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ABSTRACT

Spectroscopic analyses of young late-type stars suffer from systematic inaccuracies, typically under-estimating metallicities but
over-estimating abundances of certain elements including oxygen and barium. Effects are stronger in younger and cooler stars,
and recent evidence specifically indicates a connection to the level of chromospheric activity. We present here a two-component
spectroscopic model representing a non-magnetic baseline plus a magnetic spot, and analyse the resulting synthetic spectra
of young solar analogues using a standard spectroscopic technique. For a moderately active star with solar parameters and
chromospheric activity index log Rj;, = —4.3 (~ 100 Myr), we predict that [Fe/H] is underestimated by 0.06 dex while vy;c is
overestimated by 0.2 kms™'; for higher activity levels we predict effects as large as 0.2 dex and 0.7 kms~!. Predictions are in
agreement with literature data on solar twins, and indicate that the model is a plausible explanation to the observed effects. The
model is simple enough that it can be included in spectroscopic packages with only changes to the underlying spectrum synthesis

modules, if a log R} value is provided.

Key words: stars: activity — stars: atmospheres — stars: magnetic fields — sunspots

1 INTRODUCTION

Young solar-type stars are characterised through rapid rotation, rela-
tively strong magnetic fields and associated high levels of variability,
together called ‘activity’. These phenomena are connected, as rota-
tion drives the dynamo that generates magnetic fields, and together
they deposit energy in the chromosphere and corona (Wedemeyer-
Bohm et al. 2012) which emit in the cores of strong lines (e.g.,
Leighton 1959) as well as in (soft) X-rays (Zuckerman & Song 2004);
the magnetic stellar wind in turn produces a torque that dissipates
angular momentum (Matt et al. 2015).

The past two decades have amassed evidence of a correlation be-
tween activity levels and distortions in spectroscopic analyses. Morel
et al. (2003, 2004) found correlations between chromospheric activ-
ity and photometric colours as well as an apparent deficit in iron
abundances and a corresponding enhancement in abundance ratios
for several elements in their most active (coolest) stars. A partic-
ularly strong signal is the so-called barium puzzle, where D’Orazi
et al. (2009) found a trend of increasing Ba abundance with decreas-
ing age, where dwarf stars in very young clusters (30-50 Myr) and
active giants in clusters of 700 Myr were found to be enhanced by as
much as 0.6 dex compared to solar. Following that study, other works
validated the observed trend in Ba abundances as a function of age
for both clusters and field stars (Yong et al. 2012; Da Silva et al.
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2012; Mishenina et al. 2015; Reddy & Lambert 2015, 2017; Magrini
et al. 2018). There is also evidence of a connection not only with age
but also the level of stellar activity (Baratella et al. 2021). Further
evidence that young stars may be exhibiting distorted abundances
comes from studies of star forming regions and young open clusters,
which surprisingly exhibit subsolar metallicities for a range of loca-
tions in the Galaxy (e.g., Cunha et al. 1998; Santos et al. 2008; Spina
et al. 2017). Similarly, Kos et al. (2021) found complex abundance
variations in the Orion complex (< 20 Myr) that correlate well with
effective temperature (T,g), with very small star-to-star variations
regardless of spatial location in the complex.

Measurements from particular ionic stages of an atom may be
distorted by factors related to youth or activity. For example, dwarfs
in young open clusters exhibit a significant deviation from ionisa-
tion equilibrium where lines of the ionised species appear correlated
with Teg. In the ~ 150 Myr Pleiades cluster, the coolest stars have
been found to experience overestimated abundances of ionised iron
by nearly 1dex (Schuler et al. 2010). Another finding is that spec-
troscopic estimates of the microturbulent velocity (Vi) are often
anomalously high for young stars. For example, James et al. (2006)
reported measurements in star forming regions (< 10 Myr) as high
as 2.5kms™!, along with significantly sub-solar metallicities in the
coolest stars. As a potential solution to the issue of anomalously high
vmic values, Baratella et al. (2020) presented a methodology based
on measurements from lines of titanium rather than iron, leading to
significantly lower vic values as well as abundances more in line
with expectations for young solar-neighbourhood clusters. They also
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found evidence that the discrepancy between v ;. derived from lines
of titanium, as compared to iron, depended not only on age but also
with the level of stellar activity.

A separate line of evidence has come from spectroscopic time se-
ries, where variations in spectroscopic quantities have found to cor-
relate with variations in chromospheric activity. Flores et al. (2016)
studied how the chromospheric activity indicator S correlated with
other spectral features in the solar analog HD 45184. While they
found a straightforward correspondence with emission in the Balmer
line cores, they also discovered an amplification for a number of
strongly saturated singly ionised lines of iron, titanium and barium,
as well as the inner wings of the Balmer lines. For the young solar
twin HIP 36515, Yana Galarza et al. (2019) found small but signif-
icant evidence of variations in spectroscopic parameters as well as
in the equivalent widths of a iron lines. Foremost, they found that
the variations were most pronounced for lines that formed high in
the photosphere (in line with results from Reddy & Lambert 2017),
and for those with large magnetic sensitivity. Using a standard list
of iron lines, their spectroscopic analysis resulted in small but sig-
nificant correlations between the chromospheric activity level and
the inferred values of T and the metallicity [Fe/H] (which de-
creased) and vpic (which increased). Spina et al. (2020) performed
an extended analysis on a large sample of 211 solar analogue stars
covering chromospheric activity indices log RhK = -541to0 4.3,
that exhibited variations in log Ri{K' For individual stars in their
sample with activity indices log RI/—IK > —5.0, stellar parameters and
line equivalent widths were found to vary significantly, in line with
results from Yana Galarza et al. (2019). Variations correlated both
with the value of log R, and with the variation in log Ry .

The overall result is that increasing stellar activity leads to an
overestimate of vi. and therefore an underestimate of [Fe/H], in
spectroscopic studies based on iron lines. This indicates that stellar
activity is a good candidate to explain the various issues found in
young stars. While it appears possible to derive stellar parameters
from a selection of lines that are largely insensitive to stellar activity
(Baratella et al. 2020), this doesn’t solve the problem of measuring
abundances from species where no activity-insensitive lines exist.
Thus, a spectroscopic model that takes into account the effects of
magnetic cool spots appears necessary.

In this paper, we present a spectroscopic model for the effects of
magnetic cool spots (Sect. 2) and estimate the biases this introduces
on traditional spectroscopic analyses of young solar analogues. Re-
sults of a parameter study for solar-type stars are presented in Sect. 3.
In Sect. 4 we discuss empirical estimates of the underlying param-
eters, and connect these to a single observable — the activity index
log Rf-IK' We present predicted effects on spectroscopic parameters
for solar-type stars, and conclude in Sect. 5 that these are in agreement
with observations.

2 METHODS

We mimic the spectroscopic effects of stellar activity using a
two-component photospheric model. The model represents a non-
magnetic reference photosphere plus a magnetic spot that causes
Zeeman splitting. The spot has identical spectroscopic parameters to
the reference component, aside from a different effective temperature
T.¢ and magnetic field B. We analyse these synthetic spectra as if
they represented real data, to estimate effects on stellar parameters
that would be seen in analyses of active stars.
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2.1 Spectrum synthesis code

We have extended the spectrum synthesis code TurboSpectrum
(v15.1; Alvarez & Plez 1998; Plez 2012) to take into account Zee-
man splitting of spectral lines, following Stenflo (1994). For Zeeman
triplets, magnetic fields of strength B produce a splitting of

Avy = ”‘TBgeﬁ»AB ~0.700kms ™! goq (1/5000A) (B/kG), (1)

where ug ~ 5.79 X 1072 eV G~! is the Bohr magneton and g is
the effective Landé factor. In the optical, magnetically sensitive lines
(with geg 2 1) thus experience Zeeman splitting of the order a few
kms~! within regions of strong magnetic fields such as star spots.
Such splitting may be significantly broader than v ., and can in a
similar way act to de-saturate spectral lines.

Calculations are an extension of those presented in Nordlander
etal. (2019), and we likewise produce synthetic spectra using a grid of
MARCS model atmospheres (Gustafsson et al. 2008). We use atomic
data from the Vienna Atomic Line Database (VALD?3; Piskunov et al.
1995; Kupka et al. 1999; Ryabchikova et al. 2015), which provides
Landé factors for tens of thousands of atomic lines in the optical
region. We explicitly calculate anomalous Zeeman splitting for lines
whenever Landé factors are available for both states of a transition.

Additionally, we take into account molecular lines as background
opacity but do not apply Zeeman splitting here as our molecular
databases lack the necessary Landé factors. Although these are pos-
sible to retrieve (Berdyugina et al. 2000; Afram & Berdyugina 2015),
calculations are involved and beyond the scope of this work as we fo-
cus on the traditional analysis of atomic lines in solar-type stars with
molecular lines primarily contributing background opacity. We in-
clude atotal of 15 million molecular lines, representing the molecules
AlH, C,, CaH, CH, CN, CO, CrH, FeH, H,O, MgH, NH, OH, SiH,
Si0, SiS, TiO, VO and ZrO. A complete list of references is provided
in Table A1l. In this work, optical atomic lines that are unblended in
the solar spectrum have been selected and thus only molecules that
appear in cool spots are of importance, meaning primarily CN and
TiO. In the case of TiO, we note that magnetic splitting is only ever
significant for very low (J/ < 10) rotational levels (Berdyugina &
Solanki 2002).

2.2 Verification on sunspots

We find that our synthetic spectra are able to reasonably well repro-
duce the spectrum of a sunspot umbra (Wallace et al. 1999). We note
that while this sunspot has an excellent spectrum of high resolution
and high signal to noise, it is not further identified or analysed by the
authors and its reference properties such as the location on the solar
surface are not known to us. As an approximation of the line forma-
tion in a single sunspot, we use a flux (full stellar disc) spectrum with
solar parameters except for the choice of a lower effective tempera-
ture. We thus neglect the potential influence of magnetic pressure on
the atmospheric structure as well as potential deviations from non-
magnetic hydrostatic equilibrium and viewing angle effects (see, e.g.,
Rempel 2012).

As illustrated in Fig. 1, we find a good match to the temperature
sensitive TiO y bandhead at 7054 A with T = 4000 K, which is not
unreasonable for a typical sunspot umbra (e.g., Sobotka et al. 1993).
Besides the shape of the bandhead itself, the shape and depth of these
molecular lines is well reproduced by our synthetic spectrum. No
magnetic splitting is evident except for possibly the lines with lowest
J, which are expected to exhibit the largest Landé factors (g > 1
Berdyugina & Solanki 2002). We also find an excellent match to the
wings of the K17699 A resonance line at the same temperature. The
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Figure 1. A high-resolution umbral sunspot atlas (black solid line) compared
to synthetic spectra with and without magnetic fields. The TiO molecular y-
system v = 0-0 R3 band head (top) exhibits a strong temperature sensitivity,
but no magnetic splitting. Synthetic spectra are shown with (red line) and
without (green line) magnetic fields, and with a variation in Tg (shaded blue
area). Molecular TiO lines are identified by their rotational quantum numbers
which run from right to left for J < 16 and left to right for J > 16. The
K1 resonance line (bottom) exhibits strong Zeeman doublet splitting which
allows determining the magnetic field in the umbra of this sunspot.

core of this line is not temperature sensitive but exhibits significant
Zeeman doublet splitting. The observed separation matches well our
prediction with B ~ 2kG, which again is a reasonable value for
sunspot umbrae.

2.3 Synthetic spectrum grid

We generate synthetic spectra representing stars with solar stellar
parameters and varying levels of magnetic activity. These are rep-
resented by a two-component model with a non-magnetic ‘quiet’
component plus a single magnetic ‘spot’ component. Similar models
have been used in the literature (e.g., Basri & Marcy 1988; Rueedi
et al. 1997; Kochukhov et al. 2020). We define a spot filling factor f
and calculate the composite spectrum

F composite = fspotF spot (1- fspot)F quiet- 2

The synthetic spectra differ in T and in magnetic field strength
B, but otherwise use the same stellar parameters: surface gravity
log g = 4.44, metallicity [Fe/H] = 0.0 and microturbulence vy,ic =
1.0km s~ L. For the quiet component, we set an effective temperature
Tquiet = 5771 K and Bgyjer = 0.

We note that this approach leads to a significant decrease in lumi-
nosity compared to a not-spotted star of the same Tg, by upwards
of 30 %, but argue below that various approaches around this used
in the literature would have a rather small impact on our model. For
example, the luminosity can be explicitly conserved by varying Tquiet
while conserving T:ﬁ = fspotbem +(1 - fSPOI)T;uiet (e.g., Somers
& Pinsonneault 2015). This approach was used, e.g., by Wilson &
Casey (2023), who found that even with no magnetic fields, the pres-
ence of spots and its star-to-star variation may introduce a scatter in
the inferred metallicities at the 0.05 dex level. Studies of both the Sun
and solar analogues also indicate that the luminosity is not necessar-
ily conserved on short timescales, as periods with large sunspots or of
increased chromospheric activity correspond to significant reduction
in brightness (e.g. Willson et al. 1981; Hall et al. 2009).
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It’s also possible that magnetic pressure either offsets or adds
to the gas pressure. Magneto-hydrodynamic studies have found a
depression in gas pressure, compared to the non-magnetic case, by
some 30 %; this lower gas density decreases the opacity such that the
optical surface forms deeper, where both pressure and temperature
are relatively higher (see Rempel 2012, for details). We note that
our verification on the umbra of a sunspot using pressure-sensitive
features did not obviously require any such changes (see Fig. 1).

For the spot components, we consider synthetic spectra over the
ranges Teg = 4771-5771K, B = 0-3kG. We generate composite
spectra for a wide range of spot filling factors, fspor = 0-0.5. An
extensive grid of synthetic spectra covering FGK-type stars with
spots is generated for use in future work.

2.4 Spectroscopic measurements on synthetic spectra

We perform spectroscopic measurements on our synthetic spectra
representing spotted stars, treating these as if they were real stars.
We analyse spectra using a strictly differential line-by-line analysis
method, as outlined by Spina et al. (2020, and references therein).

Briefly, we created a line list taking the one from Meléndez et al.
(2014) as reference. It comprises a set of 94 lines of Fe 1, 18 of Fe 11, as
well as 59 lines of other metals including Sc, Ti, V, Cu, Y and Ba (in
light of the results reported in Baratella et al. 2021). The lines have
been selected based upon their suitability for analysis in solar type
stars, however with no consideration of their magnetic sensitivity. In
practice, their effective Landé factors range from geg = 0 to 3.

The equivalent widths (EWSs) of each line were measured with the
smhr! and stellar diff? codes, which allow the user to define
masks for continuum setting around the spectral line of interest and
to measure the EWs, respectively. The masks are created considering
regions of continuum completely free from strong absorption lines,
within a spectral window varying from 3 to 5 A around the line
of interest. Once the masks are created, stellar diff applies the
same continuum mask to all the spectra, fitting the lines with a
Gaussian profile.

After measuring EWs, we derive stellar parameters for each com-
posite synthetic spectrum using the qoyllur-quipu® code (g2,
Ramirez et al. 2014). This publicly available tool is a python wrap-
per of MOOG (version 2019) that automatically derives the stellar
parameters (Tu,10g g, Vic, and [Fe/H]) through a line-by-line dif-
ferential analysis. In particular, the parameters and abundances are
computed with respect to a reference star, which in our case is the
synthetic quiet solar spectrum, to minimise the impact of model
uncertainties and errors in the atomic data. We refer the reader to
Meléndez et al. (2014) and Ramirez et al. (2014) for a more detailed
description of the technique.

This results in an estimate of the stellar parameters and how these
would vary in real stars as a function of our model parameters repre-
senting stellar activity: fspot, Tspot and Bgpot.

2.5 Photometric predictions

We calculate synthetic photometry from our model spectra of spotted
stars. Calculations used transmission curves for the Johnson-Cousins
system from Bessell (2005) and for 2MASS from (Cohen et al. 2003),
to calculate the B, V and K magnitudes. Combinations of these are

! https://github.com/andycasey/smhr
2 https://github.com/andycasey/stellardiff
3 https://github.com/astroChasqui/q2
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commonly used in the literature to estimate stellar temperatures. For
the colour-temperature transformation, we used the commonly used
empirical calibrations from Casagrande et al. (2010), and shifted our
predicted colours so that the non-spotted reference model reproduces
the solar nominal T.¢ value, 5771 K.

3 RESULTS

We investigate variations in inferred stellar parameters for young so-
lar analogues with spot coverage fraction (fspot), spot magnetic field
strength (Bspot) and spot temperature (Tspot). Specifically, we inves-
tigate variations in the inferred effective temperature (7o), surface
gravity (log g), metallicity ([Fe/H]) and microturbulence (vpjc), as
well as the spectral lines Fe 15247 A and 5374 A. The two reference
spectral lines are selected to have similar line strength (about 60 mA)
and with similarly strong magnetic sensitivity, but with very different
temperature sensitivity. Fe1 5247 A has geg = 2.0, Ejoy = 0.09¢V,
while Fe 15374 A has g = 1.67, Ejow = 4.47 €V. As we have varied
the three stellar activity markers independently, we illustrate them
here one at a time.

Figure 2 illustrates effects on stellar parameters when neglecting
magnetic fields but varying the spot coverage ( fspot) and temperature
(Tspot). We find a straightforward correspondence between Tgpot and
the result for T,¢ (effects as large as 300 K), and likewise a significant
strengthening of Fe1 5247 A yvith decreasi?g Tspot (strengthening by
as much as 0.08 dex or 13 mA). Fe1 5374 A is only weakly sensitive
to temperature and does not vary significantly with Tgpot. Other stellar
parameters do not exhibit straightforward variations with Typot. This
indicates that our spectroscopic analysis is rather immune to these
changes. In other words, there is no significant cross-talk between the
surface temperature and these other parameters except in the most
extreme case (at the largest fypot, smallest Tgpor value), but rather
effects are captured by the estimated T, value.

We also estimate effects on the photometric magnitudes when
neglecting magnetic fields but varying the spot coverage (fspot) and
temperature (Tpot), shown in Fig. 3. Effects are straightforward, with
effects as large as 0.56 mag in B, 0.42mag in V, and 0.12 mag in K.
The corresponding effects to T, as estimated from the B — V and
V — K colours show a similar behaviour to the spectroscopic T,
resulting primarily from the change of the spectral energy distribu-
tion and with only a minor secondary effect from the varying line
blanketing.

In Fig. 4, we investigate the effects on stellar parameters when
spots are strongly magnetic, with Bspot = 3kG, but leaving the ‘quiet’
stellar surface nonmagnetic. With this setup, we find a straightforward
variation in some stellar parameters as fspot increases. We find that
the strong magnetic field amplifies effects on T, and furthermore
results in a reduction of [Fe/H] and an increase in vyy;, as well as an
increase in the strengths of both Fe1 lines. When varying Tspot, we
find a stronger impact on 7 than in the non-magnetic case. We find
a weakened correspondence between Typot and the strength of the Fe 1
lines, with a non-monotonic variation. Rather, the lines strengthen
significantly due to magnetic amplification, by up to 0.3 dex (60 mA)
for Fer 5247 A and 0.16dex (30mA) for Fer 5374 A. Effects on
[Fe/H] and log g essentially scale linearly with Tspor and fspot, and
grow as large as —0.16dex and —0.4 dex. The behaviour of v;¢
is more complex, where the largest effects (+1.4kms™!) are found
for spots that are magnetic but with no temperature variation, while
cool spots result in effects as large as +0.7kms~!. Effects on the
photometric T, are not shown as they are effectively identical to the
non-magnetic case.

MNRAS 000, 1-10 (2024)

We note that the spectral lines selected for this comparison are
strongly magnetically sensitive and therefore prone to ‘magnetic in-
tensification’ (Babcock 1949). As indicated by the lack of correspon-
dence between effects on [Fe/H] and the strength of these individual
lines, there isn’t necessarily a direct correspondence between the al-
tered strength of the spectral lines and their inferred abundance due
to the variation of other stellar parameters.

Ample data are available on the coverage and properties of
sunspots. Typical temperatures are lower than the surrounding so-
lar surface, with a difference between spot temperatures and the
effective temperature of AT = Typot — Tefr ~ —1000 to —2000K for
the umbra of spots and AT ~ —300K for the penumbrae (Solanki
2003). Suites of 3D magneto-radiation-hydrodynamic (MRHD) sim-
ulations of the solar photosphere with strong magnetic fields produce
spots with typical temperatures approximately 1000 K cooler than the
photosphere (Heinemann et al. 2007; Rempel et al. 2009a,b; Rempel
2011, 2012). For young solar analogues, inversion methods have in-
dicated large spots that exhibit similar temperature contrasts (see the
review by Berdyugina 2005). For example, the ~ 50 Myr solar twin
EK Dra exhibits a solar-like activity cycle and large-scale spots with
umbral temperature contrasts AT ~ —1000 to —2000 K (Rosén et al.
2016; Waite et al. 2017; Jdrvinen et al. 2018). Similarly, temperature
contrasts of AT ~ —2000 K were found for a number of ~ 20-30 Myr
solar analogues, including the IC 2602 member HD 307938 (Marsden
et al. 2005), HD 29615 (Waite et al. 2015) and HIP 89829 (Perugini
etal. 2021). Another ~ 30 Myr solar analog star, V1358 Ori, exhibits
both cool spots with AT ~ —1500 K and hot spots with AT ~ +350 K
(Kriskovics et al. 2019). It therefore appears reasonable to assume
that large cool spots are predominantly featured on the surfaces on
young solar-type stars, and that a temperature contrast for the cool
spots of AT = —1000 K is not unreasonable. In the rest of this section
and the following, we focus on this scenario.

We select Tgpot = 4771 K (i.e., Tspot = Ter — 1000 K) for our test
case illustrated in Fig. 5. With this choice, we find a direct relation
between Bgpot and stronger effects on the inferred parameters. Clearly,
the effect of magnetic intensification is directly responsible for the
bulk of effects on all stellar parameters. We note that the Fe1 lines
were selected because they are saturated and magnetically sensitive,
with similar Landé g.g values, and therefore both exhibit strong
magnetic amplification. We note also that despite this amplification,
we see a decrease in [Fe/H]; this is largely due to the decrease in
T As previously indicated, varying the magnetic field strength has
effectively no impact on the estimated photometric magnitudes and
resulting T, estimates, and these plots are therefore not shown.

4 DISCUSSION

We have shown in Sect. 3 that our two-zone stellar model comprising
a non-magnetic ‘quiet’ component combined with a cool magnetic
component together yield significant variations in the inferred spec-
troscopic stellar parameters for young solar analogues. In particular,
we find that models with large coverage of cool spots and with a strong
magnetic field yield significant variations in all stellar parameters of
a magnitude that is possible to measure in high-precision spectro-
scopic work. In order to interpret spectroscopic data in the literature,
it would be useful to predict the spectroscopic effects purely from
external indicators. Predictions from this model could be incorpo-
rated into spectroscopic analyses with no additional free parameters,
beyond those inherent to the model itself.
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Figure 2. Predicted changes to stellar parameter measurements in young solar analogues with variations in spot coverage fraction ( fspot) and spot temperature
(Tspot) When neglecting magnetic fields. The inferred stellar parameters are the effective temperature (Tef), surface gravity (log g), metallicity ([Fe/H]) and
microturbulence (vpy;c). The rightmost panels indicate logarithmic changes to the strengths of two Fe 1 lines with low (top) and high (bottom) excitation energy
but similar line strength and magnetic sensitivity (see text for details). The somewhat blotchy behaviour for log g, [Fe/H] and vy is due to imperfections in
convergence of our spectroscopic fitting method; seemingly random variations at these smallest scales should not be interpreted as real.
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4.1 Inferring spot properties in active stars

Spots cannot normally be resolved on the surface of stars through
direct imaging. We therefore need a means of translating our theoret-
ical models (parametrised by fspot, Bspot and Tspot) into observables
that are commonly available for solar-type stars. The chromospheric
activity index RiIK is such a suitable observable, but unfortunately
lacks a direct connection to our theoretical parameters.

Kochukhov et al. (2020) studied a set of 15 stars, primarily so-
lar twins, with ages in the range 27-4500 Myr and activity indices
-4.8 < log Rf{K < —4.0, in order to determine their large scale
magnetic properties using optical intensity spectra. They found that
magnetic regions have similar field strengths, B = 3.2 + 0.6 kG, in
all stars regardless of activity level; variations in the average mag-
netic field (B) were instead driven by variations in the spot filling
factor fspot. They found that power laws described well the relations
between fspot and the mean magnetic field (B), and furthermore
power law relations between (B) and several activity proxies includ-
ing R/, across a wide range of levels of activity. We use their data

HK”
to determine a power law fit,

1og Riy = 10g fipot (0.77 £ 0.19) — 3.82 + 0.14, 3)

and illustrate this in Fig. 6. The formal errors of the fit are shown by
grey shaded regions in the plot, and range from 0.16 dex at fspor = 0.4
to 0.24 dex at fypor = 0.1. Conversely, at the solar activity level of
log RhK ~ —4.9 (Noyes et al. 1984) we find a 10 allowed range
0.01 < fspot < 0.08. In our fit, we have excluded HD 29615, which
lacks a reference log R;-IK value, and £ Boo A, which is significantly
cooler than the other stars in the sample and therefore may not follow
the same spot—activity relationship.

Although not used in our tests, we also derive a relationship to the
X-ray flux in the ROSAT (Boller et al. 2016) 0.1-2.4 keV band based
on the data compiled by Kochukhov et al. (2020),

log Lx /Lol = 10g fipot(2.43 £ 0.53) = 2.71 £ 0.39. )
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This is advantageous for stars that may lack blue spectroscopy nec-
essary to derive log Rf{K, but that may have X-ray measurements
from large-sky surveys surveys such as (for the above data sources)
ROSAT, Chandra (Evans et al. 2010), XMM-Newton (Webb et al.
2020), or eROSITA (Merloni et al. 2024). Due to differences in the
integrated energy band for integrated X-ray fluxes from different in-
struments, values should be converted to the ROSAT reference used
here (following, e.g., Wright et al. 2011).

We note that Hahlin et al. (2023) performed a similar study to
Kochukhov et al. (2020), but using near-infrared rather than optical
spectra. This enables measuring weaker magnetic fields thanks to
the linear scaling of the Zeeman splitting with wavelength (eqn. 1).
Their results imply magnetic field strengths 2-3 times weaker than
from optical data and spot filling factors 30 % smaller. Systematic
errors beyond our statistical error bars may therefore be present in
the translation from theoretical to observational parameter space.

4.2 Predictions for spectroscopic effects in active stars

We show in Fig. 7 our predicted effects on stellar parameters for young
solar analogues as a function of the activity index log RﬁK. This
uses the power law fit between log R;{K and fspot, and with Tgpor =
4771K (i.e., adopting a typical umbral temperature 1000 K below
Ter) and Bgpot = 3kG (a typical field strength for large magnetic
regions). Predictions are compared to empirical estimates measured
from solar twins (Spina et al. 2020). For clarity, an indicative age
scale is also shown, based on a relationship between activity index
and age (Mamajek & Hillenbrand 2008). We note that the more up
to date log RﬁK—age relation from Lorenzo-Oliveira et al. (2018) by
construction avoids the young and saturated regime, and thus is less
applicable to the most active stars we aim to model here.

At an activity level of log R;{K = —4.3, corresponding to an age
of roughly 100 Myr, we predict changes to the spectroscopic stel-
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Figure 5. Predicted changes to stellar parameter measurements with variations in spot coverage fraction (fspot) and spot magnetic field strength (Bspot).
Calculations assume a spot temperature Tspor = 4771 K, i.e., 1000 K below Tegr. Effects on stellar parameter measurements grow stronger with increasing fspot
and Bypot, with generally negative sign for Tef, log g and [Fe/H], but positive sign for vyc and the strength of the Fe lines.
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Figure 6. Empirical relationship between spot coverage fraction (fspot) and
activity index (log R}’{K) for solar analogue stars from Kochukhov et al. (2020).
A power law fit is overplotted, constrained for activity indices in the range
-4.8 <log Rjjx <4.0.The 1o and 20" confidence regions are indicated by
the vertical dark and light grey shaded regions.

lar parameters of AT = —230K, Alogg = —0.20dex, A [Fe/H]| =
—0.06 dex, Avpic = +0.17km s~ !, and to the strengths of Fe 15247 A
and 5374 A of +0.09dex (15mA) and +0.04 dex (7mA). We es-
timate error bars for these estimates based on uncertainties in the

translation between log Rf{K and fspot, and these are roughly 140K,

0.10dex, 0.04 dex, 0.14 km s_l, 0.06 dex and 0.03 dex. At the most
extreme levels corresponding to log Rf{K = —4.0, these changes
reach ATz = —700K, Alogg = —0.4dex, A [Fe/H] = —0.2dex,
Avpic = +0.7kms™!, and for Fer 5247 A and 5374 A, +0.3 dex
(60mA) and +0.1 dex (25 mA). Compared to Spina et al. (2020), we
predict an earlier but less steep onset for changes in Teg, a later but
more steep onset for vpic, and very similar trends for [Fe/H]. We
note that Spina et al. (2020) didn’t find significant variations in log g,
consistent with our modest predicted effect on this parameter.

A potential conflict exists between our predicted effects on T,
which agree qualitatively with observations from Spina et al. (2020),
and the good agreement between spectroscopic and photometric tem-
peratures found by Baratella et al. (2020). As indicated in Sect. 3,
effects on the photometric T, estimate are similar but not identical
to the spectroscopic measurement. At log RI’_IK = —4.3 and —4.0, we
predict relatively small effects, AT g(B—V) = —100 and —300 K, and
AT.5(V — Kg) = —175 and =500 K. Disagreement at the 100 K level
should therefore be apparent in solar twins younger than 100 Myr.
We note that while existing data clearly indicate brightness varia-
tions correlating with the stellar activity cycle (e.g., Hall et al. 2009),
variations in colour are not well understood as existing data appear
insufficient. Our predicted effects on colours are as large as 0.1 mag
for B—V and 0.4 mag for V — K, but we note that cyclical variations
would be significantly smaller than this and therefore compatible
with the lack of a signal in observations of b — y.

Our predicted effect on [Fe/H] at log RﬁK = —4.3 is in very close
agreement with the average metallicity found in nearby star forming
regions, —0.07 + 0.03 dex (Cunha et al. 1998; Santos et al. 2008;
Biazzo et al. 2011, 2012; D’Orazi et al. 2011; Spina et al. 2014,
2017). The agreement is very encouraging, but we note there may
exist systematic differences between our spectroscopic analyses, not

MNRAS 000, 1-10 (2024)
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Hillenbrand 2008).

the least in the line selection. Further, these stars are younger than
100 Myr and may exhibit even stronger chromospheric activity. Our
predicted effect on [Fe/H] at log Ri_IK = —4 (age ~ 10Myr) of
—0.15 dex would imply that these star forming regions actually have
slightly supersolar metallicity (in agreement with, e.g., Baratella et al.
2020).

5 CONCLUSIONS AND SUMMARY

We have shown that star spots on stellar surfaces may systematically
perturb spectroscopic measurements, in a way that depends critically
on both the temperature and magnetic field of the spot. In tests on
solar synthetic spectra, the temperature of the spot directly influences
the inferred stellar effective temperature (7o), and cool spots may
significantly strengthen certain spectral lines. For magnetically sen-
sitive lines, Zeeman splitting effectively produces broadening with
a width similar to the intrinsic line width. For saturated lines, this
leads to an amplification that partly mimics the effects of microturbu-
lence (vpyic), but varies from line to line according to their magnetic
sensitivity (gefr)-

We have analysed synthetic spectra of spotted stars with solar
parameters in a detailed line-by-line differential spectroscopic analy-
sis, treating them as if they were real stars. When modelling strongly
magnetic cool spots, we infer systematic changes in the spectroscopic
stellar parameters that vary directly with the surface spot coverage
(fspot)- We find an interplay between the spot temperature and mag-
netic field strength that strengthens the effects on the inferred iy,
log g and [Fe/H], but partly cancels for effects on vi.. When adopt-
ing a relation between the log REK activity index and fgpot, we find
systematic variations in stellar parameters that are in agreement with

MNRAS 000, 1-10 (2024)

observations of young stellar twins (Spina et al. 2020). We find re-
markably good agreement in the sign and magnitude of effects, but
mild disagreement in the activity level where these effects set in. Our
simulations indicate an onset of significant effects on spectroscopic
stellar parameters for stars with log R/, > —4.6 corresponding to
ages less than about 1 Gyr (Mamajek & Hillenbrand 2008). Effects
grow stronger for more active, younger, stars.

Although we predict effects in good agreement with observational
data from Spina et al. (2020), we note that the effects on T.g are
predicted to onset at too low activity levels, while effects on vy;¢
appear only at high activity levels. It is unlikely these differences
could be explained solely by systematic uncertainties or variations
in the empirical log RﬁlK* fspot relationship. Rather, they may reflect
shortcomings in the observational data, our simple model of stars
with cool spots, or both. We note also that our inferred effects may
not be directly applicable to studies that used other linelists, nor to
stars that are not solar analogues.

The empirical log Rf{K_ fspot relationship used in this work was
derived from measurements of magnetic spots in young solar ana-
logues (Kochukhov et al. 2020). It should be verified whether this
relationship applies also to stars of other spectral types, and further
how parameters like the magnetic field strength or the spot tempera-
ture (contrast) depends on the spectral type.

Additional data on young stars throughout their activity cycle, and
especially for stars with cycles that span a wide range in the activity
index at a high average value, will help better constrain the empirical
effects. Data from Spina et al. (2020) covers solar twins over a wide
range of activity indices, but is least complete for moderately-to-
very active stars with log R/, values in the range —4.7 to —4.0 (ages

HK
< 2Gyr); this is also the range where effects are significant. Their



data do not indicate star-to-star variations, but rather agree well with
a simple dependence on the activity level.

A potentially important modelling shortcoming is that the presence
of strong magnetic significantly alters the structure of the photosphere
beyond the assumptions of our simple model. Advanced 3D MRHD
simulations have been used to predict photospheric structures in a
small number of cases for the Sun (e.g. Heinemann et al. 2007,
Rempel et al. 2009a,b; Rempel 2011, 2012) and stars of different
spectral types (Panja et al. 2020). Due to the immense computational
cost of such simulations, it is likely that a simplified approach to
describe magnetic spots is required for detailed applications such as
abundance analyses. Another mechanism, further to that considered
in this work, is that chromospheric emission may be present in the
cores of strong lines that form in the highest layers of the photosphere.
Semi-empirical chromospheric model grids like that presented by
Vieytes et al. (2005) could be used to test this effect. We note also that
the use of hydrostatic non-magnetic model atmospheres with adjusted
effective temperature, although common in the study of spotted stars,
may be insufficient for detailed abundance work and indeed is not the
standard in solar physics. Semi-empirical model atmospheres such
as the umbral model of Maltby et al. (1986) typically exhibit a flatter
temperature structure and an overall lower gas pressure than standard
hydrostatic atmospheres, which would alter the spectral imprint of
spots.

Large cool and warm spot structures have been seen on young so-
lar analogues, e.g., V1358 Ori (Kriskovics et al. 2019). It’s not clear
if the warm spots in these cases are analogous to cool spots, or if
they are large versions of faculae which are seen on the solar surface,
and which are known to dominate over cool spots in stars of solar
age (e.g., Radick et al. 1998; Montet et al. 2017). Regardless, such
findings may call for a more involved model with additional param-
eters, e.8., Al¢ool, AThots Beools Bwarm, fwarm and fwarm. Empirical
data on these parameters are necessary in order to constrain such a
model, especially if the warm and cool spot coverage fractions vary
differently with age. We therefore caution the reader that in case the
presence of warm spots is indeed crucial, then the model proposed
in this work will be insufficient in this regard. In contrast, our cur-
rent model is sufficiently simple and straightforward that it can be
implemented in stellar spectroscopy packages with the addition of
the single additional stellar parameter log R;_IK (orlog Ly /Lpo1), and
can be used without any changes to the spectroscopic setup.

Further work on these effects will focus on improving the theoret-
ical model and extending the application to young dwarfs and giants
more broadly. A full treatment of polarised radiative transfer is likely
necessary in order to accurately represent the effects of Zeeman split-
ting (see, e.g., Cristofari et al. 2023). We will include these effects in
our future work, where we also focus on outstanding problems like
the Ba puzzle (D’Orazi et al. 2009).
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DATA AVAILABILITY

The radiative transfer code TurboSpectrum is freely available
(Plez 2012; see also Gerber et al. 2023), and the molec-
ular linelists (Table Al) are available for download from
Bertrand Plez’s website https://www.lupm.in2p3.fr/users/
plez. The linelist modifications for Zeeman splitting imple-
mented here are trivial, but the code will be shared upon re-
quest. The spectrum analysis codes are likewise freely avail-
able: smhr, stellar diff and qoyllur-quipu (qz) are
available at https://github.com/andycasey/smhr, https://
github.com/andycasey/stellardiff and https://github.
com/astroChasqui/q2.

REFERENCES

Afram N., Berdyugina S. V., 2015, A&A, 576, A34

Alvarez R., Plez B., 1998, A&A, 330, 1109

Babcock H. W., 1949, ApJ, 110, 126

Baratella M., et al., 2020, A&A, 634, A34

Baratella M., et al., 2021, A&A, 653, A67

Barber R. J., Tennyson J., Harris G. J., Tolchenov R. N., 2006, MNRAS, 368,
1087

Basri G., Marcy G. W., 1988, ApJ, 330, 274

Berdyugina S. V., 2005, Living Reviews in Solar Physics, 2, 8

Berdyugina S. V., Solanki S. K., 2002, A&A, 385, 701

Berdyugina S. V., Frutiger C., Solanki S. K., Livingstone W., 2000, A&A,
364, L101

Bessell M. S., 2005, ARA&A, 43,293

Biazzo K., Randich S., Palla F., 2011, A&A, 525, A35

Biazzo K., Alcald J. M., Covino E., Frasca A., Getman F., Spezzi L., 2012,
A&A, 547, A104

Boller Th., Freyberg M. J., Triimper J., Haberl F., Voges W., Nandra K., 2016,
A&A, 588, A103

Brooke J. S. A., Bernath P. F., Schmidt T. W., Bacskay G. B., 2013, Journal
of Quantitative Spectroscopy and Radiative Transfer, 124, 11

Brooke J. S. A., Ram R. S., Western C. M., Li G., Schwenke D. W., Bernath
P.F., 2014, ApJS, 210, 23

Burrows A., Ram R. S., Bernath P., Sharp C. M., Milsom J. A., 2002, ApJ,
577, 986

Cami J., Sloan G. C., Markwick-Kemper A. J., Zijlstra A. A., Bauschlicher
C. W., Matsuura M., Decin L., Hony S., 2009, ApJ, 690, L122

Casagrande L., Ramirez I., Meléndez J., Bessell M., Asplund M., 2010, A&A,
512, A54

Cohen M., Wheaton Wm. A., Megeath S. T., 2003, AJ, 126, 1090

Cristofari P. L., et al., 2023, MNRAS, 522, 1342

Cunha K., Smith V. V., Lambert D. L., 1998, ApJ, 493, 195

D’Orazi V., Magrini L., Randich S., Galli D., Busso M., Sestito P., 2009, ApJ,
693, L31

D’Orazi V., Biazzo K., Randich S., 2011, A&A, 526, A103

Dulick M., Bauschlicher Jr. C. W., Burrows A., Sharp C. M., Ram R. S.,
Bernath P., 2003, ApJ, 594, 651

Evans I. N, et al., 2010, ApJS, 189, 37

Flores M., Gonzdlez J. F., Jaque Arancibia M., Buccino A., Saffe C., 2016,
A&A, 589, A135

Gerber J. M., Magg E., Plez B., Bergemann M., Heiter U., Olander T., Hoppe
R., 2023, A&A, 669, A43

Goldman A., Schoenfeld W. G., Goorvitch D., Chackerian Jr. C., Dothe H.,
Mélen F., Abrams M. C., Selby J. E. A., 1998, Journal of Quantitative
Spectroscopy and Radiative Transfer, 59, 453

Goorvitch D., 1994, ApJS, 95, 535

MNRAS 000, 1-10 (2024)


https://www.lupm.in2p3.fr/users/plez
https://www.lupm.in2p3.fr/users/plez
https://github.com/andycasey/smhr
https://github.com/andycasey/stellardiff
https://github.com/andycasey/stellardiff
https://github.com/astroChasqui/q2
https://github.com/astroChasqui/q2
http://dx.doi.org/10.1051/0004-6361/201425314
http://dx.doi.org/10.1086/145192
http://dx.doi.org/10.1051/0004-6361/201937055
http://dx.doi.org/10.1051/0004-6361/202141069
http://dx.doi.org/10.1111/j.1365-2966.2006.10184.x
http://dx.doi.org/10.1086/166471
http://dx.doi.org/10.12942/lrsp-2005-8
http://dx.doi.org/10.1051/0004-6361:20020130
http://dx.doi.org/10.1146/annurev.astro.41.082801.100251
http://dx.doi.org/10.1051/0004-6361/201015489
http://dx.doi.org/10.1051/0004-6361/201219680
http://dx.doi.org/10.1051/0004-6361/201525648
http://dx.doi.org/10.1016/j.jqsrt.2013.02.025
http://dx.doi.org/10.1016/j.jqsrt.2013.02.025
http://dx.doi.org/10.1088/0067-0049/210/2/23
http://dx.doi.org/10.1086/342242
http://dx.doi.org/10.1088/0004-637X/690/2/L122
http://dx.doi.org/10.1051/0004-6361/200913204
http://dx.doi.org/10.1086/376474
http://dx.doi.org/10.1093/mnras/stad865
http://dx.doi.org/10.1086/305118
http://dx.doi.org/10.1088/0004-637X/693/1/L31
http://dx.doi.org/10.1051/0004-6361/201015616
http://dx.doi.org/10.1086/376791
http://dx.doi.org/10.1088/0067-0049/189/1/37
http://dx.doi.org/10.1051/0004-6361/201628145
http://dx.doi.org/10.1051/0004-6361/202243673
http://dx.doi.org/10.1016/S0022-4073(97)00112-X
http://dx.doi.org/10.1016/S0022-4073(97)00112-X
http://dx.doi.org/10.1086/192110

10 Nordlander, Baratella, Spina & D’Orazi

Gustafsson B., Edvardsson B., Eriksson K., Jgrgensen U. G., Nordlund A.,
Plez B., 2008, A&A, 486, 951

Hahlin A, et al., 2023, A&A, 675, A91

Hall J. C., Henry G. W., Lockwood G. W., Skiff B. A., Saar S. H., 2009, AJ,
138,312

Heinemann T., Nordlund A., Scharmer G. B., Spruit H. C., 2007, ApJ, 669,
1390

James D. J., Melo C., Santos N. C., Bouvier J., 2006, A&A, 446, 971

Jarvinen S. P., Strassmeier K. G., Carroll T. A., Ilyin 1., Weber M., 2018,
A&A, 620, A162

Kochukhov O., Hackman T., Lehtinen J. J., Wehrhahn A., 2020, A&A, 635,
Al42

Kos J., et al., 2021, MNRAS, 506, 4232

Kriskovics L., K&vari Zs., Vida K., Olah K., Carroll T. A., Granzer T., 2019,
A&A, 627, A52

Kupka F., Piskunov N., Ryabchikova T. A., Stempels H. C., Weiss W. W.,
1999, A&AS, 138, 119

Kurucz R. L., 1995, in Kurucz CD-ROM 15. Smithsonian Astrophysical
Observatory, Cambridge, Mass.

Langhoff S. R., Bauschlicher Jr. C. W., 1993, Chemical Physics Letters, 211,
305

Leighton R. B., 1959, ApJ, 130, 366

Lorenzo-Oliveira D., et al., 2018, A&A, 619, A73

Magrini L., et al., 2018, A&A, 617, A106

Maltby P., Avrett E. H., Carlsson M., Kjeldseth-Moe O., Kurucz R. L., Loeser
R., 1986, ApJ, 306, 284

Mamajek E. E., Hillenbrand L. A., 2008, ApJ, 687, 1264

Marsden S. C., Waite 1. A., Carter B. D., Donati J. F., 2005, MNRAS, 359,
711

Masseron T., et al., 2014, A&A, 571, A47

Matt S. P., Brun A. S., Baraffe 1., Bouvier J., Chabrier G., 2015, ApJ, 799,
L23

Meléndez J., et al., 2014, ApJ, 791, 14

Merloni A, et al., 2024, A&A, 682, A34

Mishenina T., et al., 2015, MNRAS, 446, 3651

Montet B. T., Tovar G., Foreman-Mackey D., 2017, ApJ, 851, 116

Morel T., Micela G., Favata F., Katz D., Pillitteri 1., 2003, A&A, 412, 495

Morel T., Micela G., Favata F., Katz D., 2004, A&A, 426, 1007

Nordlander T., et al., 2019, MNRAS Letters, 488, L109

Noyes R. W., Hartmann L. W., Baliunas S. L., Duncan D. K., Vaughan A. H.,
1984, ApJ, 279, 763

Panja M., Cameron R., Solanki S. K., 2020, ApJ, 893, 113

Perugini G. M., et al., 2021, MNRAS, 508, 3304

Piskunov N. E., Kupka F., Ryabchikova T. A., Weiss W. W., Jeffery C. S.,
1995, A&AS, 112, 525

Plez B., 1998, A&A, 337, 495

Plez B., 2012, Astrophysics Source Code Library, p. ascl:1205.004

Radick R. R., Lockwood G. W., Skiff B. A., Baliunas S. L., 1998, ApJS, 118,
239

Ram R. S., Brooke J. S. A., Bernath P. F., Sneden C., Lucatello S., 2014,
AplJS, 211, 5

Ramirez L., et al., 2014, A&A, 572, A48

Reddy A. B. S., Lambert D. L., 2015, MNRAS, 454, 1976

Reddy A. B. S., Lambert D. L., 2017, ApJ, 845, 151

Rempel M., 2011, ApJ, 729, 5

Rempel M., 2012, ApJ, 750, 62

Rempel M., Schiissler M., Cameron R. H., Knolker M., 2009a, Science, 325,
171

Rempel M., Schiissler M., Knolker M., 2009b, ApJ, 691, 640

Rosén L., Kochukhov O., Hackman T., Lehtinen J., 2016, A&A, 593, A35

Rueedi I., Solanki S. K., Mathys G., Saar S. H., 1997, A&A, 318, 429

Ryabchikova T., Piskunov N., Kurucz R. L., Stempels H. C., Heiter U., Pakho-
mov Y., Barklem P. S., 2015, Physica Scripta, 90, 054005

Santos N. C., Melo C., James D. J., Gameiro J. F., Bouvier J., Gomes J. I.,
2008, A&A, 480, 889

Schuler S. C., Plunkett A. L., King J. R., Pinsonneault M. H., 2010, PASP,
122,766

Skory S., Weck P. F,, Stancil P. C., Kirby K., 2003, ApJS, 148, 599

MNRAS 000, 1-10 (2024)

Table Al. Complete list of molecular line lists used in synthetic spectrum
calculations in this work.

Species References

AlH Plez & Jorissen (priv. comm.)

C, Brooke et al. (2013); Ram et al. (2014)
CaH Plez (priv. comm.)

CH Masseron et al. (2014)

CN Brooke et al. (2014); Sneden et al. (2014)
CO Goorvitch (1994)

CrH Burrows et al. (2002)

FeH Dulick et al. (2003)

H,O Barber et al. (2006)

MgH Skory et al. (2003)

NH Kurucz (1995)

OH Kurucz (1995), Goldman et al. (1998)
SiH Kurucz (1995)

SiO Langhoff & Bauschlicher (1993)
SiS Cami et al. (2009)

TiO Plez (1998, updated Jan 2012)

VO Plez (priv. comm.)

ZrO Plez (priv. comm.)

Sneden C., Lucatello S., Ram R. S., Brooke J. S. A., Bernath P., 2014, ApJS,
214,26

Sobotka M., Bonet J. A., Vazquez M., 1993, ApJ, 415, 832

Solanki S. K., 2003, Astronomy and Astrophysics Review, 11, 153

Somers G., Pinsonneault M. H., 2015, ApJ, 807, 174

Spina L., et al., 2014, A&A, 568, A2

Spina L., et al., 2017, A&A, 601, A70

Spina L., et al., 2020, ApJ, 895, 52

Stenflo J., 1994, Astrophysics and Space Science Library, 189

da Silva R., Porto de Mello G. F., Milone A. C., da Silva L., Ribeiro L. S.,
Rocha-Pinto H. J., 2012, A&A, 542, A84

Vieytes M., Mauas P., Cincunegui C., 2005, A&A, 441, 701

Waite I. A., Marsden S. C., Carter B. D., Petit P., Donati J. F., Jeffers S. V.,
Boro Saikia S., 2015, MNRAS, 449, 8

Waite I. A., et al., 2017, MNRAS, 465, 2076

Wallace L., Livingston W. C., Bernath P. F., Ram R. S., 1999, An Atlas of the
Sunspot Umbral Spectrum in the Red and Infrared from 8900 to 15,050
Cm(-1) (6642 to 11,230 [Angstroms]), Revised. #99-001, NSO, Tucson

Webb N. A., et al., 2020, A&A, 641, A136

Wedemeyer-Bohm S., Scullion E., Steiner O., Rouppe van der Voort L., de
La Cruz Rodriguez J., Fedun V., Erdélyi R., 2012, Nature, 486, 505

Willson R. C., Gulkis S., Janssen M., Hudson H. S., Chapman G. A., 1981,
Science, 211, 700

Wilson T. A., Casey A. R., 2023, MNRAS, 524, 731

Wright N. J., Drake J. J., Mamajek E. E., Henry G. W., 2011, ApJ, 743, 48

Yana Galarza J., et al., 2019, MNRAS, 490, L86

Yong D., Carney B. W., Friel E. D., 2012, AJ, 144, 95

Zuckerman B., Song 1., 2004, ARA&A, 42, 685

APPENDIX A: SPECTRUM SYNTHESIS LINELIST
BIBLIOGRAPHY

The sources of molecular linelists are provided in Table Al.

This paper has been typeset from a TEX/IXTEX file prepared by the author.


http://dx.doi.org/10.1051/0004-6361:200809724
http://dx.doi.org/10.1051/0004-6361/202346314
http://dx.doi.org/10.1088/0004-6256/138/1/312
http://dx.doi.org/10.1086/520827
http://dx.doi.org/10.1051/0004-6361:20053900
http://dx.doi.org/10.1051/0004-6361/201833496
http://dx.doi.org/10.1051/0004-6361/201937185
http://dx.doi.org/10.1093/mnras/stab1767
http://dx.doi.org/10.1051/0004-6361/201834927
http://dx.doi.org/10.1051/aas:1999267
http://dx.doi.org/10.1016/0009-2614(93)87064-A
http://dx.doi.org/10.1086/146727
http://dx.doi.org/10.1051/0004-6361/201629294
http://dx.doi.org/10.1051/0004-6361/201832841
https://ui.adsabs.harvard.edu/abs/2018A&A...617A.106M
http://dx.doi.org/10.1086/164342
https://ui.adsabs.harvard.edu/abs/1986ApJ...306..284M
http://dx.doi.org/10.1086/591785
http://dx.doi.org/10.1111/j.1365-2966.2005.08946.x
http://dx.doi.org/10.1051/0004-6361/201423956
http://dx.doi.org/10.1088/2041-8205/799/2/L23
http://dx.doi.org/10.1088/0004-637X/791/1/14
http://dx.doi.org/10.1051/0004-6361/202347165
http://dx.doi.org/10.1093/mnras/stu2337
https://ui.adsabs.harvard.edu/abs/2015MNRAS.446.3651M
http://dx.doi.org/10.3847/1538-4357/aa9e00
http://dx.doi.org/10.1051/0004-6361:20031469
http://dx.doi.org/10.1051/0004-6361:20041047
http://dx.doi.org/10.1093/mnrasl/slz109
http://dx.doi.org/10.1086/161945
http://dx.doi.org/10.3847/1538-4357/ab8230
http://dx.doi.org/10.1093/mnras/stab2711
http://dx.doi.org/10.1086/313135
http://dx.doi.org/10.1088/0067-0049/211/1/5
http://dx.doi.org/10.1051/0004-6361/201424244
https://ui.adsabs.harvard.edu/abs/2014A&A...572A..48R
http://dx.doi.org/10.1093/mnras/stv1876
https://ui.adsabs.harvard.edu/abs/2015MNRAS.454.1976R
http://dx.doi.org/10.3847/1538-4357/aa81d6
https://ui.adsabs.harvard.edu/abs/2017ApJ...845..151R
http://dx.doi.org/10.1088/0004-637X/729/1/5
http://dx.doi.org/10.1088/0004-637X/750/1/62
http://dx.doi.org/10.1126/science.1173798
http://dx.doi.org/10.1088/0004-637X/691/1/640
http://dx.doi.org/10.1051/0004-6361/201628443
http://dx.doi.org/10.1088/0031-8949/90/5/054005
http://dx.doi.org/10.1051/0004-6361:20079083
http://dx.doi.org/10.1086/655026
http://dx.doi.org/10.1086/376834
http://dx.doi.org/10.1088/0067-0049/214/2/26
http://dx.doi.org/10.1086/173205
http://dx.doi.org/10.1007/s00159-003-0018-4
http://dx.doi.org/10.1088/0004-637X/807/2/174
http://dx.doi.org/10.1051/0004-6361/201424135
http://dx.doi.org/10.1051/0004-6361/201630078
http://dx.doi.org/10.3847/1538-4357/ab8bd7
http://dx.doi.org/10.1007/978-94-015-8246-9
http://dx.doi.org/10.1051/0004-6361/201118751
https://ui.adsabs.harvard.edu/abs/2012A&A...542A..84D
http://dx.doi.org/10.1051/0004-6361:20052651
http://dx.doi.org/10.1093/mnras/stv006
http://dx.doi.org/10.1093/mnras/stw2731
http://dx.doi.org/10.1051/0004-6361/201937353
http://dx.doi.org/10.1038/nature11202
http://dx.doi.org/10.1126/science.211.4483.700
http://dx.doi.org/10.1093/mnras/stad1875
http://dx.doi.org/10.1088/0004-637X/743/1/48
http://dx.doi.org/10.1093/mnrasl/slz153
http://dx.doi.org/10.1088/0004-6256/144/4/95
https://ui.adsabs.harvard.edu/abs/2012AJ....144...95Y
http://dx.doi.org/10.1146/annurev.astro.42.053102.134111

