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Abstract.
The Gaia space telescope is dedicated to monitor the sky, collect data and create the
most precise 3D map consisting of more than 1.7 billion objects in the Milky Way. At the same
time, the Radial Velocity Spectrometer (RVS) will collect spectra for ~150 million stars in the
wavelength range 847 to 874 𝑛𝑚. This wave range is selected because it coincides with Gand K-type star energy-distribution peaks, as well as containing the strong Ca II infrared triplet
lines (λ =8498, 8542, 8662 Å)
The aim of this thesis is to create a grid of synthetic spectra in RVS wavelength range
which later when compared to the real spectra can be used to determine the chemical
composition of the star as well as precise atmospheric parameters.
Calculations consist of 198 spectra ranging in effective temperature from 𝑇𝑒𝑓𝑓 =
4500 𝐾 𝑡𝑜 7000 𝐾 with various steps, surface gravity log 𝑔 = 2.5 𝑡𝑜 4.5 with the step of 0.5
and metallicities [𝑀/𝐻] = −0.5, 0.0 and 0.5 relative to the Solar composition.
For calculations MARCS atmosphere models [3], a line list extracted from the VALD3
database [6] and the software SME [7] were used. Spectra calculations were conducted in
both classical LTE and refined non-LTE modes for the line formation of calcium.

Populärvetenskaplig sammanfattning.
Rymdmissionen Gaia håller just nu på att sammanställa den mest kompletta och noggranna
3d-kartan av Vintergatan innehållande 1.7 miljarder stjärnor. Gaia kartlägger stjärnornas
positioner, egenrörelser, avstånd och ljusstyrka. RVS-spektrometern ombord samlar
dessutom in ungefär 150 miljoner spektra under fem år. Dessa kan studeras för att bestämma
stjärnornas fysikaliska parametrar som yttemperatur, ytgravitation och metallhalt.
För att möjliggöra denna analys och klassificera stjärnor enligt deras aktivitet i
mellanatmosfären - den så kallade kromosfären - har 198 teoretiska spektra beräknats i det
nära infraröda med de starka triplettlinjerna av joniserad kalcium. Spectroscopy Made Easy
(SME [7]) användes för detta tillsammans med MARCS modellatmosfärer [3] och en linjelista
framtagen för Gaia-ESO surveyn och utvidgad med hjälp av data från Vienna Atomic Line
Database (VALD).

This thesis consists of three parts, 26 pages in total and 13 figures:
1. The theory consists in total of 6 chapters, which summarizes information about the
Gaia space telescope, spectral lines, absorption spectra and the line broadening
mechanism along with information about local and non-local thermodynamic
equilibrium.
The second part of the theory contains a summary of MARCS atmosphere models, the
VALD3 database and the functionality of the Spectroscopy Made Easy (SME) software.
2. The experimental part consists of a chapter which explains all activities and actions
prior to synthetic spectra calculations, as well as two chapters where SME’s
theoretical spectra are compared with Ca II lines and Solar spectra.
3. Results and conclusions contain the calculations of the synthetic spectra and
discussions about the behavior of spectral lines when one of the stellar parameters temperature, surface gravity or metallicity - is varied along with discussion about the
lack of absorption in the line extension wavelength range.
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Introduction.
Since the dawn of humankind, stars have been a great mystery for humanity. When the first
advance civilizations arose, priests were the first astronomers and most of the celestial objects
were related to weather changes, old Gods, and myths. Together with the development of
humankind’s knowledge, perceptions of stars and the universe changed. Kepler, Copernicus,
Galilei, Herschel, Hubble are only a few of the people who revolutionized the way we look at
the Universe. Mysterious bright objects became giant fiery balls of hydrogen and helium, and
astronomy became one of the most prominent sciences of the 20th century. Spectroscopy
became a big part of astronomy since it helps to study the interaction between
electromagnetic radiation and matter. With technological advancement as well as the
development of physical theories, at the beginning of the 20th century we were finally able to
understand why most of the stellar objects produce absorption spectra. Since that time
advancement in telescope optics, spectrometers and other scientific instruments has allowed
us to analyze individual stars not only in our own galactic neighborhood but in the other
galaxies as well.
The Gaia space telescope was launched in 2013 and it aims to create the most precise
and complete 3-dimensional map of our Milky Way. Although the 3D map would consist of
roughly 1.7 billion stars or only 1% of our galaxy’s stars, it is the biggest project like this in our
history and will serve as a strong foundation to future missions. Gaia will chart position and
motion of the stars along with their distance and brightness. It also focuses on discovering
new objects in our Solar System and in the Milky Way. Onboard instruments e.g. the Radial
Velocity Spectrometer will collect approximately 150 million spectra during a 5-year period
which later can be studied to determine important stellar parameters like effective
temperature, surface gravity, and metallicity. Great help for studying the parameters are
previously calculated theoretical spectra that can be used as a comparison to observed
spectra to quickly determine stellar parameters. The aim of this thesis is to provide the grid of
198 theoretical spectra in the temperature range Teff = 4500 to 7000 K, with surface gravity
between log g = 2.5 to 4.5 and metallicity between [M/H]1 = -0.5 to 0.5 relative to the Solar
1

[M/H] is a unit of measurement on the logarithmic scale, referring to the amount of metals
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where M often is used iron abundance, but in principle it describes all metals heavier than
helium.
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composition. These calculations were requested by the Catania Astrophysical Observatory.
This grid of theoretical spectra would allow scientists to study the stars that show
chromospheric activity since this wavelength region includes Ca II infrared triplet lines, which
in turn are some of the best chromospheric activity indicators.

The Gaia space telescope
Global Astrometric Interferometer for Astrophysics or GAIA is a 5-year ESA space
astrometric mission focusing on creating a precise 3D map of the Milky Way by monitoring
about 1.7 billion of the stars in the Milky Way [13]. Every star during a 5-year mission will be
monitored ~50-70 times and their motion, position, distance and changes in brightness will
be charted more precisely than ever before. It is expected that Gaia will not only monitor stars
and objects in the Milky Way, but it also will discover new extra-solar planets, brown dwarfs,
study quasars and supernovae.
The goals of the mission are to:
1. Measure and calculate the brightness, position, velocity, and motion of ~ 1.7 billion
stars in the Milky Way.
2. Determine and calculate their temperature, surface gravity, and chemical
composition.
3. Create a 3D star map of the Milky Way.
4. Discover and monitor hundreds of thousands of asteroids and comets in the Solar
System [13].
5. Discover ~ 7000 extra-solar planets, tens of thousands of brown dwarfs, ~ 20000
supernovae, and 500000 quasars [13].
The Gaia space mission was confirmed by ESA in October 2000, and it was launched
13 years later at the launch site in Kourou, French Guiana. The Gaia telescope is located at the
L2 Lagrange point at a distance of 1.5 million km. The unique location offers better and clearer
view than if the spacecraft would orbit the Earth because motion in and out of the Earth’s
shadow would distort the view. Although there is only one Gaia space telescope, it is actually
two telescopes working together as one and they are separated by a basic angle of 106,5o
[13]. The telescope has ten mirrors of various sizes and shapes mirrors that allow to collect
and direct the light to Gaia’s instruments. An astrometer determines the positions of the stars,
while a spectrometer and a photometer uses the light to create the spectra for analysis. The
spacecraft is rotating at the constant angular velocity of 1o/min. The telescope rotation axis

makes an angle of 450 with the Sun direction and it has a precession period of 63.12 days
allowing an average of 86 repeated observations of each target object [13]. To measure the
distance to the stars, Gaia is using parallax and it will yield an approximate distance to more
than a billion stars. Furthermore, 99% of these stars has no accurate distance measurements
available today.
The Gaia space telescope consists of two modules - Service and Payload modules. The
Payload module contains two telescopes and three science instruments, while the Service
module contains propulsion systems, communication and electronic units. Underneath the
Service module a sun shield is located that is 10 meters across, equipped with solar panels
that provides all the systems with electricity as well as maintains the constant -110oC
temperature for precise measurements [13]. The Payload module contains three scientific
instruments:
An astrometric instrument (ASTRO) is measuring the relative positions of all objects
across the fields of two telescopes [13]. During the 5-year mission, Gaia will obtain
approximately 70 sets of relative position measurements allowing scientists to determine
precise position and motion of the stars as well as the distance to the stars and additional
parameters relevant to other objects in our Solar System like asteroids and comets or extrasolar planets and quasars.
The photometer is measuring the spectral energy distribution of all detected objects
to determine their parameters - effective temperature, mass, age, surface gravity, luminosity
and chemical composition [13].
The Radial Velocity Spectrometer (RVS) is measuring radial velocities. These
measurements will complement the proper motion measurements performed by ASTRO [13].
RVS is performing in the near infrared band in the wavelength range from 847 to 874 nm. This
wavelength range is specifically selected for various reasons:
•

It coincides with G-and K-type star energy-distribution peaks, which are the most
abundant targets for RVS [13],

•

It contains the calcium triplet at 𝜆 = 8498, 8542, 8662 Å allowing the determination
of the radial velocities at low signal-to-noise ratio. The calcium triplet lines are also
one of the best indicators of chromospheric activity observed by Gaia.
Spectra of late-type stars will contain Fe, Si, and Mg lines, but for early-type stars, the

spectra will display weak Ca II, He I, He II and N I lines. RVS has a spectral resolution of 𝑅 =
𝜆
Δ𝜆

= 11500 [13].

Spectral lines.
Solar spectra have always been our primary source of information about the other
stars since this star is closest to our civilization and it is and will probably always be the most
fully researched. Even 200 years ago, the Sun was an enigma for even the brightest scientists–
Fraunhofer observed the absorption lines in the spectra of the Sun, but he didn’t understand
their meaning or significance [15]. In 1859, Kirchhoff understood that these lines could
identify different elements in Sun’s atmosphere, yet all explanations failed to explain how
light can be absorbed by matter [15]. In the early 20’s of the 20th century, when the ‘quantum
revolution’ begun, Niels Bohr finally gave an explanation on how emission and absorption
processes occur. He introduced the world with his atomic model with a positively charged
nucleus and negatively charged electrons, which can only occupy strictly specified orbits.
Bohr’s theory was the missing link for explaining the solar spectra.
There are three types of spectra one can observe:
•

Continuous spectra

•

Emission line spectra

•

Absorption line spectra

The stellar atmosphere consists of 3 layers – the photosphere, the chromosphere and the
corona. The photosphere is probably the most important layer of the star, because it has
several key characteristics:
1. The photosphere is defined as the star’s surface – the furthest layer we can see
within the star (the last transparent layer of the star) [8],
2. The photosphere is the region where stellar radius is defined [8],
3. The photosphere is the region where solar continuum is emitted,
4. The photosphere is a layer where most of the spectral lines are created.
The most important characteristics of the photosphere for spectroscopists are the
latter two because absorption spectra are created when light, emitted from star’s surface
passes through the upper layers of the atmosphere, where light with a specific energy is
absorbed resulting in absorption lines for different elements, which can afterward be used to
study the star [8].
One can learn a lot from absorption spectra, for example, the presence or the
absence of specific lines give information on the composition and temperature of the
particular star. The intensity and shape, and width of the line can also provide information

about temperature, surface gravity, composition, turbulence, rotational velocity, presence of
magnetic field etc.
There are several line broadening mechanisms that must be taken into account, when
lines are studied:
•

Natural broadening,

•

Thermal (Doppler) broadening,

•

Pressure (Collision) broadening.
Natural broadening occurs because of Heisenberg’s Uncertainty principle: any energy

level j does not have a precisely defined energy Ej, but it is a superposition of all possible
energy states around Ej and as a result transitions of electron between any two energy levels
do not correspond to one exact energy difference [12]. Furthermore, absorption does not take
place at one specific frequency, but rather over some small frequency range [12].
Thermal broadening occurs due to the motion of the atoms. As we know, the atoms
have a velocity distribution. Since the spectral line is a superposition of all absorbed radiation,
and every photon will be shifted blue or red relative to the observer, the sum of these shifts
will broad the line relative to its original width [12].
Pressure broadening occurs when collisions among different atoms happen and
collision processes distorts the characteristic time for absorption processes as well as their
energy levels, allowing photons with different energy to be absorbed [11]. This effect depends
on temperature and density of the gas.
If the physical changes occur at the length scale smaller than photon mean path,
small-scale effects caused by convection are combined under the name - microturbulent
broadening [12].
It is hard to quantify these effects and their impact precisely because they tend to
change from star to star, but three most dominant effects are thermal, natural and pressure
broadening, followed by rotational and microturbulent broadening.

Thermodynamic equilibrium.
In 1906, when Schwarzschild studied stellar atmospheres, he introduced the concept
of Local Thermodynamic Equilibrium (LTE) [9]. Already at that point, he knew, that one
individual parcel of gas is not isolated from the whole system so in reality star can’t achieve
local thermodynamic equilibrium, however, this concept was so valuable that close
approximation is used widely even now and, for example, the LTE is one of the cornerstones

of the atmosphere models.
Imagine a gas parcel that consists of molecules and atoms with their respective
energies (vibrational, rotational, etc.) which interacts with radiation. If the parcel is completely
isolated from the rest of the system, eventually it will achieve thermodynamic equilibrium. In
a case like this, a temperature can be defined and all properties of the closed system can be
described by this temperature. Molecular velocities are described by Maxwellian distribution,
excited states are populated by Boltzmann’s law, atoms in ionization states is described by
the Saha equation, and the source function is described by a blackbody spectrum [9].
Molecules can exchange information in two different ways - via collision or via photon
exchange. If the population distribution among energy levels is dominated by collisions, the
system is in LTE [9]. If the population distribution is dominated by radiative processes, the
system generally is assumed be in non-LTE [9]. Radiation field has a directional distribution,
an absolute intensity, as well as frequency spectrum, that usually can’t be described by the
Planck spectrum at a local kinetic temperature [9].
Non-local thermodynamic equilibrium should be designated as non-LTE, but often it
is abbreviated as NLTE, which actually indicates that there is no local thermodynamic
equilibrium at all, rather than thermodynamic equilibrium that is not local [9]. If the internal
energy of the molecule departures from its external or kinetic energy, non-LTE approximation
can be used. For example, if the internal and external energies diverge, the most common
reason for that is the absence of enough intermolecular collisions, that keeps internal and
external energies related [9]. In other words, since pressure decreases outwards, it is expected
for a given state to be in non-LTE in the middle and upper atmosphere [9].
There are distinct boundaries between non-LTE and LTE. Although the velocity
distribution stays the same in both LTE and non-LTE (Maxwellian distribution), there is a
difference between how excited and ionized states are described. For example, in LTE, the
ionized states are described by the Saha equation and excited states by Boltzmann’s law, but
in non-LTE, these two are replaced by statistical equilibrium for a given level i [10]:

The rate of transitions is described by the rate equation [10]:

where Pi, j is transition probabilities and ni and nj are the number of transitions at the given
level i or j.

The biggest problem switching from LTE to non-LTE is a complication in defining the
temperature because while in LTE all temperatures are equal to one another, in non-LTE
different kind of temperatures (kinetic, ionization, excitation, color) differs [9], which makes
the description of the atmosphere very complicated. Also, problems arise if one tries to
compute absorption and emission of radiation by atmospheric gasses.
Figure 1. shows LTE vs non-LTE spectra created by SME. As one can see, cores of the
non-LTE are about 2-3% deeper than LTE cores due to overpopulation of the lower transition
levels at line core depth along with a source function dropping below Planks function [4].

Figure 1. LTE calculations (red) vs non-LTE calculations (blue).
𝑇𝑒𝑓𝑓 = 5772𝐾, log 𝑔 = 4.44, [𝑀/𝐻] = 0, 𝑣𝑚𝑖𝑟𝑐𝑜 = 1 𝑘𝑚/𝑠 .

MARCS model atmospheres.
MARCS (Model Atmospheres in Radiative and Convective Scheme) is a grid of
atmosphere models, where the atmosphere is assumed to be in hydrostatic equilibrium (the
star is not undergoing a big structural changes) and in LTE ( where the source function is

described by a blackbody spectrum and is only dependent on the local temperature) [3]. The
number of atoms and molecules in a given velocity state is determined by the MaxwellBoltzmann distribution, and the number of atoms in the different ionization states is described
by the Saha equation) [3]. Convection is described by mixing length theory and plane parallel
or spherical geometry (all physical parameters depends only on one spatial coordinate) is used
depending on surface gravity [3]. In this work, we are working only with dwarf stars, so mostly
plane-parallel models will be used.
In the early development, spectral-line blanketing was treated using opacity
distribution functions (ODF) and it was adequate for F, G, K type stars, and only a few hundred
frequency points were needed for the calculation [3]. In this method, the spectra is divided in
the subsections where within these subsections the absorption probabilities are simplified
and rearranged to one smooth function. Line lists, consisting of 50000 lines, were used and
this method gave good results, yet yielded also some problems e.g. ODF’s had to be
recalculated when the chemical composition was changed, making it inconvenient for stars
with special and peculiar abundances like carbon stars [3]. To solve the ODF problems, the
way opacity was treated was changed from ODF to opacity sampling. For this method the
number of used frequency points is increased by one to two orders to correctly reflect the
total radiation contribution to the radiative pressure force and heat balance [3].
MARCS model atmosphere grid contains about 52000 [14] models for stars with
following parameters:
•

Effective temperature (Teff) ranging from 2500-4000 K with 100 K step and 4000 to
8000 K with 250 K step [14].

•

Logarithmic surface gravity (log g) between -1.0 to 5.5, with the step of 0.5 (in cgs
units). For stars with surface gravity ranging from -1.0 to 3.5, atmospheres are
calculated in spherical geometry, while plane parallel geometry is used for stars with
surface gravity from 3.0 to 5.5[14].

•

Logarithmic metallicities relative to Solar composition [M/H] are between -5.0 to +1.0
with variable steps [14].

•

Models with different microturbulence can be chosen.

•

Different metal composition classes are available like - "standard", "alpha poor",
"alpha enhanced", "alpha negative", "mildly CN cycled", "heavily CN cycled" [14].
To improve the MARCS model atmospheres and increase their precision, several

effects and processes had to be taken into account [3]:

•

“Back Warming” - when radiation is blocked by higher levels which results in reheating
of the deeper layers.

•

Different opacity sources (CO, TiO, and H2O molecules)

•

Large changes of abundance in the star.

•

The process during the dredge up when carbon abundance exceeds oxygen
abundance, which changes in the radiation field and temperature-pressure structure.

•

Blanketing effects of microturbulence.

•

The difference between using spherical and plane parallel symmetry for certain star.

VALD3 database.
The Vienna Atomic Line Database was created in the year 1995 to provide information
about atomic transitions [6]. Afterwards, this information can be used to create the line list
that combined with the appropriate software package and atmosphere models can create
synthetic spectra for stars. This database is being constantly updated and additional
information is being added to create more complete information about spectral lines. The
VALD database gives you a chance to extract files in different ways – (1) one can extract
spectral lines for a specific star choosing the wavelength range, effective temperature, surface
gravity, microturbulent velocity and if necessary – chemical composition. (2) one can extract
lines just by choosing wavelength range for a specific element or (3) extract all possible lines
in a specific wavelength range not specifying any stellar parameters.

Spectroscopy Made Easy (SME).
Spectroscopy made easy or SME for short is a software package designed to calculate
the synthetic spectra and/or fit atmospheric and other stellar parameters for observed
spectra. SME was created in 1995 by Nikolai Piskunov and Jeff. A .Valenti [7]. Since creating
the SME it has been a helpful tool for analyzing spectra, often used for large surveys [5]. SME
has been upgraded severely since it came online more than 20 years ago. For example,
nowadays spectra can be computed in both LTE and non-LTE, the model atmosphere is labeled
by three variables (Teff, log(g) and [M/H]), and to evaluate the number of absorbers, molecularionization equilibrium solver is used [5]. In older SME versions these parameters were

restricted to LTE, atmosphere models consisted of only two variables (Teff, log(g)), and SahaBoltzmann’s equations were used to evaluate the number of absorbers [5].
SME consists of two things – graphical user interface, where you can create an input
structure, specifying the goal of the calculations as well as input parameters – effective
temperature, surface gravity, metallicity, micro- and macro-turbulent velocities, radial
velocity, spectral intervals, masks, line lists [5]. When the first step - creating the input
structure via the GUI - is completed, the solver - second component – does the calculations.
It interpolates in the model grid and calculates the theoretical spectra that can be fitted to
observed spectra.
Contrary to the first version, SME now allows calculations in non-LTE mode which
helps scientists to calculate a synthetic spectrum that resembles physical processes in the star
more accurately. SME applies pre-calculated departure coefficients (defined below) for all
relevant energy levels of particular element for every atmosphere’s layer in the atmosphere
grid [5]. SME includes a variety of elements like iron, calcium, oxygen, sodium, carbon etc. [5].
To associate the energy levels of the species and their transitions, SME uses term
designations, species names and total angular momentum quantum number J [5]. These data
can be extracted from the VALD database.
Departure coefficients (bi (𝜏) are calculated as ratio between non-LTE and LTE level
populations [5]
𝑏𝑖 (𝜏) =
Non-LTE

line

𝑛𝑖𝑁𝐿𝑇𝐸 (𝜏)
.
𝑛𝑖𝐿𝑇𝐸 (𝜏)

opacity

[5]
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where 𝑏𝑢 & 𝑏𝑖 are the precomputed departure coefficients for upper and lower energy levels.
The line source function [5] is calculated as
𝑆𝑙𝑖𝑛𝑒 =

2ℎ𝜈 3
∗
𝑐2

𝑏𝑢
ℎ𝜈
𝑏𝑖 𝑒 𝑘𝑇 −

,
𝑏𝑢

and the total source function [5] is calculated as
(𝑆𝑐𝑜𝑛𝑡 𝜅𝑐𝑜𝑛𝑡 + ∑ 𝑆𝑙𝑖𝑛𝑒 𝜅𝑙𝑖𝑛𝑒 )
,
𝑘𝑐𝑜𝑛𝑡 + ∑ 𝜅𝑙𝑖𝑛𝑒
where 𝜅𝑐𝑜𝑛𝑡 & 𝜅𝑙𝑖𝑛𝑒 are continuum and line opacity.
𝑆=

Trials, errors and solutions.
To achieve the goal of this master thesis, which is to create the grid of synthetic
spectra in the RVS wavelength range focusing on the Calcium II infrared triplet, several
problems had to be resolved before one could do forward modeling of this grid of spectra.
Since this master’s thesis and all work was done using a computer with Windows
operating system, there was technical difficulties since the computer which is doing the
calculations is using Linux operating system. To solve this incompatibility problem between
these two operating systems, several programs – Putty and Xming had to be downloaded and
installed.
Putty (https://www.putty.org) is a software created for Windows that supports a
network protocol – SSH. This software was used to connect to Uppsala University’s stationary
computer Kaywin.
Xming another software designed for Windows platform – is an X11 display server.
Xming was used to display plots and data as well as working with SME’s graphical user
interface.
These two programs had to be installed because LUMBA UVES pipeline couldn’t be
run on my personal computer. LUMBA UVES is a stellar parameter determination pipeline that
calculates synthetic spectra and/or fit the stellar parameters for observed spectra. The heart
of this pipeline is the software SME and it uses the Gaia-ESO line lists and MARCS atmosphere
models [2]. To run LUMBA UVES several things had to be installed and supplied: the latest
IDL– proprietary programming language – version, the latest version of SME, IDL license and
pipeline [2]. IDL licenses are costly and one license could cost more than 1000 British pounds.
Uppsala University has these licenses, yet to access them, the computer must be physically
connected to Uppsala University’s network via a network cable. A physical connection is
forbidden for the computers that are not the property of Uppsala University by the policy for
protecting the data and research done by Uppsala University. Furthermore, prior to using
Uppsala University’s stationary computer Kaywin, one must create an account and has to be
enlisted as working for Uppsala University.
Since LUMBA UVES pipeline can be used for different purposes, different scripts have
been written to serve different purposes. The method used in this thesis is forward modeling,
so it seemed impractical to use uves_sp which is a more general script and one would have to
define too many useless parameters since there are only three variables that would actually
matter. To ease the job, Alvin Gavel created uves_marcis.pro, which is based on

uves_sp_standard, which is based on uves_general, which is based on uves_sp created by
Karin Lind. This code is not public, but it is available by Alvin Gavel on request. This particular
uves_sp modification was designed for forward modeling and first, 5, and then 8 variables
were defined – effective temperature, surface gravity, metallicity, microturbulent velocity,
and wave range interval. Afterward, three more variables had to be defined – number of
points calculated (steps), the resolution and if calculations are running in LTE or non-LTE.
While calculating the synthetic spectra grid, only three parameters were variables 𝑇𝑒𝑓𝑓 , log 𝑔 , [𝑀/𝐻]. The rest of the variables were left constant:
•

Mircro-turbulent velocity = 1 km/s,

•

Wavelength range – 8450 to 8750 Å,

•

Number of steps – 50001

•

Resolution – 250000
When first calculation attempts were made, several modules were missing or

misplaced, like fmtnum.pro, which had to be added manually. This particular module formats
a number as a string. Also, errors regarding atmosphere model location and arithmetic error
– floating underflow etc. occurred at some point in the calculation. Every error was eventually
solved, except switching from LTE to non-LTE. It took the total amount of 4 people, countless
ideas and a total time of a whole month to solve this problem. This problem was closely
related to the extension of already existing line list created by James Silvester called
“ges_HR21_v5_CNion_ tweaked”. This line list ranged from 8480 to 8949 Å and consists of
30874 spectral lines. Since this line list does not cover the whole RVS spectra, it had to be
extended by 30 Å for it to cover wave range down to 8450 Å.
To extend the line list, the VALD3 database was used. A stellar extraction was
performed using stellar parameters:
𝑇𝑒𝑓𝑓 = 4000 𝐾, log 𝑔 = 4.8, 𝑣𝑚𝑖𝑐𝑟𝑜 = 1

𝑘𝑚
𝑠

and a wavelength range from 8450 𝑡𝑜 8480 Å.

This extraction gave a total of 189 lines, mostly consisting of TiO, Fe, Ti, with additional
Zr un Cr lines. Afterward, when the synthetic spectra, created by SME was compared with a
Solar spectrum from Kitt Peak Solar Atlas [16]. The discrepancies in the spectra were explained
by missing molecular lines in the line list extension, in particular, cyanide molecules.
Afterward, a certain element, or in this case – a molecule (CN) extraction were made
from VALD3, resulting in 118 CN lines. Even with the additional 118 lines, the synthetic spectra
still show some missing lines, so third extraction, using solar parameters were made from
VALD3 database. This added additional iron, magnesium and titan lines to the line list.

In every case, a long format was used to get all the information about the lines, which
not only gives usual parameters e.g. wavelength, oscillator strength, and damping constants
but also term designation and total angular momentum quantum number J. Term designation
and total angular momentum quantum number is important for non-LTE calculations.
The second large problem with the line list was the format in which it was written. All
line lists are in .fits format (Flexible Image Transport Format), which can’t be easily
manipulated. Even to open a file in this format, additional software – Topcat – had to be
installed. Topcat doesn’t allow adding rows in an already existing line list, so a different
approach had to be used. It is possible to create the .fits table in the pipeline itself, but it was
decided that the time required to learn how to create the table in IDL would be greater than
finding an easier solution to this problem. A line list translator program was written by Alvin
Gavel, in the Python programming language which translated .fits files to .dat files. This file
format (.dat) is an extension of ASCII files and which can easily be manipulated in Excel.
Afterwards, this .dat file would be translated back into .fits format.
This translator also gave errors during the process. For example, it translated the
names of the molecules incorrectly – it displayed just ‘Ti’ instead of ‘TiO’, although the line list
contained correct information that this molecule is titanium oxide not titanium. Also, the
information and format in the original “ges_HR21_v5_CNion_ tweaked” line list had to be
edited (missing cell information, information in the wrong cell etc.). After fixing the problems
with the line list, the translator still didn’t translate the information into the ‘right’ format, for
SME to read the information right. So a smart solution was implemented – we took an already
existing line list, shifted the lines to extremely large wavelength and copied the line in the cells
of this particular line list. Although this is an inelegant solution, it solved the line list format
problem.
The last big problem was switching calculations from LTE to non-LTE. We were
provided with Ca non-LTE grids by Nikolai Piskunov. Despite all attempts, no solution worked.
We tested the performance of all NLTE modules, we changed the flag for the non-LTE
calculation from iron to calcium and made countless small changes in the uves_marcis.pro
code. Every possible cause of error was accounted for, except that the error could come from
VALD3 database itself. Turned out, that the error originated within the database where data
were originally obtained. The VALD3 database wasn’t updated, so the term designation was
missing an additional term and this prevented non-LTE calculations. After the error was
identified, the VALD3 database was updated in the next day, one additional elemental
extraction from the VALD3 database was made and last of the errors prohibiting the

calculations was solved.
Theoretical spectra calculations were made by changing one parameter – effective
temperature, surface gravity of metallicity. In this work uves_marcis.pro code was used as
well as the line list “Marcis_linelist_6”. This line list was created based on the
“ges_HR21_v5_CNion_ tweaked” line list which was extended by 30 Å. Uves_marcis.pro uses
forward modelling method.

Calcium II triplet.
Calcium is one of the most important elements in spectroscopy because calcium helps
to study the history of 𝛼 elements across the galaxy and it is one of the best observed elements
in late-type stars [4]. Infrared Ca II triplet lines (𝜆 = 8498, 8542, 8662 Å ) are among the
strongest and most prominent features in Gaia’s RVS spectra, which ranges from 847 to
874 𝑛𝑚 and can be used as metallicity and abundance indicators [1]. The wings of this line
are formed in the photosphere, while the core of the calcium triplet is formed in the lower
chromosphere [4]. To create complete spectra of the calcium triplet, non-LTE calculations are
required and the chromosphere have to modelled, since MARCS model atmospheres does not
model the chromosphere. Figure 2, Figure 3 and Figure 4 show SME’s calculations of calcium
and their comparison to Solar Spectra from the Kitt Peak Solar Atlas [16]. A special calcium
line list was created to observe how good SME fits the calcium triplet. All calculations in SME
were made using non-LTE for better core fit, since it is created in the chromosphere. All figures
show a good fit in the wings, figure 2 shows almost a perfect fit in line’s core while Figure 3
and Figure 4 were slightly worse fits in the core.

Figure 2. Calcium fit for Ca II line 𝜆 = 8498 Å . Solar spectra data are in blue, while SME’s fit
is red.

Figure 3. Calcium fit for Ca II line 𝜆 = 8542 Å . Solar spectra data are in blue, while SME’s fit
is red.

Figure 4. Calcium fit for Ca II line 𝜆 = 8662 Å . Solar spectra data are in blue, while SME’s fit
is red.

Solar spectra vs SME spectra.
To be able to achieve the goal of this project, one must test the SME ability to create
spectra that gives a good overall fit throughout the whole spectra, not only for the calcium
lines. Figure 5, Figure 6, Figure 7 and Figures 8 show the SME calculations vs Solar spectra. As
one can see in Figures 5-7, SME gives an adequate overall fit for calcium triplet, with good fit
in the wings and slightly worse in the core. SME also gives a good fit for strong iron, cobalt and
silicon lines, while giving a worse fit for the lines closer to continuum level. Figure 8. shows
the fit for lines that are part of the line list extension from 𝜆 = 8450 to 8480 Å. One can see
that there is a good fit for strong iron lines, yet the fit partially fails for weaker lines. This can
be explained by insufficient molecular data from the VALD3 database.

Figure 5. SME fit (red) vs Solar spectra (blue).

Figure 6. SME fit (red) vs Solar spectra (blue).

Figure 7. SME fit (red) vs Solar spectra (blue).

Figure 8. SME synthetic spectra (red) vs Solar spectra (blue).

Results – creating the grid of synthetic spectra.
The list of calculations consists of 198 spectra, where the temperature varies from
7000K to 5000K in steps of 500K, from 5000K to 4500K in steps of 250K. Surface gravity ranges
from log 𝑔 = 2.5 to 4.5 in the steps of 0.5. Two different atmospheric and calcium non-LTE
grids had to be used, because one atmospheric grid varies from 5.5 to 3 in log g, and uses
plane-parallel symmetry in the calculations, while the other grid uses spherical symmetry and
log g varies from 2.5 to -1. Metallicity [M/H] ranges from 0.5 to -0.5 compared to the Solar
composition. Figure 9. shows one such synthetic spectra calculated in both LTE and non-LTE.
Catania Observatory requested more theoretical spectra that goes down to 3000 K
and metallicity as high as [M/H] = 1, but we were unable to make these calculations due to
the NLTE grid limits. If calculations are made for effective temperature Teff < 4500 K or
metallicity [M/H] > 0.5, wrong departure coefficients are used, resulting in wrong Ca II line
profiles.
Originally 424 spectra were calculated, going as low as 3600 K in effective
temperature and as high as [M/H] = 1 but due to the NLTE grid limitations, the number of
usable spectra were reduced to 198.

Figure 9. LTE calculations (red) vs non-LTE calculations (blue).
𝑇𝑒𝑓𝑓 = 7000𝐾, log 𝑔 = 3, [𝑀/𝐻] = 0, 𝑣𝑚𝑖𝑟𝑐𝑜 = 1

𝑘𝑚
.
𝑠

Figure 10. Temperature variations in synthetic spectra.
𝐿𝑜𝑔 𝑔 = 4, [𝑀/𝐻] = 0, 𝑣𝑚𝑖𝑟𝑐𝑜 = 1𝑘𝑚/𝑠 .

Figure 11. Surface gravity variations in synthetic spectra.
𝑇𝑒𝑓𝑓 = 6000 𝐾 , [𝑀/𝐻] = 0, 𝑣𝑚𝑖𝑟𝑐𝑜 = 1𝑘𝑚/𝑠 .

Figure 12. Metallicity variations in synthetic spectra.
𝑇𝑒𝑓𝑓 = 5500 𝐾 , log 𝑔 = 3, 𝑣𝑚𝑖𝑟𝑐𝑜 = 1𝑘𝑚/𝑠 .

Figure 13. Unphysical flux drop in the synthetic spectra at 8480 Å.
𝑇𝑒𝑓𝑓 = 4000 𝐾, log 𝑔 = 3, [𝑀/𝐻] = 0.5, 𝑣𝑚𝑖𝑟𝑐𝑜 = 1 𝑘𝑚/𝑠.

Conclusions.
The behavior of the Ca II lines when one of the parameters (Teff, log(g) or [M/H]) is varied, is
explained in conclusions 1-3, while the dip in the flux is explained in conclusion 4.
1) While studying the temperature effects on lines in the wavelength region between
8495 𝑡𝑜 8501 Å two conclusions were made:
At lower temperatures, most of the Ca atoms are singly ionized, but when the temperature
become higher, Ca II abundance decreases, but Ca III abundance increases, resulting in Ca II
line weakening, which is consistent with what we can see in Figure 10.
Decreasing temperature give rise to the molecular lines seen in the wing of the Ca II line
between 8499 𝑎𝑛𝑑 8501 Å. Molecular lines can’t form at high temperatures because at high
temperatures collisions immediately destroys the molecules and atoms can only exist in
atomic states and not in the molecular state. This conclusion is also consistent with spectra
seen in Figure 10.
2) Figure 11. shows behavior of the Ca II lines. Most of the spectral lines, at higher pressure
and hence at higher surface gravity tend to become broader due to higher number of collisions
which distorts the energy levels of the atom and allows them to absorb redder or bluer
photons than usual, but Ca II lines tends to act differently. Line behavior can be explained by
line opacity to continuous opacity (𝑙𝜈 /𝜅𝜈 ) ratio change, while the width of the line is
determined by both natural broadening and line to continuous opacity ratio change.
Calcium triplet broadening is dominated by natural broadening since their upper levels are
connected to the ground level by extremely strong Ca II resonance lines at 3960 & 3990 Å. Ca
II line broadening is also affected by the change in the ratio between line to continuous opacity
(𝑙𝜈 /𝜅𝜈 ) but this broadening effect is smaller than natural broadening.
At this temperature, calcium is almost fully ionized and the continuous opacity is dominated
by negative hydrogen ion (H-). While continuous opacity (𝜅𝜈 ) is sensitive to electron pressure,
line opacity (𝑙𝜈 ) is not and when pressure is changed, this also changes the line to continuous
opacity ratio. When pressure decreases, 𝑙𝜈 /𝜅𝜈 increases making the lines broader, which is
consistent with the line behavior seen in Figure 11.
3) Figure 12. shows the depth and width changes of the lines when metallicity is varied. As
one can see in the Figure 12., with increased metallicity, lines become stronger due to the
increase in the number of absorbers. With increasing number of absorbers, more flux is
absorbed and lines become deeper and broader. This conclusion is also consistent of data
illustrated in Figure 12.

4) Finally, Figure 13. displays a drop in the flux starting at 8480 Å, which also coincide with
the end of my line extension. This drop in the flux would mean that an insufficient number of
lines are used in the extension. Since this drop is only observed in the low temperatures, the
best guess is that the missing lines are of molecular origin. After consultation with Thomas
Nordlander we learned that this dip can be explained by the fact that original line list on which
“ges_HR21_v5_CNion_ tweaked” line lists is based, was created by extracting metal lines from
the VALD3 database and the molecular lines were obtained by private communication with
Tomas Masseron, while my extension was based fully on VALD3 data, which has an insufficient
amount of molecular lines. Since this problem occurs only at the temperatures below our
calculated spectra limit, no errors like this are present for the correctly calculated 198 spectra.
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