A blue depression in the optical spectra of M dwarfs
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ABSTRACT

A blue depression is found in the spectra of M dwarfs from 4000 to 4500A. This depression shows an increasetoward lower
temperatures though is particularly sensitive to gravity and metallicity. It is the single strongest and most senSitiveyfeature in
the optical spectra of M dwarfs. The depression appears as centred on the neutral calcium resonance line at-4227A=and leads to
nearby features being weaker by about two orders of magnitude than predicted. We consider a variety of/possible causes for the
depression including temperature, gravity, metallicity, dust, damping constants and atmospheric stratification+We also consider
relevant molecular opacities which might be the cause identifying AIH, SiH, and NaH in the spectral'region. However, none of
these solutions are satisfactory. In the absence of a more accurate determination of the broadening of the calcium line perturbed
by molecular hydrogen, we find a promising empirical fit using a modified Lorentzian line profilefor the calcium resonance
line. Such fits provide a simplistic line-broadening description for this calcium resonanceline“and potentially other un-modelled
resonance lines in cool high pressure atmospheres. Thus we claim the most plausible cause of the blue depression in the optical
spectra of M dwarfs is a lack of appropriate treatment of line broadening for atomic ¢alcium. The broad wings of the calcium
resonance line develop at temperatures below about 4000K and are analogous to the neutral sodium and potassium features
which dominate the red optical spectra of L dwarfs.
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1 INTRODUCTION Schlieder et al. (2012)), (3) calcium hydride can provide metallicity
(e.g., 6900A, Gizis (1997)). A range of other useful spectral in-
dices have also been developed by careful inspection of spectra for
spectral typing (e.g, Kirkpatrick et al. (1991); Martin et al. (1999))
and also with larger samples of M dwarfs (e.g., Allers & Liu (2013);
Almendros-Abad et al. (2022)). As large scale fibre instruments at op-
tical wavelengths become increasing common (e.g., HERMES (Buder
et al. 2018), WEAVE(Dalton et al. 2014), 4MOST(de Jong 2019),
LAMOST(Wang et al. 2022)), large scale databases of M dwarf
optical spectra will become increasingly ubiquitous and thus it is
important to be able to utilise such spectra to determine reliable
properties for M dwarfs.

The ongoing large-scale efforts to determine the content of”stellar
neighbourhood have made it clear that the dominant spectral type in
the stellar neighbourhood is the M dwarfs. For example, within the
10 parsec Gaia sample 61% are M dwarfs and more than half of these
are within the range M3V to M5V (Reylé et al. 2021)..The spectra of
M dwarfs present a relatively monotonic and well medelled sequence
even for subdwarfs (e.g., Lodieu et al. (2019)). Most recent work has
been focussed on observations at longer wavelengths. In particular,
in the infrared region where more flux is available and new spectral
features might be identified. In additionisuch investigations are bene-
ficial since comparisons with newlysdiscovered cooler objects might

readily be made. This can be, crucial for an overall understanding of Although, the blue optical region is a classical region for spectro-
dwarfs where it is important to have a uniform spectral typing system scopic analysis of stars it has been neglected for M dwarfs. There
across the range of spectral types where pressure-broadened atomic are observational and modelling difficulties. The observational ones
features and molectles dominate. are the intrinsic lack of flux. As the flux peak of stars moves further

Despite new infrared, diagnostics, many of the key features for M toward the red the flux drops dramatically. From a modelling per-
dwarfs are foundsat optical wavelengths, e.g., (1) lithium (6708A) spective, the optical spectra of M dwarfs are impacted by a range of
can be a direoct indicator of mass (e.g., Martf“ et al. (2022)). (2) H molecular opacities and for the cooler examples also by atomic reso-
alpha (6563A)-emission and sodium (8192A) absorption can pro- nance lines from Na and K. The measurement and/or calculation of
vide a strong indicator for age (e.g., Kiman et al. (2019, 2021); billions of transitions associated with the many degrees of freedom

of molecular transitions is complex as is the reliable calculation of

line broadening at high pressures with a number of different species.

* E-mail: h.r.a.jones@herts.ac.uk For objects with terrestrial-like temperatures some of the work might
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Table 1. Values of spectral type (SpT), Gaia G band minus 2MASS K band
(G - K), absolute K magnitude using Gaia parallax (M) and approximate
metallicity for objects presented. Data source and/or references for spectral
type and metallicity are given in the final column: BO7 (Bochanski et al.
(2007)), K19 (Kesseli et al. (2019)), P03 (Pinfield et al. (2003)), G17 (Gagné
et al. (2017)), M18 (Morel (2018)), S19 (Schweitzer et al. (2019)), S22
(Sprague et al. (2022)), L19 (Lodieu et al. (2019)). For the case of GJ551
we note that most recent assessments of the metallicity of GJ551 find solar
or higher, e.g., Sprague et al. (2022) find [Fe/H]=0.259 and so we adopt the
Morel (2018) value of 0.23 based on coevality with alpha cen A and B which
is allowed by dynamics (Feng & Jones 2018).

Object SpT G-K Mg [M/H]  Data/Reference
NLTT5022 - 2.58 6.19 -2.0 this paper
NLTT31967 - 2.86 6.58 -24 this paper
GJ411 M2V 321 631 -0.09 P03/S19
LHS1691 usdM2 3.30 8.14 -1.8 K19

GJ109 M3V 3.51 6.53  -0.06 this paper / S19
LHS2674 sdM4 3.42 8.60 -0.57 K19

GJ699 M4V 3.67 821 -0.15 P03/S19

GJ402 M4V 3.92 7.16 -0.07 K19/822
GJ299 M4.5V 3.74 851 -0.17 this paper / S19
TWA33 MS5.5 4.25 5.67 0.0 this paper / G17
GJ551 M5.5V 4.60 8.81 0.23 this paper / M 18
LHS2096 esdMS5.5 3.28 942 -1.25 K19

GJ406 M6V 4.95 9.18 0.07 this paper / S22

be verified by comparison with terrestrial spectra. However, for the
hotter temperatures associated with M dwarfs, measurements and
calculations need to be complete for a range of different species
and made to the molecular dissociation energy with numerous tran-
sitions involving high energy ro-vibrational states. Thus M dwarfs
can provide stringent tests of line identifications and opacities, e.g.,
(Pavlenko et al. 2022). Discrepancies between observations and mod-
els in the blue optical will lead to errors in accounting for the overall
spectral energy distribution for M dwarfs and thus determinations of
their overall properties.

Over recent years there has been a substantial improvement in the;
molecular line lists relevant to M dwarfs. The EXOMOL group!
have produced many relevant line lists, in particular, the latest TiO
line list (McKemmish et al. 2019) is important across much,of the
optical spectra for M dwarfs. However, TiO bands became,weak-0r
even disappear at 45004, so at shorter wavelength we shouldhave
the chance to see deeper layers of the comparatively hot photosphere,
where numerous atomic lines form. Blueward of the TiO bandhead at
4500A, synthetic spectra do not provide a good match observations
with observed lines being much weaker than expected (Pavlenko
et al. (2017, 2022). In this paper, we consider the evidence and
potential explanations for the depression invthe blue optical spectra
of M dwarfs in Section 2. Our various attempts to model and explain
this depression are presented in Section 3 and discussed in Section
4.

2 OBSERVATIONS

We consider a tange of observations of M dwarfs taken with different
instruments and résolutions taken by some of the authors, colleagues
mentionediin the acknowledgements, from the literature, and also
from telescope archives. The SDSS M dwarfs archive Bochanski

! https://www.exomol.com
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Figure 1.)The upper plot shows a spectral sequence from M1 to M9 using
SDSS averaged spectra from Bochanski et al. (2007). The core of the calcium
line does not change much across different M spectral types although there
is“a broad dip from around 4000 to 4500A which increases in strength to
later spectral types. The SDSS averaged M9 dwarf spectrum is of low signal-
to-noise particularly in the blue and has been smoothed. The lower plot
approximately marks the blue depression using a blue dashed line and shows
ISIS spectra overplotted so as emphasise the spectral region of the blue
depression feature for the nearby dwarfs GJ411 (M2), GJ699 (M4) and GJ406
(M6). The emission lines in GJ406 are hydrogen lines and are consistent with
its relatively young age and the slow decline in activity for late type M dwarfs.

et al. (2007) 2 and that of Kesseli et al. (2019) are particularly useful
as they provide a wide range of spectral types with relatively uniform
signal-to-noise with careful consideration for spectral type. However,
we note that some of these spectra have rather low signal-to-noise
in the spectral region of interest and that in the Kesseli et al. (2019)
spectra the telluric bands have not been removed and that we found it
difficult to remove these without leaving residuals. Thus, we use ESO
archive processed data and supplement these datasets particularly
with data of our own from the WiFeS instrument on the Australian
National University 2.3m telescope at Siding Springs (Dopita et al.
2010) and data from the ISIS instrument at the William Herschel
Telescope on La Palma taken as part of the calibration dataset for

2 https://github.com/jbochanski/SDSS-templates/tree/master/data
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Figure 2. The plots show the change in spectral feature in cooler subdwarfs,
The upper plot shows the strong core of the calcium line in the M2 dwarf
(GI411). This is in contrast to the relatively weaker calcium core of the M2
ultra subdwarf (LHS1691) from Kesseli et al. (2019). In the lower plot,the
core and the wings of the Ca feature in the M5 subdwarf (LHS2096) plotted
in blue is significantly deeper relative to the young M5.5 dwarf (TWA33).

Pinfield et al. (2003). Since a number of the spectrasused, for our
study have not been published before we provide further details of
their acquisition and reduction.

The flux calibration of WIFES spectra“were made with the 1%
Bohlin spectrophotometric standards (e.g., Bohlin (2007)). The im-
portance of observing a smooth spectrum star is set out in section 6
of Bessell (1999) with a preference for EG131, L745-46a, LTT4364
and VMa2. While these all work well at red optical wavelengths,
EG131 and L745-46a are’best in the blue. EG131 and L745-46a
have an extremely shallowsand;broad Halpha line and a couple of
very weak and shallow Hel lines (in particular 4471/&), in addition
to the deep Ca H/and K'lines in L745-46a. For data recovered from
the ESO UVES archiveywhere it is unlikely to have been used in the
data reductiony the:optimum calibration procedure has been to obtain
a WIFES or otherwell flux calibrated intermediate or low resolution
spectra of the UVES object. The UVES or other echelle spectrum is
then smoothed to the same resolution as the fluxed WIFES spectrum
which is/then divided by the WIFES spectrum into the smoother
echelle spectrum to obtain the flux corrections for the unsmoothed
echelle spectrum. In particular this procedure is followed in the case
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Figure”3. The plots show M subdwarfs NLTT31967 and NLTT5022 with
similar low metal abundance but with slightly different temperature. The up-
per plot shows the onset of the blue depression and the lower plot a zoom
out’where the spectra can be seen to closely match at wavelengths in the
regions outside the 4000-4500A region. NLTT31967 shows the blue depres-
sion, NLTT5022 does not. The observational spectra for NLTT31967 were
taken with 300B and 600B settings and show that resolution is not the cause
of the blue depression.

of the UVES spectra of GJ109 and GJ551, the HARPS spectrum
of GJ551, and the Magellan/MIKE spectrum (from David Yong) of
NLTT5022.

Here we present M1 to M9 spectra though we can see evidence in
literature spectra that a strong 4000—4500A absorption feature prob-
ably does persist to later spectral types. Although many spectra of
cooler objects do exist their signal-to-noise tends to be poor blue-
ward of 5000A. An example of this is the combined SDSS spectrum
of all observed M9 dwarfs labelled as m9.all.na.k (Bochanski et al.
2007), it is clear that the flux rapidly drops below 4500A but the
signal-to-noise is too poor to consider further. As can be seen from
the higher resolution ISIS/WHT spectra shown in the lower plot in
Fig. 1, later type spectra are increasingly impacted by chromospheric
emission lines. Based on our comparisons of similar spectral types
we do not find any evidence that chromospheric emission is related
to the blue depression (e.g., fig. 7 in Bessell (2011)). Nonetheless,
chromospheric emission from Ha in M dwarfs is a well quantified
indicator of age (e.g., Kiman et al. (2021) and young M dwarf stars
may be pre-main sequence stars and have higher luminosity and lower
gravity. For the later spectral type M dwarfs many do have emission
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lines and it is instructive if the spectra have sufficient resolution and
signal-to-noise to resolve these lines.

2.1 A depression in blue optical spectra of M dwarfs

In Fig. 1 it can be seen how an absorption feature from 4000-
4500A increases as a function of spectral type. The upper plot shows
a sequence of averaged spectra from the SDSS (Bochanski et al.
2007) and in the lower plot for the bright nearby M dwarfs GJ411
M2), GJ699 (M4) and GJ406 (M6). In the lower plot it can be seen
that apart from a broad absorption feature other spectral features in
this region for GJ699 and GJ406 appear to get relatively weaker in
comparison to GJ411. This is also the case for the SDSS spectra
though there is a significant decrease in signal-to-noise toward later
spectral types. Given that we are investigating a number of different
targets with different characteristics we include Table 1 summarising
some major observable parameters for the objects.

In Fig. 2 we can get a sense of how the 4000-4500A region is
modified as a function of metallicity and gravity. In the upper plot,
we consider the M2 old-disk main sequence star GJ411 with a gravity
about log g ~4.9 and the ultra subdwarf LHS1691, log g ~5.2. The
Ca14227A feature is very weak in the subdwarf as might be expected.
However, the absorption feature from 4000-4500A appears to have
broadened in width and shows a steep decline blueward of 4600A.
Indeed when we examine our carefully calibrated WIFES spectrum
of LHS1691 we can not see any evidence of features blueward of
5600A.

We can also see an apparent broadening in the behaviour of the blue
depression in the lower plot of Fig. 2 with cooler dwarfs. In this case
we consider the object TWA33 which is definitively in a young star
forming region (~10Myr, e.g., (Schneider et al. 2012)) and thus has
a low gravity, log g ~4.0. We compare TWA33 to an MS5.5 extreme
subdwarf LHS2096 (log g~ 5.5) to ensure comparison with an object
which is definitively older and of higher gravity. Despite the much
higher abundance of TWA 33, its lower gravity (log g~ 4) appears
to weaken the Ca 1 feature indicating that pressure is relatively more
important that abundance. Notably the absorption feature in the M5
subdwarf from 4000-4500A is no more visible than at M2 in the upper
plot of Fig. 2. Overall then the blue depression absorption feature is
stronger at lower metallicity and higher gravity. The Ca i/feature
appears to behave broadly as expected. Lowering the metallicity
increases the gravity and the pressure, and lowering the temperature
also increases the gravity and the pressure. So the commonfeature
is increased pressure causes the blue depression:

It is instructive to investigate the first appearance.of the blue de-
pression in the hotter M dwarfs. Fig. 3 shows,a comparison of two M
subdwarfs NLTT31967 and NLTT5022 with similar low abundance
and temperature of around 3900K«This temperature was derived
by a fit of the 4000-9500A spectra using BT-Settl synthetic spectra.
Most of the diagnostic ability of the,models is found to reside in
the continuum slope. NLTT31967 with Mg = 6.58 shows the blue
depression whereas NLTTS5022 with Mg = 6.19 does not. They both
show a similar strength atomic Ca 1 at 4227A absorption feature. The
spectra of the two objects, appear to be well matched at wavelengths
outside the 4000-4500A region.

We can also,examine spectra by dividing them. This helps to show
the relative importance of different spectral features. The three plots
in Fig. 4 are shown to indicate how different spectral features react to
temperature (upper), metallicity (middle) and gravity (lower) across
the optical regime for relatively small spectral changes around spec-
tral types from M4 to M6. The red line in the top plot shows the
impact of a spectral class change of 1 from the spectral division of
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Figure 4. The plots indicate the sensitivity of the blue depression to temper-
ature (top), metallicity (middle) and gravity (bottom). In the top plot the red
line represents a change in spectral type of 1 (approximately 150 K) and is
made from the division of an SDSS average M5 dwarf spectrum (m5.all.na.K)
by an average M4 dwarf spectrum (m4.all.na.k) with the M5 spectrum shown
in grey. The middle plot, shows a blue line made from dividing the M4 dwarf
(GJ402) by an M4 subdwarf (LHS2674) to represent a metallicity change of
around 0.5 dex. The green line in the lower plot is intended to represent a
gravity change of approximately 1 dex. It is made from the division of a low
gravity M5.5 (TWA33) by an average of the GI551 (M5.5) and GJ299 (M4.5)
50 as to produce a spectrum approximately matched in colour. All plots iden-
tify the major spectral features in M dwarfs and show a double headed arrow
to point to draw attention to the blue depression feature.
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averaged M5 by M4 spectra from the SDSS archive. The red divided
spectra resembles the M5 spectra plotted in grey with weaker fea-
tures as would be expected for the spectral division of two objects
with similar spectral types. As anticipated in Fig. 1, the divided spec-
trum indicates the blue depression has some significant temperature
sensitivity.

The middle plot shows a blue line to represent a change in metal-
licity of approximately 0.5dex based on the division of an M4 dwarf
(GJ402) by an M4 subdwarf (LHS2674) from Kesseli et al. (2019).
In this case we chose GJ402 because it does not have particularly
prominent spectral emission features associated with youth and a
lower gravity. The M4 dwarf is also shown in grey as a comparison.
The middle region of the plot from 6000-7000A is strongly influenced
by CaH and He. Redward of 7000A, marked with green dashed area,
the divided blue spectrum is much flatter. In this green dashed area
the divided spectrum resembles the M4 spectra with weaker features
as would be expected for the spectral division of two objects with
similar spectral types but one with significantly lower abundance.
From 4000-6000A the blue divided spectrum slopes gently upward
with a bump around 4000-4500A anticipated by Figs 2 and 3. The
upward slope might partly be caused by GJ402 being somewhat red-
der and brighter than LHS2674 (A(G —K) = 0.5, AMg = 1.44). 1t is
also plausible that the influence of the blue depression feature in the
4000-4500A region might extend much further for lower metallicity
M dwarfs. In particular, the very varied behaviour of spectral features
with wavelength emphasises the difficulties of spectral typing for low
metallicity M dwarfs.

In the lower plot of Fig. 4 we again divide spectra of a similar
spectral types but here we also seek to examine the impact of gravity.
In this case we make comparisons between WIFES/ANU spectra of
the low gravity (log g ~4.0 MS5.5 dwarf TWA33 whose spectrum
is shown in grey with GJ299 (M4.5, log g ~5.0) and GJ551 (M5.5,
log g ~5.0). In this case, the green spectrum is TWA 33 (G — K =
4.25) divided by averaged spectrum of GJ299 (G — K = 3.74) and
GJ551 (G — K = 4.60). Relative to the upper plots, the green divided
spectrum in the lower plot is rather flat without any particular slope.
At wavelengths blueward of 45004, the green spectrum shows the
distinctive 4000-4500A feature. As with the other plots, well known
spectral features are identified.

Overall, Fig. 4 illustrates that the 4000-4500A feature is:theisingle
most sensitive feature in these M dwarf spectra. It is<found toyin-
crease in strength towards lower temperatures and higher gravities in
a relatively similar manner. As also indicated in Fig..2 a‘decrease in
metallicity can lead to an increase in relative strength and a broader
shape for the blue depression. Presumablyytowards lower metallici-
ties, the blue depression increasingly dominates over other opacities
in the blue optical region.

In the past this broad depression inythé blue optical spectra of
M dwarfs has been noted by a‘number of authors (e.g., Lindblad
(1935a,b); Vyssotsky (1943); Vardya & Bohm (1965); Warner &
McGraw (1974); Ake & Greenstein (1980); Bessell (2011); Pavlenko
et al. (2017, 2022))-and modelled by an increase in the continuum
opacity of this region (e.g., Vardya & Bohm (1965)) and for Proxima
Cen (GJ551) by a factor 40-80 relative to expected in order to match
the observed line strengths of spectral features (Pavlenko et al. 2017,
2022). The upper-plot of Fig. 5 illustrates how a fit is obtained for
the Ca.1 4227A"ine through an increase of the continuum opacity by
80’ The middle plot shows a representative region 200A to the blue
which also requires the opacity increase for a reasonable fit. However,
such an arbitrary enhancement is not appropriate to fit features much
further from the blue depression, e.g., the lower plot of Fig. 5 shows
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Figure 5. Spectra of GJ551 in black compared with a ‘standard’ model
of solar metallicity with a temperature of 2900K and gravity of log g =
5 in green (labelled as x=1) which would be expected to produce a good
spectral fit. The model in blue has had the continuum opacity enhanced by 80
(labelled as x=80). The upper plot shows that the immediate region around
the 4227A range. The middle plot shows a nearby region with a variety of
absorption features are also better fit by the model with enhanced opacity.
The lower plot shows a spectral region far away where the enhanced opacity
provides a poor fit and would not be appropriate.

a redder wavelength where a poor fit is obtained for the enhanced
continuum opacity.

The necessity for additional opacity is appreciated elsewhere, for
example, figs 7 and 25 of Herczeg & Hillenbrand (2014), fig. 6 of
Allende Prieto (2023) shows the M3.5V star GJ555 and a 3200K
synthetic spectrum indicating a much stronger Ca 1 42274 line than
observed as well as a poor fit in the surrounding spectral continuum.
The explanation for this 4000-4500A spectral feature reported by
Lindblad (1935a,b) and independently as the ‘Lindblad depression’
by Vyssotsky (1943) has been attributed as the Ca, quasi-molecule
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Figure 6. The plot shows BT-Settl (in red) and MARCS (in blue) model struc-
tures for Teg =3000K, [Fe/H]=0.0, vian=2.0km/s, logg=4.0, 4.5 (upper plots),
5.0, 5.5 (lower plots). The axes are RHOX representing the total pressure di-
vided by the models’ nominal log g and T for temperature in K. The MARCS-
GS model structure using Grevesse & Sauval (1998) for the abundance pat-
tern is shown in green. For MARCS-GS the abundances are [Fe/H]=+0.05,
[a/Fel=+0.11, [C/Fe]=+0.08, [N/Fe]=+0.09 and [O/Fe]=+0.12 whereas for
the standard model (in blue) these parameters are 0.0.

(e.g., Lindblad (1935a)), to CaH absorption (e.g., see discussion
Weniger (1967)), as a missing opacity (e.g., Vardya & Bohm (1965)),
and perhaps as a lack of 3D NLTE models (e.g., Pavlenko et al.
(2017)).

Ake & Greenstein (1980) found that the strength of the Ca 1
4227A line and the ‘Lindblad depression’ strengthens with decreas-
ing metallicity and if interpreted correctly can be used to identify
metal-poor stars. However, it appears that appropriate modelling of
this spectral region has not been adequately captured by synthetic
spectra computed for the grids of modern model atmospheres. Al=
though some modern studies have used this absorption feature as
a spectral diagnostic the relatively lower signal-to-noise. obtained
below 4500A for M dwarfs means this spectral region has_been
relatively neglected.

3 MODEL ATMOSPHERES

To better understand the modelling{of the, 4000-4500A region we
consider a number of grids of models producing synthetic spectra for
M dwarfs including MARCS (Gustafsson et al. 2008), ATM 02020
(Phillips et al. 2020), NextGen (Hauschildt et al. 1999), BTSettl
(Allard et al. 2011). We=nete.the extensive work on the variations
in derived spectral parameters by Cristofari et al. (2022) from the
use of different model atmospheres. For example, they find that the
temperatures ,of MARCS models are on average about 30 K higher
than from the PHOENIX models including BTSettl, metallicities are
offset by around0:4 dex, and log g values lower by about 0.30 dex.
We also find some modest differences between the models and so
examine their underlying model structures. In Fig. 6, we show model
structures for 3000K for MARCS and BTSettl and also consider the
impact of using a different abundance pattern labelled as MARCS
GS (based on the abundances from Grevesse & Sauval (1998)). The
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Figure 7. The plot compares the evolution in available synthetic linelists for
TiO for Plez (1998), Schwenke (1998) and EXOMOL McKemmish et al.
(2019) computations.

differences between models structures which might provide for line
formation taking place in relatively different places within the at-
mosphere are seen to be relatiyely consistent. We also find a relative
similarity between model structuresiat2500 and 3500K and so do not
envisage that the differences'between model structures can be respon-
sible for large scale discrepancies between observed and synthetic
spectra seen in Fig. 5.

In general the spectra of M dwarfs are envisaged as a background
of molecular, absorption with some atomic absorption features still
strong enoughvto be visible. In the optical regime, the opacity caused
by the”TiO band system is particularly prevalent (see Pavlenko
(2014)). As experiments and ab initio calculations have been able
to moretaccurately assess higher energy transitions the modelling of
TiO has improved. In Fig. 7 it can be seen how different line lists
have improved in terms of identifying the primarily short-wavelength
bands head as well as more subtle spectral features from Plez (1998)
to Schwenke (1998) and latterly McKemmish et al. (2019) .

When calculating synthetic spectra the “line by line”” approxima-
tion is used and in particular we use (1) the list of atomic lines from
the VALD database (Ryabchikova et al. 2015), (2) lists of CN and
MgH lines (Kurucz 2018), (3) lists of CrH and FeH lines (Burrows
et al. (2002) and Dulick et al. (2003)), (4) lists of HyO absorption
lines calculated by Barber et al. (2006). Absorption line profiles for
atomic lines were taken from VALD?3, or in the case of absence from
VALD3, they were determined in terms of the Voigt function and
damping constants were determined using the Unsold approximation
(Unsold 1955). The microturbulent velocity here was assigned to be
constant over the depth of the atmosphere and equal to V; = 2 km/s.
Spectra were computed by Wita 6 program (Pavlenko 2014) with
step 0.02A, and then convolved with a Gaussian FWHM and rotation
profile by Grim & Staubach (1996) to match the spectral compari-
son. Here we consider a number of modified modelling solutions to
explain the 4000-4500A blue depression feature.

3.1 Metallicity and dust

There has been a long standing concern with models for M dwarfs
that metallicities are not well constrained and that there might not
be adequate treatment of dust opacity (e.g., Tsuji et al. (1996); Jones
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Figure 8. Some M dwarf spectra can be fit rather well by reducing the
metallicity of the synthetic spectra. The upper plot shows the M4.5 GJ299
and the lower plot shows the young M5.5 star TWA33. The observed spectra
in black are relatively well fit by synthetic spectra with low metallicities.

& Tsuji (1997)). We examine spectral fits to two nearby/M dwarfs,
GJ299 known to be slightly metal poor (e.g., Jones et al.-((1996)) and
TWA33 known to be young (Schneider et al. 2012).

In Fig. 8 and 9 we show two modelling solutions=of metallic-
ity and dust that can be used to improve the overall fit across the
4000-4500A region. We find the best fits0f the observed spectra of
TWA33 and GJ299 to synthetic spectra usingrasleast-squared min-
imisation procedure (Jones et al. 2002). The upper plot of Fig. 8
indicates that lowering the metallicity‘to, <1 provides a substantial
improvement relative to a —0.5 model.- However, the absorption in
the 4300—4500A region is‘net quite sufficient to reproduce the ob-
servations for GJ299 and-the.need to select an even lower metallicity
for a slightly metal poor M dwarf in the solar neighbourhood seems
inappropriate. In“the lower plot of Fig. 8 the lower gravity of the
baseline model prefefred for TWA33 at first sight produces a rather
good fit. This'situation might be anticipated because in Fig. 2 and 4
it could/be seen that the blue absorption feature largely disappeared
in the relatively low gravity TWA33. In this case the choice of such
a low metallicity model seems particularly inappropriate when mod-
elling a star from a nearby star forming region with no evidence for
any peculiar metallicity. Scrutiny of the figure also suggests that the
largely overlapping model lines in green and blue are stronger than
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Figure 9. Some M dwarf-spectra can be fit rather well by introduction of dust
into the synthetic spectra. The comparisons between observed and synthetic
spectra-with, (blue) and without (green) dust suggest some improvement in
the fit.can be made with the addition of dust.

the observed features. As with the upper plot further iterations of the
chosen synthetic model can be made.

In Fig. 9 we consider the same objects investigated in Fig. 8 using
dust as a possible solution. Pavlenko et al. (2007) considered the lack
of synthetic spectral fits as perhaps arising from the heating produced
by atmospheric dust. We use a layer of dust following the prescription
of Pavlenko et al. (2007). Fig. 9 indicates how dust opacity can be
adjusted to provide a superficially improved fit. However, the addition
of dust opacity has an impact in other regions beyond our 4000—
4500A region of the interest. For example, the lower plot of Fig. 9
also shows how the addition of dust causes the observed TiO band at
4950A to become too weak in the synthetic spectra. This is also the
case for modelled features to the blue of 3850A in TWA33. We note
that Herczeg & Hillenbrand (2014) use the strength of the Ca 1 feature
as a function of spectral type to measure the optical veiling in young
M dwarfs. However in the absence of identified optical veiling in our
targets, our dust solutions are somewhat artificial particularly above
3000K where dust rapidly disappears and so provides a relatively
improbable explanation at higher temperatures.

As with our experiments with metallicity in Fig. 8, dust provides a
ready means to get reasonable fits at lower temperatures across this
spectral region. However, in both cases such fine tuning does not
provide a satisfactory solution. In particular, it leads to the situation
where spectral regions that were hitherto well reproduced are simul-
taneously worst fit. Moreover such opacities do not naturally produce
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Figure 10. The upper plot indicates SiH identifications for the Q1 and Q2
bands in the M3 dwarf GJ109 and an MO subdwarf NLTT5022 with a metal-
licity of [Fe/H]~-2. The lower plot illustrates two bands of AIH and its impact
showing its increasing relative importance toward lower temperatures.

a particular concentration in the 4000-4500A region in the manner
suggested by Figs 1 to 4.

3.2 Other molecules

M dwarfs contain a rich plethora of molecules some of which might
have been relatively neglected in model atmosphere\calculations.
Of particular interest are molecules with low disSociation.potentials
such as SiH (3.34eV), AlH (2.99¢V) and NaH (1.96eY) which might
have transitions in the 4000—4500A spectral.range)

SiH is considered by Yurchenko et al. (2018)and is seen in the Sun
and in K giants. Here we identify SiH in M dwarfs though we find
that it is most strongly present in higher temperature M subdwarfs,
e.g., upper plot of Fig. 10. Although,SiH transitions are relatively
spread out, they do not extend across the 4000-4500A region and
the strongest lines are shortward, of 4250A.

Similar to SiH, “AlH “transitions are relatively localised and
mostly occur between 4065-4090 and 4240-4280A Bessell (2011);
Pavlenko et al.[(2022)) In the lower plot of Fig. 10 two bands of
absorption lines can-be seen that become considerably stronger to-
wards lower temperature and higher metallicity. Although AlH is an
importantspectral diagnostic in this spectral region, its transitions do
noft extend blueward of 4065A where the dissociation limit can be ro-
bustly identified and it has too few transitions to provide a continuum
opacity.

NaH is an abundant species at cool temperatures and the A-X
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Figure 11. The plot shows NaH and atomic transitions with observed spectra
forGJ551 for different regions adjacent to the 4227A Ca 1 line. The upper plot
shows a bluer region where NaH can be identiifed, NaH is plotted in red above
theiebserved HARPS (black) and UVES (blue) spectra. However, in the lower
ploton the red side of Ca 1 line, we struggle to identify NaH and instead find
AlH. The coloured lines in the plot are the result of the division of synthetic
spectra with/without NaH for different oscillator strengths: in blue based on
Rivlin et al. (2015), in red based on Pavlenko et al. (2020). The magenta line
represents atomic lines in this spectral region from VALD (Ryabchikova et al.
2015). The red upper arrows in the plot denote the coincidence of synthetic
and observed NaH lines based on oscillator strengths. The shorter magenta
arrows denote atomic features and are labelled individually. Shorter black
arrows in the plot identify AIH features based on Table Al in Pavlenko et al.
(2022).

band mainly covers the region between 3500 and 4600A. Unlike
the relatively restricted distribution of AIH and SiH transitions, the
NaH molecule presents many closely spaced lines spread out across
a wider wavelength region. We can identify a number of NaH transi-
tions in the spectral region particularly between 3500 and 4600A. Fig.
11 gives an example of the character of NaH absorption lines in red
based on Rivlin et al. (2015). Using HARPS and UVES spectra for
GJ551 in the lower plot, we can identify the strongest NaH features as
appearing in the observed spectra and thus NaH is a relevant opacity
source. The theoretically strongest NaH transitions can be found in
the spectra though these are predominantly around 4000A where we
only identify the strongest ones; others are predicted to be several
orders of magnitude weaker. In the lower plot of Fig. 11 we plot a
somewhat redder region as an example that AIH acan more easily
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Figure 12. The ratio of two synthetic spectra with 3100K at two different
gravities, log g =3.5 and 5.5 is shown. This illustrates the gravity dependence
of the shape of Ca 1 line along with other molecules in this spectral region.

be identified. Since we struggle to reliably identify NaH transitions
beyond 4350A they do not provide a simple solution to explain the
shape of the 4000—4500A region.

In Fig.12 we investigate the gravity dependence of different molec-
ular features across the 4000—4500A region. The relatively modest
changes in Fig.12 suggest that the gravity sensitivity of CaH, MgH,
NaH, TiO SiH and AIH is small with only AIH offering significant
identifiable transitions increasing to lower gravities. For the case of
AlH, the lower plot of Fig. 10 and Pavlenko et al. (2022) indicate that
it is well enough understood and is not a continuum opacity across
the 4000-4500A region.

In principle, incorrect dissociation constants would affect the com-
puted number densities of molecular lines. We ran a few experiments
looking at the impacts on lines from varying Dy for NaH using the
substantially different available values in the literature: experimental
1.876eV (Gurvits et al. 1982) and ab initio 2.036eV (Tsuji 1973)
and 1.958eV (Le Roy et al. 2013). No interesting differencesin our
results were obvious and it should be noted that here is no, particular
evidence that such a spread in literature values is appropriate based
on (Barklem & Collet 2016) who find the experimental value should
be adjusted to 1.886eV using updated data for the ground state and
an improved partition function. The most sigdificant Dy change in
the dissociation constants of interest indicated by (Barklem & Collet
2016) is for CaH changing from 1.7 to 2.28 eV. This serves to make
CaH features stronger and otherwise the purple line labelling CaH
in the upper plot of Fig. 14 would be further to the bottom right
and CaH less important. Since we,use the (Barklem & Collet 2016)
values this is already accounted for in’our models though even sub-
stantial further changes in the B for CaH would not seem enough to
alter its relative lack of importance (e.g., Fig. 12).

3.3 Cairesonance line parameters and atmospheric
stratification

The_Ca nline"at 4227A along with the Ca 1 lines at 3934 and
3968A are well known and the later are utilised as the primary spectral
diagnostic of activity in the Sun and other stars since Preston (1959).
The behaviour of the ionised Ca 11 lines appears to be in line with
expectations and is not examined further here. However, the neutral
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Figure 13. The upper plot shows the ratio of spectral’'energy.distributions for
log g = 3.5 to 5.5. It also shows the impact of different damping constants of
Ca 1 line for model atmospheres 2800/3.5/0.0 and 2800/5.5/0.0.
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Figure 14. The upper plot shows a model atmosphere structure taken from
BT-Settl grid. Red thin and thick lines show the molecular densities of Ca 1
in the “normal and stratified” model atmospheres on the left-hand y axis.
Other colours show the densities of other Ca species. An arrow shows the
depth location (7ross = 3.4e-4) where stratiftication is on, i.e. above this point
molecular densities of Ca 1 are reduced by factor @ = 0.02. The grey line uses
the right-hand y axis and shows temperature. The lower left-hand plot shows
the impact of different stratification parameters on the spectrum around the
4227A Ca 1 line. The lower right-hand plot depicts the temperature at optical
depth 7, = 1.
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Figure 15. Fit of our synthetic spectra to the observed SED of GJ299 across
spectral range of 3800-5000 A. A good solution is found for 7¢ = 3.4e-3, «
=0.02, y¢ =-5.50.

line does not appear to have been so widely used particularly in such
cool stars and is susceptible to possible issues with its line strength
and broadening not considered by standard model atmospheres.

Given the interest to produce the broad absorption feature sug-
gested by Fig. 4 we make changes to the damping constant for the
Ca1resonance line with the observational constraint that the absorp-
tion feature only appears in 4000-4500A region at higher gravity,
and is pronounced at lower metallicity. In Fig. 13 we consider solar
metallicity models of 2800 K with log g=3.5 and 5.5 and make the-
oretical plots analogous to the empirical red lines in the Fig. 4 plots.
We investigate the effect of modifying the VALD (Ryabchikova et al.
2015) damping constant of log yg=—7.57 for the Ca1line. We show
variations of logjg y¢=VALD, VALD/1.25 and VALD/1.5 in Fig. 13,
where we adopt a shorthand syntax yq=VALD/1.25 to represent yg =
logg (v from VALD) / 1.25. It can be seen that these modifications
from the standard VALD value do have a dramatic impact on the Ca 1
line at 4227A but that these changes are most dramatic in the core
region. So while such changes do produce the required significant
line wing changes that are observed blueward of 4100A or redward
of 4400A the side effect is a very large change in the shape’of line
core region (green and blue synthetic spectra) which is not'observed.

In general terms the formation of the strong wings of the\reso-
nance lines of metals in cool dense atmospheres is well-studied in
the framework of the semi-stationary theory of liné"broadening (see
Allard & Kielkopf (1982); Allard et al. (2003),Burrows & Volobuyev
(2003), Pavlenko et al. (2007)). In order to'provide a theoretical in-
vestigation of the collisional effects in the blue” wing of the Ca 1
line perturbed by H, He and H», unified line profile calculations and
molecular data are both required. The first/step will be the determi-
nation of accurate potential energiestand electronic transition dipole
moments of Ca 1 perturbed by Hy Thierry Leininger. Lacking a full
treatment of broadeningssuch.as done for potassium by Burrows &
Volobuyev (2003), we. investigate an alternative solution by modi-
fying the positionl of caleium in the photosphere. This approach is
justified in the sense that there is considerable model uncertainty in
the temperature versus pressure profile in cool stellar atmospheres
and thatthe empirical constraints on the structure largely come from
a good match between synthetic and observed spectra.

Stratification of atmospheres is another approach that has been
employed elsewhere for example in the case of the Sun (Solanki &
Hammer 2002). Here we have the situation where the Ca 1 reso-
nance line occurs in a region of relatively low opacity and so we

are interested in the extent to which its line shape is dependent on
exactly where its line formation happens within the local radiation
field. Namely, we consider that in the atmosphere of M dwarfs above
the depth 75 molecular densities N (i) are reduced in comparison
with the equilibrium values (Nequjl) according to N(i) = @Nequil-
The upward pointing arrow in the upper plot of Fig. 14 locates our
arbitrary modification to the density of calcium containing species
in an M dwarf model atmosphere.

The impact of the stratification on the flux and temperature of the
photosphere with wavelength across the Ca 1 line can be seen in lower
plots of Fig. 14. Stratification can have the desired effect of producing
an enhancement in the wings of Ca 1 over a considerable range but
without unduly impacting the line core. From the perspective of the
model atmospheres we are left with the parameters 74 and @ which
can be determined from comparison with observations.

In Fig. 15 we compare different values of yg and use ryfand «
to modify the line broadening of the wings for the Ca 1dine to, fit
the M4.5 dwarf GJ299. The synthetic spectral lines with,yg = —5:00
and —7.56 show the problem of simply modifying g where it is
difficult to find a value which leaves the Ca 1 line) coreyintact and
simultaneously provides appropriately broadened\wings. It can also
be seen how stratification modifies the extréme line wing broadening
which is introduced by modification of‘the van der Waals damping
constant. Stratification can suggest.a fit-to the overall shape of the
blue depression as well modifying the modelled strength of atomic
features within this region but at'the same time not impacting Ca 11
lines at 3934 and 3968A and the deVeloping system of TiO bands
towards redder wavelengths. Further fine tuning of this stratification
could improve the mateh between empirical and synthetic spectra and
enable stratification to provide a perfectly reasonable albeit contrived
solution.

3.4 A-‘modified” Lorentzian solution

The interactions between pairs of neutral atoms and the correspond-
ingperturbations of atomic levels known as resonance broadening is
classically a concern for Hydrogen and Helium atoms in hotter stars.
In cooler stars reliable synthetic line profiles calculations sometimes
need to consider line broadening from neutral hydrogen collisions.
This is has been borne out in spectacular fashion particularly in the
L and T dwarfs with the sodium and potassium resonance line at
5900A and 7700A which increase in strength from the M through
the L dwarfs into the T dwarf regime.

The work of Blouin et al. (2019) indicates that line broadening
can provide a suitable solution for the line shape of the Ca 1 in
4000-5000K DZ white dwarfs and the resonance profile line shape
resembles the sought after line shape to explain the appearance of the
4000-4500A region. The upper plot of Fig. 16 extends the calcula-
tions of Blouin et al. (2019) to lower temperatures and illustrates the
importance of temperature and the line shape of a broadened Ca1line
in a pressure broadened environment with He. The Ca-He profile is
not symmetric and this lack of symmetry is something which is found
in observations of white dwarfs and well matched when using high-
quality Ca-He potentials (Blouin et al. 2019). Similar calculations
are not yet available for Ca-H and Ca-H; broadening which would be
appropriate for M dwarfs. However, the situation for Rb/Cs-He/H,
broadening may be seen as promising (Allard & Spiegelman 2006)
and might be analogous to the study of Na and K in Allard et al.
(2019). Initial calculations by Kielkopf & Allard (2008) suggest that
the unified profiles for Na-He and Na-H, are not significantly differ-
ent and the quasi-molecular line satellites become closer to the main
line when using more accurate potential data. As an interim alterna-
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Figure 16. The upper plot shows comparison between unified line profile
calculations for 7" = 3000, 2000, 1500 and 1000K based on broadening by
Helium (nge = 102'cm™3) extending the calculations of Blouin et al. (2019)
and based on Allard et al. (1999) in comparison with a 3000K Lorentzian ling
profile (dashed red). The lower plot shows a zoom in of the line core region.
It is inverted to illustrate the wide range of possible line core and wing shapes
introduced by different model assumptions. The Ca-He 4000K unified profile
from Blouin et al. (2019) based on broadening by Helium (nye = 102%m—3)
is shown in blue along with the standard Lorentzian in red and‘the ‘modified’
Lorentzian ‘fit’ used for Fig. 17 in yellow.

tive to an appropriately broadened profile we investigate a modified
van de Waals broadening as a plausible solution.

In a crude attempt to adequately4nodel the calcium line broad-
ening we empirically modify the Lorentzian used to represent the
calcium line in order to fit the measured continuum. The profile of
our modified Lorentz is detérmined by the formula

(_Pp * x2) + Pps * adamping/xpx (1

where ddamping (YR +Yvaw +7s)/6vD, and yr, ¥Yvaw, ¥s are damp-
ing parameters due to the natural, van-der Waals and Stark broaden-

ing and x ="62/6Apgppler- In the lower plot of Fig. 16 we invert the
plot and’zoom inyen the line core to illustrate schematically how the
different the alternative line profiles are to the standard Lorentzian
plotted in red.

From /the conventional approximation for the Voigt profile,
Pp»Ps,Px=1,1,2,(e.g., Gibson (1973)), we adjusted the parameters
of our ‘modified” Lorentzian by eye in order to fit the observed spec-
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Figure 17. The upper plot shows comparison between standard (green)
Lorentzian line profiles along with the unified line profile calculation for
T=4000K based on broadening by Helium (npe = 102ecm=3) extending the
calculations of Blouin et al. (2019) and based on Allard et al. (1999). The
middle plot shows the ‘modified’ Lorentzian ‘fit’ as a thick yellow line to
an X-shooter spectrum of GJ551 in black and binned thin yellow. The red
line in the middle plot shows the standard Lorentzian leaves too little opacity
to explain strength of atomic features and overall spectral energy distribu-
tion across 4000-4600A region.The lower plot is made using the ‘modified’
Lorentzian ‘fit’ and corresponds to the same bluer spectral region as the lower
plot of Fig. 5.

tral energy distribution. Although in principle, a Lorentzian allows
for control of line wings and line core in practise this required some
iterations to obtain the reasonable ‘fit’ shown in in the middle plot
of Fig. 17. For this we use pp, ps, px = 0.0001, 0.001, 0.5 to give
an approximate fit to the smoothed spectrum taken with the ESO X-
shooter instrument (programme 092.D-0300 employed by Pavlenko
et al. (2017)). This choice also provides a similarly improved fit to
other regions, e.g., in the lower plot of Fig. 17. This choice of this

€20z Aey /| uo Jasn aysp.iojusH 10 Ausieniun Aq 01191 2/L6E L PRIS/SBIUW/SE0 L 0 /10p/a[o1e-80uBApE/SeIULW/WOoo dno olwapede//:sdiy woll pepeojumod



12 H.R.A. Jones et al.

spectrum is driven by the desire to ensure that the flux calibration of
the empirical spectrum is robust. X-shooter is a well established in-
strument for determining the spectral energy distributions of objects
(e.g., (Verro et al. 2022)).

Although our ‘modified’ Lorentzian solution provides only an
approximate solution it gives an illustration of how a strong line may
be modelled with the Lorentzian dominated wings of a standard Voigt
profile. Our modified synthetic spectrum plotted in yellow in Fig. 17
enables a much more realistic fit. It is notable that the red line in the
lower plot of Fig. 17 represents the situation without modification to
the models. Without the very significant increase in the opacity in
the 4000-4500A region, models predict that the M dwarf flux does
not increase significantly across this region and remains relatively
flat even by the start of the TiO bands. A similar result is apparent for
GJ551 in fig. 2 of Bessell (2011) for synthetic spectra from MARCS.
In reality all M dwarfs do exhibit a rise in the flux across this region
to the TiO bands.

4 DISCUSSION

While this paper is concerned with extensive spectral synthesis, we
do not update existing literature values for effective temperature,
metallicity and gravity. Gravity remains a difficult parameter to fit
precisely from the spectra. For the moment, we consider that it is
as reliable to use the isochrone gravities for M stars and iterate
with the temperature and metallicity. Though the problem of the
paper is precisely that we do not have a good spectral model. A
key purpose of this paper is to highlight the importance of line
broadening calculations specifically for Calcium. Such calculations
have the potential to reduce the number of free parameters needed to
provide reliable parameters from spectral synthesis.

We have presented a range of hypotheses to understand the po-
tential reasons for the blue depression in the energy distribution of
M dwarfs across the 4000-4500A region though we note that all
plausible modelling issues have not been exhausted. For example,
we do not consider non-thermal equilibrium effects which can alter
the overall ionisation balance in late-type stars particularly toward
those with lower metallicities, e.g., Mallinson et al. (2022). Though
as with most of the presented alternative explanations, non-thermal
equilibrium is likely to only provide a partial solution to the,blue
depression and at least for solar type metallicities would primarily
impact the line core, e.g., Mashonkina et al. (2017). We find that the
simplest solution is a proper treatment for the pressuresbroadening
of Ca14227A.

In recent years there have been a wide variety of systematic efforts
to determine opacities appropriate for cool objects. These opacities
have provided a ready explanation for most of the unknown features
in cool stars. Here we focussed on a blue’depression in M dwarfs
in the blue optical. We concur| with,IL.indblad (1935a,b) that the
best explanation for the blue depression is the broadening of the
calcium resonance linewThis.feature appears as the strongest and
most sensitive feature, in“the optical spectral of M dwarfs. While
the importance of careful line treatment for strong lines has been
implemented for othet resonance lines our work emphasises the need
for a proper treatment of strong atomic line parameters particularly
for Calcium as well as the identification of other relevant molecular
species.

It is already clear from studies such as Lodieu et al. (2019) that a
number of well-studied atomic lines do not behave quite as expected.
Such identifications can easily be attributed to non-solar abundance
patterns or more exotic explanations but as the quality and quantity

of empirical spectra improve it is vital to resolve issues associated
with line parameters. Multi-object spectrographs provide the tools to
be able to take large numbers of M dwarf spectra and to derive their
detailed characteristics (e.g. Ding et al. (2022)). These can be impor-
tant for a range of different reasons. For example, the M dwarfs may
be intrinsically interesting themselves, due to their companions, or as
a statistical chronometer to map out the history and evolution of our
galaxy. It is likely that existing analyses will have biases introduced
by using grids of synthetic spectra that lack a systematic consider-
ation of strong line broadening. This is particular important where
astrophysical parameters are increasingly determined by algorithms
blind to underlying opacity issues.

The identified optical blue depression shows considerable sensi-
tivity within the observed spectra of similar spectral types and so
provides the potential as useful diagnostic spectral region for M
dwarfs. Since calcium broadening is the single most sensitivedeature
in M dwarfs it might be used to help resolve the degeneracies found
in the analysis of subdwarfs. Jao et al. (2008) find there‘is a.complex
phase space in the appearance of very explicit metalieity indicators.
They note that CaH is impacted in complicated’ways by.combina-
tions of temperature, metallicity and gravity. A'solution to this is
to introduce a further step in the analysis of subdwarfs focussed on
gravity determination Zhang et al. (2023), the sensitivity of calcium
broadening to gravity and metallicity\would seem to have promise
for this step. More simply, a filter centred-.on the 4227A line of simi-
lar width to a Stromgren filter would be sensitive to metallicity and
gravity. For example, low gravity, objects would present as relatively
brighter than field objects\of the"same colour due to their reduced
opacity in the 4100-4400A region and low metallicity objects would
present as fainter.

Although the general\causes of line broadening are relatively well
understoods‘the details of the calculations are complex and require
considerable effort. Calculations need to consider the broadening
of different alkali lines with a range of different molecules across
a Jarge range of temperatures, pressures and abundances. Such cal-
culationsrare essential for synthetic spectra to match the spectra of
M dwarfs. In the meantime, it may sometimes be practical to use a
‘modified Lorentzian’ whose shape is empirically determined. This
can be thought of as analogous to the use of astrophysical oscillator
strengths. While it will always be desirable to use the proper line pa-
rameters for strong lines it is notable that even after two decades the
proper treatment of collisional broadening for the well studied potas-
sium resonance doublet is not complete e.g., Phillips et al. (2020).
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