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Abstrakt

HD 49798 je jedina znama rentgenova dvojhvézda, kde donorem hmoty je horky podtr-
paslik typu O. Jeho spolecnikem je kompaktni objekt dosud nezndmého typu, budto bily
trpaslik nebo neutronova hvézda, s rychlou rotaci P = 13,2s a stalym zrychlenim rotace
P=-228 x10"ss~!. Diky aktivité¢ hvézdného vétru a akreci dvojhvézda vykazuje
vyznamny rentgenovy zafivy vykon Lx ~ 10*?ergs~!. Pozorovanou hodnotu rentgenové-
ho zafivého vykonu se dosud nepodafilo konzistentné vysvétlit prostiednictvim zadného
z modelt sekundarni slozky dvojhvézdy. V této praci se nejprve zaméfujeme na teorii o
horkych podtrpaslicich, hvézdnych vétrech a samotném binarnim systému HD 49798/RX
J0648.0—4418. Hlavni ¢ast této prace tvorii analyza UV spekter pofizenych kosmickou
observatofi IUE. Méfime parametry kratkovinné slozky spektrdlni c¢ary N V. Z téchto
parametrd vypocitame konecnou rychlost hvézdného vétru z HD 49798 a predpovidame
rentgenovy zarivy vykon. Uréend kone€na rychlost hvézdného vétru dava v pripade sekun-
darni slozky typu bilého trpaslika rentgenovy zafivy vykon, ktery je v souladu s po-
zorovanim.

Abstract

HD 49798 is the only known X-ray binary where the mass donor is a O-type hot sub-
dwarf. Its companion is a compact object of yet unknown nature, either white dwarf or
neutron star, with fast spin period P = 13.2s and steady spin up P = —2.28 x 10~ P ss~ 1.
Due to stellar wind activity and the accretion, the binary exhibits a significant X-ray lumi-
nosity of Lx ~ 1032ergs~!. The observed value of the X-ray luminosity has not yet been
consistently explained by any model of the secondary component of a binary star. In this
thesis, we firstly focus on the theory about hot subdwarfs, stellar winds and the binary sys-
tem HD 49798/RX J0648.0-4418 itself. The main part of this thesis consists of analysis
of UV spectra taken by space observatory IUE. We measure the parameters of the short
wavelength component of N V spectral line. From these parameters we calculate terminal
velocity of the stellar wind from HD 49798 and predict X-ray luminosity. The determined
terminal velocity of the stellar wind, assuming white dwarf-type secondary component,
gives an X-ray luminosity that is consistent with observations.
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Introduction

HD 49798 is a high mass X-ray binary that consists of hot O-type subdwarf and a compact
companion of unknown nature [Heber, 2016]. It is the only known X-ray binary with a
hot subdwarf that accretes matter onto a compact companion [Rigoselli et al., 2023]. Both
the accretion and caused X-ray luminosity are likely the effects of stellar wind from the
hot subdwarf.

The companion, RX J0648.0-4418, is curious star itself. It is compact with mass
slightly above the solar mass and shows steady spin-up decrease about 2 x 10~ ss™!
[Mereghetti et al., 2021]. Its nature is yet unknown, but it is highly possible that it is a
young white dwarf which is still contracting [Popov et al., 2018]. This would make it the
first observed young contracting white dwarf and help us better understand the evolution
and characteristics of similar stars.

The first chapter is a brief overview of hot subdwarfs. The chapter discusses their
characteristics and evolution processes, but does not omit information about their chemical
composition and most importantly, hot subdwarfs in binaries.

Second chapter follows as another overview. This time about stellar wind of hot stars.
It discusses radiatively driven winds in such stars, their mass loss and P Cygni profiles
which appear in the spectra of HD 49798.

The subject of Chapter 3 is HD 49798 itself. The chapter offers information about
the characteristics of this peculiar binary system, its problematics, possible theories of the
nature of the compact companion, and previous results of calculation of X-ray luminosity.

These theoretical chapters are followed by the practical Chapter 4, which consists of
data analysis of the spectra. In this chapter the short-wavelength component of N V dou-
blet is fitted and the parameters are used to calculate the terminal velocity of the stellar
wind from HD 49798. This leads to estimates of its X-ray luminosity Lx and comparison
it to the observed lumonosity Lx ops & 1032 erg g1 [Rigoselli et al., 2023].






Chapter 1
Hot Subdwarfs

1.1 Introduction

Hot subluminous stars of spectral types O and B are mostly core helium burning objects
that represent late stages of low-mass star evolution. They are positioned between main
sequence and white dwarf sequence [Heber, 2016]. In the following chapters we will
discuss properties of subdwarfs such as their chemical composition, evolutionary models
and subdwarf binaries.

1.2 Evolution process

The main challenge for understanding the hot subdwarf formation is to explain the large
mass lost prior to or at the start of core helium burning. However, it is important to
note that not all hot subdwarfs are core helium burning objects as certain masses of some
subdwarfs are too low to start the core helium burning [Heber et al., 2003]. In the following
paragraphs we will dive into the most notable evolutionary models.

The core helium burning phase follows the red giant phase. Core helium burning
subdwarfs can be found on the horizontal branch of the HR diagram as can be seen on
figure 1.1. Stars with smaller less massive envelopes shift to bluer end [Heber, 2009,
2016]. In stars with initial mass M < 2.3M, helium burning is ignited in the degenerate
core. This leads to helium core flash. At this time, the core mass is fixed in a narrow
range and depends slightly on metallicity and helium abundance [Sweigart, 1987]. The
star gains higher temperature until it reaches the white dwarf cooling track. Its gravity
increases and the star avoids an asymptotic giant branch [Heber, 2016].

1.2.1 Hot flasher

As mentioned above, one of the possible scenarios for stars with low mass is helium core
flash. It may occur at the tip of the red giant branch. Or, if the star loses a lot of mass
on the red giant (RG) branch, when the star is departing from the RG branch to the white
dwarf cooling track [Castellani and Castellani, 1993].

There are three possible types of hot flashers based on evolutionary phase in which it
occurs. The early one, later one with shallow mixing and the later one with deep mixing

_3-
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Figure 1.1: HR diagram; taken from [Heber, 2009]
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[Miller Bertolami et al., 2008, Cassisi et al., 2003, Lanz et al., 2004].

First, let us look at the early hot flasher. In this case, the flash occurs early after star’s
departure from the red giant branch. The results are hot subdwarfs with standard H or He
envelope.

As the name suggests, in the later hot flasher scenario, mixing occurs early on the stars
move to the white dwarf cooling track. Thanks to the convective dilution of the envelope,
the new subdwarf has atmosphere enriched with He and N.

In the later hot flasher model with deep mixing, first, the primary helium flash occurs,
and the convective zone is created. After that, another flash ignites when the hydrogen

envelope is engulfed in the convective zone. The resulting subdwarf is strongly enriched
in He, C and N.

1.2.2 Helium mixing

[Sweigart, 1997a,b] researched another of the possible models - that is helium mixing
on the red giant branch. In this case, the outer convective envelope can extend into the
hydrogen-burning shell, causing some helium to mix into the envelope. If helium mixing
occurs, the luminosity of the RG branch tip increases and large amount of mass is lost.

[Sweigart, 1997b] believes that the mixing can be caused by rapid rotation and [Tailo
et al., 2015] suggests that rapid rotation is a result from star forming history and early
dynamics of massive globular clusters.

1.2.3 Binary evolution

Many hot subdwarfs can be found in close binaries. This suggests that they were possi-
bly formed by binary interactions. Among the possible processes are common envelope
evolution (CE) [Paczynski, 1976], Roche lobe overflow (RLOF) and white dwarf merger
[Webbink, 1984]. In this section, we will take a closer look at each of these processes.

Firstly, we need to discuss how common envelope is formed. The hot subdwarf
progeny typically fills Roche’s lobe when it is close to the tip of red giant branch. Now,
the mass transfer rate plays important role. If it is not high enough, the companion can’t
accrete all the matter and the common envelope is formed. Then the friction with the gas
causes the two components to spiral until the common envelope gains enough orbital en-
ergy to be ejected. This process results in a red giant core which will become the subdwarf
and its unchanged companion. If the companion is the main sequence star then later, when
the star becomes red giant, it will fill Roche lobe and the common envelope is ejected
again, leaving the B-type subdwarf (sdB) + white dwarf (WD) binary [Heber, 2016].

In the RLOF scenario, there is no common envelope formed due to dynamically stable
mass transfer which allows the companion to accrete the matter. The red giant loses its en-
tire envelope in this process and becomes a subdwarf. The result is long period sdB + main
sequence star binary with periods from 10 to 500 days [Han et al., 2003].

Another possibility is formation of a binary with two subdwarfs, when the envelope
of two giant stars is ejected. Possible example of such double core common envelope
evolution may be He-sdB PG 1544+488 [Sener and Jeffery, 2014, Justham et al., 2011].
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[Ivanova et al., 2013] discovered that about a fifth of all planetary nebulae are formed
from ejected common envelope. Few of them may be post RG branch objects, however
Hall et al. argued that there is an uncertainty of identifying the suggested planetary nebulae
as post RG branch system [Hall et al., 2013]. Common envelope nebula is visible only for
a short period of time — a few ten thousand years, thus we need to inspect a lot of sdB stars
to discover a post RG branch nebulae associated with sdB star.

1.2.4 White dwarf merging

The last but not least process mentioned is helium white dwarf merging [Webbink, 1984].
[Zhang and Jeffery, 2012] proposed three possible processes of merging two He white
dwarfs. This could be the plausible explanation of the formation of single hot subdwarfs.

The first is the slow merger model. The larger, less massive, white dwarf fills the
Roche lobe, and its entire mass is transferred to form a disk. The material then slowly
accretes to its companion.

In a different scenario the mass of the less massive white dwarf can directly fall onto
the primary, more massive, white dwarf surface. The temperature of the material is about
108K and it can form corona in just a few minutes.

The composite merger model is based on the results of 3D hydro simulations by
[Lorén-Aguilar et al., 2009]. As the name suggests, it combines both previously discussed
merger models. Part of the mass forms a hot corona while the other forms a cold disc.

Even though the merger of two white dwarfs seems like a possible explanation for
existence of single subdwarfs, the observed mass distribution is narrower than the pre-
dicted one by the models. [Soker, 1998, Politano et al., 2008] suggested an alternative.
Single subdwarfs may be formed by merging of a red-giant core and a low mass star or a
brown dwarf. [Politano et al., 2008] believes that this process would form rapidly rotating
horizontal branch stars, of which some may be of sdB type.

Another suggestion, by [Clausen and Wade, 2011] is that the coalescence of helium
white dwarf with a low mass hydrogen burning star would create a star with a helium core
and thick hydrogen envelope that evolves into sdB star. This could also explain sdBs’ slow
rotation rates.

However, we shouldn’t forget that it is also possible, that the apparent single sdB stars
have companions yet undetected.

1.3 Chemical composition

Hot subdwarfs often have peculiar spectra, therefore additional spectral classes are needed.
They are divided based on the spectral class into sdB, sdOB and sdO types, plus their
counterparts - He-sdB and He-sdO [Heber, 2016].

1.3.1 sdB stars

Helium abundance is an important parameter for subdwarfs. The amount of helium seems
to correlate with effective temperatures as it was observed to increase with rising temper-
atures [Edelmann et al., 2003].
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Abundances of other elements have also been measured. Results from the ESO/SPY’s
optical spectroscopy [Heber et al., 2000, Heber and Edelmann, 2004, Napiwotzki et al.,
2001, Edelmann et al., 2001, 2006, 1999], show that nitrogen abundances tend to be
slightly subsolar, and oxygen is also depleted and shows slight scatter. Magnesium and
iron abundances almost attain solar. Carbon varies from star to star, scattering from
strongly subsolar to slightly supersolar.

Silicone, aluminum, and sulfur are depleted, with Si showing a large scatter. Heavier
elements, from potassium to cobalt, are enriched. Titanium was found in half of the ob-
served stars and vanadium in one third. Few stars have scandium and chromium present.
All these heavier elements are enriched.

Spectral analysis of UV spectra offers similar results. All elements beyond silver show
enrichment in observed stars. The only exception is Fe. However, analysis of UV spectra
is available only for a few hot subdwarfs.

1.3.2 sdO stars

In this section we will discuss the composition of O-type subdwarfs. Even though O-
type subdwarfs are sdBs’ “neighbours” on the HR diagram, they are different in both the
chemical composition and evolutionary status.

Most hydrogen rich sdO stars are progeny of normal sdB stars. Core helium burning
had stopped and left C/O core with helium burning in the shell.

Out of helium poor sdO stars, a few have been studied carefully using far UV -spectra
taken with FUSE satellite for example Feige 110, AA Dor and EC 11481-2303 [Klepp and
Rauch, 2011, Rauch et al., 2010, 2014].

Similar to the composition of sdB stars, lighter elements tend to be subsolar to solar.
However, Feige 110 is an exception with strongly depleted C, O and Si. Iron in EC 11481-
2303 is strongly enriched, while solar in other two stars.

Abundances and chemical composition of He-sdO stars were determined using the data
from the ESO/SPY. Among the observed sample, He abundances show only slight scatter.
Carbon is either slightly super-solar or strongly depleted, and nitrogen is super-solar for
most of the stars. However, there are stars in the sample with strongly depleted nitrogen
[Hirsch and Heber, 2009].

1.4 Binary systems and methods of their detection

As it was stated before, many subdwarfs can be found in close binaries. Among their com-
panions there are white dwarfs, brown dwarfs or low-mass main sequence stars. Binaries
with neutron stars or black holes are predicted. One of the possible methods of subdwarf
binary detection includes measuring radial velocity variability, which is particularly effec-
tive for finding short period sdB + white dwarf and sdB + dM systems. With the help of
Palomar Green catalog [Green et al., 1986, Saffer et al., 1998] and [Moran et al., 1999]
discovered seven sdB + white dwarf binaries with periods from 0.25 to 2.5 days. Thanks
to the efforts of [Maxted et al., 2001, Morales-Rueda et al., 2003, Napiwotzki et al., 2004],
as well as other surveys, mainly ESO/SPY and SDSS, the number of detected subdwarf
binaries has quickly risen.
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All the mentioned short period binaries are single lined and have unseen companion,
possibly a low mass star, brown dwarf or a white dwarf. Therefore, properties of the
companion have to be discovered by other methods, with photometry being one of the
most important. By observing the reflection effect on the companion, or the lack of, it is
possible to distinguish low-mass star and brown dwarf companions, on which reflection
effect is significant, from white dwarfs [Maxted et al., 2002, 2004, Shimanskii et al., 2008].
Eclipsing systems (for which the companion mass can be calculated) make about 10% of
the sample. Therefore, the mass of the companions in other systems has to be derived using
mass function adopting the canonical mass for sdB stars [Kupfer et al., 2015, Kawka et al.,
2015]. The mass of objects is also an important parameter for discovering the nature of
the companion. If it is higher than 0.45M,, it excludes main-sequence star companions,
as they would be detectable in the optical spectra [Lisker et al., 2005].

1.5 X-rays from O-type stars

Due to the stellar winds, O-type stars emit X-rays [Lucy and White, 1980, Owocki et al.,
1988] with X-ray luminosities Lx = 10~ 7Ly [Antokhin et al., 2008]. Despite that, their
mass loss is often too low for them to be expected X-ray sources, with HD 49798, the
subject of this thesis, being a curious exception [Heber, 2016]. Though it is important to
note, that the X-ray luminosity doesn’t come from the HD 49798 itself, but rather than its
companion on which it accretes matter. Indeed, accretion onto companion is one of the
two ways that can produce X-rays in hot subdwarfs with the other being wind emission
[Mereghetti and La Palombara, 2016]. In some cases, even both can occur. This allow
us to discover subdwarf binaries with neutron star or a white dwarf, which under other
circumstances would be troublesome to detect. If that is the case, the expected X-ray
luminosity can be calculated as:

2
GMyx . G Mx (RA) My, (1.1)

RX RX 2a
where My is mass of the compact companion, Ry its radius and M4 mass accretion rate.

After further rearranging of the equation, a corresponds to the orbital separation and My,
wind mass loss rate from the subdwarf.

2GM:
Ry = X

=55
Vi + Vorb

(1.2)

where vy 1s the orbital velocity and vy, is the wind velocity [Mereghetti and La Palombara,
2016].

There are two velocity laws suggested by [Hatchett and McCray, 1977]. The first one,
where wind velocity is constant, and the second one is described by the beta law, further
discussed in the following chapter.



Chapter 2

Hot star winds

As was stated in previous section, HD 49798 is unique thanks to its stellar wind. In this
chapter I will look into the general information about this phenomenon and methods of
detecing its parameters.

Stellar wind is outflow of plasma from different types of stars. It can often be discov-
ered by detecting P Cygni lines, which consist of an absorption line in the blue region and
emission line in the red region. P Cygni lines are often wide, with velocity, caluclated from
Doppler shift, much higher than star’s escape velocity [Krticka, 2015]. Due to stellar wind
activity, stars can lose their mass. The mass loss rate varies from star to star. For Sun-like
stars the expected mass loss is 107 1#M yr~!. The mass loss gets much higher for more
massive stars, reaching 107710 >M, yr—! for massive O type stars [Vink, 2024].

However, one is wrong to assume that low-mass star evolution isn’t affected by mass
loss. In fact, during RG branch phase the mass loss rate can reach ~ 107 M, yr~! and
even 10~% M, yr~! at the top of the asymptotic giant branch (AGB) [Hofner and Olofsson,
2018].

The mass loss rate can be expressed as:

M = 4rr?p(r)v(r), (2.1)

where p is wind density and v is wind velocity. The momentum of stellar wind has to
overcome star’s gravitation, therefore we can write equation:

d GM dv\?
(S =+ (%) 2.2)
dr r dr Sob

where C is a constant [Castor et al., 1975]. We predict that wind velocity behaves as beta
law. Therefore:

B
V(r) = Ve (1 — IE) , (2.3)

r

where R, is the radius of the star, v, wind terminal velocity and B typically 0.5. The mass
loss rate scales both with the luminosity of the star and the Eddington factor I'.

Arad %L*
I'= = ¢ , 2.4)
ag 4rGM..c

—9_
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where ay,q is radiative acceleration due to free electrons, a, gravitational acceleration of
the star, oy, effective cross-section of Thomson scattering with oy, = 6.65 X 10724 cm 2,
and U, is the ratio of density p and number of free electrons.

2.1 Radiatively driven wind

In hot stars, stellar wind is driven by the radiative force from the light absorption in the
lines of heavier elements [Castor et al., 1975, Puls et al., 2008]. Therefore, stellar wind
properties are largely influenced by the metallically and luminosity of a star. For O-type
stars with mass above 25Mg, there are uncertainties of a factor 2-3 in mass loss rates due to
wind clumping, radiative transfer treatment in subsonic regions, and wind hydrodynamics
[Mereghetti et al., 2013, Rauch et al., 2014, Mereghetti et al., 2021].

2.1.1 CAK

The Castor-Abbot-Klein theory [Castor et al., 1975] describes the radiative force in terms
of force multiplier. The radiative force depends on the opacity from Doppler shifted lines
— therefore larger the opacity means larger the radiative force.

The main problem that may arise when using the Castor-Abott-Klein theory is that it
uses the Sobolev approximation, which may lead to inprecise results.

2.1.2 Monte Carlo

The most used method is the Monte Carlo method [Vink, 2000, Abbott and Lucy, 1985].
With this method, the photon packets are tracked as they travel from to photosphere to
the outer wind. Meanwhile, momentum and energy of photons are transferred to the gas
particles. This method of modeling is great for both relatively weak winds and for O-type
stellar winds.

The mass loss rate relation can be aproximated as:

—1.3
. . Voo
M o< LF2M; P T ( ) , (2.5)

Vesc

and it further can be simplified to
Mo L!® (2.6)

However it is important to know that these relations work only for winds with I' < 0.5.
Stars that do not fulfill this criteria are for example: stars with high initial mass and lu-
minosity, less extremely luminous stars that have approached Eddington’s limit by their
evolution.
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2.1.3 Comoving frame method

Another method, great for supersonic stellar wind, is the comoving frame method. Within
this method, the radiative transfer equation is solved as partial differential equation. In this
case, the radiative acceleration is given by:

1
Arad = — / K, Fydv, (2.7)
C

where K, is the frequency dependant on the opacity and F, is the flux [Vink, 2022].

2.2 Mass loss rate

Radiative driven wind theory can predict the terminal velocity and mass loss rate. The
first quantity can be directly observed from P Cygni absorption profiles, as the maximum
speed of the wind can be calculated from the Doppler’s shift at maximum line width, and
the latter can be derived from the wind density and the equation of continuity [Hillier,
1991, Krtic¢ka, 2015]

There are several methods of determining mass loss rate. Other then previously men-
tioned P Cygni line the methods include multiwavelength diagnostic - getting the mass
loss rate is from stellar continua at long wavelengths or spectral line transitions in the op-
tical or UV regions, Ha recombination emission lines, X ray method or bow shock method
[Vink, 2022]]. I will briefly describe the methods most useful for O-type stars.

One of such common ways to derive M for O-type stars is using the Ha recombination
lines [Klein and Castor, 1978, Drew, 1989, Lamers and Leitherer, 1993, Puls et al., 1996].
The advantage of using this method is that the porosity effects can be neglected due to Ho
being optically thin in the main part of the emitting wind. However, this method also has
disadvantages such as it is not sensitive to mass loss rates below 10~’Moyr~! [Mokiem
et al., 2007], therefore another method needs to be used in such cases. It is also important
to note that stellar winds are time dependent and that might cause inhomogeneities — the
“wind clumping” [Hamann et al., 2008, Puls et al., 2008]. This method is quite sensitive to
wind clumping, therefore it is crucial not to neglect it, otherwise it might provide incorrect
results.

2.2.1 Wind clumping

The wind clumping occurs in O-type stars at about half the terminal velocity and at about
1.5 stellar radii. We can differentiate optically thin clumping — microclumping and op-
tically thick clumping — macroclumping. When looking at microclumping we assume
that the wind consists of many smaller wind clumps with void in between them [Owocki,
2015]. In the optically thick clump photons may interact with the gas several times before
being able to escape. The optical thickness depends on the abundance, ionization fraction,
and cross section of the transition.
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Figure 2.1: Formation of P Cygni profile [Krticka, 2015]

2.3 Stellar evolution and mass loss

Mass loss might affect stellar evolution. It has the largest effect for very massive stars,
but even less massive stars can lose great amount of their mass throughout their evolu-
tion. Stars lose their mass during all phases of their life, but the mass rate might differ in
each phase [Vink, 2022]. Stellar winds don’t only cause mass loss but might also affect
star’s rotational evolution. Likewise, the rotation might affect wind strength and latitudinal
dependence.

2.4 P Cygni profiles

P Cygni profiles have blue shifted absorption component and red shifted emission compo-
nent due to the stellar wind. They are most prominent in the spectral lines C IV, Si IV and
N V, which will be used in this thesis, of O type stars. Even though the mass loss is small,
the Doppler shift is clear in the spectra which makes it a great indicator of mass loss and
stellar wind activity [Lamers, 1999].

Figure 2.1 shows the formation of P Cygni profiles [Krticka, 2015]. The gas in grey
rectangle A is moving towards the observer. Without the stellar wind, the observer would
detect only photons from that area. However, for stars with stellar wind, some of the
photons from area A are scattered away and will not be detected. This causes the blue
shifted absorption. Similarly, photons from area B are scattered all around and might
be detected, causing the red shifted emission. Together, they form the P Cygni profile
[Lamers, 1999]. The Doppler-shift of a blue edge of P Cygni line profile corresponds to
the wind terminal velocity.
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HD 49798

3.1 HD 49798

The subject of this thesis, HD 49798, is a hot O-subdwarf located at « = 6h48m0.470s,
0 = —44°18°58.43” J2000 [Thackeray, 1970]. Together with its compact companion
RXJ0648.0-4418 of yet unknown nature, it forms the only known X-ray binary with a hot
subdwarf [Heber, 2016].

3.2 Stellar parameters of HD 49798

HD 49798 has radius Ryp = 1.5+ 0.06 R, [Krticka et al., 2019] and mass Myp = 1.5 £
0.05 M., [Mereghetti et al., 2009] and orbital period 1.547666(6) d[Rigoselli et al., 2023].
It also has peculiar chemical composition, which needs to be taken into consideration when
calculating mass loss rate. Carbon and oxygen are depleted, while nitrogen, nickel and iron
are slightly supersolar [Krticka et al., 2019, Asplund et al., 2009]. Such composition is
likely a results of its evolution [Krticka et al., 2019].

3.3 RXJ0648.0-4418

RXJ0648.0-4418 is a compact object with mass Mx = 1.22 + 0.05M, [Rigoselli et al.,
2023] and spin period P = 13.2 s [Kudritzki and Simon, 1978, Israel et al., 1997, Mereghetti
etal., 2011]. The companion is most likely a white dwarf. However, a neutron star has also
been considered. This claim supports observations of X-ray emission from the companion.
Due to the mass of 1.22M,), it is difficult to distinguish these possibilities, therefore other
methods must be used to discover its nature.

3.3.1 Luminosity and the nature of the companion

The expected luminosity for accretion onto the surface was calculated for both scenarios.
According to [Rigoselli et al., 2023], the expected luminosity of neutron star with 12 km

—13-



14 Chapter 3. HD 49798

radius would be:

M v —4
IVS 3108 [ 2w ] <—W> = 3.1
x o =OX 2x10-°Mm.°" ) \1500kms-1/) &% - -1

where M,, is a mass loss due to the stellar wind and v,, is the wind velocity. For the white
dwarf companion with Ryp = 3582km [Nauenberg, 1972] the luminosity was calculated
as LVP = 103ergs™! [Rigoselli et al., 2023]. Both of these values significantly differ
from the observed one L, = 10°?ergs™![Mereghetti et al., 2016] with LYP being lower
by an order and LS higher.

Despite the differences in orders in both cases, there are reasonable explanations.
The effects related to the rotating magnetosphere may greatly decrease the accretion flow
reaching the surface of a neutron star. Under these circumstances, it is possible to expect
luminosity such as the observed one [Rigoselli et al., 2023].

In the second case, white dwarf, the notable effect is dependency of the accretion rate
on the wind velocity. With the reduction of wind velocity, the luminosity can be increased
to the observed one. [Krticka et al., 2019] suggested that the decrease in wind velocity
may be caused by X-ray photoionization.

3.3.2 Young contracting white dwarf theory

Popov et al. is in favour of the white dwarf theory and further proposes that the companion
is a young white dwarf which is still contracting [Popov et al., 2018]. They support this
claim by the agreement of their constructed cooling curve with the observed luminosity.
The contraction would also explain its spin up. However, [Popov et al., 2018] also points
out that, in the future, the spin evolution of the white dwarf will be more influenced by
the angular momentum gained through accretion rather than the contraction [Popov et al.,
2018].

3.3.3 Thermal component and the nature of the companion

Another claim that supports the white dwarf theory are the observations of the X-ray flux
emitted in a soft and strongly pulsed thermal component, which could be represented with
a blackbody of radius R ~ 30km and temperature kT ~ 30eV [Mereghetti et al., 2011].
Those results could be expected of a hotspot on a white dwarf but would be too large for
a neutron star [Mereghetti et al., 2021]. If the companion is indeed a white dwarf, it is a
possible supernova Ia [Liu et al., 2010] or neutron star [Brooks et al., 2017] progenitor.

3.4 Spin up

RXJ0648.0-4418 shows a steady long-term spin period decrease at rate P = —2.15 x
10~ ss™! [Mereghetti et al., 2016]. Explaining this by accretion torques is challeng-
ing, but Popov et al. suggest another solution unrelated to the accretion - the aforemen-
tioned contracting white dwarf. According to their calculations, a white dwarf with mass
Myx = 1.28 M, and 2 Myr old could indeed have spin up rate P = —2.15 x 10~ P ss~ ! as
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it is observed with RXJ0648.0-4418 [Popov et al., 2018]. They also point out that this
would be the first observational evidence of a young contracting white dwarf.

3.5 X-ray emission

Observations from 2018 confirmed that the X-ray emission is significant even during
the eclipse, when the compact object is completely occulted [Mereghetti et al., 2021].
This might be emission from the stellar wind itself or the emission form the compact
object is scattered in the wind. These results are consistent with previous observations
[Mereghetti et al., 2009, 2013]. Fits for 2014 and 2020 spectra gave close values for the
blackbody component but different values for the power law, meaning lower flux in 2020.
This indicates long-term variability in the hard X-ray component and supports previously
made light curves. All other parameters remained consistent with previous observations
[Mereghetti et al., 2021, 2016]. Mereghetti et al. believes that the HD 49798 might show
changes in the mass accretion rate due to possible time-variable inhomogeneities in its
stellar wind [Mereghetti et al., 2021].
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Data analysis

4.1 Used data

The data used for this thesis were downloaded from archive INES through SPLAT-VO'.
All examined spectra were taken by space observatory IUE with SWP camera with spec-
tral resolution 0.2 A and high dispersion. The spectra spanned from 1150 A to 1980 A,
allowing us to see the whole P Cygni profile from which the stellar wind velocity was
determined. Table 4.1 shows downloaded spectra and modified heliocentric Julian date of
mid-exposure, therefore number of days since midnight of 17.11.1858 2.

Data

Time

Phase

[MID]

swp0O1336HS fits
swp01698HS fits
swp01699HS fits
swp02513HS fits
swp04024HS fits
swp04767HS fits
swp04768HS .fits
swp04773HS fits
swp04776HS fits
swp04779HS fits
swp04798HS fits
swp04802HS fits
swp05478HS fits
swp05481HS fits

43607.41328
43661.95311
43662.02426
43758.37501
43898.02316
43595.6617
43959.69478
43959.85333
43959.95859
43960.03081
43961.8873
43961.99921
44034.70434
44034.83147

0.142502
0.382683
0.428527
0.684046
0.915497
0.549404
0.763643
0.866087
0.934100
0.980763
0.180305
0.252614
0.229888
0.3120311

Table 4.1: Spectra used for calculating stellar wind velocity

'Downloaded from: https://www.g-vo.org/pmwiki/About/SPLAT
2Taken from: https:/core2.gsfc.nasa.gov/time/

_17-
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Figure 4.1: Identified spectral lines

4.2 Data processing

4.2.1 Spectra

Spectra from data file swp01336HS.fits were taken to identify the most prominent spectral
lines. Figure 4.1 shows the line identification from SPLAT-VO.

In addition to the N V doublet, which is crucial for this thesis, the spectra also pos-
sesses other lines, such as C II, Si or O VI lines.

4.2.2 Gaussian fit

All used data were processed using Python code which is included in the appendix. Firstly,
the spectra were limited to small interval of wavelengths - approximately from 1210 A to
1275 A. After plotting flux over wavelength, a prominent N V spectral line doublet has
been identified in all spectra. However, only the component with shorter wavelength was
used and its left slope of was fitted with Gaussian function:

—(x—B)?
y=y0—Aexp (%) 4.1)

In the Gaussian function, y represents flux, and x the wavelength, while y0, A, B, and C
are required parameters for the fit. Parameters are further described in table 4.2 and figure
4.2 shows examples of fitting. All figures of fits can be found in the appendix.

The fit required initial guesses of the parameters which were given as:
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parameter description
y0 value of continuum
A amplitude (flux)
B shifted wavelength
C standard deviation of the Gaussian

Table 4.2: Parameters of the Gaussian fit

initial_y0 = np.mean(ydata)

initial B = xdatal[np.argmin(ydata)]

initial C = (np.max(xdata) - np.min(xdata)) / 4
initial_A = np.max(ydata) - initial_yO

Using the code, exact parameters of the Gaussian fit were given for each spectra.

Data yo A B C phase

- 107 Tergs Tem AT 107 Mergs Tem2A"T A A

swp01336HS | 11.3(3) 8.8(3) 1234.99(5) 1.22(6) 0.142502
swp01698HS | 7.6(1) 5.6(1) 1235.06(4) 0.92(4) 0.382683
swp01699HS | 9.8(1) 8.0(2) 1234.98(4) 0.94(4) 0.428527
swp02513HS | 10.7(2) 8.7(3) 1234.49(6) 1.14(6) 0.684046
swp04024HS | 9.5(2) 7.0(2) 1234.71(7) 1.34(7) 0.915497
swp04767HS | 8.8(2) 6.6(2) 1234.62(8) 1.25(8) 0.549404
swp04768HS | 8.9(2) 6.6(2) 1234.67(8) 1.22(8) 0.763643
swp04773HS | 9.8(2) 7.4(3) 1234.81(9) 1.36(9) 0.866087
swp04776HS | 10.8(3) 8.3(3) 1234.69(8) 1.39(8) 0.934100
swp04779HS | 9.3(2) 7.1(2) 1234.62(7) 1.20(7) 0.980763
swp04798HS | 10.2(4) 7.3(4) 1235.37(14)  1.36(14) | 0.180305
swp04802HS | 11.3(3) 8.3(3) 1235.08(7) 1.09(7) 0.252614
swp05478HS | 9.5(2) 6.7(3) 1235.05(10)  1.03(8) 0.229888
swp05481HS | 10.7(3) 8.0(3) 1235.12(10)  1.12(9) 0.3120311
Average 9.9(2) 7.4(3) 1234.88(8) 1.19(8) -

Table 4.3: Parameters from fit.

4.2.3 Phase dependance of the Gaussian parameters

Derived data was plotted in phase diagrams on figure 4.3 using orbital period Py =
1.547666(6) d and phase = 0 att = 54597.169 MJD [Mereghetti et al., 2009]. The vertical
bars in the phase diagram and the numbers in parenthesis in the table represent uncertain-
ties of the parameters determined with the code. Total uncertainties for mean values were
calculated using uncertanties for individual values and standard deviation of values for the
parameter.

Values of parameter yq are scattered all around with no obvious phase dependance.
Phases were chosen in a way that eclipse happens at phase = 0. The average value is (yg =
9.9 +£0.2)10 Mergs~'em 2 A~!. Similarly, parameter A, the amplitude, is scattered
evenly with average value of (A = 7.4 £0.3) 10~ "ergs~'cm~2 A~!. Phase dependence
of parameter B is more visible. At the beginning of orbital phase, the parameter B is
scattered around 1235.0 A, with uncertainties around centesimals A, occasionally reaching
0.1 A. After phase = 0.5, the values of the parameter B drop below the average value
B = 1234.88 A. The standard deviation of the Gaussian has higher values, between 1.2 A
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Figure 4.2: Example of fitting the data with Gaussian
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and 1.4 A at the beginning of the phase. Parameter C then seems to drop in value and
from phase = 0.5 rises again. However, with this parameter, it is likely that the seeming
phase dependence is purely coincidental. More data is needed to prove or refute the phase
variability of this parameter. Therefore, it would be wise to construct the phase diagrams
once again, once more measurements are acquired.

4.2.4 Calculation of velocity

In order to determine the stellar wind velocity, a radial velocity was needed. Assuming
both stars orbit circularly around the common center of mass, it is possible to calculate the
orbital velocity of the subdwarf as:

Mx
Mup

VHD — VX. (4.2)

Masses Mx and Myp were considered as Mx = 1.22M, for the compact object, and
Myp = 1.41 Mg, for the hot subdwarf [Rigoselli et al., 2023]. The orbital velocity of the
compact object was calculated from equation:

2Tax
VX =

Porb ’ (4.3)
where ax = 2891000000m is the aproximation of the semi-major axis of the compact
object, calculated from ax sin(i) = 9.60(5) light-second, with i = 84.5° [Rigoselli et al.,
2023], and Py = 1.548d is the orbital period [Rigoselli et al., 2023]. Using this, the
subdwarf’s orbital velocity is vgp = (117 £8)kms~!.

The next step would be to calculate the velocity from the Doppler shift of the line in
N V doublet with shorter wavelength. The table value of this N V line wavelength, taken
from NIST ASD ?, is A9 = 1238.804 A. Table 4.4 shows wavelengths of the NV line in
the used data and calculated velocity using Doppler equation:

A—2o
Ao

where c is the speed of light. Velocities vg were calculated using parameter B of the Gaus-
sian and velocities veqge using the blue edge of the line. The wavelength of the blue edge
was calculated as B — 3C. Uncertainties for the velocities were calculated with the code
using relative uncertainty of the wavelength according to the propagation of uncertainties.

Velocity veqge does not completely align with the radial velocity curve and is much
higher between phases 0.25 and 0.5. This changes could indicate interactions with the
other compoent in the binary.

Both the stellar wind and the radial velocity contribute to the shifting of the spectral
line. In order to obtain the stellar wind velocity, the radial velocity must be subtracted
from the velocity calculated from the Doppler shift.

Terminal velocities of stellar wind, from both veqge and vg, were calculated as:

, 4.4)

V=~¢C

Voo = VD — Vrad — Vs, 4.5)

3https://physics.nist.gov/PhysRefData/ASD/lines_form.html
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Data Aedge Vedge Ap VB Phase
[A] [kms~1] [A] [kms1] -

swp01336HS || 1231.3(2) -1812.2(3) [ 1234.99(5) -923.06(4) | 0.142502
swpO1698HS || 1232.3(1) -1572.2(2) | 1235.06(4) -904.99(3) | 0.382683
swp01699HS || 1232.2(1) -1605.4(1) | 1234.98(4) -924.73(3) | 0.428527
swp02513HS || 1231.1(2) -1870.2(3) | 1234.49(6) -1042.81(5) | 0.684046
swp04024HS || 1230.7(2) -1964.3(4) | 1234.71(7)  -990.25(6) | 0.915497
swp04767HS || 1230.9(2) -1919.8(4) | 1234.62(8) -1011.54(6) | 0.549404
swp04768HS || 1231.02) -1886.5(4) | 1234.67(8) -1000.41(6) | 0.763643
swp04773HS || 1230.7(3) -1953.9(5) | 1234.81(9) -967.57(7) | 0.866087
swp04776HS || 1230.5(3) -2008.4(4) | 1234.69(8)  -996.71(6) | 0.934100
swp04779HS || 1231.02) -1886.4(4) | 1234.62(7) -1013.40(6) | 0.980763
swp04798HS || 1231.3(4) -1819.1(7) | 1235.37(14) -830.76(10) | 0.180305
swp04802HS || 1231.8(2) -1690.1(3) | 1235.08(7) -902.04(5) | 0.252614
swp05478HS || 1232.03) -1655.4(4) | 1235.05(10) -909.53(7) | 0.229888
swp05481HS || 1231.8(3) -1705.9(4) | 1235.12(10) -890.41(7) | 0.3120311

Table 4.4: Velocity from Doppler shift for the edge of the line and parameter B.

where vp is velocity determined from Doppler shift, either vg Or Veqge, Vrad 18 radial ve-
locity corresponding to the phase and vs = 12.10kms™! is the system velocity [Pourbaix
et al., 2004] #. Radial velocity was assumed to be a sine function with amplitude equal
to the orbital velocity vyp and phase shift previously calculated. The results are shown in
table 4.5 and figure 4.5.

In the figure 4.5, radial velocity was shifted to mean value of velocity calculated
from Doppler shift. Velocities veop and veegge represent the terminal velocity of the
stellar wind. The average values of terminal velocities Vop = (—977 £48)kms~! and
Veoedge = (—1837 & 95)kms_1. Velocity Veedge Seems to be phase dependant, possibly
due to interactions with the companion star.

4.2.5 Calculation of X-ray flux

Using these values with equation 1.1 we get the flux Lx. All quantities used in the calcu-
lation and their values are in the table 4.6. Values for Mx and Rx, assuming white dwarf,
were taken from [Rigoselli et al., 2023, Mereghetti and La Palombara, 2016, Mereghetti
et al., 2021].

For the values from from the blue edge of the line, Lx ege = (9.5+£0.1) x 10" ergs™
which is over by an order lower than the observed value Ly ops = (1.3+0.3) X 1032 ergs
[Mereghetti and La Palombara, 2016]. For the values from parameter B, Lx g = (1.19 £
0.03) x 10%2ergs~! which is very close to the observed value and belongs to its interval
of uncertainty.

Several factors might have influenced the calculation. Firstly, the nature of the com-
panion and its radius is still unknown. Using another value, Rx = 3340km [Popov et al.,

2018], lowers the flux determined from parameter B to Lx g = (5.7 £0.3) x 103 ergs .

1
1

030

4Source: SIMBAD
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Figure 4.4: Velocities calculated from the Doppler shift over phase and radial velocity
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Velocities determined from parameter B
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Figure 4.5: Velocities of the stellar wind
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Data Vrad Vedge Vooedge VB Voo B Phase

- kms™] kms™] kms~] kms~] kms™] -

swp01336HS || 92(6) | -1812.2(3) -1916(6) | -923.06(4) -1027(6) | 0.142502
swp0O1698HS || 79(5) | -1572.2(2) -1663(5) | -904.993)  -996(5) | 0.382683
swpOl1699HS || 51(3) | -1605.4(1) -1669(3) | -924.73(3) -988(3) | 0.428527
swp02513HS || -108(7) | -1870.2(3) -1775(7) | -1042.81(5) -947(7) | 0.684046
swp04024HS | -59(4) | -1964.3(4) -1917(4) | -990.25(6) -943(4) | 0.915497
swp04767HS || -36(2) | -1919.8(4) -1896(3) | -1011.54(6) -988(2) | 0.549404
swp04768HS || -117(8) | -1886.5(4) -1782(8) | -1000.41(6) -895(8) | 0.763643
swp04773HS || -87(6) | -1953.9(5) -1878(6) | -967.57(7) -892(6) | 0.866087
swp04776HS | -47(3) | -2008.4(4) -1973(3) | -996.71(6) -961(3) | 0.934100
swp04779HS | -14(1) | -1886.4(4) -1885(1) | -1013.40(6) -1012(1) | 0.980763
swp04798HS || 106(7) | -1819.1(7) -1938(7) | -830.76(10) -949(7) | 0.180305
swp04802HS || 117(8) | -1690.1(3) -1820(8) | -902.04(5) -1032(8) | 0.252614
swp05478HS || 116(8) | -1655.4(4) -1784(8) | -909.53(7) -1038(8) | 0.229888
swp05481HS || 109(7) | -1705.9(4) -1827(7) | -890.41(7) -1011(7) | 0.3120311

Table 4.5: Velocities of the stellar wind

| Quantity Value |
Mx 1.22M,,
Rx 1600 km
Vorb 117(8) kms~!
VeoB —977(48)kms™!
Voocdge  —1837(95)kms™!

Table 4.6: Values used for calculation of X-ray luminosity

Furthermore, more unknown processes might influence the stellar wind and the accretion,
such as previously mentioned X-ray photoionisation suggested by [Krticka et al., 2019].
Another thing that can strongly influence the final results is that the spectra don’t seem to
be saturated, which complicates the process. Saturated P Cygni spectra should have sharp
difference between the line and the continuum and zero intensity only at v., [Prinja et al.,
1990] which is not the case with the spectra used. Due to this, it is questionable to which
wavelength to use to calculate the terminal velocity, therefore both parameter B and blue
edges of N V lines were used. Moreover, Ly & lines in the spectra suggest that, in case
they are saturated, they might have been incorrectly processed. In such case, parameter B
is a better choice for determining the terminal velocity and Ly.
Incorrect estimates and parameters could be another source of difference.



Conclusion

In this thesis we analyzed ultraviolet spectra od HD 49798 from space observatory IUE.
We identified the most prominent spectral lines, among them the short-wavelength com-
ponent of N V doublet on which we further focused. The blue edge of this line was fitted
using Gaussian and obtained parameters were used to plot the phase diagrams. Out of
them, parameter B representing the shift wavelength showed phase dependence, which is
most likely due to its relation to the orbital velocity.

In the following section, semiamplitude of orbital velocity was calculated using stellar
parameters from [Rigoselli et al., 2023] and we obtained result vop, = (117 £ 8)km s
Other than vy,q4, velocity from Doppler shift was needed to get to the terminal velocity
V. We obtained Doppler shift velocities from wavelength of parameter B and the blue
edge of the line. After subtracting radial velocities from Doppler shift velocities, we were
finally able to obtain wind velocities. They weren’t constant as expected, but rather scat-
tered around with a large standard deviation. Therefore a mean value was calculated and
considered as the final terminal velocity.

Using both velocities Veop = (—977 £48)kms ™! and Veegge = (—1837£95)kms ™!,
and assuming the compact companion is white dwarf, we were able to calculate the X-ray
luminosity Lx. Luminosity Lx eqee = (9.520.1) x 103 ergs™! is lower than the observed
value Ly ops = (1.3 £0.3) x 1032 ergs~! [Mereghetti and La Palombara, 2016]. However
the luminosity calculated using parameter B gives value belonging to the observed Lx’s
interval of uncertainty - Lx g = (1.1940.03) x 10*? ergs~!. Therefore calculated terminal
velocity is consistent with the observations.

Several factors might have influenced the results and they are debated in the discussion
of the last chapter. Thus, we managed to resolve the issue of the X-ray emission strength
from HD 49798 through a precise measurement of its wind terminal velocity.

Further research and new measurements are highly recommended as it would help us
understand better not only HD 49798 itself, but also similar binaries with stellar wind and
possibly even young contracting white dwarfs.
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Appendix

4.3 Code

#IMPORT PACKAGES

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt
from astropy.io import fits

import scipy

from scipy.optimize import curve_fit
from scipy import asarray as ar,exp
import statistics as stat

#DATA

data_1="Data/swp01336HS.fits"

hdul_1=fits.open(data_1)

header 1 = hdul_ 1[0].header

#datum merania: 1978-04-08 09:35:00

Time_1 = 43607.41328 #modified Julian date of mid exposure

data_2="Data/swp01698HS.fits"
hdul_2=fits.open(data_2)

header_2 = hdul_2[0] .header

#datum merania: 1978-06-01 22:42:33
Time_2 = 43661.95331

data_3="Data/swp01699HS.fits"
hdul_3=fits.open(data_3)

header_3 = hdul_3[0] .header

#datum merania: 1978-06-02 00:20:00
Time_3 = 43662.02426

data_4="Data/swp02513HS.fits"
hdul_4=fits.open(data_4)
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header_4 = hdul_4[0] .header

#datum meranta: 1978-09-06 08:53:

Time_4 = 43758.37501

data_b6="Data/swp04024HS.fits"
hdul_5=fits.open(data_5)
header_5 = hdul_5[0] .header

#datum merania: 1979-01-24 00:21:

Time_5 = 43898.02316

data_6="Data/swp04767HS.fits"
hdul_6=fits.open(data_6)
header_6 = hdul_6[0] .header

#datum merania: 1979-03-26 15:43:

Time 6 = 43595.6617

data_7="Data/swpO4768HS.fits"
hdul_7=fits.open(data_7)
header 7 = hdul_7[0] .header

#datum meranta: 1979:03-26 16:31:

Time_7 = 43959.69478

data_8="Data/swp04773HS.fits"
hdul_8=fits.open(data_8)
header_8 = hdul_8[0] .header

#datum meranta: 1979-03-26 20:19:

Time_8 = 43959.85333

data_9="Data/swp04776HS.fits"
hdul_9=fits.open(data_9)
header_9 = hdul_9[0] .header

#datum meranta: 1979-03-26 22:52:

Time_9 = 43959.95859

data_10="Data/swp04779HS.fits"
hdul_10=fits.open(data_10)
header_10 = hdul_10[0] .header

#datum meranta: 1979-03-27 00:26:

Time_10 = 43960.03081

data_11="Data/swp04798HS.fits"
hdul_11=fits.open(data_11)
header 11 = hdul_11[0] .header
Time_11 = 43961.88730

data_12="Data/swp04802HS.fits"
hdul_12=fits.open(data_12)
header_12 = hdul_12[0] .header
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#datum meranta: 1979-03-28 23:49:38
Time_12 = 43961.99921

data_13="Data/swp05478HS.fits"
hdul_13=fits.open(data_13)
header_13 = hdul_13[0] .header
#datum merania: 1979-06-09 16:49:34
Time_13 = 44034.70434

data_14="Data/swp05481HS.fits"
hdul_14=fits.open(data_14)
header_ 14 = hdul 14[0] .header
#datum meranta: 1979-06-09 19:52:38
Time_14 = 44034.83147

data_all=[data_1,data_2,data_3,data_4,data_5,data_6,data_7,data_8,
data_9,data_10,data_11,data_12,data_13,data_14]

hdul_all=[hdul_1,hdul_2,hdul_3,hdul 4,hdul_5,hdul_6,hdul_7,hdul_8,hdul 9,
hdul 10,hdul_11,hdul_12,hdul_13,hdul_14]

header_all=[header_1,header_2,header_3,header_4,header_5,header_6,
header_7,header_8,header_9,header_10,header_11,header_12,header_13,
header_14]

Time_all=[Time_1,Time_2,Time_3,Time_4,Time_5,Time_6,Time_7,Time_8,Time_9,

Time_10,Time_11,Time_12,Time_13,Time_14]

#FLUX AND WAVELENGTH FILES
#The first one is "flux_0" and the last one is "fluz_13

flux_all = {}
wave_all = {}
i=0

for i in range(len(hdul_all)):
flux_all[f’flux_{i}’] = hdul_all[i] [0].data
globals() [f’flux_{i}’] = hdul_all[i] [0].data

wavelength = []

j=1# Start at L1_A

while f"L{j}_A" in header_all[i]:
wavelength.append (header_all[i] [f"L{j}_A"1)
j+=1
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wave_all[f’wave_{i}’] = wavelength
globals() [f’wave_{i}’] = wavelength

#FIT DEFINTION

def fit(xdata, ydata, wavelength, flux, name):

def gauss (x,y0,B,C,A): #Definition of the function
y=y0-Axexp (- (x—B) **2/ (2%C) **2)
return (y)

#Inittal guess of parameters

initial_yO0 = np.mean(ydata)

initial_B = xdata[np.argmin(ydata)]

initial_C = (np.max(xdata) - np.min(xdata)) / 4
initial_A = np.max(ydata) - initial_yO

parameters, covariance =
curve_fit(gauss, xdata, ydata, pO=[initial_yO, initial_B,
initial C, initial_A], maxfev=2000)

fit_y0 = parameters[0] #continuum

fit_B = parameters[1] #wavelength of the line center
fit_C = parameters([2] #standard deviation
fit_A = parameters([3] #amplitude (flux)

uncertainty = np.sqrt(np.diag(covariance))
uncertainty_y0 = uncertainty[0]
uncertainty_B = uncertainty[1]
uncertainty_C = uncertainty[2]
uncertainty_A = uncertainty[3]

fit_y = gauss(xdata, fit_yO0, fit_B, fit_C, fit_A)
G = gauss(wavelength, fit_yO, fit_B, fit_C, fit_A)

#print (Py_0 = °, fit_y0, "+-", uncertainty_y0)

min_flux.append(np.min(fit_y))

yO_all.append(fit_y0)
A_all.append(fit_A)
B_all.append(fit_B)
C_all.append(fit_C)
width_all.append(np.abs(fit_C)*6)
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#UNCERTAINTIES
uncertainty_A_all.append(uncertainty_A)
uncertainty_B_all.append(uncertainty_B)
uncertainty_C_all.append(uncertainty_C)
uncertainty_y0_all.append(uncertainty_y0)
uncertanrtinty_width_all.append(uncertainty_C*6)

#PLOT
plt.ylim(0, 2E-10)
plt.plot(wavelength[2000:4000], flux[2000:4000], linewidth=1)

plt.plot(xdata, ydata, ’-’)
plt.plot(wavelength[2000:4000],G[2000:4000],’-’,color="yellow’)
plt.plot(xdata, fit_y, ’-’, color=’magenta’)

plt.legend(["Flux", "Line", "Gaussian", "Fit"])

plt.title(name)

plt.xlabel (’wavelength,,[]’)

plt.ylabel (’flux, [$\mathrm{erg \, s {-1F.\,ucm™{-2} \,,"{-1}}$]1°)
plt.show()

#ACTUAL FITTING

#this has to stay here and be empty before the loop

yO_all = []
A_all = []
B_all = []
C_all = []

width_all = []

uncertainty_A_all = []
uncertainty_B_all []
uncertainty_C_all = []
uncertainty_y0_all = []
uncertanrtinty_width_all = []

min_ flux=[]
min_wave=[]
#the lists have to be empty before the loop

fit(wave_0[2620:2800], flux_0[2620:2800], wave_O, flux_0, ’swp01336HS’)
fit(wave_1[2620:2800], flux_1[2620:2800], wave_1, flux_1, ’swp01698HS’)
fit(wave_2[2620:2800], flux_2[2620:2800], wave_2, flux_2, ’swp01699HS’)
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fit(wave_3[2550:2800], flux_3[2550:2800], wave_3,
fit(wave_4[2570:2800], flux_4[2570:2800], wave_4,
fit(wave_5[2570:2800], flux_5[2570:2800], wave_5,
fit(wave_6[2570:2800], flux_6[2570:2800], wave_6,
fit(wave_7[2570:2800], flux_7[2570:2800], wave_7,
fit(wave_8[2570:2800], flux_8[2570:2800], wave_8,
fit(wave_9[2570:2800], flux_9[2570:2800], wave_9,

fit(wave 10[2620:2800], flux_10[2620:2800], wave_ 10, flux_

flux_3,
flux_ 4,
flux_ 5,
flux_6,
flux_ 7,
flux_8,
flux_9,

>’ swp02513HS?)
’ swp04024HS’)
> swp04767HS?)
> swp04768HS )
> swp04773HS?)
’ swpO4T76HS?)
’ swpO4T79HS?)
10, ’ swp04798HS’)

fit(wave_11[2620:2800], flux_11[2620:2800], wave_11, flux_11,’swp04802HS’)
fit(wave_12[2550:2800], flux_12[2550:2800], wave_12, flux_12,’swp05478HS’)
fit(wave_13[2620:2800], flux_13[2620:2800], wave_13, flux_13,’swp05481HS’)

#THIS HAS TO STAY HERE
C_abs_all=np.abs(C_all)

#TABLE WITH FIT RESULTS

table = pd.DataFrame()

table[’y0’] = y0_all

table[’uncertainty_y0’] = uncertainty_y0_all
table[’A’] = A_all

table[’uncertainty_A’] = uncertainty_A_all
table[’B’] = B_all

table[’uncertainty_B’] = uncertainty_B_all
table[’C’] = C_all

table[’uncertainty_C’] = uncertainty_C_all

table[’y0’]=table[’y0’]*1E11
table[’A’]=table[’A’]*1E11

print(table)

print (’yO_=_’ ,np.mean(y0_all),

’+-’ ,np.sqrt ((np.mean(table[’uncertainty_y0’]) ) **2
+ (stat.stdev(table[’uncertainty_y0’]))**2))

print (’A =’ ,np.mean(A_all),
’+-? np.sqrt((np.mean(table[’uncertainty_A’]))**2
+ (stat.stdev(table[’uncertainty_A’]))*x2))

print (’B_=_’ ,np.mean(B_all),
’+-? ,np.sqrt ((np.mean(table[’uncertainty_B’]))**2
+ (stat.stdev(table[’uncertainty_B’]))**2))

print (°C_=_’ ,np.mean(C_all),
’+-’ np.sqrt ((np.mean(table[’uncertainty_C’]))**2
+ (stat.stdev(table[’uncertainty_C’]))**2))
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#AVERAGE VALUES OF THE PARAMETERS

print (’Average yvalues: yO,=_,’, np.average(y0_all),’.... A =,
np.average(A_all),

D 0000 LBL=1’, np.average(B_all),

Y 00000 uCu=u’, np.average(C_all))

#PLOT PARAMETERS OVER TIME (MODIFIED JULIAN DATE OF MID EXPOSURE)

plt.figure() .set_figheight (20)

plt.figure().set_figwidth(10)

plt.errorbar(Time_all,y0O_all, yerr=uncertainty_yO_all, fmt=’.k’)
plt.xlabel(’Time[MJD]’)
plt.ylabel(’$y_0$, [$\mathrm{erg \, s {-1}.\,ucm"{-2} .\, "{-13}$1")
plt.title(’Value of continuum’, fontsize=14)

#plt.text (0.5,0.5, "Parameter y_0°)

plt.show()

plt.figure() .set_figheight (20)

plt.figure().set_figwidth(10)

plt.errorbar(Time_all,A_all, yerr=uncertainty_A_all, fmt=’.k’)
plt.title(’Amplitude’, fontsize=14)

#plt.text(0.5,0.5, Parameter y_0°)

plt.xlabel(’Time[MJD]’)

plt.ylabel CALL [$\mathrm{ergu\ ,us {-1}.\,uem~{-2} \,,"{-1}}$]1 ")
plt.show()

plt.figure() .set_figheight (20)

plt.figure() .set_figwidth(10)

plt.errorbar(Time_all,B_all, yerr=uncertainty_B_all, fmt=’.k’)
plt.title(’Wavelength shift’)

#plt.text (0.5,0.5, Parameter B’)

plt.xlabel(’Time [MJD]’)

plt.ylabel(’B,[]1°)

plt.show()

plt.figure().set_figheight(20)

plt.figure() .set_figwidth(10)

plt.errorbar(Time_all,C_abs_all, yerr=uncertainty_C_all, fmt=’.k’)
plt.title(’Standard, deviation of jthe Gaussian’, fontsize=14)
#plt.text (0.5,0.5, ’Parameter C’)

plt.xlabel(’Time[MJD]’)

plt.ylabel(’Cy,[]?)

plt.show()
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#TIME TO PHASE CONVERSION
P_orb=1.547666 #[d] ... Rigoselli 2023 133718.3424 #[s]
unc_P_orb=0.000006

# MJD 59 186.406(1) --> phase 0.75
t_0 = 54597.169 #time in MJD with phase = ’0’ = 1

phase_new=[]

i=0

for i in range(len(Time_all)):
phase_new.append (((Time_all[i]-t_0)/P_orb)-((Time_all[i]-t_0))//P_orb)
#print (round (phase_new([<],7))
i=i+1

#PARAMETERS OVER PHASE

ph_hd_all=[]

for i in range(len(Time_all)):
ph_hd_all.append(((Time_all[i]
-Time_all[0])/P_orb)-((Time_all[i]-Time_all[0])//P_orb))
i=i+1

def phase_plot(x,y, yerr, name, parameter):

plt.figure() .set_figheight (20)
plt.figure() .set_figwidth(10)
plt.errorbar(x,y, yerr=yerr, fmt=’.k’)
plt.xlabel(’Phase’)
plt.ylabel(parameter)

plt.title(name)

plt.show()

#UORBITAL PERIOD OF SUBDWARF
phase_plot(phase_new[0:13], y0_all[0:13], uncertainty_y0_all[0:13],
’Valueyof continuum’ ,’yO,[$\mathrm{erg \, s {-1}_\,ucm " {-2} \, "{-1}}$1’)

phase_plot (phase_new[0:13], A_all[0:13], uncertainty_A_all[0:13],
’Amplitude’ ,’A,[$\mathrm{erg \, s {-1}_\, cm"{-2} \, "{-1}}%]1")
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phase_plot(phase_new[0:13], B_all[0:13], uncertainty_B_all[0:13],
’Wavelength of shift’, ’By[]’)

phase_plot(phase_new[0:13], C_abs_all[0:13], uncertainty_C_all[0:13],
’Standard, deviation, of Gaussian’ ,’C,[]1?)

#CALCULATION OF THE ORBITAL VELOCITY
P_orb_s = P_orb*(3600%24)
P_orb_yr=P_orb/365.25

#i1t was defined above

G=6.6743E-11 #m3 kg-1 s-2

M_X=1.220%(2E30) #+- 0.08*(2E30) [kg] Rigoselli 2023
unc_M_X=0.08% (2E30)

M_HD=1.41% (2E30) ##- 0.02%(2E30) [kg] Rigosellsi 2023
unc_M_HD=0.02% (2E30)
a_X=2891000000 # 15000000 [m] Rigoselli 2023

unc_a_X=15000000

a=(((P_orb_yr**2)*(1.5+1.2))**(1/3))*(1.5E11) #a=a_z + a_HD
a_HD=a-a_X

v_HD=(M_X/M_HD) * (2*np.pi*a_X/P_orb_s) #orbit velocity of the subdwarf

unc_v_HD=np.sqrt ((unc_M_X/M_X)**2+(unc_M_HD/M_HD) *x*2
+(unc_a_X/a_X)**2+(unc_P_orb/P_orb) **2)xv_HD

#RADIAL VELOCITY

x_axis = np.linspace(0, 1, 1000)
rad_v=v_HD/1000%* (np.sin(2*np.pi*x_axis)) #km/s
unc_rad_v=np.abs((unc_v_HD/v_HD)*rad_v)
c=299792458

w_0=1238.804 #tabular value of NV line in (source: NIST ASD)

i=0

37
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def doppler (w):
v_all

for i in range(len(w)):

v=c*((w[i]l-w_0)/w_0)
v_all.append(v)

#DETERMIMING THE EDGE OF THE LINE
beg_all=[]
i=0

for i in range(len(B_all)):
beg_all.append(B_all[i]
-np.abs((3*C_all[i])))
#middle of the line — 3*standard deviation

i=i+1

#UNCERTAINTY OF THE EDGE OF THE LINE

unc_beg_all=[]

for i in range(len(beg_all)):
unc_beg_all.append(np.sqrt((uncertainty_B_all[i])**2
+3*(uncertainty_C_all[i])**2))
#+- 3*uncertainty of the standard deviation

i=i+1

#VELOCITY FROM THE DOPPLER SHIFT OF THE EDGE OF THE LINE
v_all=[]

doppler (beg_all)

v_beg_all=np.array(v_all)

v_beg_all=v_beg_all/1000 #m/s to km/s

unc_v_beg_all=[]

i=0

for i in range(len(v_beg_all)):
unc_v_beg_all.append(np.abs(unc_beg_all[il/beg_all[i]l*v_beg_all[i]))
#uncertainty of the wvelocity from the edge of the line

i=i+1

#relative uncertainty 0.0002
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#VELOCITY FROM THE DOPPLER SHIFT OF THE CENTER OF THE LINE
v_all=[]

doppler(B_all)

v_B_all=np.array(v_all)

v_B_all=v_B_all/1000 #m/s to km/s

unc_v_B_all=[]

i=0

for i in range(len(v_B_all)):
unc_v_B_all.append(np.abs(uncertainty_B_all[i]/B_all[il*v_B_all[i]))
#uncertainty of the velocity from the center of the line

i=i+1
#TABLE WITH VELOCITY AND WAVELENGTH VALUES

table_2 = pd.DataFrame()
table_2[’\lambda_{edge}’] = beg_all
table_2[’uncertainty_{edge}’] = unc_beg_all
table_2[’v_{edge}’]= v_beg_all
table_2[’uncertainty_{v\,edge}’] = unc_v_beg_all
table_2[’\lambda_{B}’] = B_all
table_2[’uncertainty_{B}’] = uncertainty_B_all
table 2[’v_{B}’]= v_B_all
table_2[’uncertainty_{v\, B}’] = unc_v_B_all

print(table_2)

rad_v_list=[]
unc_rad_v_list=[]

#just assigning radial velocities to the phases because % need a list with
only a few points
for i in range(14):
for j in range (len(x_axis)):
if (x_axis[j] in pd.Interval(left=phase_new[il]
-0.0005, right=phase_new[i]+0.0005))==True:
#print (’YES’, %, 7)
rad_v_list.append(rad_v[j]l)
unc_rad_v_list.append(unc_rad_v[jl)

j=0
else:

j=j+1
i=i+1
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#calculated wvelocity = radial velocity — wind velocity;
however we assume wind velocity is negative because it moves towards us
so it turns to calculated = radial + wind

velocities_B=v_B_all-rad_v_list
velocities_beg=v_beg_all-rad_v_list

unc_vel B=[]

unc_vel_beg=[]

i=0

for i in range(len(velocities_B)):
unc_vel_B.append(np.sqrt((unc_v_B_all[i])**2+(unc_rad_v_list[i])**2))
unc_vel_beg.append(np.sqrt((unc_v_beg_all[i])
*x2+(unc_rad_v_list[i])**2))
i=i+l

print (np.mean(velocities_B),’+-’,
np.sqrt ((np.mean(unc_vel_B))**2+(stat.stdev(velocities_B))**2))

print (np.mean(velocities_beg),’+-’,np.sqrt((np.mean(unc_vel_beg) ) **2
+(stat.stdev(velocities_beg))**2))

#PLOTS
points_x=[]
points_y=[]

#FROM CENTER OF THE LINE

plt.figure() .set_figheight(7)

plt.plot(x_axis, rad_v+np.mean(v_B_all),linewidth=1, color=’black’)

#RADIAL VELOCITY IN KM/S SHIFTED BY AVERAGE WIND VELOCITY (just so graph
looks pretty)

plt.plot(phase_new[0:13], v_B_all[0:13], ’o’, markersize=3, color=’black’)

#plt.plot (phase_new[0:13], rad_v_list[0:13], ’0’, markersize=3,
color=’"red’)

plt.plot(phase_new[0:13],velocities_B[0:13], ’+’, markersize=7,
color="blue’)

plt.xlabel(’Phase’)

plt.ylabel (°$v\,\mathrm{ [km\,s"{-1}}1$’)

plt.legend([’$v_{rad}$’,’$v_B$’, ’$v_{\infty\,B}$’],loc="upper right")

plt.title(’Velocities determined, from parameter B’)

#FROM THE EDGE OF THE LINE

plt.figure() .set_figheight(7)
plt.plot(x_axis,rad_v+np.mean(v_beg_all),linewidth=1, color=’black’)
#RADIAL VELOCITY IN KM/S SHIFTED BY AVERAGE WIND VELOCITY
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plt.plot(phase_new[0:13], v_beg_all[0:13], ’0’, markersize=3,
color=’black’)

#plt.plot (phase_new[0:13], rad_v_list[0:13], ’0’, markersize=3,
color=’red’)

plt.plot(phase_new[0:13],velocities_beg[0:13], ’+’, markersize=7,
color=’blue’)

plt.xlabel(’Phase’)

plt.ylabel(’$v\, \mathrm{ [km\,s"{-1}}]1$’)

plt.legend([’$v_{rad}$’,’$v_{edge}$’, ’$v_{\infty\,edge}$’],loc="upper,
right")

plt.title(’Velocities determined, from the edge of line’)

table_3 = pd.DataFrame()
table_3[’$v_{rad}$’l=rad_v_list
table_3[’$v_{edge}$’]=v_beg_all
table_3[’$$v_\infty\,edge$’]=velocities_beg
table_3[’$v_B$’]=v_B_all
table_3[’$v_\infty\,B$’]=velocities_B
table_3[’phase’]=phase_new

print(table_3)

G=6.6743E-11 #m3 kg-1 s-2
M_X=1.22%(1.989E30)

#mass of the companion in kg
mass_loss=2.1E-9%(1.989E30)/ (3600%24365.25)
#mass loss rate of the subdwarf in kg/s
a=5.7E9 #axz+aHD in m

def x_ray_flux(v, R_X):

flux_x=(G*M_X/R_X)*(mass_loss)*((G*M_X)/ (a*xv**2))**2
print (" flux_x’,flux_x, ’Watt’)
return flux_x

flux_x_edge=x_ray_flux(np.mean(velocities_beg)*1E3, 1600E3)
unc_x_flux=4*(np.mean(unc_vel_beg) /np.mean(velocities_beg))*flux_x_edge
#uncertainty of the flux from the edge of the line

print (unc_x_flux, ’Watt’)

flux_x_B=x_ray_flux(np.mean(velocities_B)*1E3, 1600E3)
unc_x_flux_B=4*(np.mean(unc_vel_B)/np.mean(velocities_B))*flux_x_B
print (’B’, unc_x_flux_ B, ’Watt’)

Listing 4.1: Code used for data analysis
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