to chromo-
spheric activity and the stellar magnetic field and were excluded
in the analysis of the active stars in our sample based on the
Ho flag. Such lines will be discussed in a future publication
(Lopez-Gallifa et al., in prep.).

We also compared our derived parameters with some recent
M-dwarf studies in the literature (Rojas-Ayala et al. 2012;
Maldonado et al. 2015, 2020; Mann et al. 2015; Rajpurohit et al.
2018b; Schweitzer et al. 2019; Passegger et al. 2018, 2019, 2020),
finding similar Tq but disparate metallicity scales. The metallic-
ity determinations that correlate best with the literature are the
[Fe/H]qorr values since they are corrected from the o enhance-
ment of the synthetic grid. The best agreement in metallicity is
found when comparing with Mann et al. (2015), Gaidos & Mann
(2014), and Rojas-Ayala et al. (2012). The M-dwarf metallicity
distribution for our sample is also in agreement with both the
Geneva-Copenhagen survey of FG-type stars in the solar neigh-
bourhood (Nordstrom et al. 2004) and the kinematic membership
of the targets in the Galactic populations (Cortés-Contreras et al.,
in prep.). Regarding log g, we find larger values than the ones
reported in the literature, although fixing log g to the prior val-
ues does not have a strong impact on either the derived Teg
or the [Fe/H] scales. As a benchmark test, we placed special
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Fig. 16. Same as Fig. 15, but for the comparison in [Fe/H] between the
components in FGK+M (blue) and M+M (red) systems (see Tables 7
and 9).

emphasis on the M dwarfs with interferometrically measured
radii (Boyajian et al. 2012; von Braun et al. 2014), wide phys-
ical FGK+M binaries (Montes et al. 2018), and M+M systems.
Despite systematic offsets that are inherent to any methodology,
we find that our parameter determinations are fairly consistent
with the literature values in all these cases.
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Fig. A.1. Same as Fig. 5, but for GX And (M1.0V, J0O0183+440). The
retrieved parameters are Teg = 3603 + 24K, logg = 4.99 + 0.14 dex,
and [Fe/H] = —0.75 £ 0.11 dex.

Appendix A: Additional figures

Figures A.1, A.2, and A.3 show the marginalised posterior distri-
butions in T.g, logg, and [Fe/H] for the reference stars, namely
GX And, Luyten’s star, and Teegarden’s star, respectively (see
Table 2). The best synthetic fits for the atomic lines and molecu-
lar bands for these stars can be found in Figs. A.4, A.5, A.6, A.7,
A.8,and A.9.

Figures A.10, A.11, A.12, A.13, A.14, A.15, A.16, A.17, and
A.18 show the comparison between our results and those of
Rojas-Ayala et al. (2012), Gaidos & Mann (2014), Maldonado
et al. (2015), Mann et al. (2015), Passegger et al. (2018),
Rajpurohit et al. (2018a), Schweitzer et al. (2019), Maldonado
et al. (2020), and Passegger et al. (2020), respectively, as dis-
cussed in Sect. 4.
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Fig. A.2. Same as Fig. 5, but for Luyten’s star (M3.5V, J07274+052).
The retrieved parameters are T.¢ = 3380 + 43K, logg = 4.96 +
0.11 dex, and [Fe/H] = —0.17 +£ 0.11 dex.
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Fig. A.3. Same as Fig. 5, but for Teegarden’s star (M7.0V, J02530+168).
The retrieved parameters are T.qx = 3034 = 45K, logg = 5.19 +
0.20dex, and [Fe/H] = —0.17 + 0.28 dex.
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Fig. A.4. Same as Fig. 6, but for GX And (M1.0V, J00183+440).
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Fig. A.6. Same as Fig. 6, but for Teegarden’s star (M7.0V, J02530+168).
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Fig. A.7. Same as Fig. 7, but for GX And (M1.0V, J00183+440).
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Fig. A.8. Same as Fig. 7, but for Luyten’s star (M3.5V, J07274+052).

Relative flux

7056

7058

708

2

7084 7086 7088 7090 7092 7094

7120

7124

8436

8438 8440 8442 8444 8446 8448

MW/\/NM

-

54

8856 8858 8860 8866

A A

8862 8864

Fig. A.9. Same as Fig. 7, but for Teegarden’s star (M7.0 V, J02530+168).

A162, page 21 of 25



A&A 656, A162 (2021)

M1.0
M1.5

M2.0
M2.5
M3.0
M3.5
M4.0

4100 —
< 4000 71 3
o~ E 7/ o
S 3900 3 7 f_?_
| 3800 3 w7 P
Ve ©
3700 3 A E
& 3600 3 AL &
4 3500 3 %’ g
‘> 3400 3 g* 5
£ 3300 3 %
X 3200 3 ’ 3.
g 3100 3 i =
& 3000 4 7 *Fﬁ?’ 3
2900 =
600 %
T 400 - S,
T 00 el ac T
& 0 e L ———— T
& —200 - o >
< —100 2

—600 T R — g S— e —

M4.5
M5.0

3000 3200 3400 3600 3800 4000
Torr [K] (this work)

—-0.6 —

Fig. A.10. Comparison between this work and Rojas-Ayala et al. (2012).

Teir [K] (Gaidos & Mann 2014)

ATeg [K]

3200 3400 3600 3800 4000 4200
Terr [K] (this work)

Alogg [dex] |,

g g [dex] (Gaidos & Mann 2014)

»
o

o o o

5.4
5.1

4.8

;oo

0.4 —0.’2' ' '0.0
[Fe/H] [dex] (this work)

M5.5

02 04 0.6

e
o

o o <
o o ~

|
e
V)

|
e
IS

—_————
4.5 4.8 5.1 5.4
log g [dex] (this work)

Fig. A.11. Comparison between this work and Gaidos & Mann (2014).
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Appendix B: Additional tables

Tables B.1, B.2, and B.3 are available in their entirety in a
machine-readable form at the CDS. An excerpt is shown here
for guidance regarding their form and content.

Table B.1. Sample of M dwarfs from the CARMENES radial velocity survey analysed in this work.

Karmn Name SpT @ Ur Ref. @ vsini®©  S/N  Ha flag@
[kms™] [kms™]
J04167-120 LP 714-47 K70V~ -7.45+0.05 This work <20 258 0
J11110+304E HD 97101 K70V -16.00 £ 0.03 This work <20 422 0
J18198-019 HD 168442 K7.0V  -14.03 +0.03 Laf20 <3.0 1447 0
J03463+262  HD 23453 MO.OV  3559+0.02 Laf20 33+£40 728 0
J04376+528 BD+52857 MO.OV 3391 +0.01 Laf20 34+1.5 1167 0
J04588+498 BD+49 1280 MO.0V -3435+0.02 Laf20 <20 877 0

Notes. Spectral types from Carmencita (Alonso-Floriano et al. 2015; Caballero et al. 2016a). ®Radial velocities from Lafarga et al. (2020, Laf20)
if available, or computed using serval (Zechmeister et al. 2018) otherwise. “Projected rotational velocities computed as in Reiners et al. (2018).
(@Ha-active stars following Schofer et al. (2019) (1 if active).

Table B.2. Selection of TiI and Fe I lines in the spectra of GX And (M1.0 V), Luyten’s star (M3.5 V), and Teegarden’s star (M7.0 V).

Range Atomic line Magnetically ~ Ref. © GX And Luyten’s Teegarden’s
Amin [A] Amax [A] Aline [A] Element  y [eV] loggf Jeft sensitive ® star star
5636.61 5651.65  5644.134 Til 22674  +0.120 1.010 This work .
5859.04  5874.01 5866.451 Ti1 1.0666  —0.790 1170 This work .
5914.95 5929.51 5922.110 Til 1.0460 -1.380  0.500 This work .
5969.39  5985.75  5976.776 Fel 39433 -1.236 1100 This work .
5978.541 Til 1.8732 -0.312  0.890 This work .
6056.60  6072.73  6064.626 Til 1.0460 -1.670  1.990 This work .
6065.481 Fel 2.6085 -1.530 0.680 This work .
607790  6092.38  6085.226 Ti1 1.0529  -1.331  1.750 This work .
6119.00 6145.00 6126.216 Til 1.0666  —-1.206  1.240 This work . .
6136.615 Fel 24534  -1.400 0.840 This work . .

Notes. The corresponding wavelength ranges synthesised in this work are listed in the first two columns. y, log g f, and g.q are the excitation poten-
tial, the oscillator strength, and the effective Landé factors of the lines, respectively. ” Atomic line data from the VALD3 database (Ryabchikova
et al. 2015). @Lines particularly affected by the stellar magnetic field (Lépez-Gallifa et al. in prep.). ’Lines employed in Tabernero et al. (2018,
Tab18), and Passegger et al. (2019, Pas19).

Table B.3. Prior Tt and log g distributions and stellar atmospheric parameters of the sample computed with STEPARSYN.

Karmn Prior Te @ Prior log g @ Tett logg [Fe/H] [Fe/Hlcorr Tefr. fixed [Fe/Hlxed  [Fe/Hleor fixed Pop.®
[K] [dex] [K] [dex] [dex] [dex] [K] [dex] [dex]

J04167-120 3700 £200  4.62+0.20 3961 +13 5.01+0.09 0.15+0.04 0.15+0.04 3922+14 0.00+0.02 0.00 +0.02 D
J11110+304E 4100 +£200 4.60+0.20 4211+13 498+0.07 0.04+0.03 0.04+£0.03 4195+15 -0.07+0.02 -0.04+0.02 D
J18198-019 4000 £200 4.64+020 4155+14 5.01+0.06 -021+0.04 -0.14+0.04 4215+5 -033+0.03 -022+0.03 YD
J03463+262 3900 £+200 4.67+020 3949+12 4.83+0.09 0.01+0.04 0.01 £0.04 3941+12 -0.08+0.02 -0.04+0.02 YD
J04376+528 3900 £200  4.66+0.20 4039+20 4.94+0.07 -021+0.05 -0.14+0.05 4005+9 -042+0.03 -028+0.03 D
J04588+498 3900 +200 4.65+0.20 3983+13 5.07+0.08 0.02+0.03 0.02+0.03 3981+15 -021+0.03 -0.14+0.03 D

Notes. @ Adopted from Cifuentes et al. (2020). ?Galactic populations, including the thick disc (TD), the thick disc-thin disc transition (TD-D),
the thin disc (D), and the young disc (YD), following Cortés-Contreras et al. in prep.
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