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Summary

Close binary stars of Algol type consist of a main sequence star accompanied with a cool sub-
giant or giant, where former is now a more massive component. Apparently, this violates prin-
ciples of the stellar evolution, and episodic mass transfer between the components has been
postulated to explain this evolutionary paradox. In this short-lived process the initially more
massive component has been converted into a low-mass giant, and layers which were originally
deep within the star and have been altered by thermonuclear fusion during the stars’s main se-
quence evolution are now exposed. The surface chemical composition of both stars are precious
diagnostic of the nucleosynthesis processes that occur deep within stars. Theoretical evolution-
ary models predict changes in abundances of the elements involved in CNO nucleosynthesis.

Principal goal of present observational study was the determination of the abundance pattern
in mass transferring binary stars. The two representative systems, archetype of a whole class,
Algol itself, and its more massive counterpart, u Her, have been selected for detailed examina-
tion. High-resolution and high S/N time-series of spectra were secured with fibre-fed échelle
spectrographs at the NOT, La Palma, Spain, BOAO, South Korea, and CAHA, Spain. These
spectra were disentangled into individual component spectra of the components which even-
tually make possible detail atmospheric diagnostics including determination of the elemental
composition. A number of auxiliary codes have been developed to facilitate analysis and esti-
mate uncertainties of measured quantities.

Algol is a hierarchical triple system in which the inner pair is partially eclipsing. This
makes study of this binary quite challenging. For the first time the individual spectra of its
components have been separated which eventually yield their complete characterisation. Their
orbits and masses are revised which making possible determination of appropriate evolutionary
models. The ratio of carbon and nitrogen is a very sensitive indicator of hydrogen-core CNO
nucleosynthesis and a different mixing processes occurring before and after episode of mass-
transfer. In present work constraints on C/N have been found for the case of low and high mass

Algol-type binary system.



Sazetak

Bliski dvojni zvjezdani sustavi Algolova tipa sastoje se od zvijezde na glavnom nizu sa pra-
tiocem u evolucijskoj fazi poddivova ili divova, pri ¢emu je prva masivnija. Ovakva situacija
je paradoskalna uzev$i u obzir evoluciju zvijezda te je postuliran period u kojem je doslo do
procesa prijenosa tvari kako bi se objasnila paradoksalna situacija. Taj je kratkotrajan proces
inicijalno masivniju zvijezdu pretvorio u diva manje mase, a slojevi koji su bili duboko u zvjez-
danoj unutrasnjosti gdje su bili pod utjecajem nuklearnih reakcija su sada izloZeni. Kemijska
zastupljenost na povrs$ini obje zvjezde je dragocjen dijagnosticki alat za procese nukleosinteze
koji se odvijaju u dubokim slojevima zvijezda. Teorijski modeli evolucije predvidaju promjenu
zastupljenosti elemenata koji sudjeluju u CNO nukleosintezi.

Glavni je cilj proucavanja odredivanje zastupljenosti kemijskih elemenata u dvojnim zvi-
jezdanim sustavim sa prijenosom tvari. Dva reprezentativna sustava izabrana za proucavanje
su Algol, po kojem je nazvana cijela klasa sustava te njegova verzija vece ukupne mase u Her.
Spektri visoke rezolucije i odnosa signal-Sum su osigurani na échelle spektrografima NOT, La
Palma, BOES, J. Koreja te CAHA, Spanjolska. Ti su spektri raspetljani u individualne spektre
komponenata $to omogucava detaljnu analizu uvjeta u zvjezdanoj atmosferi kao i1 odredivanje
kemijske zastupljenosti. Velik broj pomo¢nih kompjuterskih kodova je razvijen za ostvarivanje
tog cilja.

Algol je hijerarhijski trostruki sustav u kojem unutrasnji par zvijezda pokazuje djelomine
pomrcine. To, us postojanje treCe komponente, znatno oteZava analizu. Prvi su put raspetljani
spektri sve tri komponente iz kojih je izvrSena karakterizacija zvijezda. Orbite i mase su revidi-
rane omogucivsi odredivanje evolucijskog modela. Omjer zastupljenosti duSika i ugljika je vrlo
osjetljiv indikator CNO nukleosinteze u sredici te razli¢itih procesa mijeSanja koji se dogadaju
prije i nakon faze prijenosa tvari. U trenutnom radu, omjer C/N je odreden za dvojne sustave

Algolovog tipa male i velike mase.
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Chapter 1
Introduction

Stars are the main building blocks of galaxies and the central engines in their evolution. Under-
standing the principles of their structure and evolution were a big success of the 20th century
astrophysics. However, theory of stellar structure and evolution is not a closed story, and a
number of open questions are awaiting a proper explanation (c.f., Langer 2012).

In order to understand stellar structure, nuclear sources and evolution, highly accurate and
precise observations of many different kinds are needed. Only this would allow us to constrain
and test various physical ingredients in the theoretical models, and calibration of a number of
free parameters. Eclipsing binary stars are invaluable source of fundamental stellar properties
(mass and radius) to a precision of < 1%. Therefore, they serve as stringent tests of the predic-
tions of evolutionary models. Both components must be spectroscopically detectable for direct
determination of these quantities. For a useful comparison with theoretical evolutionary models
further observables are needed: effective temperature (7.g), and metallicity ([M/H]). We can

then perform detailed abundance analyses of the observed systems.

1.1 Algols and the evolution paradox

Algols are close binary stars, named after the archetype stellar system of Algol (3 Per). In
Algol, which is a triple system, inner system is composed of a close binary system in which
cool giant component is less massive that its hot main sequence companion. Evolutionary
paradox that less massive component is apparently in an evolutionary more advanced stage that
its more massive companion has been resolved postulating a mass-transfer episode between the
components in their recent past (Crawford 1955, Kopal 1955, Hoyle 1955).

Unlike the evolution of single stars, the evolution of binaries is highly affected by their com-
panion. Therefore, only a limited amount of space is allowed due to its gravitational potential,
the Roche lobe. As the stellar evolution speed is mostly determined by the star’s mass, the more
massive star will evolve quicker and fill its available Roche Lobe, reaching the critical limiting
radius. This can occur at various evolutionary stages: during the main sequence evolution (case

A), during transition to the red giant phase (case B) or during the post-red giant of supergiant
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phase (case C). At this point a rapid mass transfer occurs. Most of the initially more massive
component is accreted by its companion, with some mass loss to the system, and the Algol-type
binary is formed as the result. The previously more massive star is now a low mass subgiant
filling its Roche lobe, while its companion is now the hotter and more massive component. This
mass-transfer scenario is the well established solution to the "Algol paradox" (Hilditch 2001).
This evolutionary process causes many effects - changes in the orbital period, distances between
the components, effects due to surrounding dust, but one of the consequences is particularly im-
portant. Up to 80% of the mass of the originally more massive star can be lost, either to its
companion or into or out of the system.

Due to the mass transfer process the layers which were originally deep within the nuclear
fusion region of a star, completely unavailable to inspection have been deposited onto the sur-
face of its companion. The surface chemical composition of both stars are a precious diagnostic
tool of the nucleosynthetic processes that occur deep within the stars. By determining chemical
abundances, we can both test the nucleosynthesis processes that are ongoing deep within the
star, and probe stellar evolution in order to constrain the models of binary evolution. The initial
characteristics of these systems vary, but can be determined by fine spectroscopic abundance
analysis so we can discriminate between different evolutionary paths and mass and angular
momentum loss mechanisms.

The spectra of close binary stars are complex due to their composite nature and moreover,
continuously varying Doppler shifts of spectral lines. This makes the measurement of radial
velocities (RVs) difficult, in particular in the cases of severe line blending, whilst in the same
time prevent any reliable distinction of the underlying individual spectra of the component.

The method of spectral disentangling (herewith SPD) enables isolation of the individual
component spectra simultaneously with the determination of the optimal set of the orbital el-
ements. It is a way out of the previously mentioned obstacles and opens quantitatively new
opportunities in the study of binary stars and their components. In particular, previously almost
unexplored territory of chemical composition and chemical evolution of binary stars is now
open for research.

For that, multiple high resolution and S/N spectra of the system are necessary. They are sep-
arated using spectral disentangling technique, which produces component spectra from a series
of composite spectra, further enhancing S/N due to co-addition process. Using the disentangled
spectra, we can both determine precise chemical abundances and fundamental properties of the

binary stellar system with high precision and accuracy.

1.2 CNO nucleosynthesis and chemical evolution

Nuclear fusion occurring in stellar cores is the main source of energy with formation of ele-
ments as by-product of the process. These processes occur in the parts of the star that are not

available for direct observations. Nucleosynthetic products can normally be detected only if



there is an efficient mixing mechanism within the star transporting newly created elements to-
wards the surface. This has put stellar rotation mechanism, previously considered an secondary
effect and neglected in modelling, into the focus of stellar evolution models. It changes all the
model outputs substantially, bringing observed properties into much better agreement with the
theoretical predictions. To further improve models, the influence of magnetic fields to rotation
and mixing is added. The inclusion of stellar rotation has profound effects on stellar evolu-
tion models, particularly on high-mass stars (c.f., Meynet & Maeder 2000, Heger & Langer
2000). Centrifugal force changes the stellar shape and structure, causes meridional circulation
and induces turbulent mixing. In turn, the effective temperature and luminosity of the rotating
star changes, effecting its lifetime on the main sequence. As a consequence abundance pattern
changes too, heavily affecting the expected photospheric nitrogen abundance. This makes nitro-
gen abundance viable as a new observable. However, the observations have shown the situation
more complex than predicted from the models. Hunter et al. (2009) have found from the obser-
vations of a large sample of the Galactic and Magellanic Clouds B stars that N is enhanced not
only for rapidly rotating stars but also for a slow rotators. Also, no any tight correlation of the
nitrogen abundance with the strength of the magnetic field was found so far (Morel et al. 2008,
Martins 2012).

Energy production in stars on the main sequence is generated by two processes: proton-
proton (pp) and CNO cycle. Each of the processes converts hydrogen nuclei to helium nuclei,
releasing energy in the process. PP process involves fusion of protons into « particles.

CNO process uses C, N and O as catalyst cores for helium nuclei production leaving cat-
alytic cores intact. However, it is important to notice that although C, N and O are not converted
themselves and their total number in the process is conserved, their relative ratios do vary and
can be determined. As each process is determined by its slowest component, in this case an
overabundance of nitrogen occurs as its fusion to oxygen is the slowest process. Therefore the
number of carbon cores decreases due to conversion to nitrogen, as well as number of oxygen
nuclei which are in cyclic process converted back to carbon. In the cyclic process, the num-
ber of protons (hydrogen nuclei) decreases as it is processed and converted into helium, which
abundance increases.

It is important to know when CNO processes are active or dominant to pp processes. CNO
process has a higher temperature dependence that PP process. Therefore, it becomes dominant
energy source only in stellar cores with sufficiently high temperatures (> 17 - 10°K). As core
temperature is linked to stellar mass, CNO processes only occur in mid and high mass stars (M
> 1.4 M). Additionally, it is important to recognise that C, N and O nuclei are used as catalysts
and it is necessary for them to be present in the stellar core. If the initial chemical composition
of a star is deficient in those elements, CNO process can not occur and will be postponed until
they are fusioned by other processes.

The CNO cycle is dominant during the early evolution of more massive stars. It causes an

increase of nitrogen abundance at the expense of primarily carbon, and in a lesser extent oxygen.
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Typical cosmic abundance ratios are C/N ~ 0.3 and N/O = 0.1 (Przybilla et al. 2010).

In the case of more massive stars, carbon quickly reaches equilibrium abundance by the CN
cycle and is turned to N. The maximal expected overabundance of nitrogen is N/C ~ 3 (Sarna
& De Greve 1996). The oxygen is also slowly destroyed to produce nitrogen. If we take number

of C atoms as constant, we can describe this situation as (Maeder et al. 2014)

d(N/C)=dN/C (1.1
dO = —dN (1.2)
giving the ratio of change
N dN N dN N
d(a) = 6—§d0— 6(1+6) (1.3)

Now, we can calculate the change in N to C and N to O ratio as

g  N/C 1
—= == (1.4)
d¥  N/O(1+15)

enabling us to calculate the ratio and compare it to the measured one.
In the case of intermediate mass stars, we assume that the cycle starts with C to N conver-

sion, leaving O number relatively constant

dC = —dN (1.5)
d(N/O) = dN/O (1.6)

thus resulting in

d¥  N/C N
L == (1+3) (1.7)
N
dg N/O C
For intermediate mass stars, we get ratio of 3.97 (eq. 1.7, and for more massive stars 1.79 (eq.
1.4).

1.3 Motivation and goals

The motivation of this work is to make use of photospheric CNO and elemental abundances
to gain insight into chemical composition of stellar interiors tracing both CNO stellar core

nucleosynthesis and mass transfer episodes. By determining precise abundances for stars which
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log Time [yrs]

Figure 1.1: Time evolution of CNO influenced stellar volume (dashed) and outer convection zone depth
(dotted) for 3 and 1.5 Mg, stars (Sarna & De Greve 1996)

experienced mass transfer processes, we can also derive system’s evolutionary path and initial
system properties. Also, by determining expected abundance changes, we can both determine
scenarios in which the mass transfer occurred (at which of evolutionary points did it occur) and
the properties of the stars. The measured abundance determined on the mass-gainer, primary
star, depends on thermohaline mixing in the star which gradually returns abundances from N
overabundance to standard abundances. On the surface of the mass-donor, now a less massive
secondary component, the abundance depends on the development of the upper convective zone
which reaches deeper for less massive stars reaching the CNO processed areas making mixing
more effective than in the more massive stars where the upper convective zone does not reach
CNO changed regions (Fig. 1.1). For this purpose we selected two systems, one with high mass
hot components, u Her, and the other Algol, prototype semidetached binary which is a low-
mass system. High resolution and high S/N spectra secured in the course of this project would

be disentangled and individual spectra of the components examined in details.
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Chapter 2

Theoretical background

2.1 Binary and multiple stellar systems

Most of the stars have stellar companions, some directly visible, some invisible. The latter
can be detected using spectroscopy (measuring doppler shifts of spectral lines in time series),
photometry (measuring change in brightness due to other object’s transit) or astrometry (cyclic
change in star’s position due to gravitational influence of the unseen object). Stars in binary
systems do evolve in a similar manner, but the nearby accompanying star can have influence
both on the evolution itself and the outcome of certain evolutionary stages. Binary stars are
gravitationally bound objects, both orbiting the mutual center of gravity. They are also bound in
a mutual gravitational potential, which is naturally, more complex that in a single-star scenario.
In this case, the gravitational equipotential lines form an number eight shaped figure in close
proximity to the system, and become spherical only far away, where the binarity influence
lessens. The equipotential at which stellar matter ends being gravitationally bound to the star is

called the Roche Lobe, and can be seen in Fig. 2.1.

2.1.1 Why are binary stars important

The importance of binary stars is due to the possibility of determining fundamental stellar pa-
rameters with great accuracy, especially compared to parameters we can derive for single stars.
That gives us the opportunity to precisely compare and match measured properties to evolution-
ary model predictions in order to validate and confirm, or further improve them. Gravitational
interaction between two stars gives us opportunity do determine their masses. In general case,
mass ratio can be determined, and in more opportune situations individual masses themselves.
If light curve is available, we can derive orbital inclination, eccentricity, star’s relative sizes,
mass ratio and the ratio of surface brightnesses. From spectroscopic data we can derive projec-
tion of velocities resulting also in orbital separation and mass can be determined. Analysis of
spectral lines can give us further insight in stellar rotation, temperature and surface gravitational

acceleration, as well as light contribution of each component to the total light of the system.
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Figure 2.1: 3D  gravitational potential and 2D cross section contour plot.
On the contour plot 1is obvious an 8-shaped figure called the Roche Lobe
(http://hemel.waarnemen.com/Informatie/Sterren/hoofdstuk6. html)

Furthermore, due to possible interactions between the two components, the shapes of stars
can deviate from spherical shape of single stars due to tidal interactions, resulting both in change
of observable properties and evolutionary processes. Therefore, it is not yet clear if single star

evolutionary models accurately describe binaries’ evolution.

2.2 Orbital elements

The term orbital elements originated in the study of planetary motions, but can be directly
applied to stellar orbits. In order to define it, we need six quantities (see Fig. 2.2).
Period P is linked to the semimajor axis of the orbit by a generalised form of the Kepler’s
equation
3
o = (M + M) .1
where M, and M, are the masses of the two stars. A complete dynamical description of the
system requires the knowledge of the period, which has come to be regarded as an extra orbital
element. From observations of the eclipsing binary system, the quantities P, ¢, w, e and 7" can be
determined. However, unless radial velocity (RV) measurements are available, it is impossible
to distinguish between the ascending and descending nodes of the orbit, leading to an ambiguity
of 180 deg in the longitude of periastron (w). For the semimajor axis, only the apparent value can

be determined from the observations, unless we know the parallax or the distance to the system
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ORBITAL PLANE

TANGENT PLANE

l fo SKY

OBSERVER

Figure 2.2: Plot of the orbital elements. The orbit is contained in a plane which is projected to another
plane, perpendicular to the observer’s line of sight. (Batten 1973)

in which case we can determined the true semimajor axis. If both components are seen in the
spectrum, mass can be determined from velocity amplitudes. Eccentricity, e, and longitude of
periastron, w are very correlated and are usualy treated as a combination of e cos(w) which can
be determined using the times of the primary and secondary eclipse and e sin(w) which depends
on eclipse duration and are less correlated than e and w alone. Additionally, two other quantities

can be determined:

e V, - the radial velocity of the center of mass of the system
e /i - semi-amplitude of the radial velocity of the primary component

e [, - semi-amplitude of the radial velocity of the secondary component

The velocities are measured in km/s, period in days. Given these units, the values of K are

related to the orbital elements as

a1 9sini = 13751(1 — *)V2 K, , P [km] (2.2)
M, osini = 1.0385 - 1077(1 — *)*/*(K| + Ky)* Ky, P [Mg)] (2.3)
where
a = a; + as and 2.4)
ag/alsz/Klel/MQ (25)
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K; + K5 is thus a measure of the major semi-axis projected onto a plane that contains the line
of sight. If only one spectrum is recorded, one can determine only the value of a;sin: and the

only information on the mass is the so called mass function

M3sin®i
(My + My)?

If the secondary star is also the less massive one, it can be shown that the minimum values of

f(m) = =1.0385-1077(1 — 2)3?K3 P [M] (2.6)

my o sin’ i are given by 4 f(m). In the case of an eclipsing binary, period can be easily deter-
mined and the angle 7 can be found as it affects both the shape and depth of the light curve.
If both eclipses can be observed, e cosw can be determined from the displacement between
them, expressed as a fraction of the period. From the light curve, nothing can be determined
for semimajor axis. The shape and duration of eclipses in the light curve depend on the com-
ponent’s radii R;, expressed as the fractions of the separation. If the system is also observed

spectroscopically, the radii in the absolute units can be determined.

2.3 The Roche model for binary stars

The gravitational potential for a binary system ® at the arbitrary point (z, y, z) can be expressed

as
Gl;, Gmy W2 Mo 2 9
p=_—L T o T2 2.7
™ T2 2 [(:C m1+m2) +y] ( )
where the coordinates 7; are r; = /(22 + y2 + 22) and 1y = \/((x — 1)2 + y2 + 22). Further-
more, if we define the normalised potential ®,, = —2®/(m; + ms) and mass ratio ¢ = ms/my,

we have the following expression

2 2q qg 2 9
®, = + +(z——)"+ 2.8
(I+q)r1  (14q)r: ( 1—q) Y )

which can be evaluated at any point (x,y, z) around the two mass points. One example of the

results is plotted in Fig. 2.1. Equipotential surfaces are circular in the resulting plot both near
each of the stars and far away from the system, but in between the mass distribution makes the
curve more complicated. One can note the point noted as L; called the inner Lagrangian point,
and two other Lagrangian points Lo and L3 located at the far sides of the equipotential curve.
The two curves joining at point L, are called Roche Limits and define two 3D limiting volumes
called the Roche Lobe. It represents the maximal volume a body can occupy whilst having all
its mass bound. Any particle that exits the Roche lobe is lost to the host star, either to the other
component or the system in general forming a common envelope. The size of limiting lobes is
primarily determined by separation of components a, and less so by their mass ratio.

For well detached systems, the ratio of star’s size R vs. the separation is R/a < 0.1, and the

component stars are spherical. For a higher ratio, stars become more and more deformed. One
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of commonly used parameters is 7, - the effective radius of a Roche Lobe, meaning the radius
of a sphere that has the same volume as the non-spherical Roche lobe. It can be expressed in

terms of the mass ratio as

B 0.49¢%/
~0.69¢%/3 + In(1 4 ¢'/3)

The actual effective radius for a star at Roche lobe is then R; = r;a where a is the semimajor

Tr (29)

axis of the relative orbit.

2.4 Semidetached binaries

If in a binary system one component fills its Roche lobe, it is very probable that the system
has passed through at least one phase of mass transfer between the two components, or mass
loss from the system, or both. Therefore, it would be wrong to make comparison between the
empirical data on the masses and absolute dimensions of such system and the theoretical stellar
evolution models for single stars alone. Evolution codes must be modified to take into account
the existence of the upper volume of a star in a binary and to allow for changes in orbital periods
and sizes consequent upon the mass-exchange process.

The classical Algol systems are known to have a main-sequence primary of intermediate
mass that lies within its Roche lobe, and a Roche-lobe-filling secondary of the substantially
lower mass, with typical mass ratio ¢ ~ 3. The secondary is classified as a subgiant and seem-
ingly more evolved than its more massive companion, creating a paradox situation considering
the stellar evolution. The paradox was resolved following a suggestion by Crawford (1955),
and Kopal (1955) when it became clear that the Roche lobe overflow (RLOF) was an important
mechanism in binary star evolution which leads to mass ratio reversal in a binary system, such
that originally the more massive component would become the secondary, while its initially
less massive companion would become the primary. The first models of mass transfer included
only conservative mass transfer scenario, in order to limit the range in investigated parameter
space. As it became obvious that conservative mass transfer was an unrealistic oversimplifi-
cation (Popper 1973) it became an imperative to postulate non-conservative mass and angular
momentum loss. Many grids for models involving case A, B and C mass-transfer cases (Sec-
tion 2.5) and for varying amount of mass and angular momentum loss. Specifically for Algol
systems, De Greve (1989, 1993), De Greve and de Loore (1992) and de Loore and De Greve
(1992) have considered a substantial range of evolution calculations, whilst Sarna (1993) has
discussed in detail evolutionary status of Algol itself. The overall conclusion is that the conser-
vative evolution cannot explain the properties of Algol systems and that non-conservative mass
exchange in early case B is required. In an attempt to provide more accurate quantitative data
for comparison with models, Maxted and Hilditch (1996) collected data on nine Algol systems

for which astrophysical parameters had been derived from self-consistent solutions of the light
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curves and the radial velocity curves of the two components, including taking account of non-
Keplerian corrections. The current primary components appear as normal main sequence stars,
whilst the secondaries are all oversized and overluminous relative to the main-sequence star of
the same mass, by amount that range up to factors of 10. On the basis of comparison between
the data and the models, it would seem that more angular-momentum loss is required and cur-
rently employed within the models. Within the limits of quality of obtainable spectra for Algol
type secondaries, determined C abundances can act as major constraints on the evolutionary
models, provided that the data is sufficiently accurate. With the currently available data, Sarna
and De Greve (1996) have shown that the agreement between the observed C deficiencies and

the theoretical models is reasonable but not definitive.

2.5 Mass-loss mechanism

Single stars have go through their evolutionary stages unaffected by their surroundings. In case
of binary stars, each star has its Roche lobe in which it resides. During the first stage of its
evolution, it resides more or less unaffected by its companion inside its Roche lobe. However,
as the evolution progresses, it enters stages where its radius increases and starts filling its Roche
lobe more and more. It can the fill its limiting Roche surface by several mechanisms - by

following its natural evolution and expanding to fill the Roche lobe at phases:

e Case A - during the main sequence phase
e Case B - during transition to the red giant phase or

e Case C - during the post-red giant of supergiant phase

or in between of the cases. On the other hand, the Roche Lobe around a star can shrink itself
due to orbital momentum loss.

During the time, a star can loose mass via various routes, resulting in different changes of the
orbital period P. P is the best defined quantity in a binary system, therefore good knowledge
of its change can give us reliable evidence of the undergoing mass-exchange and its magnitude.

Mass loss can be conservative or non-conservative, described by parameter 3 denoting the
the mass-gaining efficiency of the primary star.

g=1-— % (2.10)
M,

where M represents mass lost from the system, and M, mass lost by the mass losing component.
Also, although it is frequently kept constant for the modelling simplicity, 3 can be varying and

is often considered as 3(q)
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2.5.1 Conservative mass loss

The simplest case of mass transfer is a conservative mass transfer where all the mass lost by
one component is acquired by its companion, and parameter S = 1. Therefore, the total mass
of the system is conserved, as well as the orbital momentum J,,;,. Total mass M = M; + M,

remains unchanged, while dM; = —dM,. Orbital momentum is

GMEM3a(1 — €?)
M

and utilising Kepler’s third law, we can derive the change in period

Jorb = [

& 2.11)

P My My;q3
P MM,

where ¢ denotes initial values, and non-subsrcipted values after mass transfer. This equation can

(2.12)

be time differentiated to obtain time-change of the period as

P 3M,(M; — M) 2.13)
B My M, '

taking into account the mass conservation. If the initially more massive star loses mass, the

period decreases as well as the orbital separation up to the point where M; = M,. If the
mass-losing star continues to lose mass, the orbital period will start increasing along with the
separation. As we can measure time very precisely, we are able to register small changes in

orbital periods.

2.5.2 Non-conservative mass loss

It is more expected that the mass transfer is the non-conservative mass loss where some of the
mass is lost into the common envelope, along with the angular momentum, resulting in 8 < 1.
Although this scenario can occur when one of the stars has strong stellar winds or goes nova or
supernova, for us the most interesting scenario is Roche lobe overfilling. In that case, the mass
losing star loses its material via L, point, some of which is accreted onto the mass gaining star,
while the rest flows freely via Lo point. That leads to decrease in the orbital period both because
of the mass and momentum loss. As the momentum is also not conserved, the time change of

P can be expressed as

S=3+——F+ - 7] (2.14)

where M = M1 + Mg. In case of no accretion M2 =0and M = Ml, we can express angular

momentum chan ge as

. Md*2r

J Iz (2.15)
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where d is the separation from the centre of mass to the L, point. Therefore, the change in
orbital period is
P .

M, + M, d? M.
a2 S A T (2.16)
M1M2 a2 Ml(Ml +M2)
and the orbital period for this case necessarily decreases. All those calculations assume circular

orbit, as the circularisation and synchronisations were expected to occur.

2.5.3 Opbservational tracing of mass loss

Mass loss gives us an unique opportunity of directly observing stellar interior and probing
evolutionary models. It is separated in two mass-losing stages - rapid following by the slow
one. In terms of length of the evolution, rapid stage really is rapid (length ranging 10* — 10°
years) which makes it difficult of observe because it is a rare opportunity to catch the system
in that phase. Also, § during this stage is low meaning that most matter is lost to the system.
However, as during that phase mass losing star is depleted of its surface material which is
largely unaffected by the nuclear processes, it is not a great scientific loss if that stage is not
observed. It is only during the next stage, slow mass transfer that the very core of a star is
revealed exposing deep layers where results of nuclear reactions are present. In case of hotter
stars with active CNO cycle, stars with 7" > 17 - 10 K or M > 1.4 M, layers with remnants
of CNO are exposed as well as some of that layer can be even deposited onto the surface of
the much brighter, mass gaining companion available for inspection. As the mass gainer in
this stage becomes more effective of successfully accreting most of the matter, /5 has a larger
value. Therefore, binary stars in or after slow mass losing phase are perfect candidates for
testing our knowledge of CNO cycle, both because we have a direct insight in the affected
layers and because, due to the binarity of the system, we have precise and precious information
of fundamental stellar properties of the stars involved. For that, we need detailed spectra with

as large as possible wavelength range - échelle spectra.

2.5.4 Mixing in the mass gainer

As chemically enriched material is deposited onto the primary’s surface, consisting mostly of
hydrogen, an inverted gradient of mean molecular weight is developed. This can result in mix-
ing processes as the situation is unstable according to the Ledoux criterion. This mixing tends
to smear out the inverted and unstable inverted gradient. After this fast mixing, a smooth tran-
sition zone is established, but with possibility of further instabilities. This instability is known
as the thermohaline mixing (Kippenhahn 1980), a process first introduced in context of hydro-
dynamic instabilities in salt waters where a layer of salt water is located above a cooler, more
dense layer. This situation analogous to the layers of higher molecular density being on top of

layers of lower molecular density. The instability starts to resolve itself by propagating fingers
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of high molecular density matter propagating downwards and initiating the mixing process. The
process of matter transfer is not spherically symmetric, resulting in deposited hot-spots of ac-
creted material over the cooler host material, a perfect candidate for mixing. This mixing tends
to keep hydrogen abundance values similar to the original, pre-transfer values and carbon abun-
dance lower than the abundance on the surface of the secondary. Furthermore, if the primary is
observed at the end or long after the mass transfer phase, mixing will restore its surface compo-
sition to the values close to the original ones, making detection of CNO remnants impossible,
especially in case when the remainder of the secondary is very low in luminosity and can not

be detected spectroscopically.

2.5.5 Expected chemical profiles during core H burning

From the calculation for the single stars (Iben, 1967) it is well known that the distribution of
C, N and O changes during main-sequence evolution of a star in which CNO is the dominant
hydrogen burning process. The central '2C abundance decreases from the cosmic value to the
equilibrium value of [C /H]see = -1.8 —-2. At the same time, the abundance of the slowest to be
processed core - '“N increases. The region in which C is depleted and N abundance increases
outwards in time to the larger mass fractions. The underabundance of C stops when approx 15%
of core hydrogen is depleted. In the outer region of star, there is still a cosmic abundance, and
the regions are separated by a transition layer. This situation persists until the forming of thick
convective surface layer that starts mixing and transporting material between the surface and
inner layers. As the mass gainer in this stage becomes more effective of successfully accreting
most of the matter, 5 has a larger value.The [N/C] ratio starts from initial cosmic ratio of -0.35
to finally up to ~ 3. However, such thick convective envelope can be formed only in late B case
scenario, when the secondary fills its Roche lobe when it is on the giant branch. However, most
mass transfer systems are case A or early B, resulting in less abundance inversion.

When measuring abundances on the surface of the primary and secondary, we can expect
both similar abundances, depending on the onset of mixing processes. Should the system be ob-
served prior to the thermohaline mixing, similar abundances are expected. As this is only a brief
phase, it is more likely that the observed system will have different abundances. Large carbon
depletion is expected in secondaries at the end of the mass transfer, provided their initial mass
is not too low (not less than 2.5M), as the lower mass secondaries develop deep convective

cores which mix material efficiently, decreasing carbon abundance.
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Chapter 3
Previous observational research

A great number of papers exists on Algol itself, and also at Algol-type systems showing both
the importance of mass transfer systems, but also the facts that those systems are not easy
to understand and solve. The variability of Algol was well known since ancient times, and
it’s variability resolved only in 1773 by John Goodricke. It’s reason for observed paradox
evolutionary stage was finally determined by Crawford in 1955, after a long time of dedicated
research by many researchers. Algol has been a target for many photometric, spectroscopic and

nowdays interferometric studies, confirming it’s importance for astrophysics.

3.1 Determinations of underabundance of carbon

Underabundance of C was primarily studied in the UV part of the spectrum (Cugier & Hardorp
1988, De Greve & Cugier 1989, Cugier 1989), visual part (Parthasadathy et al. 1979, 1983, Ba-
clachandran et al. 1986, Tomkin et al. 1989, 1993) and even CN molecule (Yoon & Honeycutt
1992) and bigger spectral ranges (Tkachenko et al. 2010).

Parthasarathy et al. (1979) used Reticon spectra from McDonald telescope to determine
metals abundance in two Algol type secondaries. They determined normal metal abundance.
Unfortunately, they did not search for C underabundance. In the next article of their series,
(Parthasarathy at al 1983) they used Digicon spectra of CH and CN molecules in the secon-
daries of U Cep and U Sge, also from McDonald Observatory. They first compared spectra to
broadened spectra of selected standard stars. That comparison strongly suggested the normal
metal abundance of observed Algol secondaries and C depletion in excess of the evolutionary
changes observed in normal giants. Source of C abundance measurements are numerous CH
lines in 4290 - 4328 A interval. A small C deficiency for the secondaries of U Cep and U Sge is
determined relative to comparison stars. For U Cep the underabundance of C is [C/Fe] = -0.45
and overabundance of N [N/Fe] = 0.50 with uncertainties of 0.2 dex. For U Sge, [C/Fe] = -0.50
and [N/Fe] = 0.55 with same uncertainties. However, N abundance was determined solely from
CN bands which, obviously include C abundance therefore introducing further uncertainty. So,

the N abundance estimate lies on the proposed initial C/N ratio of 4, the solar value. They also
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Table 3.1: Elemental abundances for 8 Lyr primary (Balachandran al 1986). Values are relative to
hydrogen abundance defined as log e (H) = 12.0

Element Solar Abundance Measured abundance

He 11.0 11.89 +0.21
C1 8.69 <7.56
Cn 8.69 <7.61

N 7.99 8.90+£0.13
O 8.91 7.90

determined mass transfer rate of 107® — 10" M, /yr. Another interesting system observed was
B Lyr (Balachandran et al. 1986) in which they determined He, C, N and O abundances of the
primary (mass losing star is still the observational primary because mass gaining component is
hidden in an opaque disk and is not directly visible). From the weak 4437 and 5047 A He1lines
they determined a definite He enrichment N(H) = 0.4 and N(He) = 0.6. Microturbulent velocity
Veurb OF 10.0 km/s determined from Fe 11 lines. Determined C and O abundances were much
lower than N abundance. [ Lyr is currently in a stage of fast mass transfer. As the measured
period is increasing, they concluded that the less massive component is still losing mass. As
there is no evidence of the secondary in the spectrum, the value of ¢ could not be measured
directly. Measured abundances can be seen in Table 3.1.

The measured He enrichment indicates that the primary has overflowed its Roche lobe dur-
ing the shell hydrogen burning, case B started only 6500 years ago (Ziolkowski 1976). In the
fourth article of the series, Tomkin & Lambert (1989) determined abundances from the low-
noise Reticon R CMa spectra. The determined masses for both primary and secondary are
1.1 and 0.17 M, respectively. The very low secondary mass indicates that it has undergone a
significant mass transfer process so the CNO compositions of the both components are of inter-
est. Unfortunately, measurements of secondary’s composition were impossible due to it’s low
fractional light contribution, although its spectrum has been detected and used for RV determi-
nation. The measured EWs of the primary measured form the composite spectrum renormalised
in respect the continuum of the primary component only. The measured abundances are [C/H]
=0.0 £0.2, [N/H] =0.4 £ 0.2 and [O/H] = 0.3 £ 0.3, almost the solar one (taking into account
the large uncertainties).

Finally, Tomkin, Lambert and Lemke (1993) disclosed C deficiencies in the primaries of 8
Algol-like systems from low-noise CCD spectra from C 11 line at 4267A. In all systems C 11 line
was measured in primaries only, after renormalising composite spectra to primaries’ continuum.
Measured EWs were compared to comparison stars of the similar temperature (Fig. 3.1).

The average C abundance of comparison stars is loge (C) = 8.28 £+ 0.21, 0.32 dex lower
than the solar value, but consistent with other studies of B stars. Results vary from moderate
deficiency in the case of RS Vul to large deficiency in U CrB with the average abundance of
[C/H] = -0.34 4+ 0.17. § Lib was excluded due to the weakness of C line for it’s temperature,

and possible contamination from other lines. All measured abundances are show in Table 3.2.
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Figure 3.1: The EW of measured C lines compared to the sample stars (Tomkin, Lambert & Lemke
1993)

Cugier & Hardop (1988, 1989) examined 3 Per, A Tau and 6 other stellar systems in UV
part of the spectrum to determine predicted C underabundance. The expected C depletion is
in ranges from -1.1 to 2.0 dex, and is hoped to be confirmed if sufficient mass was lost from
the loser in order to expose depleted layers. The analysis was performed using high resolution
spectra in the UV region from IUE satellite from the archival data. Their first targets were
two short period systems, S Per and A\ Tau. For Algol system, the main contribution in the
measured UV part is expected to come from primary of component for which they assume
(Teg = 13000 £+ 1000 K) as the other components are much cooler than the primary and not
expected to have any significant contribution in UV part of the spectrum. The analysed lines
were C 11 multiplets at 1324 and 1335 A shown in Fig. 3.2. They also confirmed synchronous

Table 3.2: C abundances of 8 measured primaries (Tomkin, Lambert & Lemke 1993)

Star loge(C)  [C/H]
U CrB 7.66 -0.62
u Her 7.94 -0.34
6 Lib <852 <+0.24
[ Per 8.06 -0.22
U Sge 8.10 -0.18
A Tau 7.80 -0.48

TXUMa 7.93 -0.35
RS Vul 8.12 -0.16
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Figure 3.2: Measured C profile in the UV spectrum of 3 Per (full line) compared to comparison spectrum

of 21 Aql (squares) broadened to the same rotational velocity. Image contains measured C lines where a
slight underabundance in C multiplet line profile can be seen (Cugier & Hardorp 1998)

Table 3.3: 6 Algol-like systems with C determined abundances (Cugier 1989)

Star LTE non-LTE

0 Lib -3.58 £0.15 -3.64 = 0.20
U Sge -3.50 £0.15 -3.54 +0.20
TX Uma -3.80+0.15 -3.85+0.20
U CrB -3.95£0.15 -4.00 +0.20
RS Vul -3484+0.15 -3.55+0.20
u Her -3.58 £0.30 -3.76 £ 0.30

rotation of Algol A (vsini = 53.3 3 kms™!). As for A Tau, higher T,z = 180004 600K better
assures its domination in UV spectrum. A relative difference in measured elemental abundances
was performed comparing to reference stars of the same temperature.

C abundance was calculated using atomic data from Naussbaumer & Storney (1981), and
the damping mechanism supposed to be natural. For Algol, abundance for the 1335 A line was
determined log N(C/H) = -3.98 £ 0.15 dex under LTE assumption and log/N(C/H) = -3.87 +
0.20 dex under non-LTE. The accuracy was estimated by taking into account errors in ¢, log g,
Vturh, Stark broadening and continuum level error. The determined value is relatively similar
considering errors, however line profile is not very sensitive to change in C abundance. The
increase in abundance by 0.30 dex changes the equivalent width 14%. On the other hand, 5%
error in continuum estimation also changes the abundance by 0.30 dex. For A\ Tau, determined
abundances are log N(C/H) =-4.09 % 0.15 dex under LTE assumption and log N(C/H) =-3.92 +

0.20 dex under non-LTE with the same error source considerations. Therefore their conclusion
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Figure 3.3: The determined C abundance in Algol-type stellar systems as a function of the mass ratio
(Cugier 1989)

is the measured C depletion of both stars by -0.40 + 0.20 dex for the cosmic abundance value
of log N[C/H] = -3.48 (Allen 1973).

For the rest of Algol-like systems (Table 3.3), C was also determined (Cugier 1989) with the
same assumption of major flux contribution in UV from the hotter, more massive component
only. The source of the uncertainties was determined as before. He concluded that only u Her
shows similar to cosmic C abundance. Determined C abundance vs mass ratio ¢ for his sample
is shown in Fig. 3.3

As can be seen, all mass-accreting stars with ¢ < 0.32 have a cosmic abundance of C, while
ones with lower ¢ show C depletion of about -0.4 dex, which indicates that S Per, A Tau, TX
UMa and U CrB are in the advanced evolutionary stage and have exposed deeper layers of the
interior of initially more massive components that the remaining examined systems. In Fig.
3.4 C abundance is plotted against mass fraction (Iben 1965, 1966) showing that expected C
underabundance in the photosphere of the gainer is -1.1 to -2.0 dex, much more than observed
-0.4 dex. That with addition that all the systems with ¢ < 0.31 show the same depletion leads
to a conclusion that a large-scale mixing mechanism must occur in Algols. Also, there are
good reasons to believe that mass exchange between components leads to increase in rotation
of mass-accreting stars and therefore additional mixing mechanism by meridional circulations
(Tassoul & Tassoul 1984).

Yoon & Honeycut (1992) report abundance analysis in 12 Algol secondaries compared to

field stars of the similar type as previous results are only for the primaries. They determine C
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Figure 3.4: C evolution against mass fraction for two mass-donors (Cugier 1989)

abundance by measuring g-band of the CH molecule using 2.5 A resolution spectra obtained at
Kitt Peak using IIDS spectrometer. Case B mass transfer was assumed for all 12 systems as all
the published masses for the systems give M; + M, < 7M. Their results can be seen in Table
34.

The observed carbon abundances are much larger than the abundance in interior radius of
a single star indicating that any mass loss occurring prior to mixing did not exhaust the un-
processed envelope. They are also smaller than the abundances of field comparison G and K
giants. Since mass loss subsequent to mixing will not change the surface abundances, the va-
riety of loge(C) may represent varying amounts of mass which has been lost after convective

mixing developed.

Tkachenko et al (2010) used high resolution échelle spectra to determine abundances in
Algol-like system TW Dra. It has a similar period to Algol, P = 2.897 d, but lower primary
mass M; = 2.01£0.22 M, with similar secondary M, = 0.8940.07 M. The primary eclipse
is a total one. Additionally, 0-Scuti type oscillations were detected in the primary (Kusakin et al.
2001). The change in period of 4.43 - 10~ d/yr was also measured (Qian & Boonrucksar 2002)
that was attributed to a dynamical mass transfer of 6.8 - 1077 M /yr. The star also showed
alternating changes in the orbital cycle due to magnetic activity circle. KOREL code (Hadrava
2004) was used to derive the orbital elements and obtain components spectra. It was used on
396 échelle spectra obtained at TLS 2m telescope in Tautenberg and BOES spectrograph in
South Korea. Normalised extracted spectrum of the primary component was used for detailed

abundance and orbital parameter analysis on a large wavelength range. Parameters were ob-
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Table 3.4: 12 Algol-like systems with determined C abundances for the secondary components. C is
given in logarithmic scale where H abundance is 12. Error estimate is 0.15 dex (Yoon & Honeycut 1992)

Star M;(Mg) Observed loge(C) IRS
TW And 0.4 8.08 6.50
S Cnc 0.2 8.02 6.61
WWCye 1.8 8.00 6.62
RR Dra 0.8 8.37 6.63
TW Dra 0.9 7.94 6.62
TZ Eri 1.0 7.29 6.62
GU Her 1.0 8.21 6.62
RW Mon 1.3 7.47 6.58
UX Mon 1.5 7.83 6.62
RV Psc 1.3 7.33 6.44
RW Tau 0.6 7.74 6.62
X Tri 1.3 8.14 6.62

Table 3.5: TW Dra elemental abundances of the primary of TW Dra (Tkachenko et al. 2010)

Element Abundance [X/H]
Solar abundance
C -3.56 +0.09
0] -3.56 -0.14
Mg -4.16 +0.35
Si -4.66 -0.13
Ca -5.63 +0.10
Sc -8.73 +0.26
Ti -7.07 +0.07
Cr -6.20 +0.20
Fe -4.43 +0.16
Ni -5.61 +0.20
Y -9.74 +0.09

tained fitting a complete spectral range simultaneously using an iterative procedure. Obtained
astrophysical parameters are Tog = 8150+ 20K, log g = 3.884+0.02, vsini = 47.14+0.5km/s

and vy, = 2.9 + 0.3 km/s. Determined abundances are shown in Table 3.5.

Ibanoglu et al. (2011) determined C abundances measuring the equivalent widths of C11
at \ 4267 A of 18 Algol-type binary systems. In the preceding study (Dervisoglu et al. 2010)
determined observed rotational velocities of gainers 40% smaller than the critical ones, possibly
due to the balance between the spin-up by accretion and spin-down due to stellar wind linked
to a magnetic field. Equivalent widths were determined for Algol primaries due to low light
dilution contribution of secondaries of only a few percent, which could be only observed during
eclipses when the primary is covered by the secondary. Therefore, they decided to take spectrum
of the gainers which dominate in the spectra and have high enough temperatures that the lines

of ionised carbon and nitrogen can be formed. However, due to high rotational velocities, some
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lines are blended. Spectroscopic observations were performed at two spectrographs, at Asiago
Observatory (ASI) and Turkish National Observatory (TUG). Both spectrographs are échelle
and with R of 50 000 for ASI and even 125 000 for TUG. Wavelengths covered range from
3900 to 7300 A in the common range. Unfortunately, no spectral disentangling was performed
so the composite spectra were analysed. They claim that EWs can be measured only for the
stars earlier than AQ spectral type, because in cooler stars EW falls below 10 mA which is
beyond the measurement limit. Since the C 11 line is produced only for the 7. above 10 000 K,
the standard stars were selected from the main-sequence stars with the temperatures between
10 000 and 30 000 K.

The spectral region around the measured C line is absorption-line free in the selected stars
and temperature range. Therefore EWs can be easily measured in the spectra of the stars earlier
than the spectral type AO. They founds that EWs in the gainers are systematically smaller that
those of the standard stars in the main sequence. The average C abundance was determined
for the five comparison stars as loge(C) = 8.28 £ 0.10 dex which is in a good agreement with
measurements of Tomkin, Lambert and Lemke (1993) of 8.31 for the same stars. They take
loge(C) = 8.52 for the solar abundance adopted from Grevesse and Sauval (1998). Compared to
solar value, standard stars show 0.24 dex decrease in measured C abundance. The primaries of
Algols have lower abundances, except 0 Lib and RY Gem. The average C abundance of loge(C)
=7.75 £ 0.19 is obtained for 80 Algol primaries. Measured EWs in relation to 7.g is shown in
Fig. 3.5.
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Figure 3.5: Measured EWs for different temperatures. Algol primaries are shown in red, and comparison
single stars in blue. A relative smaller EW is evident for all Algol primaries. The error bars refer to the
uncertainty of measuring the EW (Ibanoglu 2011)
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Chapter 4

Echelle spectrograps

4.1 Echelle spectrographs

Echelle spectrographs are a special version of grating spectrograph, which can take and sepa-
rate spectral orders in a large wavelength range with very high spectral resolution. They are

described by the grating equation
mA = d(sina + sin/3) 4.1)

where m is the diffraction order, A\ wavelength, d separation between dispersive elements and «
and [ incident and dispersed ray angle measured from the normal to the grating (Fig. 4.1)
One of the quantities describing every spectrograph (grating) is spectral resolution defined

as
_BA_mW

A d
where R, is the resolution, A\ the smallest difference in wavelengths that can be resolved

Ry mN 4.2)

at wavelength \, TV grating width and N number of dispersive elements (grooves). Echelle
spectrograph is based on a normal grating as a dispersive element, however the incident light
is dispersed on a smaller side of the grating (one that is perpendicular to the one show in Fig.
4.1, at a high angle to the grating normal. The result is that reflected orders are close-by and
overlapping, which would render it unusable in normal spectrograph. However, as échelle
spectrographs use a cross-disperser, an additional element which disperses the reflected orders
along a perpendicular plane, the orders are no more overlapped. This setup can be seen in Fig.
4.1, in which both incident and reflected beam is on the same side to the grating normal. In this

mode, the resolution is defined as

B 2Wsind
N A

where 0 is the angle shown in Fig. 4.1. Spectral orders in this high-order setup are overlapping so

Ry

4.3)

a free spectral range can be defined as wavelengths uncontaminated in each order by evaluating
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Figure 4.1: Example of diffraction (left) and échelle grating (right)
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Figure 4.2: Free spectral range of adjacent orders

a condition
mX\ = (m+ 1)\ 4.4)

where )\ is the central wavelength of the order m, and \ of the order m + 1. Central wavelength

of © — th order (also called the blaze wavelength) can be calculated as

B 2dsindcosd
N m

\i 4.5)

with ¢ and 6 defined as show in Fig. 4.1. Therefore, free spectral range A\ of the order m is

A
AN=N-\=— (4.6)
m
and can be seen in Fig. 4.2. It is obvious that it changes in a monotone manner from order to
order.

Finally, the intensity of each order varies as the grating relation describes the direction in
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Figure 4.3: Dispersed and cross-dispersed échelle spectrum. Initially, grating separates the spectrum into
a set of highly merged orders which are then further separated by cross-dispersing prism into adjacent
strips of a single spectrum, here shown in the y-direction

which the light is reflected, but not the quantity of light reflected. It is determined by Eq. 4.7

I(a, B) = (Sm (N%%mﬁ i Sina)) )2 _ (Sm@(smﬂ + sina)> ) : @

Nsin (’T—/\d (sinB + sina)) =2 (sinf3 + sina)

where b is the groove width. The blaze function has a maximum when « = 3, in reflection which
is not usable. To be used as a dispersion element, the grating should have its blaze peak at some
useful higher number of diffraction order, which is accomplished by tilting each groove with
respect to the plane of the grating until specular reflection of each groove facet is obtained.

Close-by reflected orders are cross-dispersed by a additional optical element to separate now
highly overlapping orders. As high dispersion is not required for this, usually a prism is used.
Resulting spectrum is show in Fig. 4.3. The complete setup of an echelle spectrograph is shown
in Fig. 4.4.

The spectrograph needs to be very stable, resistant to physical deformations due both to
movement and atmospheric influence. In order to achieve permanent and stable position, it is
not mounted onto the telescope but is typically located in a nearby facility that is non-movable
and heavily damped for all possible oscillations. Additionally, it is always kept at a fixed tem-
perature and humidity in order not to be influenced by thermal distortions that would change
optical paths and atmospheric influences. Due to thermal noise in the CCD camera, the setup is
located in a cryostat ensuring constant and low temperature. As the spectrograph is dislocated
from the telescope, the light from the telescope to the spectrograph is fed by an optical fibre.
This setup is called a fibre-fed setup.
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Figure 4.4: Setup of échelle spectrograph dispensing elements

4.2 Echelle spectrographs used in this work

Spectra in this dissertation are obtained from the three spectrographs, FIES mounted on the
Nordic Optical Telescope (NOT) on the island of La Palma, BOES mounted at the Bohyunsan
Optical Astronomy Observatory (BOAO) in South Korea and FOCES, formerly mounted at
Centro Astronomico Hispano-Aleman (CAHA)

Figure 4.5: NOT location (left) and FIES spectrograph (right)

4.2.1 FIES

FIES is the fibre-fed échelle spectrograph from a 2.5m telescope with maximal spectral reso-
lution of R = 67000, more than adequate for high resolution spectra. It covers wavelengths

ranging from 3700 to 7300 A without gaps in all orders. It is mounted in a separated, heavy
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Figure 4.7: Centro Astronomico Hispano-Aleman observatory

insulated building separated but adjacent to the NOT dome to isolate it from sources of thermal
and mechanical instability. It uses a Thorium-argon (ThAr) lamp as a source for wavelength cal-
ibration. Of all the used spectrographs, FIES is proven to be the most stable with well-defined
blaze shapes, a very strong requirement for optimal data reduction, for all the available expo-

sures. It also comes with a well documented ThAr atlas necessary for wavelength calibration.
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4.2.2 BOES

BOES is an fibre-fed high resolution échelle spectrograph mounted on the 2m telescope at
Bohyunsan Optical Astronomy Observatory, located in South Korea. It has multiple available
spectral resolutions up to R = 80000 and is covering big wavelength range from 3600 to 10 000
A. Spectral range is divided into 83 spectral orders without gaps up to ~ 9000 A. The spectrum

is recorded by a 2k x 4k CCD camera. lodine cell source is used for wavelength calibration.

4.2.3 FOCES

FOCES was installed on the 2.2m telescope at the CAHA observatory. It had maximum spectral
resolution of R = 65000 which is more than satisfactory. It covered wavelengths ranging from
3800 to 7500 A in 70 spectral orders, all of them overlapping. Unfortunately, its maintenance
was cancelled and the detector CCD chip developed defects making data reduction very dif-
ficult, leaving significant percentage of each spectral order unusable. This means that special
care needs to be taken when reducing data to obtain best possible results. However, as is was
designed to be a very good instrument, the remaining good parts produced excellent and very
useful parts of spectrum, but with big caveat for reduction.
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Chapter 5

Tools

5.1 Echelle spectra reduction

5.1.1 Reduction introduction

High resolution échelle spectra are essential for high quality astrosphysical results. They make
possible obtaining of high quality spectra covering both big wavelength ranges and with excel-
lent resolution, which were not so long ago non-complementary qualities. However, observing
time competition is a limiting factor in their availability. If they are fibre-fed, they also provide
an unprecedented wavelength stability, giving us opportunity for measuring radial velocities
with high precision. As a trade-off, échelle spectra are notoriously difficult to reduce, that is
convert from raw spectra images to calibrated, non-biased spectra ready to be measured. There-
fore it is of great importance to reduce raw spectra as good as possible in order to obtain valid
and reliable spectra. In order to do that, we usually rely on pipeline reduction which would not
be sufficient. That results in high uncertainties in derived spectra that can greatly influence sci-
entific results. Bad reduction can influence spectral features more than the very effects that are
subject of the study. Therefore, we use some pre-existing tools for échelle spectra reduction, as
well as a number of custom made software we’ve developed in order to make the reduction of
the best possible quality. This semi or fully manual approach of reduction gives us confidence

that we’re really measuring astrophysical effects, and not reduction artefacts.

5.1.2 Securing spectra with échelle spectrographs

All the spectra used in this thesis were obtained from modern high resolution spectrographs
with spectral resolving power of at least R = 45 000, mounted on a 2m class telescopes or
better. Spectrographs we used are FIES at NOT, FOCES at CAHA and BOES at Bohyunsian
Observatory.
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5.1.3 Bias, Flat and Normflat

As with all image reduction, bias subtraction and flat field correction should be done first. Bias
files, additive effect due mostly to camera readout and operation voltage, are combined into a
master bias file, which is then subtracted from all other frames. Bias files are taken as zero-
exposure images with CCD camera detector covered and are substracted from other obtained
frames. After that, obtained flat field images are combined. Flat field correction removes several

influences
e primarily pixel-to-pixel sensitivity variations
e distortions in optical path

e possible artefacts due to dust covering lens or other impurities on the optical path

Flat field images are ideally taken with exposures as long as possible, but also not too long
to produce CCD saturation. They are usually taken with telescope pointing to an uniformly lit
dome wall uniform or part of morning or evening sky. Uniformity of sky is assured by small
field of view. Furthermore, master flat field is normalised in areas that contain spectral data
on the science frames, in order to have intensity of 1 with variations from unity due to before
mentioned causes. Therefore, total mean intensity in spectral region stripes is 1 with some small
pixel to pixel variations. Areas between data stripes is ignored. All those steps are performed
in standard IRAF' échelle package (Tody 1996).

5.1.4 Extraction of spectral orders

In order to locate parts of obtained image containing spectral data, usually slightly curved stripes
due to optical setup, one has to roughy mark the general location of those stripes which are used
as first guess for precise spectral track tracing (Fig. 5.1). Spectral tracks are than automatically
traced using IRAF task aptrace. This procedure is performed only once, on a well taken image

and position information is saved as template for all the other procedures.

5.1.5 Scattered light

The last important step before spectra extraction is removal of scattered light. As mentioned,
all the spectral data is contained in strips, however in reality spectrum is not contained in strips
only, but there is cross-order contamination of light from one order to its neighbours introducing
additional light or intensity into them. Therefore, intensity information in between orders is

used in order to fit the scattered light intensity profile and subtract that modelled scattered light

'IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association
of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Founda-
tion.
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Figure 5.1: Determining location of échelle orders. Full range plot is shown on the left, and detailed
range used for order marking is shown in the right.

leaving only spectral information in orders themselves (Fig. 5.2). After that, we can proceed
with order extraction - extracting spectral data from strips (orders) from original 2D obtained
image. Extraction is performed using the apall task with clean option set which automatically
sets the extraction weights to variance, along with cleaning any detected cosmuc rays. The result
is a file containing spectral (intensity) data of as many orders as the spectrograph is designed to

create (usually 40-80 orders covering wavelengths from 3000 to 10000 A).

5.1.6 Wavelength Calibration

Extracted orders are now uncalibrated, meaning we have spectral data with axes defined with
intensity and pixel position. To convert pixel positions to wavelengths we use another important
image obtained from the spectrograph - calibration lamp image. Calibration image is taken
with same échelle setup, but imaged is Thorium-argon (ThAr) calibration lamp (or some other
well known source rich in spectral lines). The idea is that emission spectrum of known source
will have a large number of recognisable spectral lines. By manually identifying as many as
possible of those lines, in all extracted orders, we can create a calibration function connecting
pixel positions with wavelengths. Using that calibration function, previously pixel-calibrated

extracted spectra can be converted to wavelength calibrated spectra.

5.1.7 Normalisation

Once the spectra are wavelength calibrated, calibration quality can be inspected by overplotting
neighbouring orders in which spectral features should overlap perfectly. If that is the case, we
have only one more, but extremely important step to perform - spectral normalisation. Extracted
and calibrated orders come in so called blaze shape. Blaze is a bell-shaped curve with low
intensities on order edges and highest intensity in order center. It is not due to spectral energy
distribution of the source, but due to optical setup and characteristics of échelle spectrograph.
Therefore,the spectra must be carefully normalised to unity where there are no spectral features,
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but continuous intensity and to less than unity in spectral lines. This step is usually performed
automatically with pipelines, introducing big errors in final spectra. Therefore, we’ve developed
a number of procedures, each applicable to different type of spectrum, in order to make the best
possible normalisation.

First and the easiest way of normalising blazed spectra is dividing with fitted flat-field profile
giving a non-unity, but locally more or less normalised spectra of each order. This procedure
is applicable only if the flat field light source is of compatible characteristic as the obtained
spectrum. Final spectrum should be further normalised using some low degree polynomial.
However, as mentioned, this method is known to work only occasionally and is to be used only
if all the other methods fail as last resort.

Second technique is normalisation of orders using our dedicated fully-interactive code -
MULTIPEGLA written in JAVA. It requires input blazes to be saved as ASCII data which can
be loaded. Input single-order blaze is approximated by some polynomial of adequate degree.
Points of the blaze function can be positioned interactively using a mouse. Those points can be
added, moved or deleted for easy manipulation. Function that is fitted is an ordinary polynomial
up to 9th order. In our experience, for most spectrographs if the obtained spectra are well taken
and reduction procedure is well performed, 9th order polynomial should give an excellent fit.
If it is not sufficient, it is an indication of error in data or reduction, or also an attempt to over-
normalize data, meaning the user is trying to normalise to continuum parts of spectrum that
is below continuum, e.g. wide wings of Balmer lines for A and late B-type stars that have the
widest Balmer lines, that can cover from 3 to even 5 adjacent orders, depending on spectrograph
setup. Fitted orders can be zoomed in all axes, and the normalisation result can be examined
in additional window containing the order that is currently being normalised, with adjacent
orders plotted. All that procedure is updated live. There is also a possibility to interpolate
in-between blazes of some orders in order to have a first guess for orders that are difficult to
normalise. Furthermore, any template spectrum (synthetic or other object) can be plotted along
with normalisation result as a check of normalisation, but with care not to introduce bias in
normalised spectrum. Product of this code are as many ASCII normalised files as there were
input orders.

Our final code for spectra normalisation is a semi-automatic code, written in C. For input it
requires spectrum in FITS format, normalisation curves also in FITS format, as well as ASCII
file with order positions. The latter is needed because order spacing on 2D obtained frame
varies with position on the frame and is necessary for optimal interpolation. Normalisation
curves are fitted parts of spectrum with low number of spectral features, where continuum can
be found using IRAF sfit task, and the code is used only in orders that have a large number of
spectral lines shifting the spectrum below continuum for broad Balmer lines. Those well-fitted
orders are now used to interpolate orders with missing continuum position information, which
are provided to code using an input file. Result of this code is also a FITS file containing sfit

provided calibration curves as well as computed interpolated curves that were missing. Using
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Figure 5.4: Example of three neighbouring, overlapping échelle blazes. Spectra are plotted in red, and
fitted blaze functions used for normalisation in blue.

that file, we can return to IRAF to divide blazes with newly created calibration files producing
as good as possible normalised spectrum. By overplotting, it can be checked if the procedure
was successful, meaning that spectral lines that are available in two neighbouring orders should

overlap perfectly (Fig. 5.4).

5.1.8 Order merging

Final step in reduction of spectra is merging of normalised orders into a single spectrum file.
It is done using code, SPECTRAJOINER (Fig. 5.5, also written in JAVA. It requires normalised
orders in ASCII format as input and plots two by two neighbouring orders in a interactive
windows where one can select at which position one want sthem to be merged. One can choose
to accept only the spectral data with higher S/N of the two overlapping orders by selecting a
single connection point or calculate an average value for each of the point pairs contained in the
selected overlapping region. This procedure is repeated for each neighbouring pair of orders,
finally producing a single ASCII file with a complete, normalised and connected spectrum (Fig.
5.7).

5.2 MULTIPEEGLA - Blaze Correction Software

As mentioned, careful normalisation of blaze shaped recorded spectral to normalised ones is
a crucial for retaining original spectral information in order to correctly determine all the as-
trophysical quantities. For that purpose, we’ve developed an graphical tool MULTIPEEGLA in
JAVA programming language due to its ease of use with graphical interfaces. Due to the nature
of problem at hand, no existing drawing code was sufficient for the task, therefore it was devel-
oped from scratch by overriding drawing methods on JPanel and JFrame to create the adequate

and responsive user interface for spectra manipulation.
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Figure 5.5: SpectraJoiner JAVA code for erging normalised blazes. Two adjacent segments are shown
with wavelength range selectors for better clarity. Connection point can be seen as the vertical blue line
which can be interactively positioned using mouse. For similar spectra, connection points can be saved
and later reused for joining spectra of the object

Figure 5.6: Example of careful manual order merging using MULTIPEEGLA software. Only three adja-
cent orders are shown for clarity
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The software expects orders to be in separate ASCII files, one for each order. They can
be simultaneously loaded. Then, main window of the program is shown, with a few supple-
mentary ones - window with spectral order to be fitted, one with normalisation results and two
for determining visible ranges of the orders. In the results window, one can choose to display
only the fitted segment with overlapping neighbouring ones that are overlapping in the region or
complete three adjacent segments in total. Additionally, one can choose wavelength subrange
to be displayed, as well as lower intensity limit for better clarity in normalising smaller spectral
features.

In the main window, one spectral order is shown and one can position fitting points interac-
tively using mouse. One can mark as many as desired fitting points onto the spectrum. However,
the maximum order of fitted blaze function is 9th order polynomial. It is our experience that
all the well formed blazes should be possible to fit using that function, and all the deviations
that occur are either the result of reduction or instrument problems or that one is trying to
overfit features that are, for example below continuum (regions rich in spectral lines or broad
wings of Balmer lines in A and late B-type stars. Already defined points can be either deleted
if necessary or moved interactively with instant interactively visible results in fitted function
and display window for better precision. For global fitting correction, fitted polynomial can be
shifted (by dividing/multiplication) for a desired amount in order to rescale the blaze. Also, one
can interpolate blaze function for an order with problematic shape or features based on selected
neighbouring ones that are fitted without uncertainties. In the results window, one can load any
desired background template spectrum (also in ASCII format) for visual guidance if necessary,
which can be additionally Doppler-shifted for better matching. It is important to stay unbiased
when fitting using proposed template. Finally, all the clicked points can be saved into a file and
then reloaded for use with that same or similar other spectrum at later time. Run-time of the

software can be seen in Fig. 5.8.

5.3 Genetic algorithms

Genetic algorithms (GA) are becoming more and more popular method of optimisation, in-
vented by Holland (1975). With increasing CPU power GAs can find solutions to complex
problems in shorter and shorter times. Genetic algorithms were introduced in astrophysics by
Charbonneau (1995) with routine PIKAIA, used as a rough procedure guide for all of our codes
that implement GA.

The principal idea of genetic algorithm is replicating Nature’s selection process in order
to find and promote best solutions (in real life - fittest entities) for selected problem. GAs are
mimicking this natural evolutionary process in a procedural way that can be easily implemented
in code. Of course, they have many advantages compared with other optimisation techniques,
and also some drawbacks. The main advantage of GA is the ability to search the complete given

multiparameter space for solution, e.g. global maximum, without being stuck at local maxima
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Figure 5.8: MULTIPEEGLA blaze correction code. Bottom window is the order to be corrected. Middle
window is normalisation results window with previous order (blue), current order (red) and next order
(green). Overplotted in grey is loaded reference spectrum.
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like all gradient-based optimisation methods. Because of this ability to move away from local
extremes, they are also not heavily influenced by selected starting point for optimisation as many
other methods are. As for the downsides, the biggest one is a big requirement on CPU time.
Furthermore, it is also possible that GA will never find optimal or the most optimal solution,
due to its nature as it is a probability-based optimisation method. This is a very unlikely, but
possible outcome which needs to be taken into account.

The basic principle of GA is very simple. Because of GA’s motivation by natural selection
process, nomenclature used is one of real life evolution and selection process. The main object
in GA is an entity, in our terms one particular of many possible solutions to our problem. An
entity consists of genes, characteristics that describe our parameter space. Entities are grouped
in generation in which each entity is somehow examined for its fitness or how well it solves
given problem. Entities from one generation are combined to produce a new generation, each
generation being examined for fitness. The idea of GA, as mentioned, is very simple in its basic
application. Complexity usually comes in programming part, in the way of describing genes
and in the problem of evaluating fitness. More precisely, we need to have a objective way of
associating a numerical value that uniquely describes how good each entity solves our problem,
which can be a very non-trivial problem. A good example can be seen in Fig. 5.9. Plot of

function
f(z,y) = [2(1 — 2)y(1 — y)sin(nwa)sin(nmy)]®, n =7 5.1

as good test benchmark case is shown as a good test example. Below 3D plot is a surface plot
of intensity for additional clarity. It is obvious that there is just one global maximum, however
there is a number of local maxima that would cause grave problems for gradient methods. GA
can, given enough computing time (generations), easily deal with local maxima.

The basic principle of GA is time evolution of entities. An entity is considered to be a
complete package of information for solving a problem. It is defined by its parameters - genes.
For example, to find global maximum of the function plotted on Fig. 5.9, information is needed
for two coordinates to define a position in 2D parameter space. Therefore, an entity describing
one possible solution would have two genes which represent x and y coordinates of the proposed
solution. For simplicity, genes are encoded to have a numerical value between 0 and 0.99 for
simplicity of code. This range can then be expanded to desired range of parameter in parameter
space. The first problem in programming GAs is how to represent the genes internally. In C
programming language, one can use simple floats, but a better approach would be an array of
integers or array of characters. This may seem to be contrainituitive and a bit clumsy, but is
quite convenient for GA code implementation. Another decision to make is the precision of
genes, how many decimal places do we consider. Second big problem is a way to calculate
fitness. In this example, one can simply insert  and y values, after decoding from e.g. char
array into float into function in the function f(x,y) and calculating its value. As there is usually

no information where the maximum is, the only information we can get out of fitness function
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Figure 5.10: Example of GA convergence in time.
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is relative fitness of one solution (entity) compared to all others and conclude that a new biggest
value means a fitter solution.

As an example of GA itself, we decide on a number of entities for starting generation,
lets take 100. Therefore, we create 100 entities and give them two genes with random values
between 0.0 and 0.99, one for x, and one for y value. We also decide on desired gene precision.

Lets take that we have one of those entities with genes

x = 0.234354
y = 0.594839

Next, fitness must be calculated for each of 100 entities. Then the initial population is done.
Next step is reproduction - combining entities from previous (now, initial) generation to create
a new generation. For that we select 50 pairs of two entities. The selection is not random, but
fitter entities have a bigger chance to be selected for reproduction. Depending on our choice,
two most popular selection algorithms are ranking and roulette wheel selection.

Ranking is simply sorting entities by their respective fitness. A probability for selection of
its entity is given as 1/2 where ¢ is each entities number in sorting. Therefore, the fittest entity
will have selection chance of 1 (which should not be confused with probability of 1, meaning
certainty), second of 1/2, third of 1/3 and so in. Then all of those selection chances are added
up to get their sum S = )" | x/i to get a total probability. Next, a random number between 0
and S is selected. As the fittest entity has selection probability of 1, and the least fit of 1/100,
the fittest entity has the biggest chance of being selected. We can see each entities’ chances of
being selected on image 5.11. In blue is the fittest entity which has the greatest chance of being
selected.

Roulette wheel selection is another way of assigning selection probability to each entity, in
which we usually use their fitness value. If the fittest entity has fitness of 50. and one of the least
fit ones 0.15, we again calculate total sum of fitnesses and select a random number between 0
and S. As we can see on image 5.12, now the fittest entity has a greater chance of selection than

other, especially ones in least-fit part of a generation.

The choice of selection algorithm varies from application to application and should be based
on user’s experience with GAs and understanding of particular problem to be solved. If fitness
of a few best entities greatly outweighs others, than roulette wheel selection can run into prob-
lem of degeneracy - selecting of only a few entities resulting in depleted gene pool in a few
generations only. On the other hand, using ranking algorithm can favour less fit entities and
decrease optimisation speed. Specifically, for a GA run that requires up to a few days to find
solution using optimal parameters and selection method, any non-optimal choices can signifi-

cantly increase optimization time.
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Figure 5.11: Selection chance for ranking selection

Figure 5.12: Selection chance for roulette wheel selection
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Having chosen selection algorithm, one can proceed with reproduction. The idea is to gen-
erate a new population with new 100 entities, from previous generation of also 100 entities. For
that, we select 50 pairs from original generation, ensuring that each pair consists of different
entities - parents. If selection algorithm gives us the same entity for both parents, we repeat se-
lection process as necessary. Having selected two parents, we proceed with generating another
random number between 0.0 and 1.0. If the random number is less or equal than a chosen prob-
ability of, for example 0.3, we just copy entities to the new generation. If the random number
n is in range 0.3 < n < 1.0, we perform gene crossing. For that, we generate a random integer
between 0 and chosen numerical precision of gene representation. If we end up with number 3,
we temporarily disregard leading 0. and split the rest of parent genes after 3rd number, e.g. for

example just for the = gene:

r1 = 0.234354

9 = 0.670383

becomes

r1 = 234354

Ty = 670383

split after the 3rd number
x1 = 234|354

xe = 670|383

(5.2)

Then we create two new entities, offsprings, to be inserted into new generation by switching
genes from two parents at that randomly chosen position, generating new gene for x value of

two entities, after appending the leading 0.:

1 = 0.234383
x9 = 0.670354

Depending on the position of split point, newly generated genes can more or less significantly
move in the parameter space. Finally, we also introduce mutation as a possibility of changing
gene pool. For that, we again pick a random number between 0.0 and 1.0 and preselect a desired
mutation probability, which is usually a very small number, e.g. 0.002. We generate a random
number for each decimal place in our gene representation and check if we want to mutate it. If
it happens that mutation probability for 1st digit in second = gene is satisfied, we select a new

integer from O to 9 to replace that digit, so we get a new x5 value
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9 = 0.670354 => 290.270354

therefore changing entities position in parameter space significantly. Repeating this process 50
times, we generate new 100 entities with 70% of them having their genes switched at some ar-
bitrary point, and additionally mutated with a low but non-zero probability. To be more precise,
we usually generate only 98 new entities if we choose to enforce a rule of elitism, which means
that we always copy the two best entities from one generation to the next one, ensuring that the
best solution is never lost. Elitism can greatly improve convergence speed, or in many com-
plex situations can also mean the difference between converging to a solution of permanently
scanning parameter space and never converging.

For more complex GA applications, where one simultaneously needs to fit many parame-
ters, from more than 5 up to hundreds as is the case in genetic spectral disentangling (Sect.
5.5), we should introduce further mechanisms of optimization of GA and parameter choices.
For example, in case of fitness testing that is very time consuming, we use a small number of
entities in each generation while introducing higher mutation rate. Chosen number of digits
gene precision does not vary runtime speed significantly, therefore the usual selected precision
is from 6 to 10. In case when one or a few entities have considerably higher breeding selection
probability, usually in roulette wheel selection process and in small number of entities, it is
possible (and usually happens) that most if not all of entities in a generation have genes with
very similar numerical value, meaning that the parameter space search is limited or nonexistent,
apart from possible mutation. In that case, we can choose to introduce one generation with sig-
nificantly increased mutation probability. For example, if we know that degeneracy of entities
is a possibility, we can increase mutation probability from e.g.. 0.3% to 30% in every 100th
generation to force new numerics to enter our gene pool and resume parameter space search.
Another approach is to replace a certain percentage of entities, e.g. 30% of lowest fitness en-
tities with completely new entities with randomly generated genes, just like populating initial
generation thus introducing new numerics. The possibilities are endless and are bound only by
the programmer’s imagination and experience with GA and understanding how it performs, or
more precisely how it can get stuck in a particular application to the problem. In cases when one
can efficiently deal with many entities in a generation without significant decrease in computing
speed, there is also a probability that most of them will be ’junk’ entities with very low fitness
and will almost never be selected, we also should find a way of dealing with them, just like in
the opposite case of low number of entities. Unfortunately, most complex applications of GA
require programmer’s or user’s understanding and experience with underlying process.

Nowdays, there is an relatively easy way to increase speed of GA implementation, by using
multi-core or even multi processor computers of clusters of computers. There are some parts of
GA that are performed on each entity individually, for example fitness value generation, we can
make them parallel using multiple cores simultaneously. In C implementations, posix threads

are utilised. Therefore, on a 4 core system we can perform 4 simultaneous fitness tests, resulting
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in approx. 3-3.5x runtime speed increase. Furthermore, using different compiler like LLVM?Z,
we can also increase runtime speed by additional 30-40%. Finally, if we completely skip entities
sorting, especially in cases when we choose a large number of entities in a generation, we can
additionally speed up the process. All those can mean the difference between GA run of a few
days vs. weeks or longer making the difference between feasible use vs. unjustified computer
requirements.

Finally, there is have a fundamental problem of not knowing the final solution, therefore
not knowing it the algorithm has found a solution. There are several ways of making an in-
formed decision if a solution has been reached. The solution, of cause, must be physically
justified. When GA finds a solution which it keeps with possibly small numerical variations in
less and less significant digits, one should be able to determine if that solution is meaningful.
If additional GA runs end up with the same solution, the solution is either correct or there is a
fundamental problem either with our GA configuration or chosen problem to solve. Still, GAs
have time and time again proven to be very reliable in finding solutions, even in extreme cases

when it really seems that the problem is too complex or difficult.

5.4 WDGEN

Wilson and Devinney® (1971) have developed a code for solving light curves of eclipsing bi-
naries, probably not realising the success and longevity of their code which is still in use and
absolutely invaluable. Changes to the code were made and new releases published a few times,
but basically it is still the only light curve solution package in wide use. In time, many third-
party additions and changes were made to the original code by third parties, in order to make
the code more user friendly and perform semi-automatic analysis, but the changes were never
approved by the authors. The package consists of two programs - LC (light curve), a program
for general light-curve calculating and DC (differential correction), program for fine-tuning
parameters found by LC. As many parameters of the light curve can be fitted, there is a dan-
gerous possibility of producing relatively good fits with unphysical parameters. Therefore, the
authors insisted for long on using the code completely manually, emphasising the importance
of understanding all the possible parameters and their consequences on the result.

The only addition to the code the authors recognised is the front-end (GUI), PHOEBE (Prsa
& Zwitter 2005). It enables user to enter and change input parameters to the LC code inter-
actively in a GUI, making the process user friendly. Additionally, it enables some parameter
optimization, as well as plotting the resulting light curve fits for easier inspection. Although
very useful, the main purpose of the program is not automation and extensive multiparameter

fitting. That is why we decided to make our own code for LC parameter fitting, based on GA.

2llvm.org
3The Wilson-Devinney program is distributed by Robert E. Wilson (University of Florida) and available at
ftp://ftp.astro.ufl.edu/pub/wilson/lcdc2007
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WDGEN is a optimisation code, which uses GA to vary input parameters to the LC code
and find optimal solutions (with caveat to unphysical results that may easily occur) to the light
curve. The latest version uses LC2003 version of the code. The code then creates input files for
LC, runs the code to generate the fitting light-curve and output files. It then parses the output
files reading in computed values and corresponding x* needed for GA to work. Output file
from the best entity in each generation is saved for later reference. As light-curve fitting can
be a time consuming process, the code is multithreading enabled, utilising all available CPUs
and CPU cores. Therefore, it is of paramount importance to set population size as a multiple of
CPUs/cores.

5.5 Genetic Disentangling

Spectral disentangling is a method for obtaining individual spectra of multiple stellar systems.
Spectra are secured only as composite spectrum in which there is a linear influence of all
the component spectra combined. The disentangling of composite spectra solves for a self-
consistent solution for individual spectra and system parameters. The technique was developed
by Simon & Sturm (Simon & Sturm 1994). Hadrava (1995) reformulated the problem in Fourier
domain which is more efficient and less demaning on CPU time. Fourier disentangling was fur-
ther improved in the code FDBINARY (Iliji¢ 2003, Iliji¢ et al 2004) The total light coming from
a binary or multiple stellar system of K components adds up linearly to an observed spectrum.
For component k the Doppler shifted velocity vy; at time ¢; where j is one of the J observations

(observed composite spectra), the normalised observed spectrum at time point j - y;(In\) is

K
y;(In)) = Z Lixxk (InA — vi5/c) + noise (5.3)
k=1

where [; is the light factor of component k& at time j (Zsz1 li; = 1) and vy is the orbital
radial velocity in the units of speed of light. Depending on the phases of observed spectra, it is
possible that the light factors for each component remain constant. In that case, the solution is
not unique and the shape of the reconstructed spectra is correct, but additional information on

the light ration between components is needed to reconstruct the intensity of each component.
The disentangling problem can be solved both in matrix form using single value decompo-
sition (SVD) method or using discrete Fourier transforms (DFT), but in any case the problem
is overdetermined. There are more equations to be solved than variables, so there is more than
one solution. Some of those solutions are physically not meaningful, like the ones with negative
intensity for any spectral point. Using DFT is a computationally more efficient method, but with
several limitations. Firstly, all component spectra must be sampled on a common grid of points.
That means that spectra obtained at different spectrographs must be resampled to a common

grid, which itself must be equidistant in In)\ scale, meaning that the separation is A\ = v,/c,
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where v, is grid sampling in radial velocity space. The big requirement for disentangling is im-
posed on choosing segment limits. One can not pick a segment that has an ending in a spectral
line, but both ends must be in the continuum at least far from spectral lines as the Doppler shift
moves the spectral lines. Therefore, disentangling spectral regions rich in spectral lines can
be difficult. Any spectral lines that enter and leave the selected region for disentangling for a
certain phase leads to a Gibbs phenomenon, a wavy pattern of deviations from real component
spectrum.

Genetic disentangling is yet another way of obtaining separate component spectra of bi-
nary or multiple stellar systems. It has some advantages, and of course disadvantages to other
disentangling methods. Spectral disentangling technique (SPD) makes possible separation of
individual component spectra in binary or multiple system, and determination of orbital ele-
ments in self consistent way. One only needs a time series of binary star spectra. There is no
need for template spectra as in technique of cross-correlation, which are the main source of
bias in measuring RVs of the components, and hence determination of orbital elements (detail
discussion is given in review paper by Hensberge & Pavlovski 2007). In spectral disentangling
the role of templates are overtaken by the spectra of components themselves. The advantage
of SPD is obvious, beside set of orbital elements, individual spectra of the components are cal-
culated with gain in S/N for the individual component spectra. These separated spectra of the
components then can be analysed by all means as single star spectra and a variety of impor-
tant astrophysical informations can be extracted. A number of different techniques have been

implemented to separate individual spectra of components from complex binary (or multiple)
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Figure 5.13: Example of a combined spectrum of a binary system (black line) in two different phases,
consisting of two individual component spectra (red and blue).
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star spectra. They go from simple subtraction technique to very sophisticated numerical meth-
ods (see Pavlovski & Hensberge 2010). In Fig. 5.13, we can see an example of model binary
system, two component spectra and resulting combined spectrum.

SPD in the formulation of Simon & Sturm (1994) is based on solving the matrix equation
Ax =y, where vector y contains all observed spectra, and vector x contains the spectra of the
components. Matrix A has elements (blocks) corresponding to Doppler shifts and light dilution
factors. The system is an over-determined system of linear equations (more equations than
unknowns) since usually in practice we have more observed spectra than stellar components.
Therefore, least squares solution is required in order to minimise the norm of the residuals
r= | Ax—y || (Eq.5.4). Vector x are spectra of components a and b and y the composite

spectra and matrix A is a rectangular matrix the linear transformation which maps x to y.

Aal Abl
X
Aom Abn ' »

On computational side this method is very demanding. Fourier disentangling as invented by
Hadrava (1995) overcomes this problem. Method is not limited by a number of input spectra,
as well as the length of spectral interval. Only limitation is that both ends of spectral stretch
to be disentangled should be exactly in continuum. In GA disentangling, there is no such
requirement. Ends of spectra can be selected anywhere, in continuum or deep in a spectral line.
Another important advantage is that one can disentangle only a part of spectral line, in case it is
too broad, contains blemishes, interstellar bands or nebular emission lines.

The idea of GA disentangling is as follows. We create a generation of entities, each consist-
ing of genes. Each gene represents one intensity point of to-be-separated spectra. For example,
if we have a composite spectrum consisting of 1000 points and two components, each entity
will have 2000 genes, each representing one point of a component disentangled spectrum. It is
obvious that in this particular GA case, number of parameters is extremely large. However, it
will be shown that all those points are not completely independent. The procedure starts with
generating initial population, choosing random number for each gene of each entity. Then the
generation is evaluated as follows. Resulting component spectra should represent real compo-
nent spectra, with constraint that they should reproduce as good as possible all the input com-
posite spectra for each phase. This means that each primary component spectrum is Doppler
shifted for that phase’s velocity, as well as secondary component’s and then added to produce a
composite spectrum. Then 2 is calculated compared to real composite spectrum for that phase.
Finally, all y%s are summed for all the phases resulting in total y* for an entity. As initial popu-
lation consists of random points, resulting composite spectrum is also a random distribution, as

can be seen on initial, top left picture of Fig. 5.14. Next, entities are procreated from generation
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to generation, as described in GA algorithm (Section 5.3). We can see that given time, inten-
sity of each point is slightly varied and slowly converges to reproduce composite spectrum. As
expected, due to high number of free parameters, this code runs very slowly. Also, due to this,
selected number of entities in a generation is very low in order to have an acceptable calculation
time. This results in a very low available gene pool, as well as quick fall into a complete gener-
ation degeneracy. Therefore, other ways of enforcing progress are required. First, mutation rate
is set to a higher rate. Secondly, every desired number of generations (empirically selected), a
significant part of population is replaced with new random entities introducing new genes. All
these parameters enable this GA application to reach a solution, and do so in a reasonable time.
Reasonable time, for an arbitrary binary star system scenario means runtime from 0.5 to a few
days. Introducing higher number of entities would increase this runtime significantly, however

it seems that number of generations necessary for reaching a solution remains about the same,
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Figure 5.14: Example of GA disentangling process. Time series goes from the upper left picture. In this
example, only one composite spectrum (one phase) is shown for clarity.
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despite of increased number of entities. One possible explanation is that increase in number
of entities from 40 to e.g. 140 does not make a significant difference in number of required
generations when we’re dealing with 2000 parameters, but does mean a significant difference
in computation time. The usual number of generations required, due to quick degeneracy and
small gene pool, as well as newly introduced non-optimal random gene values, ranges from
hundreds of thousands to millions. However, after that, convergence satisfying composite spec-
tra is actually reached, perhaps contrary to one’s intuition and expectations keeping in mind the

number of parameters and complexity of problem.

5.5.1 Tests

First test was performed on a synthetic spectrum. Chosen limits were selected well into the
part with continuum, the usual requirement for Fourier disentangling. Results can be seen in
Fig. 5.15. It is obvious that all the composite spectra are well satisfied, and the initial synthetic

spectrum is well-reproduced.
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Figure 5.15: Test of GA disentangling on a synthetic spectrum. In the middle part, composite spectra
of 10 phases are shown (blue lines) with resulting GA composite spectrum reproductions (black dots).
At the bottom, two synthetic spectra to be reproduced are shown with red lines and best GA solution is
shown with blue dots. Residuals from composite spectra are shown the upper part.

Further test was performed on a synthetic spectrum, but this time we chose to set disentan-
gling limits deep into spectral line, testing this method’s insensitivity for SPD limits selection.
Result can be see in Fig. 5.16.

Finally, a test on a real system - V453 Cyg (spectra used were kindly provided by Simon &
Sturm 1994) was performed. The advantage of this system is that one spectrum was taken in

total eclipse. This makes possible to compare disentangling result with one of the component’s
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Figure 5.16: Second test of GA disentangling on a synthetic spectrum. This time, limits are chosen to
be in a spectral line. Plot is composed as in Fig. 5.15
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Figure 5.17: Third test was performed on a real system - V453 Cyg, for which one component spectrum
can be measured during a total eclipse. In the plot on the left, GA and Fourier SPD results are compared,
and in the right plot, GA result is overplotted (blue dots) on top of a real component spectrum (red line)
confirming that it reproduces real data.

spectrum. Results can be seen in Fig. 5.17. It is obvious that the disentangling limits are chosen

well into spectral line, not affecting the result. Another limit selection can be seen in Fig. 5.18

In conclusion, genetic spectral disentangling is a promising alternative method for SPD, that

will be ever more useful with CPU speed increase and can be further improved with paralleliza-

tion and running on a computer cluster. Currently, code implementation can separate only two

components due to CPU power limits, and is planned to be improved in upcoming versions.
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Figure 5.18: Final test on V453 Cyg, with different SPD limits.

5.6 Bootstrap error estimates in SPD

As both FDBINARY and genetic forward disentangling do not provide error estimates, an aux-
iliary tool is created that implements bootstrapping (Efron 1979) as an error estimate method.
The code creates bootstrap samples for the error analysis. It relies on resampling the given data

set. For a simple case of N measurements, the mean value is simply

N
o= (5.5)
i=1

For bootstrap, another sample is selected from the available N samples, selecting them ran-
domly with possibility of omitting some values and repeating other multiple times, therefore

we get another mean, for example

1 =2 +x1 + X190 + 27 + 23+ Ty + T + X7+ XT5 + T2

Then M of those samples are calculated, getting M means u; which represents the empirical
bootstrap distribution of sample mean. From the empirical distribution, we can derive bootstrap
confidence interval.

In case of disentangling, input data set are all available composite spectra of the selected
object. Normally, one would prepare input configuration files and spectra to enter disentangling

procedure. Bootstrap uses all available spectra to create a bootstrap sample that is provided
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to disentangling. However, bootstrap sample does not necessarily use all the available spectra,
but selects randomly N spectra from a N items sample. However as they are randomly chosen,
some are used more than once and some are therefore omitted. Then disentangling is performed
for that particular sample, resulting in disentangled spectra and orbital parameters. For M
bootstrap samples chosen in the described manner, we get the same number M different orbital
solutions, sets of orbital elements, which are (or should be) all be located in the parameter
space in the vicinity to the solution, and the deviations from the solution and their distribution
(Gaussian) maps the uncertainty of the statistics of interest and can be used to estimate bias
and standard error, as well as other statistics. The number of possible bootstrap samples is not
indefinite, it is V!, but for any bigger number of spectra, the sample is sufficiently big. If the N
is small, the possibility of successful and meaningful disentangling itself is at question.
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Figure 5.19: Histogram plots of bootstrap parameters for AS Cam

Developed tool was tested on available AS Cam data. The number of calculated samples
was 1000, a compromise between sufficient number of data points and computational time. In

this case, 1000 samples took 4 days to calculate. Determined results (Pavlovski et al. 2011)
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Figure 5.20: Parameter vs. parameter plots of bootstrap parameters for AS Cam

and Bootstrap analysis are listed in Table 5.1. Related histograms are shown in Fig. 5.19 and
resulting parameter-parameter plots of bootstrap samples in Fig. 5.20. Given more time to

obtain more samples, the resulting histograms would be even better.

5.7 Parallel

Parallel is a GA optimization code for simultaneous spectral disentangling and calculation of

astrometric orbit. It utilizes two supplementary codes, FDBINARY* for spectral disentangling

“http://sail.zpf fer.hr/fdbinary

Table 5.1: Bootstrap error analysis test on AS Cam. Presented are results (Pavlovski et al. 2011) and
determined Bootstrap mean values and errors.

Parameter  Jackknife method  Bootstrap method

P () 3.430973 (fixed) (fixed)

T, (HID) 2454399.75 +£0.06 2454399.83 £ 0.01
e 0.164 £ 0.004 0.165 £ 0.002
w (deg) 61.5+19 62.7 £ 0.8
Ka 106.22 + 0.75 106.2 + 0.6
Kp 146.92 + 0.52 147.0 £ 0.4
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(Iliji¢ et al. 2004) and BINARY’ (Gudehus 2001) for astrometry solution from different inter-
ferometric measurements.

The complete set of orbital elements of binary and multiple systems can only be determined
from complementary observables. The ambiguity in determining of the eccentricity and longi-
tude of periastron for an eccentric binary system from the light curve or RV curves only is a
very well known problem. In spectral disentangling the orbital elements are optimised along
with simultaneous determination of the individual spectra of components. Therefore, it is very
convenient to obtain complementary disentangling and astrometric solution thus removing the
degeneracy between some orbital elements.

With the advance in instrumentation more and more binary and multiple systems are spa-
tially and spectroscopically resolved which makes the solution of orbital elements more precise
and accurate. A code for simultaneous orbit solution was developed which enables spectral
disentangling of time-series of spectra with the constraints from interferometric (astrometric)
measurements. It finds the best fitting parameters that simultaneously satisfy spectroscopic and
astrometrical solution. The code tests input parameters for spectroscopy and astrometry and

uses resulting x2’s to find the mutual optimal set of orbital parameters.

5.7.1 'Tests

Tests were done twofold, on model spectra and on a real system, ©>Tau. Model spectra were
synthesised and Doppler shifted using UCLSYN® (Smith 1992, Smalley at al. 2001) code. Cor-
responding interferometric data was created using EDITBINARY auxiliary code. First test was
done with infinite S/N to test the code, and later on, S/N of 200 was simulated. Determined
parameters were almost a perfect match, in spite of very wide allowed search space, and could
be even improved if genetics was given more entities and generations to work with. Final test
was done on real spectroscopic and astrometric data for non-eclipsing binary ©2 Tau, member
of the Hyades cluster. 117 high precision published spectra were obtained from Elodie spectro-
graph archive and were carefully renormalized for disentangling, while interferometric 34 data
points were obtained by Armstrong et al. (2005). Optimization was performed simultaneously
for 5 parameters, of which three are solely interferometric (£2, i and a) and remaining two are
shared between interferometry and spectroscopy (e and w). A relatively large search space for
optimization was allowed which could cause false results due to degeneracy and shallowness in
minima space, however results agree very well with published values.

First test was performed on simulated spectra generated by UCLSYN code for parameters
given in Table 5.2. RVs and astrometric positions were calculated by EDITBINARY, part of
Binary package. RV’ s are shown in Fig. 5.21.

Two tests were performed for this simple system. In first, only eccentricity and inclination

Shttp://www.astro.gsu.edu/ gudehus/binary.html
®http://www.mmnt.net/db/0/0/ftp.astro. keele.ac.uk/pub/bs/UCLSYN
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Table 5.2: First simulated system properties

Parameter Units Star A Star B

M Mg 2.5 1.5
R Re 15 25
Toq K 11000 6000
log g 4.2 4.0
L Lo 40 5
K kms—! 40 61.6
e 0

w deg 90

were optimised, eccentricity being common parameter shared by disentangling and interferom-
etry, and inclination optimised only by interferometric solution. Resulting convergence after 60
generations with 160 entities was e = 0.002 and i = 44.8 deg, which is in excellent agreement
with expected values. Phase coverage of synthesised data is shown in Fig. 5.21, convergence of
x? can be seen in 5.22 and resulting spectra in Figure 5.23. Final solution was found after 30
generations, and given time it would be even better. Plot of the final orbit can be seen in Fig.
5.24.
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Figure 5.21: RV curves for primary (red) and secondary (blue) components. Spectra used for disentan-
gling were synthesised for phases marked with dots.

Further test was performed on the same system with all the same data sets, and all the
same parameters except for eccentricity which was set to e = (.38 and longitude of periastron
which was set to w = 125 deg. Additionally, an S/N ratio of 100 was added to the input
spectra. A series of tests were performed, each time with increasing number of parameters to be
determined. Results are show in Table 5.3. This solution is even closer to the expected values as
the number of entities in a generation was increased to 200 and 600 generations were calculated.
Also, due to a more complex situation, a more dense set (in phase coverage) of input spectra
was calculated. Resulting spectra can be seen in Fig. 5.25, and astrometric orbit in Fig. 5.26.

Final test was performed on a real binary system - ©2 Tau, for which there are both good
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Figure 5.22: Convergence of total x? with the number of generations
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Figure 5.23: Resulting spectra (red line) vs synthetic ones (blue dots). Component A is at relative
intensity 1.0, and component B at 1.05 for better clarity

spectroscopic and astrometric measurements for simultaneous orbit optimization. Spectra of
©2 Tau were obtained from Elodie spectrograph at OHP, and 34 interferometric measurements
were obtained by Armstrong et al. It was done for 5 parameters, three of them solely interfero-
metric (€2, ¢ and a), and two shared (e and w). GA was given a relatively large search space for
optimization which tests its ability to leave local minima if better solution is found. Final results
are given in Table 5.4. Considering all the difficulties of large search space, determined results
agree very well with other published values (Torres et al 2011). Final disentangled spectra for
those values are shown in Fig. 5.27, and astrometric orbit in Fig. 5.28.

In conclusion, from tests we can conclude that the combination of spectroscopic and as-
trometric solution is successful and able to give reasonable results for common parameters.
However, as the code is based on two independent programs each giving its x2, manual adjust-
ment of both values to at least an order of magnitude difference is required in order to have both

contributions with the same weight. This makes use of this program somewhat complicated
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Figure 5.24: Results of interferometric solution for determined parameters. Input data is marked with
green circles and calculated solution is plotted as blue line. Error bars are show in red.

Table 5.3: Second simulated system properties with added S/N of 100

Parameter Units Expected value Determined value

e 0.38 0.3799

w deg 125 124.99

K, km/s 40.0 39.9

Q deg 47.4 47.48

) deg 45 45.10

a arcsec 0.04949 0.04954
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Figure 5.25: Resulting (red) vs synthetic spectra (blue) for both components. Component B is shifted in
intensity by 0.05 for better clarity.
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Figure 5.26: Plot of interferometric solution for second system. Interferometric points are shown in
green, error bars with red and calculated orbit in blue.

Table 5.4: Results of testing on a real system - ©2 Tau

Parameter Units Expected value Search range GA Result

e 0.737 0.7-0.8 0.723
w deg 55.40 45 - 60 56.06
Q deg 173.73 160 - 180 176.62
7 deg 47.61 30 -60 47.38
a arcsec 18.796 16 - 20 18.80
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Figure 5.27: Disentangled spectra of ©2 Tau. Primary component is plotted in blue, and secondary in
red colour. Secondary component is shifted by 0.05 in relative intensity for better clarity.

and requires understanding of the code, GA and system properties. Until we produce the our

implementation of code for disentangling and astrometric solution, this combinations proves to
be acceptable and reliable.
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Figure 5.28: Plot of interferometric solution for ©2 Tau

5.8 STARFIT

STARFIT is probably the most used program written for this dissertation. It is a GA based op-
timization program for diagnosing stellar atmosphere parameters. The following astrophysical
quantities can be optimized from stellar spectra: effective temperature, 7T.g, surface gravita-
tional acceleration, logg), light controbution, /f and projected rotational velocity (vsini). Addi-
tionally, two more auxiliary parameters are needed - shift in velocities and continuum adjust-
ment factor. So, in total the six parameters per spectrum can be optimized.

However, perhaps one of its most important features, especially for use in binary star re-
search, is its ability to do simultaneous parameter optimization for two stars. All six parameters
for each of the stars can be fitted completely independently or in constrained mode, where com-
bined light contribution of both stars can be fixed to a predetermined total level (being unity for
binary system or less if there is an additional component). This constraint introduces a great
possibility to determine individual light contribution of a component, i.e. for non-eclipsing
binaries. Also, running in non-constrained mode where the two light contributions are indepen-
dent, results in combined light contributions for e.g. binary system adding up to 1.0 with a high
precision. It is another assurance that the spectra are well taken and well reduced and other
parameter solutions are valid.

One can also run the code in parallel with completely independent components making
possible its use for single stellar systems or simultaneous parameter space search for a sin-
gle compo