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Abstract

Water is one of the most abundant species that have been identified in observed
exoplanets. Yet, there are several existing theoretical line lists that, when ap-
plied to model spectra, give quite different interpretations of the observed spectra.
The project concerns comparing results from the different line lists and estimating
which are in best agreement with observations. The compared line lists, SCAN,
BT2, POKAZATEL, and HITEMP are implemented in cool atmospheric models
using MARCS to compute synthetic spectra. The spectra are compared to medium-
resolution spectra of M-dwarfs from the SpeX Prism Library and an SWS-ISO spec-
trum of M-giant SV Peg. All line lists show good fits with the giant spectrum, while
the dwarf synthetic spectra from BT2, POKAZATEL, and HITEMP models show
long-wavelength and short-wavelength regions, that can not fit the observed spectra
simultaneously. I discuss the possible explanations for their inability to reproduce
these spectra, and what this means for the use of line lists in stellar modeling.
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1 Introduction

The answer to the question of whether there can be life on planets outside our Solar Sys-
tem is no longer far out of reach. Although, for alien life to sustain itself for long enough
that we can hope to observe it, a great number of circumstances need to be in place.
Our capacity for discovering terrestrial exoplanets is increasing, and it is becoming more
apparent that rocky planets (of radius between 0.5Rg — 1.5Rg), within the habitable
zone, are abundant throughout the galaxy. Various definitions are used to describe such a
habitable zone (HZ), but in general, it is defined as a region around a star, where a rocky
planet with an atmosphere of Earth-like (HoO, COg, N2) composition, can have liquid
surface water. When adding the many effects that can influence the exact parameters of
the HZ, and taking into account the time that a planet has spent, or will spend, inside
the HZ during its star’s lifetime, it becomes tricky to generalize the HZ. Kupparapu
et al. [2021] define a conservative habitable zone with inner and outer limits determined
by greenhouse effects at different solar fluxes. Beyond the inner limit, the oceans would
vaporize from the high temperature. Beyond the outer limit, maximum heating from the
greenhouse effect would not be sufficient in keeping liquid water on the surface. Bryson
et al. [2021], with this definition, estimate a frequency of habitable zone rocky exoplanets
around a star of temperature 4800 K - 6300 K, ne = 0.37] (2)'148. This would place the
nearest one only ~6 pc away from us. One crucial missing part is our characterization
of exoplanets’ atmospheres. With the advent of telescopes PLATO, E-ELT, and the
recently launched JWST, it will be possible to obtain spectra that can be used to charac-
terize atmospheres. With a limited resolution and a broad span of possible compositions
with each their contribution to the shape of the spectrum and the structure of the at-
mosphere, we need something to compare that data to. This warrants the modification,
and use of, comprehensive atmospheric modeling programs in the low temperature, high
opacity regime of cool substellar objects and, eventually, exoplanets. It is tempting to
base such a model on the Earth. However, this would be a mistake, as we would base the
model on several fixed and observed parameters, not allowing for a self-consistent phys-
ical solution. The currently most common method for chemical analysis of exoplanets
is transmission spectroscopy, where planetary transits, observations of a planet passing
into the line-of-sight to the star in their orbit, are recorded in different wavelengths and
compared. This is useful since the transit depths will differ in each wavelength, as the
opacity is wavelength-dependent. The MARCS program is a self-consistent stellar atmo-
sphere modeling program written in Fortran. Its creation, and a detailed description,
are given in Gustafsson et al. [2008]. MARCS allows for self-consistent atmosphere mod-
els, and calculating spectra to compare with observed spectra. Over the years, features
and updates have been added, along with the possibility to drastically lower the model
temperatures and the accompanying changes to the chemistry and physics.

When generating synthetic spectra for low-mass stars and exoplanets, it is important
to consider the behavior of water vapor. This includes determining the line absorption
of water at a wide range of temperatures, and its impact on the atmospheric structure.
This project compares lists of line absorption parameters of water, both theoretically and
empirically based, in the context of fitting cool dwarfs. This comparison is done to high-
light the complexities of modeling the behavior of water, and potentially, determining
the best lists to use for accurate modeling in different contexts. Specifically, I use modern
available line lists of the main isotopologue, 'H2'0, in cool MARCS atmospheric models



to generate spectra and compare these to three late-type M-dwarfs, and one M-giant.
A similar published comparison has been carried out by Jones et al. [2003] for older
popular line lists. Most other comparisons are concerned with fitting to observations
of laboratory experiments, such as Rothman et al. [2010], Tashkun [2006]. Modeling
becomes important where phenomena such as element depletion and photochemistry
complicate spectroscopic observations [Juncher et al., 2017]. Water is an asymmetric tri-
atomar molecule with a complicated vibrational-rotational spectrum compared to other
triatomar molecules [Barber et al., 2006]. This causes the list of frequencies at which
water can absorb light to be vast, while its abundance causes a veil of those lines to
dominate the large wavelength regions of the spectra of cool bodies such as late-type
M-dwarfs. This makes correct modeling of water a very important sub-goal in accurately
generating synthetic spectra.

This work will not go into details of quantum chemistry that went into line list con-
struction (outlined in Jorgensen et al. [2001]), but aims to compare the performance of
line lists based on their method of overcoming issues related to line list accuracy and
completeness. The line lists in question are widely used and have not previously been
directly compared in their ability to reproduce stellar spectra in available publications,
while they have been compared in their ability to reproduce laboratory results. Labora-
tory tests are not sufficient for our purposes, since care has to be taken to the very weak
lines that govern the very energetic water transitions, as those are very important for
correct thermodynamics in upper atmospheres. Line lists can differ in this regard since
the approach in the construction of line lists varies. Whereas one of our lists is based on
using as accurate calculation as possible, others adjust line positions or band intensities
to laboratory data. Some are limited by the computational power or data available at
the time of construction. Different limits are set on the maximum energies included, and
how to assign these highly energetic transitions, when the quantum states involved do not
adhere to the theory used to categorize them. The best approach for line list construction
is hard to determine, as there are quite large limitations on which data can be obtained
in the laboratory, while calculations based on semi-classical quantum number (QN) as-
signment breaks down in the high energies. This means that any line list is bound to
be flawed. Section 2.7 gives a quick overview of the problems with QN-assignment. The
line lists compared in this work are SCAN [Jorgensen, 1995], HITEMP2010 [Rothman
et al., 2010], BT2 [Barber et al., 2006] and POKAZATEL [Polyansky et al., 2018], all
described in more detail in section 2.

Cloud formation appears in atmospheres at temperatures T,y < 2700 K and becomes
increasingly significant at lower temperatures. Clouds change the structure and spec-
trum of the atmosphere and are a crucial part of adapting MARCS to even cooler stars
and exoplanets. Juncher et al. [2017] have taken the first steps towards adapting the
MARCS code to exoplanets, by implementing a method of merging MARCS with a cloud
formation program.

I present a comparison of BT2, HITEMP2010, SCAN, and POKAZATEL in their ability
to reproduce the spectra of three cool M-dwarfs observed by 2MASS Skrutskie et al.
[2006 February| and the cool giant, SV Peg [Aringer et al., 2002|. Primarily M-dwarfs
were chosen around the temperature limit of cloud formation to showcase the applica-
tion of MARCS in cooler atmospheres, while these spectra are dominated by water in



the near-infrared. I omit cloud formation, as it is not necessary for this context, nor
strongly present until quite lower temperatures. This is not an oversight in the analysis,
as clouds only become very significant at lower temperatures than examined here, while
water clouds only appear at very low temperatures. I briefly discuss the calculation of
the partition function for water and discuss its importance in the context of line list
construction. I also show the immediate effects of temperature and surface gravity on
the synthetic spectra, to argue for how these parameters are chosen in fitting. This work
is, in part, a continuation of an unfinished article by Diana Juncher and U.G. Jgrgensen
from 2016. It was carried out under the supervision of Uffe Grae Jgrgensen, creator of
the SCAN list and co-author of several contained articles about SCAN and MARCS. My
version of MARCS, accompanying code and documentation, and the SCAN line list was
provided by Jgrgensen.

2 Theory

2.1 Atmosphere Structure

A planet’s atmosphere controls its climate
through the greenhouse effect and its chemi- 500
cal composition. The temperature and pres-
sure vary with altitude, and many physical pro-
cesses take place at different layers in the at-
mosphere. Whereas Earth is unique among ob-
served planets in having a stratosphere, caused
by a temperature inversion due to the ozone
layer, meaning that temperatures rise with al-
titude, the remaining four layers have analogs
in most observed planetary atmosphere. In
order of altitude, Earth’s five layers are the
troposphere, stratosphere, mesosphere, thermo- 100
sphere and exosphere (see Figure 1). A tro-
posphere is mainly characterized by convec- e

tion, caused by radiation heating the surface, LR o0 2000
heating the air near it, which is lifted up- Temperature (K)

wards, while air parcels move to lowelj pres- Figure 1: Vertical regions of the Earth’s atmo-
sures, where they expand and cool until they gphere. Source: Catling [2017]

sink to the surface again. Where the convec-

tion stops, a radiative-convective boundary is found, whereafter radiation becomes the
main source of upwards heat transport. This is because atmospheres become less opaque
to IR-radiation somewhat below the tropopause, "losing" heat from the surface. Convec-
tion ceases after the rate of temperature decrease with altitude exceeds a critical value.
The tropopause is generally found in planetary atmospheres around 0.1 bar regardless of
composition [Catling, 2017]. a stratosphere, characterized by temperature inversion may
exist above it if there is a strong presence of UV-absorbing molecules. Above the ozone
layer on FEarth, cooling resumes due to efficient radiation by COs in the mesosphere until
a new global minimum at the mesopause. At this minimum, pressure is so low that out-
wards radiation dominates the energy transport. This is generally found around 0.1 Pa
in planetary atmospheres in the Solar System. Above it, in every planetary atmosphere,
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is an extremely thin thermosphere, fluctuating in temperature in response to extreme
ultraviolet radiation. Photolysis and the very large mean free path, making collisions
very rare, mean that an jonosphere of free ions forms. The ions and free atoms absorb
highly energetic photons and convert them to kinetic energy, so the only heat transfer
downwards happens when atoms and ions collide. For planets containing more CO2 than
Earth, radiative cooling in the upper atmosphere cools the thermosphere, and the upper
atmosphere will generally be cool. The region outside the thermosphere is so thin that
light atoms can escape. Since the thinning is gradual, there is no clear boundary to space.
This general region is called the exosphere. There is a further distinction between re-
gions where diffusive separation according to mass dominates atomic composition rather
than turbulent mixing. On Earth this boundary is around &~ 100 km, dividing the atmo-
sphere into the homosphere below, and the heterosphere, above. The general structure
of a stellar atmosphere is quite simple in comparison. It is determined by temperature,
composition, and surface gravity. It is divided into the photosphere, the visible part,
from where almost all our observations come from, a hotter chromosphere, dominated by
emission lines, a somewhat elusive transition region, and finally, a very hot, thin region,
called the corona. While the photosphere temperature decreases with altitude, the tem-
perature starts to increase again, until it reaches the extremely hot corona. The reason
for the temperature rise after the photosphere is not fully determined, but it is essentially
caused by magnetic processes or small bursts of ultra-hot plasma happening constantly,
and heating the corona [NASA, 2014][NASA, 2015]. Atmosphere modeling and much
of our knowledge of stellar atmospheres are, however, limited to the photosphere [Gray,
2005].

Atmosphere structure is a term used for temperature change with altitude. We can
examine this for example by studying the temperature as a function of pressure since
pressure generally decreases with altitude due to hydrostatics. The dominant processes
responsible for heat transport are radiation and convection |Catling, 2017].

2.2 Basics of Atmosphere Modeling
2.2.1 Assumptions

The atmosphere is assumes to be divided into

homogeneous plane-parallel layers, which is an to, ...,
Top of Atmosphere DA n=cos®

assumption based on the radial extension of L

the atmosphere being very small compared to ™' & %=° SOl BT
the radius of the star. This means we do not G Ak W o
obtain any insight into the actual homogeneity I ek T s i
of the atmosphere. Figure 2 shows the struc- ¢

ture of such a plane-parallel model. T" and P *

are the temperature and pressure of each layer, S *

0 is the angle of an incident light ray and the ol Pyt e Pt
plane normal, and 7 is the optical depth, equal IR S L BT
to the number of mean free paths taken to Bottom of Atmosphere

travel through a layer. We also assume that the _.
. . . . .1 Figure 2: Structure of a plane-parallel atmo-
atmosphere is in a steady-state, avoiding all sphere model. P and T are the temperature

time-dependent phenomena. We assume hy- and pressure of each layer, and 7 is the optical
depth, a dimensionless measure of the opacity.
Source: Hesman et al. [2005]



drostatic equilibrium overall. A possibly large

effect ignored from this is magnetic forces on

large scales. We assume that the atmosphere

is flux-constant, meaning that all heat produced by the stellar body must leave the
atmosphere in order to obey energy conservation [Mihalas, 1978].

2.2.2 Chemical Equilibrium

The assumption of local thermal equilibrium allows for calculating gas composition from
minimization of the Gibbs free energy G = U + PV — TS. In order to calculate the
abundances of molecules, the model program must calculate multiple chemical equilibria
at once. First, we need an expression for the change in the Gibbs free energy, since
energy is minimized when molecules reach a chemical equilibrium [Woitke et al., 2018].
By looking at the first law of thermodynamics in a closed system with possible change
of composition and the definition of G:

dU = TdS — PdV + Y \uiN;, G =U+ PV —TS. (1)

Comparing the two, we can define dG as [Liliana Mammino, 2015]:
dG =VdP — 8dT + Y \jidN;, T =Ty, P=Py = dG =) pdN;.  (2)

After integration: G = ZNiNz‘- (3)

In the above, G is the Gibbs free energy, V volume, S entropy, P pressure, u; the
chemical potential of molecule N; and T temperature. T = Ty, P = Py defines the
isobaric, isothermal case. It follows that in the isothermal, isobaric case, the chemical
potential can be interpreted as the Gibbs free energy per molecule. The number of
molecules is not generally constant in a system undergoing constant chemical reactions.
Using the matrix 7;;, we can express the number of atoms N; residing in molecules NV;
[Woitke et al., 2018]:

Nj = ZPYZJNZ (4)

i
Equations (3) and (4) provide means for examining basic chemical reactions on the form:
1 X1 + X9 =— k1Y7 + kY5, (5)

To solve a system equilibrium, meaning obtaining a constant abundance of each molecule
N;, each equation of the form (4) and (5) must be solved while varying each molecules
number N;, to minimize the Gibbs free energy. The difference in G can be calculated from
an equilibrium constant K, [Woitke et al., 2018|, which depends on partial pressures of
products and reactants weighed by their stoichiometric coefficients ¢y 2, k1 2. AG will
then be calculated, favoring AG < 0, until equilibrium is reached at AG = 0. It should
be noted that a real atmosphere deviates from this picture due to element depletion from
cloud formation and photolysis in the upper atmosphere.



2.2.3 Net Energy Transport

Generally in physics, we assume conservation of energy. In the case of atmospheres, this
is expressed through the total flux leaving and entering the atmosphere. This can happen
through convection or radiation. An effective temperature Tesy is defined for the star,
according to the Stefan-Boltzmann law |Gray, 2005]:

d
& (Frad + Fcom;) = O, Ftotal = O-Te4ffa (6)
where o is the Stefan-Boltzmann constant. The picture is more complicated for a planet,
which emits IR radiation, while it is heated from above by its parent star. This requires
careful treatment in future atmospheric modeling, but the assumption remains, that an
equivalent total flux Fy, must leave the atmosphere.

2.2.4 Hydrostatic Equilibrium

The balance between outward total pressure and the inward gravity of a body is described
by hydrostatic equilibrium. In terms of the total pressure P, gravitational acceleration,
g, and gas density p:

dP

o P (7)

The total pressure, in theory, has contributions from radiation, convection, magnetic
pressure, and gas pressure. The magnetic and turbulent contributions, however, are
negligible in MARCS:

40 kT
Ptot :PradJFPgaSa Prad = §7T47 Pgas R p-
c My,

(8)

The gas pressure is the sum of partial pressures of every molecule species, atom, and ion.
In equation (7), we express it in terms of the ideal gas law, which is valid for the low
density of stellar atmospheres [Mihalas, 1978|. u is the average particle mass, m,, is the
atomic mass constant and ¢, o, ¢ are natural constants.

2.2.5 Radiative Transfer

Radiative transfer describes how emission, absorption, and scattering are treated for a
light beam traveling through a medium. The time-independent equation for radiative
transfer of a light beam traveling along a direction § is expressed in terms of wavelength-
dependent radiation intensity Iy, wavelength-dependent absorption coefficient xy, density

of the medium p, and a wavelength-dependent source function S = %:

I
aas)\——lﬁ)\p(f,\—s,\). (9)
Assuming local thermal equilibrium (LTE), which is common in atmospheric modeling,
and negligible scattering, the source function can be expressed as a Planck function [Gray,
2005]:
2hc? 1
A5 exp (he/AkpT) — 1’

Sx~ B\(T) = (10)

8



where A is wavelength, T' is temperature, h is Planck’s constant, ¢ is the speed of light
in vacuum and kp is Boltzmann’s constant. For a plane-parallel model atmosphere with
one-dimensional layers, the radiative transfer equation becomes [Mihalas, 1978]:

Mdi =1\ - B)\(T)¢ (11)
A

where u = cos @, 0 being the angle between an incoming light beam and the plane normal,
and 7 is the monochromatic optical depth: dry = k)pcos0 ds.

2.2.6 Convection

The rate at which the temperature decreases with altitude is called the lapse rate,

= _%- If a parcel of air ascends or descends, such that it warms or cools without
energy exchange with its surroundings through radiation or conduction, its temperature
change is adiabatic. Convection occurs when the lapse rate of a convection cell (parcel
of air that is hotter or cooler than its surroundings) exceeds that of the adiabatic lapse

rate [Catling, 2017]:

dT dT
C tion: I'= | — Fe=1{(—1 . 12
onvection <dz > > <dz )a (12)

In atmosphere modeling, convection is handled by defining a mizing length, | = aH,
where H is the atmosphere scale height, and « is a chosen mixing length parameter. The
mixing length defines the average length of travel for a convection cell before it absorbs or
releases energy to its surroundings. This energy flux depends on gravitational acceleration
g, medium density, specific heat capacity, C}, temperature, and the temperature difference
between the cell and the medium [Gray, 2005]|Gustafsson et al., 2008]. Convection in
atmosphere models causes the deeper layers of the star to lose heat more effectively in
the convective region.

2.3 Cool Dwarf Spectra and the Importance of Water

Atmospheric modeling has reached a point where models constructed for stellar atmo-
spheres can be adapted to substellar objects. This is also true for MARCS with the
inclusion of a routine called GGchem |[Woitke et al., 2018, calculating thermo-chemical
equilibrium at each model layer, for each iteration, returning new equilibrium abun-
dances, available to subsequent subroutines of MARCS relying on the molecular composi-
tion. Decreasing temperature causes more atoms to combine into molecules. Molecules
have many transitions other than electronic, due to vibration and rotation. This means
that cooler atmospheres will have an increased opacity per gram of material. When the
opacity increases, the radiation pressure will cause the atmosphere to expand, lower-
ing the gas pressure |Jorgensen and Johnson, 1992]. Because ultra-cool brown dwarfs
have similar atmospheric physics to exoplanets [Cushing et al., 2011], modeling cool
dwarfs atmospheres is a step towards modeling atmospheres for exoplanets, which will
prove an invaluable tool when categorizing planets through future spectroscopic data,
and will help in the search for habitable planets. While the strongest water absorption
bands have the most obvious effect on the spectra, the weaker lines play a very impor-
tant role, as these transitions have a large effect on the temperature-pressure profile.



The stronger bands have a higher 2800 TP structere effects from strong and weak lines, T= 2900 K, log(g) = 4.5
transition probability, and cause = ﬁﬂ:ﬁ%'&:ﬁin
higher opacity, meaning bigger "dips" T Sangess 1025 ot g s
in the spectrum. The weak lines rep-
resent high-energy transitions, occur-
ring at high temperatures. They are
needed to realistically model an at-
mosphere’s temperature-pressure re-
lationship, altering the structure of
the atmosphere, by drastically low-
ering the gas pressure in the upper
layers. This expansion is caused by @
the strong interaction of the gas with 15 20 25 30 35 40 45 50 s
the energy being transported through
the gas. Properly estimating and rep- Figure 3: T-P structure of the upper atmosphere of
resenting the weak lines is difficult. MARCS computed atmospheres with the SCAN line
A laboratory experiment consisting of lists, computed with different fractions of included H2O
. . lines.
heating gas in a chamber, and mea-
suring its absorption, will sample the
sum of the strong lines’ absorption. This means that experiments can certainly be used
to test the agreement between line lists and empirical data to check the strong lines,
however, almost no information about the weak lines will be present. This is because the
weak lines constitute a very small fraction of the total integrated absorption coefficient.
Stellar spectra are sensitive to the veil of weak lines and how well the computations hold
up across broad spectral ranges. Thus, strong and weak lines must both be represented
proportionally to their transitions’ effect on real spectra. This is a challenge, and dif-
ferent solutions and opinions exist about how to best solve that problem. This is also
what makes comparison with observed spectra an excellent test for line lists. The plot in
Figure 3 shows the direct effect of the strong and weak lines on the T'— Py structure. Four
model atmospheres are computed, one without any water lines (red), one with the total
SCAN line list (black), one with only the 1.02% strongest water lines (blue), and one
with only the weakest 53.9% of water lines. The plot shows only the upper atmosphere,
as the structures’ shapes in the deep atmosphere follow the top right of the plot, and can
thus be inferred. Not shown on the plot is that the blue and red curves extend slightly
"deeper" into the high temperatures. The plot shows that the weakest 53.9% of water
lines, corresponding to 0.073% of the total integrated absorption coefficient, cause a huge
expansion of the atmosphere, lowering the gas pressure by 2 orders of magnitude, while
causing heating in the upper atmosphere, and cooling below, while the 1.02% strongest,
corresponding to 88.8% of the total integrated absorption coefficient, cause only a very
moderate cooling compared to the "no water"-structure in the upper atmosphere, and
smaller heating below. This means that an error of 400% in intensities of this portion
of weak lines, would only cause a 0.29% deviation between laboratory and computed
integrated absorption coefficients.

2600

2400

eff

S
2200

2000

Brown dwarfs’ spectra are dominated by broad and overlapping features from molecules
and condensate, whose strengths depend on gas pressure, abundance, temperature, and
available dust, which are related to surface gravity, metallicity, and T.s; [Manjavacas
et al., 2014]. Due to differences between solar-type stars and very cool- to substellar

10



objects, new spectral features have to be modeled in the spectra. Brown dwarfs have
(progressively late) spectral classes M, L, T, and Y, the latter three being exclusive to
substellar objects, while the M class can contain brown dwarfs, as long as their estimated
mass is below the stellar limit of 65 M jyp. The L class is characterized by a strong lithium
line, which should otherwise not be present in a star older than 100 Myr. Their spectra
are dominated by HyO, FeH, and CO absorption in the NIR [Manjavacas et al., 2014].
The T class exhibits methane absorption at 2 um, not observed in any main sequence
stars, collision-induced absorption (CIA) due to Hy and typically deep HoO absorption
bands around 1.3-1.5 pym [Manjavacas et al., 2014]. The Y class is defined by Cushing
et al. [2011],Kirkpatrick et al. [2012], as a combination of absorption effects and very
low temperature. They mention NHs-bands as an indicator for this new class since it
surpasses No in abundance when T" < 700 K, although, there is an overlap with strong
H20 bands, clashing in particular with water ice absorption centered at ~ 1.5 um. In
cool enough brown dwarfs (T' < 350 K), water clouds are expected to form, causing water
absorption to dominate parts of the spectrum [Skemer et al., 2016]. The age of substellar
objects can be inferred from the fact that they contract and cool with time. The forma-
tion and sedimentation of the iron and silicate grain dust clouds Below T¢ry ~ 2600K is
also influenced by surface gravity. The formation will be more efficient in an extended
cool gas, and convection and mixing should be more efficient [Manjavacas et al., 2014].
The SpeX late M-dwarf spectra that are used in this project are not expected to be
substellar, so their spectra are expected to be dominated by absorption from TiO in
0.7-1.0 pm, and then by water, almost undisturbed, longward of 1.3 pm. Details about
SpeX is found in section 3.5. In cool dwarfs, as with exoplanets, the total pressure of the
hydrostatic equilibrium equation (eq. 7) is dominated by the gas pressure (Piot & Pyas).

2.4 Line Lists

For our purposes, a line can be defined as a transition between two values of J (total
angular momentum) of an atom or molecule. These J-values have corresponding degen-
eracy ¢gn, = 2J, + 1, and the transition has an intensity, or "strength", S, equivalent to
the transition probability. The Einstein coefficient Aj; is a good, unambiguous measure
of line strength. It represents the rate of decay in a two-level system:

1673138 _
#= 3eohc3g;’ [Aji] = - (13)
where v is frequency, and gy (vacuum permittivity), h and ¢ are natural constants.
Astronomers typically use a related quantity, called gf-values for line lists [Bernath,
2019]. Line lists come in a variety of formats, units, and sizes. In general, they must
purvey information about the states and transitions, most importantly, line positions,
line intensities, a set of quantum numbers, and the energy of the lower state. A handy
way to obtain a measure for the strength of a transition in terms of g f-values, using the
Einstein coefficient and the states’ quantum numbers is through the absorption oscillator
strength, fi; (here, j is the higher energetic state). f;; is simply put an absorption rate
divided by the absorption rate of a classical, single-electron oscillator :

9 9i Aji
o _ e ’ 14
/i gi Jit 39i Vel 1)
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where 7y, is the emission rate of a classical single-electron oscillator at frequency wj;, and
Aji is the emission rate in question (the Einstein coefficient for emission). The factor 1/3
ensures that if J; = 1, J; = 0, only absorption can occur:

1

9g;=2J;j+1=3, ¢=2J;+1=0 = f;; =1, sz‘z—g- (15)
In order to calculate f;;, we need the definition of ~,:
2 2
Vel = — and conversion of frequency:  (vj; = 47°wy;),

where e and m, are electron charge and mass, respectively. We now obtain an expression
we can use directly with quantities obtained from our line lists:

3

f“ g5 E0MeC
v 2
gi 27T€21/ﬂ

Aji. (17)

To get our desired gf-value, we simply multiply by g;: gf = gifij = —g;fj- If needed,
we also have the handy conversion to the integrated line strength, sg, [Hilborn, 1983]:

50 [cm/molecule] = 5.33129 x 10'tgf. (18)

For reproducible results, line lists should also include a partition function for the listed
molecule, and lastly, a choice has to be made on a line shape function, before one can
compute a synthetic spectrum. Sometimes, information about the line shape is included
with the line list. The standard choice of line shape is a combination of a Gaussian
function and a Voigt function to represent Doppler- and pressure broadening, respectively.
The Gaussian broadening is quite simple, whereas the Voigt function, which depends on
composition and temperature, needs estimates for values that are not usually known from
experiment [Bernath, 2019]. The need for a partition function is clarified in section 2.7.

2.4.1 Weak and Strong Lines

There are several important differences between any laboratory setup and a stellar at-
mosphere. First, is a natural limit on the resolution. If one were to construct a very
high-resolution laboratory experiment, on the order of 1000 lines per A, the individual
lines would be impossible to resolve due to crowding and broadening of the lines. A
cool atmosphere is a complex structure, and its thermal properties all respond to the ab-
sorption and emission in the gas, as opposed to a laboratory setup, where the strongest
absorber dominates. Even if laboratory measurements take place under elevated temper-
atures, the pressure will usually be kept constant, or at least not be able to respond to
high energy transitions in a way that mimics an entire atmosphere. As seen in section
2.3, since the weakest lines make up only a small fraction of the integrated absorption
coefficient, those that compare their line lists with laboratory measurements should be
careful, as a grave error in the weak lines has very little effect on the integrated absorp-
tion coefficient. Two line lists for the same species can have almost identical integrated
absorption coefficients but different effects on the atmospheric structure. Even if one
takes care to not only validate results using the total integrated absorption coefficient,
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comparing with laboratory data is still not a very good way of evaluating an entire line
list, especially if the list has been adjusted with the data that it is being compared to.
Laboratory setups will often be limited to a narrow spectral range, while comparison
with stellar spectra depends on the full set of computations, and whether the weak lines
are handled properly. To quantify how a dense atmosphere becomes opaque at certain
frequencies and affects the radiative transfer, an opacity function is used. An opacity
function uses information about absorption, such as line strength, elemental abundance,
isotopes, and line shapes (possibly dependent on temperature or pressure), and calculates
absorption coefficients of all species combined at given temperatures.

The strong lines are close to the ground state and are therefore easier to compute accu-
rately, using the simple harmonic oscillator as eigenfunction. This system breaks down at
higher energies, making quantum number assignment useless. As mentioned, line lists are
constructed using different approaches. Determining the lists that best reproduce data
may shed some light on which assumptions are good when constructing a line list. Three
different approaches are prevalent in line list construction: The first is to do the necessary
computations as accurately as possible, with no regard to laboratory measurements. This
is the philosophy behind the SCAN line list. The second is to adjust those theoretical
results, or a part of them, to laboratory results. This is what was used in the Partridge
& Schwenke (PS) list [Partridge and Schwenke, 1997], referenced in other papers pre-
senting line lists, but not tested here. The third approach is to use laboratory-measured
band intensities, where one believes they are more accurate than the theoretical ones,
which is done for the HITEMP2010 list. Correcting the band intensities involves a risk
of tampering too much with the weak lines in that spectral range, favoring the accuracy
of strong observed lines. One should avoid doing so, or at least be very careful if the list
is to be used in atmospheric modeling. Tashkun [2006] compares, in a broad spectral
range, BT2, PS, an older version HITEMP, SCAN, and a completely empirically-based
list aimed at a more industrial context by the name of TOMSK. Their comparison favors
BT2 and shows that SCAN overall performs worst. The comparison is done with a focus
on isothermal observations. Since then, HITEMP has been updated, and the ExoMol
group has adopted the new line list POKAZATEL.

2.4.2 SCAN

The SCAN line list database by U.G. Jorgensen (Jorgensen and Jensen [1993],Jorgensen
et al. [2001]) contains almost 3 billion absorption lines and 98% of energy levels up to
the dissociation energy for water. However, for astrophysical calculations, a few tens
of millions are sufficient [Jorgensen et al., 2001] The SCAN H2O line list [Jorgensen
et al., 2001] is constructed by attempting to most accurately calculate transitions with
no adjustments. These calculations are described in Jgrgensen and Jensen [1993]. They
compare their version of the SCAN list with integrated absorption coefficients of the
original HITRAN database [Rothman et al., 1998], which included only 86 strong lines
at low temperature. Jorgensen et al. [2001] showed that a line list consisting of 3 billion
lines could be reduced to around 100 million, while still accurately reproducing high-
quality spectra in self-consistent models. This reduction was possible when eliminating a
number of the ultra-weak lines around the dissociation of water (around 3500 K). Here,
they compared their integrated absorption coefficients with that of the HITEMP1995
line list. This 100 m. line version of the SCAN list has a vibrational cutoff at 15000
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cm ™!, the lowest between the four compared here. This corresponds to 0.66 pm, while
our observed spectra have a minimum wavelength of 0.65 pm.

2.4.3 BT2

In the paper presenting BT2, Barber et al. [2006], the authors claim to have addressed
problems present in previous line lists, including PS, and SCAN, by having more accurate
calculations and a simple increase in computational power allowing for more completeness
and accuracy. They also claim that the most accurate previous line list is the PS list.
They use an energy cutoff at J = 50, E = 30000 cm~!, and have 506 m. lines in their
list. They note that this cutoff only omits 0.02% of the total partition function. Note,
however, that the crucial weak lines that lower the pressure in the upper layers have very
little contribution to the total partition function.

2.4.4 HITEMP2010

The former version of HITEMP, tested in Jones et al. [2003], included 1,283,466 lines
with an energy cutoff at 15000 cm ~!. It is an observationally based list, including
high accuracy observation of water lines from laboratory setups (inevitably favoring the
strong lines because of limitations in such a setup.) HITEMP has since been updated to
HITEMP2010, through a desire to have better agreement with the HITRAN database,
more updated calculation, and having a higher cutoff to more accurately represent high-
temperature transitions. This culminated in the emergence of a blend of BT2 and HI-
TRAN, with "semi-empirical line positions", called HITEMP2010. The former will be
referred to as HITEMP1995. In Rothman et al. [2010], presenting HITEMP2010, they
show their integrated absorption to agree better with laboratory data from Coppalle and
Vervisch [1986], than the SCAN line list in the range 1.3 pum - 2.3 pm. This is expected,
as the HITEMP list comes with values that are adjusted to laboratory data. They were,
however, only compared to measurements in that range, and not in high-temperature en-
vironments. Like BT2, the vibrational energy cutoff of HITEMP2010 is at 30000 cm ™!,
although given in different terms at a reference temperature in its paper.

2.4.5 POKAZATEL

POKAZATEL, the line list of Polyansky et al. [2018] has the highest cutoff at 41000
ecm™t, J = 72 (highest value of J for which all energies lie below the cutoff.) The final
list uses empirical energy levels to correct line positions when available. The list has over
5.6 billion transitions and is currently recommended by the ExoMol group. The authors
list PS and BT2 as the most widely used line lists and claim PS to be more accurate
than BT2 longward 1 pm, and both lists to be unsatisfactory at temperatures > 3000
K. They mention that water has been observed on dwarf stars with temperatures up to
4000 K, as a reason for the need of a water line list that is complete up to these tem-
peratures. Like in Barber et al. [2006], improved computation and improved calculations
(fitted to improve line positions) are mentioned as reasons for their improved list, along
with nuclear motion calculations at energies up to dissociation. They use observational
work by IUPAC [Tennyon et al., March 2013| to obtain very accurate experimental and
experimentally derived water energy levels, and claim to have succeeded in their aim to
make the first complete rotational-vibrational line list for a polyatomic molecule. Their
results are fitted to spectroscopic data from Shirin et al. [2003] up to 25000 cm~!, and
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data from Matsyutenko et al. [2009] from 27000 cm™~! to dissociation, Dy. Bernath [2019]
details how their method of calculations retain both the benefits of HITEMP’s empirical
accuracy and the possibility of easy extrapolation of energy levels.

2.5 Cloud Formation

Cloud formation is expected
in most exoplanets, so it is
critical to have good tools for

"
. . . TO H,0
modeling cloud formation in . PP e fomaton sl
I v 5 gas <
exoplanet atmosphere mod- ® nucleation
by gas-gas reactions

eling and understanding its
impact in exoplanetary spec-
troscopy. It is modeled in
terms of grain number and
size, in the context of ra-
diative transfer and mixing
processes.  Clouds require
seed particles, and in the
case of gas giants without
crust, seed formation is re-
quired [Helling et al., 2016]. _
On these seeds (dust parti- 0 T uo

cles), surface reactions that
are more efficient than the Figure 4: General overview of cloud formation cycle as described in
the text. Source: Helling [2019].
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seed-forming gas chemistry
can occur. The cloud struc-
ture is determined by nucleation rate J, [s7!], grain size (a) [pm] and number of cloud
particles ng. When cloud particles are formed, they undergo gravitational settling, in
which they continue to grow and change composition (as do their surroundings during
descent). While growing, the clouds deplete seed-forming elements, skewing the metallic-
ity and C/O ratio in the atmosphere. This depletion is counteracted by convection from
lower warm layers. Once replenished, the upper layers can form seeds for new clouds.
Friction with surrounding gas during settling determines the coupling between clouds
and gas, affecting the descent rate and the specific chemical reactions. If there is a lot of
friction, the cloud will be carried along by the wind. If the gas density becomes too low,
or the cloud particles too heavy, particles decouple. If this happens on large scale (growth
can not keep up with decoupling), rain occurs. The overall likelihood of cloud formation,
size, and composition are ultimately determined by Ty.s and pgqs, While gas velocity
governs vertical mixing [Helling et al., 2016]. The general cloud formation mechanism
as described here is shown in Figure 4. The interplay between cloud and atmospheric
composition affects both modeling and observation at low temperatures. Clouds have
high opacity, causing heating, while they block the line of sight to lower parts of the at-
mosphere. Their formation and growth also alter chemical abundances, most noticeably
for uncommon elements. 3D models reveal zonal patterns similar to that of Jupiter due
to the horizontal motion of gas and clouds, and lightning, indicating a global electric
circuit (GEC) can link atmospheric processes over long distances. [Helling, 2019].
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2.6 The MARCS Code

The MARCS code was constructed in the 1970ies for modeling stellar atmospheres in light
of the need for self-consistent models of stellar atmospheres. It has existed in many differ-
ent versions since then and has been employed in different modeling approaches. A short
overview of the MARCS code’s history is given in Gustafsson et al. [2008]. In the original
version of MARCS, an opacity distribution function (ODF) was used, due to computing
constraints. This method comprises of choosing a wavelength region and computing a
fraction of lines that have an absorption larger than some quantity [. A program would
then create a function that represented the line absorption in this wavelength region
based on that fraction of lines [Gustaffson et al., 1975]. Today, other groups use a similar
method called "correlated k distributions", converting the lines in a frequency interval
into k distributions of absorption strengths |Gustaffson et al., 1991]. In the version of
MARCS we use today, the opacity input consists of lists of opacity sampling files for each
molecule, that need to be calculated beforehand. For this calculation, a partition function
for the molecule is needed. This is a critical step in modeling atmospheres, as there are
multiple ways to calculate partition functions that the absorption coefficients are derived
from, and line list completeness (in terms of both energies and line number) needs to be
considered. A comparison of methods for calculating the total internal partition function
can be found in Popovas and Jgrgensen [2016]. The authors argue that a standard co-
herent set of partition functions is crucial in making comparisons of atmospheric models
and that at the very least, it should be clear which method is used, as it affects the whole
physical structure. MARCS has the option of calculating plane-parallel or spherical sym-
metric models and assumes LTE. Chemical equilibrium from minimization of Gibbs free
energy is calculated in the GGChem code during MARCS atmosphere computing. MARCS
uses a source function that is dependent on monochromatic scattering and absorption
coefficients o) and k) |Gustafsson et al., 2008|:
K O

Sy = —"—B\(T) + ——J,, 19
= M)+ P, (19)

where B)(T) is on the form of equation (10). MARCS uses a mixing length approach to
convection, adding a convective flux to the energy equilibirum. The numerical methods
MARCS uses are detailed also in Gustafsson et al. [2008]. Juncher et al. [2017] show how
clouds can be implemented in MARCS via alternating execution of MARCS, and a cloud
modeling program by Christiane Helling, called DRIFT (since renamed static weather).
They model atmospheres for ultra-cool dwarfs (7" = 2000 — 3000 K, log(g) = 4.5) and a
giant gas-planet WASP 19-b.

2.7 Partition Function
2.7.1 Outline

The total internal partition function is defined in the context of thermodynamical equi-
librium and determines the distribution of atoms and molecules in well-defined energetic
states and temperatures. It is central to much of astrophysics. Since it is a statistical
sum of Boltzmann factors (energy terms), it relies totally on how energetic states are
defined. When physicists use different or inconsistent methods for assigning energetic
states, this, in turn, affects the entire thermodynamics of their model. How to obtain a
more accurate method of calculating partition functions is the subject of much research.
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To increase the accuracy and reproducibility of astrophysical research, a standard set
of Qo+ should ideally be used. This is not a problem that is solved as of yet, let alone
reached a consensus about. Until then, clarity regarding the treatment of this problem is
important when publishing results. Popovas and Jgrgensen [2016] give a good discussion
of the problems with the typical semi-classical approach to this problem. This outline of
the typical approach is based on their work.

2.7.2 Energies

The Born-Oppenheimer approximation states that the motions of nuclei and electrons
can be separated, due to the large difference in mass. By making use of the Born-
Oppenheimer approximation, one can assume independence of vibrational and rotational
energies, and likewise between vibrational and electronic [Zielinski et al., Updated 2021].
This allows for the calculation of independent contributions for the total internal partition
sum, based on each energetic regime. The translational contribution is simple to calculate
and depends on particle number N, temperature NV, pressure P and particle mass m:

NkpT o h2
;= s A= 2
@ 3P mkgT (20)

where h, kp are natural constants. For vibrational energies, the harmonic oscillator
potential can be used to describe a diatomic molecule sufficiently well when close to the
potential minimum (minimum internuclear distance R = R..) A better approximation
is the Morse potential:

2 h
U(R) = Ep [1 - e—“<R—Re)] . AE(@) = hw [1 S A 1)] , (21)
2Fp
where Ep is the binding energy of the potential well. With this potential, energy sep-
arations AFE decrease with vibrational quantum number v. This Morse potential is an

anharmonic oscillator. Given in term values G(v) = E(v)/hc :

1 1 1\?
H.O.: G(v) = we <v + 2) Anh.O: G(v) = we (U + 2> — WeXe (v + 2) , (22)
hw? [2E
where in case of the Morse potential: w, = f’ WeXe = L, w=ay| —2. (23)
c 4cEp n

In (23), w, is the wave number, we Y, anharmonicity term, and w vib. frequency. In the
harmonic approximation, we can sum Boltzmann terms and get an approximate Q,:

0
—1
Qv ~ Z e—hcwe(v-'r%)/kBT — (1 _ e—hcwe/k}BT> ) (24)
v=0

For rotation, the most simple description is the rigid rotator:

J? J(J + 1)R?

1
E(J) = §Iw2 =57 with sq. length of J in QM context: E(J) = 57 (25)
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Here, J is the total angular momentum, and I is the moment of interia. (25) would
give again give an analytically calculable partition function, but it is not very physically
appropriate. Using instead the non-rigid rotor allows for a centrifugal force acting on the
atoms, increasing R. This causes an increase in the moment of inertia, thereby lowering
FEro. In term values, the distortion D, yields

h2
~ 82l
where B, is the main molecular constant. There are 2J + 1 orientations available for the
rotational axis. Additionally, one needs to either consider electron spin degeneracy or
add a symmetry factor o, equal to 2 for homonuclear molecules and 1 for heteronuclear
molecules. For RRA with o, the @ is computed similarly to the H.O.:
kT
ocheB,’

F(J) = B.J(J +1) = D.J*(J + 1), B, (26)

Qrot =

(27)

Interaction between vibration and rotation can now be considered by adjusting the vi-
brational levels with a molecular constant B,, using the rotation-vibration interaction
constant ag:

B, = Be — . (wé). (28)

The energies of excited electrons are high, and contribute little to the total partition
function. For some molecules, where there are degenerate electron states, the electronic
partition function used is

Qe = Zojee_Te/KbT, e = (2—060,4)(25+1) (elec. stat. weight). (29)

In (29), do,a is the Kronecker delta (equal to 1 at A = 0, and 0 otherwise).

2.7.3 Usage and Cutoffs

There are problems in the semi-classical approach for high energy levels. There need
to be cutoffs for v and J which represents a limit where the description of molecules as
isolated atoms, connected by rotating springs, breaks down. Where to place these cutoffs
is unclear. One can stop at the dissociation energy, or for the Morse potential, at the point

Umaz = %, where the energy separation between states, AF has reduced to zero.
Equivalently, for the non-rigid rotor (eq. 26): Jyae = 7% VDe  For both, however,

more terms still ought to be added to the approximation to account for higher states.
Since the semi-classical approach breaks down at the highest level, there is not much
left, other than to use experimental values. This is very problematic, as assumptions are
needed for non-measured levels, while measured levels have to be categorized in terms of
some insufficient semi-classical theory, and even then, one would observe also dissociation
and recombination energies. The incorrect assignment has usually been ignored, and
experimental values fitted and extrapolated. Popovas and Jgrgensen [2016] list 8 cases
of increasing complexity that have been used in literature to compute Q;y¢, ranging from
using simply the HOA and RRA, to dropping both HOA and RRA, including molecular
constants that vary with level, dissociation, and finally abandoning molecular constants,
as they are rooted in classical mechanics.
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3 Method

3.1 Methods Outline

Line lists were collected from publicly available sources online and converted into a format
that is suitable for an opacity sampling script. Observed medium-resolution spectra
of red dwarfs were downloaded from the SpeX Prism Library, expected to showcase
dominating absorption from H2O and TiO in different wavelength regions. A red giant
was also selected, to show line list performance in a broader wavelength span. From the
OS files, model atmospheres were computed with fairly standard parameters, and from
those, synthetic spectra were generated, containing 27 opacity sources. These synthetic
spectra are compared to the observed ones. The model structures and single-molecule
contribution spectra, in different cases, are also examined.

3.2 OS Absorption Coefficients

MARCS obtains absorption coeflicients from line lists by way of opacity sampling. The
opacity sampling files consist of statistic absorption coefficients, constructed from a line
list and a partition function, by random sampling of wavenumbers. The opacity (mass
absorption coefficient at wavelength A, uy) is obtained when the absorption coefficients
from the OS file are multiplied by the partial pressure of a molecule in the atmospheric
model. The opacities are used in MARCS to compute self-consistent radiative transfer,
energy balance, and 17" — P, profiles. The OS files are specified for a set of different
temperatures, making it possible to interpolate between these, for use at any temper-
ature in the atmosphere model. MARCS and the accompanying spectrum computation
program SYNTOS uses OS files, computed with OS-script 0S_ EXOMOL, written by Jgr-
gensen in December 2020. The program samples equidistant points from a scrambled
selection of lines, and is designed to have an equal contribution to opacity according to
energies, causing it to sample more, where the contribution to a computed spectrum’s
resolution is greatest. After sampling random wavenumbers, contributions from the line
list in that range are summed up (making it possible for several lines to contribute), and
in the case of molecular OS files, the integrated line strength (sp) is distributed onto a
temperature-dependent Gauss-profile. MARCS can then interpolate in temperature be-
tween the statistically selected points. Only a temperature-dependant Gauss function for
broadening is used, omitting the Voigt profile for molecules, since we assume that crowd-
ing of lines with broad Doppler wings renders the full Voigt profile unnecessary. This
allows for using the same molecular OS file for any model, while the atomic OS’s have
to correspond to the parameters of the atmospheric model. The integrated absorption
coefficients presented in Figure 5 are smoothed plots of the opacity sampling absorption
coefficients taken at 2700 K.

3.3 Synthetic Spectra

The spectrum program SYNTOS, written by U. G. Jgrgensen, computes a synthetic spec-
trum with any chosen number of OS-absorption coefficients and a given model atmosphere
from MARCS. The resolution of the spectra is generally 1/10 to 1/20 of the resolution
of the OS files. The script can also compute named filter magnitudes and colors, and
fold the output with an instrumental profile. It produces up to 9 spectra simultaneously,
each with their specified combination of molecular OS files, along with a continuum and
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a Planck function. First, wavenumbers are calculated, and then an absorption coefficient
value from the nearest OS-point is assigned to the wavenumber. Then, interpolation
between temperatures listed in the OS file is performed to match the model temperature
and adjust the value thereby (opacity at A is a function of T'). The program uses opac-
ity data for 27 molecules, as these are the ones that, currently, there are both partial
pressures readouts from the model file, and listed OS files. 27 molecules should be more
than sufficient for the temperatures we are working with |Gustafsson et al., 2008].

3.4 Collection and Conversion of Line Lists
3.4.1 OS Parameters

0S__EXOMOL computes opacities at 12 different temperatures between 500-4000 K, with
a Doppler broadening of 3 km/s and Z/Zs = 1. The wavenumber interval increases
in steps from 5-500 after reaching certain wavelengths, between 400 cm™! and 80000
cm ™!, equivalent to 24 ym - 1200 A (note that the maximum value wave number in the
water lists is ~ 41,500 in POKAZATEL.) The molecular OS files are in cm?/mol. This
results in an opacity of cm?/g when multiplied by partial pressure in MARCS. For all
lists, the partition function provided by the creator of the list, available together with
the lists, was used for OS calculation. All opacity sources other than water lists BT2,
POKAZATEL and HITEMP2010 were included and specified in the version of MARCS
provided by Jgrgensen.

3.4.2 SCAN

The current SCAN list of 100 million lines is available by anonymous ftp. The line list
is in the format (v;; [em™!], so [em/molecules|, A4;;].) The OS file for SCAN contains
72,492 wavenumbers.

3.4.3 BT2

The BT?2 line lists can be downloaded from The ExoMol website by searching "Data" and
"by molecule". The data is presented in levels files and transitions files. The levels files
contain 221,097 energy levels, their energies and accompanying quantum numbers. The
transitions files contain level references for each transition and the Einstein coeflicient.
The partition function is listed along with these files. Since the 0S EXOMOL script uses
gf-values for line strength, equation (16) was used for obtaining for f;;, and thereby
gf = gifi;. The final line list contains 505,806,255 lines in the format (v;; [cm™!], gf
[cm/molecule|, A;;, ISO), where "ISO" is a isotope reference number ("1" throughout).
The list covers a spectral range of 0-30,000 cm™!. The computed OS file contains 86,336
wavenumbers.

3.4.4 POKAZATEL

The POKAZATEL line list is available through ExoMol and can be obtained in the
same way as BT2, along with its partition function. It is listed on the website as the
recommended line list for 'H5'00. The line list was collected and converted in the same
way as for BT2, with the exception that it was done separately for six subdivisions of
the list, calculating OS files for each, before merging them back together. This was done
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due to the sheer number of lines in the POKAZATEL list. The final line list covers a
spectral range of 0-41,140 cm ™!, and contains 5,569,365,927 lines. The computed OS file
contains 92,682 wavenumbers.

3.4.5 HITEMP

The HITEMP2010 water list and partition function are available through HI'TRANon-
line. The list contains 114,241,164 transitions in the spectral range of 0-30,000 cm™".
The format of HITEMP2010 is a 160-character length fixed-width format, displaying
many properties of each transition, and including information about line shape. This
format requires reading in Fortran or using an equivalent subroutine. This was done
with a Fortran reading package in a Python script used for the subsequent conversion.
A definition of all the units and formats are given in the presenting paper, Rothman
et al. [2010]. The downloaded version lists intensity at a reference temperature of 296 K,
requiring one to calculate back to the temperature needed, as described in the article.
Since the quantities used for conversion of BT2 and POKAZATEL are listed, eq. (16)
was used again, and the line list was put in the same format as the others. The OS file
we use contains 86,141 wavelengths. HITRAN includes lineshape parameters, which can
be used if no opacity function with line shape is used.

3.5 SpeX Prism Data

The SpeX Prism Library (SPL) [Burgasser, 2014] contains low-resolution NIR spectra of
cool dwarfs, obtained with the SpeX spectrograph on the 3m NASA Infrared Telescope
Facility on Hawaii. The spectra used have a resolution of 120 and span 0.65-2.55 pm.
The resolution is sufficient for comparison with our models, and they fit our interests in
the NIR spectra of cool dwarfs. The three cool dwarfs chosen from the SPL are part of
the Two Miron All-Sky Survey 2MASS [Skrutskie et al., 2006 February].

3.6 Star Selection

As cloud formation is not included in the version of MARCS used for the line list compari-
son, the stars chosen should not be too far below the limit for cloud formation T,y < 2700
K. Four different stars around this limit are chosen, excluding also warmer stars, as wa-
ter is the most important contributor to opacity at the temperature of late M dwarfs
(~ 2500 K), dominating the opacity in the infrared [Barber et al., 2006]. Atoms were
deemed not necessary to include in the atmosphere models, because of the low temper-
ature. The warmest of the cool dwarfs chosen, 2MASSJ00583814-1747311 and 2MASS
J17364839+-0220426, were both originally published in Burgasser et al. [2014]. The first
was originally observed on 18 Sep 2003 and has been assigned NIR spectral class M6.
Its temperature is assumed to be ~ 2900 K. The second was originally observed on May
23 2003 and was assigned NIR spectral class M8. It is assumed to be ~ 2700 K. The
coldest object, 2MASSJ00163761+3448368, was originally observed on Sep 9, 2005, and
originally published in Kirkpatrick et al. [2010]. Its assigned NIR spectral type is M8.5,
and it is assumed to be ~ 2500 K. The resolution of all three spectra is 120. The fourth
object is a cool giant, SV Pegasus [Aringer et al., 2002|, taken by the Short Wavelength
Spectrometer aboard the Infrared Space Observatory (I1SO-SWS) [de Graauw et al., Nov
1996]. The SWS covers the range 2.38-45.2 um with spectral resolution between 1000-
2000. Astronomical database Simbad lists the spectral type of SV Peg as M7 D. It was

21


https://hitran.org/hitemp/
https://hitran.org/hitemp/
http://www.browndwarfs.org/spexprism
https://www.mpe.mpg.de/ir/SWS
http://simbad.u-strasbg.fr/simbad/sim-id?Ident=SV+Peg

previously fitted to a temperature of 2900 K and surface gravity logg = 0.0 using the
SCAN line lists by Jorgensen et al. [2001].

3.7 Execution and Parameters

The MARCS atmosphere models contain OS files for 53 molecules, many of them from
ExoMol. Gustafsson et al. [2008] lists sources for continuous absorption from atoms and
ions, as well as molecular absorption before the addition of 30 new molecules by Rune
Kjeersgaard. A table of references for these 30 molecules is found in section A.1. An
atmosphere model is made for each spectrum needed to fit the observed spectra (varying
Terr and logg). Several other atmosphere models are made to study the effect of each
of these parameters on the atmosphere structure and temperature, and how they change
the contribution to opacity from certain molecules. FEvery time, the option to begin
the computation from a similar model is chosen, and the model is set to converge when
a temperature change of less than 1.0 K occurs from an iteration, while a constraint
is put on the maximum number of iterations to 30. All models have solar elemental
abundances and range from wavenumbers 400 - 80000 cm~! (1200 A - 25 um). The
output includes a temperature-pressure structure, contributions to pressure and flux
from many molecules, ions, and atoms, absorption and scattering coefficients, radiation
pressure, turbulence- and electron pressures, and thermodynamic properties. MARCS is
set to compute plane-parallel atmosphere models. Temperature-pressure structures from
converged models were extracted with a SHELL-program and plotted in Python. SsYNTOS
was set to average the spectrum over 20 OS-points, and it does not have the spectrum
folded with an instrument profile. MARCS, along with SYNTOS, 0S EXOMOL and line
list converting scripts, some provided by Rune Kjeersgaard, and plotting programs in
IDL, were all run on the UCPH HPC-computers via remote SSH connection. Most are
optimized to utilize the multicore capabilities of the computing center. This required
becoming familiar with each program, its input, naming practice, and language, along
with C SHELL for navigating the HPC computers. All data and code used in this project
are, as of writing, available on the UCPH HPC network.
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4 Results

4.1 Comparison of OS Plots

OS comparison: SCAN, POKAZATEL, BT2, HITEMP
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Figure 5: Each of the four opacity sampling absorption coefficients, plotted by the wavelength at 2700
K. BT2 and POKAZATEL coincide through much of the spectral range, as expected from Polyansky
et al. [2018]. SCAN (black) shows no absorption shortward of 0.66um, due to its cutoff at 15000 cm™!

It is clear from Figure 5, how similar the POKAZATEL and BT2 OS files are. The
HITEMP OS follows these two very closely, although shifted by a small factor. SCAN,
on the other hand, differs from the others in a lot of places, along with having higher
overall absorption. The plot also shows the lower energy cutoff at SCAN, resulting in
the absorption coefficient beginning around 0.66 ym (the equivalent of v = 15000cm™1).
There are small gaps in the low wavelength region of the HITEMP OS, caused by missing
data in the line list for the preferred conversion method. This does not cause any problem
in the use of the OS.
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4.2 Effect of Temperature
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Figure 6: Four plots of synthetic spectra using different parameters. The top spectra contain 7 single-
molecule spectra to show their effect on the total absorption in our fits, and the bottom plots show only
5 single-molecule spectra, as fewer molecules make a difference in this region. The top two are taken
in the wavelength region for our dwarf fits at log g = 4.5, and the bottom in the region relevant to the
giant fit at log g = 0.0.

Figure 6 is a comparison of synthetic spectra at the extremes of our fitting temperatures.
Above, for logg = 4.5, in 0.65-2.55 pum, the fitting region for the dwarfs, and below,
logg = 0.0 in 2.0-6.2 um, the fitting region for of giant. The plots show the opacity of
the molecules, which have the largest effect on the shape of the combined spectrum. The
top plots show that the spectra spanning 0.65-2.55 um, as expected, are dominated by
TiO (red), shortward of 1.3 pm, and water (blue), longward of 1.3 pm. The combined
spectrum (black) shows much more absorption of TiO (red) at 2500 K, strongly affecting
the shape of the spectrum shortward of 1.3 pm. At 2500 K, there is also a shifting
downward of the absorption of water (blue), with more pronounced absorption features
around 1.4 pm and 1.8-1.9 pm, compared to the 2900 K plot. The bottom two plots
show that increasing the temperature decreases the total absorption as a result of less
absorption from water in 2.0-6.2 ym. Every other molecule is largely unaffected in
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comparison. At 2500 K, most of the partial pressure comes from HyO, CO, and Hy. Hs
only absorbs very little at very narrow intervals because of its homonuclear structure. CO
dominates partial pressure in the deep layers, while almost absent in upper layers. Despite
its large partial pressure contribution, CO does not contribute much to absorption. For
TiO, the case is the opposite. While it has a small partial pressure, it has very strong
absorption per molecule and many electronic transitions in the visual range [Bernath,
2019].

4.3 Effect of Surface Gravity
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Figure 7: Four plots of spectra were computed with different surface gravity. The plots contain separate
single-molecule spectra for each molecule that has an important contribution in this region at the given
temperature. The top two is a comparison between logg = 3.5 — 5.0 at constant temperature 2500 K,
to show the effect of those molecules in the context of our dwarf fits. The bottom two are at a warmer
constant temperature of 2900 K and show a more dramatic change in surface gravity from 0.0 to 5.0 in
the 2.0-6.2 pum giant fitting region.

On Figure 7 is shown the effect on spectra when substantially changing the surface gravity
parameter, log g. The top two spectra are computed at 2500 K, with surface gravities of
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log g = 3.5 on the left, and logg = 5.0 on the right. The slope of the TiO-dominated
part is slightly steeper at logg = 5.0, while the two peaks (meaning less absorption)
at 1.7 um and 2.3 pum are taller. The effect seen directly on these spectra from raising
the surface gravity is then similar to that of lowering the temperature, but significantly
less powerful. On the bottom, the same comparison is made in 2.0-6.2 pm, and with a
more extreme difference. Here, increasing the surface gravity lowers the absorption of
all species shown, resulting in a lower total absorption, and a smoother spectrum. The
spectrum seems more affected in the short wavelengths.
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Figure 8: Temperature-pressure profiles of MARCS atmospheres with varying surface gravity. The upper
dotted lines are calculated at 3000 K, and the filled lines below at 2000 K.

The plot in Figure 8 shows temperature-pressure profiles calculated by MARCS with the
SCAN line list. In the bottom half, are shown the profiles of 4 models with surface
gravities spanning log g = 3.5 — 5.0 at 2000 K, and above, the same for 3000 K. The plot
shows that the shape of the structure remains quite similar at these surface gravities,
although shifted to lower pressures when there is lower surface gravity. For the 3000 K
models, outward heat transport seems to be more efficient at low surface gravity, possibly
due to more efficient convection. For the 2000 K models, the structures exhibit a small
"kink", corresponding to the convection beginning in that layer of the atmosphere.

4.4 Line List Structure Comparison

in Figure 9, a comparison of model atmosphere T'— P structures for each different line
list at T' = 2900 K is shown at two different values for surface gravity. The plots exclude
the very deepest part to more easily show the differences in the upper atmosphere. The
excluded parts of the structures have very similar shapes to each other. On the left,
models of surface gravity logg = 4.5 are plotted in solid, and on the right, logg =
0.0 models are plotted in dotted lines. For a lower surface gravity atmosphere, high
pressures are never reached, while the outer layers expand to lower temperatures, and
the inner layers (not shown at this temperature range) have a very large temperature
gradient. The plot shows how similar the log g = 0.0 models are, while there are more
noticeable differences in the shapes of the higher surface gravity structures. BT2 (green)
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and POKAZATEL (black) almost completely overlap, which is expected when examining
the similarity of the OS absorption coefficient shown in Figure 5. SCAN has the most
unique shape here, with cooler, more expanded upper layers and lower minimum pressure.
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Figure 9: Temperature-pressure profiles of MARCS atmospheres calculated with different line lists for
both high and very low surface gravity. The models on the left are calculated with logg = 4.5 The
models on the right with dotted lines are calculated with logg = 0.0. Both plots are limited to lower
temperatures to reveal differences in the upper atmosphere.

4.5 Stellar Fits

The synthetic spectra all have different multiplicative scaling to match the observed
spectra. A method of simply normalizing the observed spectrum to the synthetic in the
point closest to the continuum was attempted, but since the different line lists behaved
differently at such points, simply multiplying the total flux of a spectrum and fitting "by
hand" was easier, and allowed for better alignment. Many of the presented dwarf plots
feature a large difference in fit quality between the 0.65-1.3 pm region and the 1.3-2.55
pm region. For this reason, scaling was adjusted to fit as well as possible in the 1.3-2.55
pm-region. This can be seen more clearly on plots limited to this region in the appendix,
section A.2. The SV Peg fits all exhibit the same overestimated absorption in the long-
wavelength region of the synthetic spectrum. For this reason, they are manually scaled
to the 2.0-3.8 pm region, and plots limited to this region are shown in the appendix,
section A.3. The wildly varying part of the red lines at each end of the spectral range
signifies where the observed spectrum ends, and should not be taken as data that is
being analyzed. In all following synthetic-observed spectral fits, the observed spectrum
is plotted in red, and the synthetic in black. For an easier direct comparison of line lists
for each star, see appendix section A.4. No goodness-of-fit parameters are included, due
to the manual scaling involved, and the primary feature of the plots being the difference
in behavior longward and shortward of 1.3 pm. The spectra labelled as "all" include the
following 27 molecules: Cy, CaH, CH, CN, CO, CO», FeH, HoO, HCN, MgH, OH, SiO,
TiH, TiO, CrH, VO, ZrO, Ho, AIH, CS, HCI, NaCl, NH3, PH3, SiS, CH4 and SH.
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4.5.1 SCAN

in Figure 10, the best fit for each star is shown using the SCAN OS. The top left fit is
of the M&.5 star. Top right is the M8, bottom left is the M6 dwarf, and finally, on the
bottom right, is the giant, SV Peg. Apart from an underestimation of the absorption
around 1.4-1.65 pm, the synthetic spectrum fits the whole spectrum reasonably well in
each case. On the bottom right is the plot of the giant, SV Peg. The "tail" longward of
4.2 pm displays a small excess of absorption in the synthetic spectrum. SCAN’s energy
cutoff of 15000 cm™! (0.66 pm), is high enough to not cause any problems since the
observed spectrum spans 0.65-2.55 um. The observed spectra are averaged over every 2
points. Before scaling, the synthetic spectra were normalized to 1 at their flux maximum.
The top left M8.5 synthetic spectrum does not fit as well as the others, with a lack of
absorption around 1.7-2.0 pm, and an "angled" shape in the top of the TiO-dominated
region 1.0-1.3 pm.
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Figure 10: Observed spectra fitted with synthetic spectra. Computed with MARCS and SYNTOS with the
SCAN line list. Top left; 2MASS J00163771 (M8.5). Top right: 2MASS J17364839 (M8). Bottom left:
2MASS J00583814 (M6). Bottom right: SV Peg (M7) giant. The synthetic spectra are normalized at
their flux maximum and manually scaled.
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4.5.2 BT2

Figure 11 shows four fits of the same four stellar objects, in the same order, using the
BT2 OS. All four spectra fit very well in the region longward of 1.3 pym, though the M8.5
fit again has too much flux in a small peak around 1.6 gm. Shortward of 1.3 pum, there is
a large overestimation of absorption in all three dwarf spectra. This region corresponds
roughly to transitions between 7000-15400 cm~!, while BT2 has a much larger cutoff,
and is complete up to 20000 cm~!. Scaling the spectrum to fit better with the long-
wavelength region did not particularly magnify this problem, as there is no "in-between"
good fit. The SV Peg synthetic spectrum on the bottom right fits overall quite well
with the observed spectrum, though not as well as the SCAN fit, showing slightly too
little absorption around 2.5 pm. There is again excessive absorption at the tail in the
long-wavelength region. The best-fitting spectra in the long-wavelength region are the

M8 and M6 fits, as with SCAN.
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Figure 11: Observed spectra fitted with synthetic spectra. Computed with MARCS and SYNTOS with the
BT?2 line list. Top left; 2MASS J00163771 (M8.5). Top right: 2MASS J17364839 (M8). Bottom left:
2MASS J00583814 (M6). Bottom right: SV Peg (M7) giant. The synthetic spectra are normalized at
their flux maximum and manually scaled.
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4.5.3 POKAZATEL

Figure 12 shows the four fits done in the same way as previous ones, with the POKAZA-
TEL OS. The synthetic spectra fit the observed very well in the long-wavelength region
but show the same problems in the short-wavelength region as BT2. Overall, these plots
bear extreme similarity to those of BT2, as was the case with OS plots (fig. 5) and
atmospheric structures (fig. 9). If any differences can be pointed out, these spectra may
be a very slightly worse fit in the long-wavelength region. The M8 and M6 fits are the
best of the dwarf fits in this region, as with the two previous lines.
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Figure 12: Observed spectra fitted with synthetic spectra. Computed with MARCS and SYNTOs with
the POKAZATEL line list. Top left; 2MASS J00163771 (M8.5). Top right: 2MASS J17364839 (MS).
Bottom left: 2MASS J00583814 (M6). Bottom right: SV Peg (MT7) giant. The synthetic spectra are
normalized at their flux maximum and manually scaled.

4.5.4 HITEMP

in Figure 13 are shown the stellar fits with the HITEMP OS. All four fit remarkably well
in the region longward of 1.3 um, with the exception of a sharp peak at 1.6 pym in the
M&.5 fit. The short-wavelength region does not show as dramatic excess of absorption as
BT2 and POKAZATEL. The fit of SV Peg (bottom right) is quite similar to that of BT2
and POKAZATEL, but the spectrum fits slightly better in the short-wavelength region,
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namely around the small peak at ~ 2.6 um. Like the case with the other line lists, the
HITEMP spectra fit best with SV Peg and the M8 and M6 spectra longward of 1.3 pum.
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Figure 13: Observed spectra fitted with synthetic spectra. Computed with MARCS and SYNTOS with the
HITEMP line list. Top left; 2MASS J00163771 (M8.5). Top right: 2MASS J17364839 (M8). Bottom
left: 2MASS J00583814 (M6). Bottom right: SV Peg (MT7) giant. The synthetic spectra are normalized
at their flux maximum and manually scaled.

4.5.5 Water-only Spectra

Figure 14 shows synthetic spectra at 2700 K, logg = 4.5, each one calculated with
different line list OS files. They are scaled to match the M8 observed spectra, and
compared to its spectrum, to show discrepancies in overall absorption. These spectra
show how crucially important water absorption is to this spectral region, as almost the
whole spectrum is shaped by water. They show that the gap at the flux peak around 1.6
pm simply follows from the water line lists (although slightly affected by CaH and OH
as seen on fig. 6). They also show, most importantly, that in order to scale the synthetic
spectra so that they fit one of the observed spectra in the long-wavelength region, they get
quite different shapes in the short-wavelength region. Here it is very clear, why SCAN
(shown top left), does not portray the excess absorption that the others do, and why
HITEMP does so to a lesser degree than BT2 and POKAZATEL. Making such a plot in
the 2.0-6.2 um region is not necessary, since the synthetic spectra are largely similar for
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the SV Peg fits.
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Figure 14: Four synthetic spectra with same parameters and different line lists OS files. The are scaled
and compared to the observed M8 spectra of 2MASS J17364839. Top left: SCAN. Top right: BT2.
Bottom left: POKAZATEL. Bottom right: HITEMP.

4.6 Results Summary

The OS coefficients in Figure 5 are very similar for BT2 and POKAZATEL, while
HITEMP follows them in large wavelengths with a somewhat surprising factor stronger
absorption. The SCAN OS plot is quite different from the others, while its lower cut-
off is visible. This is expected, due to differences in methodology. Spectra in Figure 6
show that water absorption increases at lower temperature in both wavelength regions,
lowering the total absorption, while the other molecules with significant contributions
are largely unaffected. Spectra in Figure 7 show that the effects on the spectra of in-
creasing the surface gravity are similar to slightly decreasing temperature in the short-
wavelength region, while in the long-wavelength region, it lessens the contributions from
other molecules. Plots of structure in Figure 8 show that computed atmosphere struc-
tures are quite similar for different surface gravities, while convection is more efficient
for low surface gravity high temperature, causing more efficient heat loss from deep lay-
ers. The similarity of structures is expected, as the increased opacity causing radiation
pressure is counterbalanced by the strong gravity as per hydrostatic equilibrium. As is
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the more efficient convection in low surface gravity. Line list structure comparison in
Figure 9 shows similar structures, while SCAN has a more extended, cooled atmosphere,
possibly due to a stronger representation of weak lines. The spectral fits in Figures 10,
11, 12, 13 show a good overall fit for SCAN, while BT2, HITEMP, and POKAZATEL
show a very good fit longward of 1.3 pm, and a match of the overall shape of the short-
wavelength region, while the short and long-wavelength regions requires different scaling
to fit the observed spectra. The reason is seen clearly on water-only spectra in Figure
14, where the short-wavelength region have completely different shapes at their best-fit
scaling. This is quite surprising, as these lists are large, published lists, that have been
tested in other applications. A possible reason is the differences in line list construction
methods.

5 Discussion

In this section, the underlying assumptions when fitting, the similarity of the line lists,
and the 1.3 pm discrepancy will be discussed. After that, options for how to acknowledge
and proceed around the currently unsolved problems in this subject are proposed. Finally,
an outline of the prospects for atmospheric analysis is given.

5.1 Assumptions Regarding Fits

Since log g makes quite little impact on the spectra, as shown in Figure 7, whereas it
has a larger effect on the atmospheric structure, as shown in Figure 8, it should not be
treated as a fitting parameter for the spectra, when an approximate value can easily be
guessed from information about the star, and the exact value within that range does not
matter much for the model. For example, since it is known that SV Pegasus is a red
giant, one must assume that its surface gravity is close to log g = 0.0, and there is no gain
from trying to obtain a more accurate value from fitting. For this reason, surface gravity
has in some places been varied in steps of 0.5 at a time, to see if it made a beneficial
difference within a reasonable range. The manual scaling method should not introduce
any error or unfair comparison. In either case, the water-only spectra have been scaled
in the same way, and display the same characteristics seen with the spectra containing
all 27 molecules.

5.2 Similarity of BT2, POKAZATEL, and HITEMP

The synthetic spectra made with OS files computed from HITEMP, BT2, and POKAZA-
TEL line lists, look qualitatively quite similar, especially the latter two. However, the
plots examine a small region of wavelengths only, although larger than possible with
a laboratory experiment. Recall that I have chosen red dwarfs to showcase the use of
MARCS in cool exoplanet-like atmospheres while choosing a temperature range, where
water dominates the absorption. The similarity of the line lists is also displayed on the
OS-plot in Figure 5. There, BT2 and POKAZATEL coincide or lie very close, while
HITEMP lies above them, which alludes to a possible error in scaling of the HITEMP
line lists in conversion from its downloaded form, or perhaps a consequence of extrap-
olation from fitted values in the construction of HITEMP. We would expect HITEMP
to coincide with BT2 at the intervals, where BT2 was used as the main water input.
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Nevertheless, the water-only spectra for HITEMP show too little absorption in the short
wavelength for HITEMP, so such an error does not critically affect my results.

5.3 Splitting the Spectrum

All the presented line lists would fit better if the plots were separated, shortward and
longward of 1.3 um, and the two halves were scaled differently. This is, however, exactly
the point of using this kind of data for testing line list performance. This effect may
be due to different handling of the weak lines, and the differing degree of empirical
adjustment in the calculation when constructing line lists. This would explain why
SCAN behaves so differently, being the only list to fit both regions somewhat well. In
our case, the dwarfs provide more valuable insight, as water lines are more dominant in
their higher atmospheric pressure. The comparison carried out in Rothman et al. [2010]
was in the range of 1.3-2.3 pum. It is natural for these types of experiments to focus on
a narrow spectral range, but perhaps, it should be standard to use spectral fitting as a
supplementary test in that case. The occurrence of two regions, where one part of the
spectrum must fit poorly, can not be the effect of a simple scaling error, as the error
would behave differently for different wavenumbers while having two regimes that fitted
well on their own.

5.4 Settling the Differences

I have discussed how the approach in constructing a line list can differ, and how these
should be tested. There, several options were outlined, that are important to the final
result but seem to vary among researchers. I will now go through these issues and discuss
them.

5.4.1 Partition Sum

There is no clear way to best construct a complete partition sum. I have described
the outline of how one usually tries in practice, but there is no concrete agreement
because every method will have its flaws. One can not simply integrate all the lines
in one’s list, since these lines need quantum numbers. As discussed, the semi-classical
quantum mechanics used is inconsistent with the high energy levels one needs to compute
a complete water line list, and have it be capable of correctly modeling the atmosphere
energy transport. The best one can do is for now is to provide clear information about
the method used or the partition function adopted in one’s work.

5.4.2 Adjusting to Data

When is adjusting line intensities to laboratory data the best option, and when does
it affect the further use of the line lists negatively? If one tries to measure the many
weak lines in a laboratory sensor, using a detector, one’s data will be integrated over
some timescale, and the absorption of the strongest lines contained in the data will be
measured. Adjusting line position to data is harmless enough while adjusting intensities
can shift the behavior of many weak lines not directly visible in the data, but which
affect the atmosphere structure, when the list is used for modeling. If it were simpler to
construct many line lists for a molecule like water quickly, this could be tested through
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varying the degree of manipulation and testing the resulting line list with somewhat
standardized experimental data and stellar spectra.

5.4.3 Line Shape and Absorption Coefficient

What is the best approach to representing the absorption coefficient, and how does this
information affect the line shape when creating a spectrum? In recent similar work,
the correlated k method, described in section 2.6, is sometimes used. This method can
potentially misrepresent the weak lines, and a switch to OS from ODF in MARCS was
made because ODF did not perform as well. The benefit of using OS is that strong and
weak lines are represented proportionally to the quantity of them and that the opacity
per gram of stellar material can be added linearly. Of course, when a sampled wave
number is assigned an absorption strength, this will be "wrong" for their neighbours,
but when enough points are sampled randomly, it will produce a sample that is both
representative of the line population and includes the desired effects of weak and strong
lines in the model and spectrum shape.

5.4.4 Best Test for Line Lists

There is no clear agreement that comparing synthetic and observed spectra is the best
way of testing line lists, as some prefer laboratory data. As discussed, the method
of comparing with laboratory tests is useful, but it is not thorough, since it does not
reflect the physics of a real celestial body, where the entire thermodynamics reacts to the
energy transport. Comparing with stellar objects also has the bonus, that it improves
our capabilities of reproducing stellar spectra of different temperatures.

5.5 Future Prospects for Atmospheric Analysis

Atmospheric modeling is a heavily researched subject, and though it is very complex,
it is still quite simple compared to the physical and chemical processes that occur in
and around a large celestial body. Major areas for improvement include sphericity of
the models, better treatment of convection, solving chemical abundances without the
assumption of LTE, the modeling of disequilibrium chemistry, and an entire treatment
of radiative transfer in a planet with a host star. Disequilibrium may be a key feature in
planets containing life, since organisms through their metabolic processes or otherwise,
affect the composition of the atmosphere continuously. Sphericity, partly through a
different distribution of incoming radiation, affects temperature structure. This is shown
for supergiants in comparison with plane-parallel models in Gustafsson et al. [2008].
These are all very complicated issues, and will likely take a long time and the combined
effort of many researchers to solve. Perhaps a more immediate improvement would be
to have a consensus on the use of partition functions and opacity function methods,
as well as having fits of stellar spectra be a standard test, while generally including as
many opacity sources as possible at a wide temperature range [Gustafsson et al., 2008|.
With the advent of GGchem, adding the ability to calculate equilibrium chemistry down
to 100 K [Woitke et al., 2018|, and cloud formation programs, MARCS will be able to
model increasingly cool atmospheres. When the aforementioned problems are solved or
approximated, MARCS will finally be able to model planetary atmospheres. Until then,
the T — P, profile we obtain will not have the characteristic features discussed in section
2.1.
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6 Conclusion

In this work, I have aimed to examine the behavior of modern available line lists for
'H3160 in atmosphere modeling with MARCS and determine which are best suited for
application in cool atmospheres. I have collected and converted line lists for 'Hy'60:
BT2, POKAZATEL, and HITEMP to the format used by 0s EXOMOL, and calculated
opacity sampling files for each. I have used those opacity sampling files, along with
that of SCAN, in MARCS model atmospheres, to examine the difference in temperature-
pressure profile, and to compare their ability to reproduce the spectra of three late-type
M-dwarfs and one M-giant. I have computed spectra with SYNTOS for different molecular
species, to examine their effect on the spectra in different wavelength regions, and how
their opacities are affected by temperature and surface gravity. My plots showed that
surface gravity has an effect on the spectra that is equivalent to very slightly lowering
the temperature. For our dwarf fitting spectral range, we see that our spectra are most
affected by TiO and CaH in 0.6-1.3 pym, and dominated by water HoO in 1.3-2.6 pm.
For our giant spectral range, I showed that water dominates the entire spectrum, with a
strong effect in low surface gravity of CO and SiO, being muted at higher surface gravity.
I examine temperature-pressure profiles of models, calculated with each line list, and
with different surface gravities, for the SCAN line list, and different inclusions of strong
and weak lines. I show that convection is more efficient in low surface gravity models,
and SCAN shows a generally more extended and cooled upper atmosphere compared
to the others. I collect three M-dwarfs from the SpeX prism library and a spectrum
from SWS of an M-giant, calculate models in MARCS with each line list for water and
obtain spectra to fit with these cool stars. In my results, SCAN displays the capability
of roughly fitting to the entirety of the spectral range, while the remaining line lists show
similar results, displaying two regions on each side of 1.3 um, unable to fit the stellar
spectrum simultaneously while all three are able to fit the long-wavelength region very
well. I discuss the reason for this problem and the possibility that it stems from risky use
of fitting when constructing the line lists, and may have been avoided if prior tests were
not constrained to laboratory experiments. I have also discussed the benefits of opacity
sampling, and the unsolved problem of how to best calculate the internal partition sum
and assign quantum numbers. In the future, it would be best for researchers to explain
the details of their approach to this problem, or for the community around this type of
research to reach a consensus, or standard, on this topic.
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A Appendix

A.1 Line List References for Molecules Included by Rune Kjarsgaard

Molecule Reference

AlICI Yousefi and Bernath [2018]
AlF Yousefi and Bernath [2018]
AlH Yurchenko et al. [2018b]
AlO Patrascu et al. [2015]
BeH Yadin et al. [2012], Darby-Lewis et al. [2018]
CaF Hou and Bernath [2017a)
CH3F Owens et al. [2019]
CHy Yurchenko et al. [2013b]
CP Ram et al. [2014]

CS Paulose et al. [2015]
H,CO Al-Refaie et al. [2015]
HCI Li et al. [2011]
HNOs3 Pavlyuchko et al. [2015]
KCl1 Barton et al. [2014]
KF Frohman et al. [2016]
LiCl Bittner and Bernath [2018]
LiF Bittner and Bernath [2018]
MgF Hou and Bernath [2017D]
NaCl Barton et al. [2014]
NaF Frohman et al. [2016]
NaH Rivlin et al. [2014]
NH;3 Yurchenko et al. [2013a]
NS Yurchenko et al. [2018a]
PH; Sousa-Silva et al. [2014]
PN Yorke et al. [2014]

PO Prajapat et al. [2017]
PS Prajapat et al. [2017]
SH Yurchenko et al. [2018a]
SiS Upadhyay et al. [2018]
SO2 Underwood et al. [2016], Whitehill [2013]

Table 1: List of references for the 30 molecules added to MARCS by Rune Kjaersgaard.
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A.2 Dwarf Plots in 1.3-2.3 ym
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Figure 15: M8.5 dwarf plots limited to the 1.3-2.3 um region, where manual scaling was chosen to fit
this region.
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Figure 16: M8 dwarf plots limited to the 1.3-2.3 um region, where manual scaling was chosen to fit this
region.
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Figure 17: M6 dwarf plots limited to the 1.3-2.3 pum region, where manual scaling was chosen to fit this

region.
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A.3 SV Peg Plots in 2.2-3.8 ym
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Figure 18: SV Peg plots limited to the 2.0-3.8 pum region, where manual scaling was chosen to fit this
region.
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A.4 Comparative Plots (full)
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Figure 19: Comparative plot of the stellar fits for the M8.5 dwarf. Plots are the same as the stellar fits
in 4.5, but line list performance is shown side-by-side.
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A.42 M8

T.x=2700 K, log(g)=4.5, SCAN, s=1.36 T.x=2700 K, log(g)=4.5, BT2, s=0.96
)‘ 'o | w‘ T Lﬂ\ 27 molecules T /‘ 'O T T LH 27 molecules T
0.8 3 0.8
0.6 B 0.6
x X
= =
0.4 4 0.4
0.2 b 0.2
0.0 1 1 1 1 0.0 | 1 1 1 1
1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5
- Wavelength [um] Wavelength [um]
T.=2700 K, log(g)=4.5, HITEMP, s=1.07
T«=2700 K, log(g)=4.5, POKAZATEL, s=0.97 1.0 T T LS T
1 VO - T T VGH 27 molecules T -
0.8
0.8
0.6
0.6 x
x =]
2 =
- 0.4
0.4
0.2 021
0.0 I I . . 0.0 1 . . .

1.5 2.0

Wavelength [um]

1.5 2.0

Wavelength [um]

Figure 20: Comparative plot of the stellar fits for the M8 dwarf. Plots are the same as the stellar fits in
4.5, but line list performance is shown side-by-side.
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A.4.3
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Figure 21: Comparative plot of the stellar fits for the M6 dwarf. Plots are the same as the stellar fits in
4.5, but line list performance is shown side-by-side.
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A.4.4 SV Peg
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Figure 22: Comparative plot of the stellar fits for SV Peg. Plots
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