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ABSTRACT

This dissertation presents a comprehensive study of multi-wavelength optical po-
larimetry applied to stellar systems exhibiting variable intrinsic polarization, with
a focus on close binary stars and exoplanets. Using high-precision broadband po-
larimetry with the DiPol-2 instrument on the remotely controlled T60 telescope, we
have measured polarization variations with the phase of the orbital period in three
0+0 binary systems (AO Cassiopeiae (AO Cas), DH Cephei (DH Cep), and HD
165052) and the exoplanet Upsilon Andromedae b (v And b). For two binary sys-
tems, DH Cep and HD 165052, phase-locked small-amplitude polarization variabil-
ity has been detected and analyzed for the very first time.

For the binary systems, we derived orbital parameters through Fourier analy-
sis of polarization variability, obtaining inclinations and orientations of the orbital
planes. Our analysis revealed symmetric distributions of scattering material consis-
tent with Thomson scattering in circumstellar environments. We estimated interstel-
lar polarization contributions through observations of field stars, revealing uniform
dust distributions in the young open stellar cluster NGC 7380 (DH Cep), but strong
non-uniformity in cluster NGC 6530 (HD 165052).

For the exoplanet v And b, we detected weak periodic signals at half the or-
bital period but faced challenges in orbital and physical parameters extraction due to
very small amplitude of periodic variations and low signal-to-noise. Our Rayleigh-
Lambert modeling yielded tentative estimates of planetary orbital parameters and ge-
ometric albedo but with large uncertainties, demonstrating difficulties in exoplanet
polarimetry which requires accuracy much better than 1075,

This work demonstrates polarimetry’s unique ability to probe orbital geometries
and scattering environments in stellar systems, while establishing the current limi-
tations for exoplanet characterization. The research advances our understanding of
binary star dynamics and circumstellar environments while outlining pathways for
future high-sensitivity polarimetric studies.
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THVISTELMA

Tissa viitoskirjassa esitetddn kattava monikanavaisen optisen polarimetrisen tutkimuk-
sen kokonaisuus tdhtijarjestelmisté, jotka osoittavat muuttuvaa intrinsisti polarisaa-
tiota. Tutkimus keskittyy erityisesti lihekk&isiin kaksoistihtiin ja eksoplaneettoi-
hin. Kiyttamalld erittdin tarkkaa laajakaistaista polarimetriaa kauko-ohjatun T60-
kaukoputken DiPol-2 -instrumentilla mitattiin polarisaation vaihtelua kiertoradan vai-
heen funktiona kolmessa O+O-tyypin kaksoistihtijarjestelméssd (AO Cassiopeiae
(AO Cas), DH Cephei (DH Cep) ja HD 165052) seki eksoplaneetalla Upsilon An-
dromedae b (v And b). Kahdessa kaksoistéhtijirjestelméssd, DH Cep ja HD 165052,
havaittiin ja analysoitiin ensimmadisti kertaa vaiheeseen sidottua pienen amplitudin
polarisaatiovaihtelua.

Kaksoistéhtijirjestelmissi kiertoradan parametrit mitattiin polarisaation vaihtelun
Fourier-analyysin Fourier-analyysilla, josta saatiin tietoa kiertoratojen inklinaatioista
ja suunnista. Analyysi osoitti sirontamateriaalin symmetrisen jakauman, mik& on jo-
hdonmukaista Thomson-sironnan kanssa tihtid ympardivissa ymparistoissi. Tahtikent-
tien havaintojen perusteella arvioitiin myds tidhtienvilinen polarisaatio. NGC 7380
-tdhtijoukossa (DH Cep) havaittiin tasainen pdlyjakauma, kun taas NGC 6530 -
joukossa (HD 165052) p6ly oli jakautunut epétasaisesti.

Eksoplaneetalla v And b havaittiin heikkoja periodisia signaaleja, joiden jakso
vastaa puolta kiertoradasta. Kiertoradan ja planeetan parametrien méérittdmisti vaikeutti
kuitenkin vaihtelun erittdin pieni amplitudi ja alhainen signaali-kohinasuhde. Rayleigh-
Lambert-mallinnuksen avulla saatiin alustavia arvioita kiertoradan parametreista ja
geometristd albedosta, mutta epavarmuudet jdivit suuriksi. Tdmé osoittaa, kuinka
haastavaa eksoplaneettojen polarimetrinen tutkimus on, silli se vaatii paljon parem-
paa tarkkuutta kuin 107>,

Tami tyd osoittaa polarimetrian ainutlaatuisen kyvyn tutkia kiertoratojen ge-
ometrioita ja sirontaympéristoja téhtijarjestelmissi seké tuo esiin nykyiset rajoituk-
set eksoplaneettojen karakterisoinnissa. Tamé tutkimus syventdd ymmarrystimme
kaksoistdhtien dynamiikasta ja tihted ympéroivistd ympéristoistd sekd osoittaa suun-

taviivoja tuleville erittdin herkille polarimetrisille tutkimuksille.

ASTASANAT: havaintotéhtitiede, polarimetria, kaksoistidhdet, eksoplaneetat
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1 Introduction

Light polarization, first discovered in 1808 by the French physicist Etienne-Louis
Malus, has become one of the most powerful diagnostic tools in astronomy for prob-
ing the physical conditions, geometries, and interactions within astrophysical envi-
ronments (Hiltner, 1947, 1949; Hall, 1949; Chandrasekhar, 1960). When light passes
through or is scattered by interstellar dust grains, gas clouds, circumstellar material,
or planetary atmospheres, these interactions can induce linear polarization, i.e., align-
ing the electric field vectors of the light in a preferred direction rather than at random
(Serkowski et al., 1975; Andersson et al., 2015). This polarization reveals crucial in-
formation about the composition, alignment, and spatial distribution of matter, often
uncovering structures and processes that remain hidden to conventional photometry
or spectroscopy (Serkowski et al., 1975; Clarke, 2010).

Astronomical polarization is inherently partial, regardless of wavelength or mech-
anism, because only a fraction of the light is scattered, absorbed, or aligned in a
preferred direction, while the remainder remains unpolarized. At radio wavelengths,
synchrotron emission from relativistic electrons spiralling in magnetic fields can nev-
ertheless produce relatively high levels of polarization, often reaching tens of percent
in compact sources (e.g., Saikia and Salter, 1988). At shorter wavelengths, spectral-
line polarization can be used to probe magnetic fields through the Zeeman and Hanle
effects (Harrington, 1970; Leroy, 1990), while light scattering in continuum by dust
grains, free electrons, or planetary atmospheres typically yields much lower values.
Together, continuum and spectral-line polarimetry provide complementary diagnos-
tics of the geometry of light-scattering material and magnetic structure. However,
this work focuses specifically on optical continuum linear polarization in binary star
systems and exoplanets, where the expected signals are comparatively modest or
very low.

In the optical and near-infrared, interstellar dust typically produces a few per-
cent polarization (Serkowski et al., 1975; Andersson et al., 2015). Light scattering
in hot-star envelopes or circumstellar disks usually yields polarization below 1-2%
(Brown et al., 1978; Abdul Qadir et al., 2023a,b, 2025). Expected exoplanetary po-
larization signals are much weaker, at the level of a few parts per million (Seager
et al., 2000; Berdyugina et al., 2008). By contrast, X-ray and gamma-ray polariza-
tion can be substantially higher, offering unique insights into emission mechanisms
and magnetic geometries in extreme environments near accreting black holes and

13



Yasir Abdul Qadir

neutron stars (e.g., Poutanen et al., 2023; Forsblom et al., 2024; Kole et al., 2023). A
clear understanding of this broad polarization landscape is essential for placing opti-
cal measurements in the context of the field of research and designing high-precision
polarimetric instrumentation.

The first observational evidence of starlight polarization emerged in the mid-
20th century, when Hiltner (1947, 1949) conducted measurements motivated by
Chandrasekhar’s prediction (Chandrasekhar, 1946) that hot stars in eclipsing bina-
ries could exhibit polarization if symmetry in the Thomson-scattering envelopes was
broken by the presence of a companion. Hiltner’s observations revealed that the
polarization position angles were systematically aligned with the Galactic plane, in-
dicating that the measured polarization originated in the interstellar medium rather
than in the stellar environment. No significant time-dependent polarization was de-
tected in individual stars, consistent with the small fraction of intrinsic polarization
discussed above.

Systematic polarimetric studies of binary star systems soon followed, as as-
tronomers recognized that orbital motion within these systems could induce mea-
surable, phase-dependent polarization variations (Hiltner, 1956; Coyne and Gehrels,
1966; Poeckert and Marlborough, 1976; Brown et al., 1978; McLean, 1979). One
of the earliest comprehensive investigations of binary systems, including AO Cas-
siopeiae (AO Cas), o Orionis E, and Cygnus X-1 was carried out by Rudy and Kemp
(1976) and re-analyzed by Brown et al. (1978) who demonstrated how phase-locked
polarization variations are directly linked to the distribution of light scattering ma-
terial and orbital geometry of the system. Their work highlighted the power of po-
larimetry as a tool for probing circumstellar environments of binary stars and deriv-
ing their orbital parameters, such as orbit inclination, orientation, and direction of
circumvention.

Polarimetric studies can also serve as a powerful tool for investigating interstel-
lar dust and its distribution in star forming regions or star clusters (McMillan, 1976;
Axon and Ellis, 1976; Goodman et al., 1990; Menard and Bastien, 1992; Abdul Qadir
etal., 2023b, 2025). Dust grains aligned by the local Galactic magnetic field polarize
the light emitted by cluster stars, and by observing multiple stars in a cluster one can
map polarization patterns across a cluster, tracing dust density and magnetic field ge-
ometry (McMillan, 1976; Abdul Qadir et al., 2023b, 2025). Significant variations in
polarization magnitude and direction indicate non-uniform dust distribution and tan-
gled magnetic field geometry, which points to clumps, voids, or asymmetries, while
uniform polarization suggests a smoother, more evolved dust environment (McMil-
lan, 1976; Abdul Qadir et al., 2023b, 2025).

A complete interpretation of such polarization patterns requires consideration
of modern grain alignment theory, specifically radiative alignment torques (RATS)
(Dolginov and Mitrofanov, 1976; Lazarian and Hoang, 2007; Andersson et al., 2015).
RAT theory predicts that the efficiency of grain alignment depends on grain size dis-
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tribution and mineralogy, as well as on the intensity and spectrum of the local ra-
diation field. Thus, the observed ISM polarization in star-forming regions not only
traces magnetic field geometry but also carries information about the dust population
and its radiative environment. One of the earliest systematic polarimetric surveys of
star clusters, conducted on the open cluster NGC 7380 by McMillan (1976) and later
repeated by Abdul Qadir et al. (2023b), demonstrated that polarization patterns can
effectively reveal interstellar dust distribution in stellar cluster environments.

Early-type binary star systems, such as O+O binaries composed of two mas-
sive O-type stars in close gravitational interaction, are particularly compelling for
studying polarization due to their intense radiation fields and dynamic interactions
(Rudy and Kemp, 1976). These systems are characterized by phenomena such as
tidal distortions, mass transfer and mass-loss due to stellar winds, which give rise
to variable orbital phase locked polarization due to electron scattering (see (Berdyu-
gin et al., 2016; Abdul Qadir et al., 2023a,b, 2025). Chandrasekhar (1946) provided
the first theoretical treatment of electron scattering and its role in producing polar-
ized light, which laid the foundation for modern polarimetric studies of circumstellar
environments of the hot stars. In such environments, polarization arises primarily
from the scattering of photons off free electrons, which are present in hot ionized
material ejected through stellar winds or mass transfer (Shakhovskoi, 1965; Brown
and McLean, 1977). This makes O+O binaries ideal laboratories for probing orbital
parameters, mass-loss rates, and the geometry of their environments.

Polarization variability across the orbital phase of a binary star system can help to
determine critical orbital parameters (Brown et al., 1978; Drissen et al., 1986). These
parameters are essential for understanding the geometry and physical processes gov-
erning binary star systems. In the case of non-spherically symmetrical distribution
of ejected material, orbital motion of the stars with respect to observer creates dis-
tinct polarization pattern that varies systematically with orbital phase. These patterns
provide a direct probe of system’s orbital parameters, such as inclination, the orien-
tation of the orbit on the plane of the sky, and the direction of rotation, as well as
the mass-loss rates and the structure of the circumstellar material (St. -Louis et al.,
1988; Manset and Bastien, 2000; Abdul Qadir et al., 2023b, 2025).

In recent years, the study of polarized light has expanded to include exoplane-
tary systems, a growing area of interest in modern astrophysics (Seager et al., 2000).
Exoplanets are the planets that orbit stars outside our solar system and offer unique
challenges and opportunities for polarimetric analysis. When starlight interacts with
an exoplanet’s atmosphere or surface, scattering processes polarize the light (Seager
et al., 2000; Stam and Hovenier, 2005; Wiktorowicz, 2009). As the planet orbits its
host star, the degree of polarization varies, making these signals an important probe
of planetary characteristics (Seager et al., 2000; Lucas et al., 2009). This polariza-
tion, similar to that observed in binary star systems, can reveal critical information
about the exoplanet’s orbital parameters, including its inclination, orientation, and
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rotation.

In a breakthrough study, Berdyugina et al. (2008) reported the first detection of
polarized light from an exoplanet, HD 189733b. However, this finding was contested
by Wiktorowicz (2009), who reported a non-detection of polarization from the same
system. In response, Berdyugina et al. (2011) reaffirmed their detection of polar-
ization originating from HD189733b. The first theoretical models of exoplanetary
polarimetry, developed by Seager et al. (2000) and Fluri and Berdyugina (2010),
demonstrated that polarization measurements could be used to probe atmospheric
properties and surface albedo of close-in giant planets. This theoretical groundwork
not only guided subsequent observational efforts, but was later employed by Wik-
torowicz et al. (2015) to estimate the planetary albedo of HD 189733b. By analyzing
the polarization signatures of exoplanets, astronomers can construct a detailed under-
standing of their atmospheres, orbital geometries, and evolutionary states, making
polarimetry a uniquely powerful tool in exoplanetary studies.

However, detecting polarimetric signals from exoplanets using ground-based in-
struments has proven to be highly challenging, because of the small size of a planet
compared to its host star or a secondary star in a binary system (Hough et al., 2006).
The degree of polarization produced by an exoplanet is extremely weak, typically on
the order of a few parts per million (PPM) (Seager et al., 2000; Berdyugina et al.,
2008), which presents a significant challenge. As a result, only a small number of
exoplanets, primarily the so-called “hot Jupiters” with high temperatures due to very
close orbits have been targeted for polarimetric studies (Bott et al., 2016). Their
proximity to their host stars and their thick scattering atmospheres make them po-
tentially suitable for polarization observations with ground-based telescopes. Even
when these weak signals are detected, modeling them remains a major challenge
(Bailey et al., 2018). To date, there has been no comprehensive study that derived
precise orbital parameters of an exoplanet using ground-based polarimetric observa-
tions.

To observe polarization with high precision, instruments such as DiPol-2 (Dou-
ble Image Polarimeter - 2) and DiPol-UF (Double Image Polarimeter - Ultra Fast)
must be employed, which are capable of measuring very weak polarization signals
with high accuracy (Piirola et al., 2014, 2021). The data collected by such instru-
ments undergo rigorous processes of data calibration and reduction (Piirola et al.,
2014). Data treatment process also includes careful determination of instrumental
(telescope) polarization and interstellar polarization (Kosenkov et al., 2017). Ad-
vanced algorithms are then applied to reveal intrinsic polarization signal. After these
corrections, the final data are analyzed to derive key astrophysical parameters and
physical properties of the observed system.

The investigation which was carried out in this thesis applies broadband high-
precision optical polarimetry to studying physical properties and deriving orbital
parameters for three O+O close binary star systems, AO Cas (Abdul Qadir et al.,

16



Introduction

2023a), DH Cephei (DH Cep) (Abdul Qadir et al., 2023b), and HD 165052 (Ab-
dul Qadir et al., 2025), and the exoplanet Upsilon Andromedae b (v And b). Each
of these systems presents unique challenges and opportunities for study because of
their distinct compositions, orbital characteristics, and circumstellar environments.
The key objectives of this research include:

1. Deriving Orbital Parameters: This research aims to derive the orbital in-
clination, orientation, and rotational direction for each of the binary systems,
utilizing polarization variability across their orbits. These parameters are cru-
cial for constraining models of binary star interactions and understanding the
geometry of the systems.

2. Estimating Interstellar Polarization: Accurate estimation of interstellar po-
larization (ISP) is essential for separating intrinsic polarization effects from
interstellar contributions. Observations of nearby field stars are incorporated
to improve the estimation of ISP, ensuring more accurate polarization mea-
surements for each binary system.

3. Exploring Physical Properties: This work investigates the scattering environ-
ments around each binary system by analyzing the phase-locked polarization
variability. The study aims to provide new insights into stellar wind collisions
and mass-loss processes. For the exoplanet v And b, we attempt to estimate
the planetary geometrical albedo.

This thesis is organized as follows:

» Chapter 1 provides an introduction to astronomical polarimetry, including its
applications to binary star systems and exoplanets.

* Chapter 2 discusses the theoretical background of polarization and mecha-
nisms responsible for causing polarization in binary stars and exoplanets.

* Chapter 3 outlines the observational methods, data analysis techniques, and
models used to interpret the polarization data.

» Chapter 4 presents the polarimetric data analysis of binary star systems and a
summary of published papers included in this thesis.

* Chapter 5 presents the polarimetric data analysis of exoplanet v And b.

* Chapter 6 summarizes the key findings and implications of this research work.
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2 Theoretical Background of Polarization,
Polarimetry of Binary Stars, and Stars
Hosting Exoplanets

Light, as an electromagnetic wave, consists of oscillating electric and magnetic fields,
a concept first formalized by Maxwell (1865) in his theory of electromagnetism. The
electric field component, specifically, is oriented in a direction perpendicular to the
direction of propagation. Polarization refers to the specific orientation of the electric
field vector of light waves, a phenomenon systematically described in optical physics
since the early 19th century (Young, 1804; Fresnel, 1821). In unpolarized light, the
electric field oscillates in random directions, with no preferential orientation. In con-
trast, polarized light exhibits a defined orientation of the electric field vector, making
it sensitive to external influences such as scattering, reflection, and magnetic fields
(Young, 1984). Understanding polarization is vital for analyzing astrophysical sys-
tems because it provides unique information about the geometric, physical, and dy-
namical properties of astronomical sources, as well as the processes occurring within
them (Tinbergen, 2005). As mentioned earlier, astronomical polarization is always
partial: only a fraction of light is polarized, with the remainder remaining unpolar-
ized. This partial polarization carries signatures of the intervening medium and/or
the intrinsic environment of the source. Polarimetric observations from binary stars
and exoplanetary systems can potentially reveal details of the orbital geometry and
physical properties of circumstellar and planetary environments.

2.1 Polarization of Electromagnetic Waves

The foundation of electromagnetic wave theory lies in Maxwell’s equations, which
describe how electric and magnetic fields propagate through empty space. These
were first formulated in full by Maxwell (1865), building on work by Faraday and
others, and are a cornerstone of classical electrodynamics (Heaviside, 1885; Rybicki
and Lightman, 1979; Jackson and Fox, 1999):
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Here, E and B are electric and magnetic field vectors, g is the magnetic per-
meability, and ¢ is the electric permittivity of free space. These equations describe
how a time-varying electric field generates a magnetic field and vice versa, leading
to the propagation of electromagnetic waves (Stratton and Chu, 1941; Rybicki and
Lightman, 1979; Jackson and Fox, 1999).

For a plane electromagnetic wave traveling in the z-direction, the electric and
magnetic fields can be expressed as:

E(z,t) = Foi cos(kz — wt + ¢), 5)
B(z,t) = Bygcos(kz — wt + ¢), (6)

where Ey and By are the amplitudes of the electric and magnetic fields, & is the
wave number, w is the angular frequency, and ¢ is the phase (Born and Wolf, 1959;
Rybicki and Lightman, 1979; Jackson and Fox, 1999).

2.2 Stokes Parameters

The state of polarization is quantitatively described by the four Stokes parameters,
introduced by Stokes (1851), and further developed in the context of modern physics
and optics (Chandrasekhar, 1960; Shurcliff, 1962). These parameters are essential
for characterizing the polarization properties of light in a comprehensive and sys-
tematic manner (Shurcliff, 1962; Kliger et al., 1990; Hecht, 2017; Tinbergen, 2005).
Understanding these parameters, that are also depicted by a schematic drawing in
Figure 1, is critical for astronomers for measuring and interpreting polarization data.

The description of polarized light is most conveniently expressed using the Stokes
formalism, in which the polarization state of a beam is represented by the Stokes vec-
tor:

(7N

< TO ~
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Figure 1. Schematic drawing of the three Stokes parameters. Q describes the linearly polarized
intensity in the horizontal or vertical direction. U describes the same, but rotated over an angle of
45°. V describes the circularly polarized intensity.

where [ is the total intensity, () and U describe the linear polarization, and V'
represents the circular polarization. For the light wave described above, the four
Stokes parameters are defined as:

* Stokes I: Total intensity of the light
I=E.+E, (8)

where E, and E are the electric field amplitudes in the horizontal and vertical
directions, respectively. This represents the total energy carried by the light
across all polarization states, regardless of the orientation of the electric field.
It gives a measure of the overall brightness of the source. A high value of
means a bright source, while a low value corresponds to a faint source.

* Stokes (): Difference in intensity between horizontally and vertically polarized
components
Q=E.-E. 9)

This parameter captures the linear polarization along two orthogonal axes (typ-
ically denoted as 0° and 90°), providing a measure of the linear polarization
along these directions.
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» Stokes U: Difference in the intensity between polarization components at 45°
and 135°
U=2E,E,cosd, (10)

where § is the phase difference between the horizontal and vertical components
of the electric field. This parameter helps quantify the diagonal linear polar-
ization, which is another important component of the total linear polarization,
complementary to Stokes Q).

» Stokes V': Circular polarization component
V =2E,E,sind. (11)

It describes the degree of rotation of the electric field vector as the light prop-
agates, distinguishing between right-handed and left-handed circular polariza-
tion.

The degree of total polarization (P) is given by:

P=vyQ2+U?+V2 (12)

Moreover, the polarization state is often characterized using normalized Stokes
parameters, which are dimensionless quantities that express the fraction of each po-
larization component relative to the total intensity I:

q=Q/I, (13)
uw=U/I, (14)
v=V/I. (15)

The degree of linear polarization (Pj,) that is often referred as polarization de-
gree (PD) in this work, is defined as:

2 2
o= YT e, (16)

and polarization angle (PA) denoted by @ is defined as:

1
f# = — arctan <U> . a7
2 Q
The degree of circular polarization (Pei.) i given by:
\%
Peire = 7 = 0. (18)
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2.3 Polarization in Binary Star Systems

Polarization in binary star systems arises from various physical processes, each of-
fering valuable diagnostic information about the system’s geometry and the physical
properties of its components. One significant mechanism responsible for polariza-
tion in these systems is scattering, which can occur due to free electrons, dust, or
other particles in the circumstellar environment. Thomson scattering, involving the
interaction of light with free electrons, is particularly important in systems with hot,
massive stars, where intense radiation scatters off electrons, producing measurable
polarization (Chandrasekhar, 1946; Brown and McLean, 1977; Brown et al., 1978).
These studies have shown that polarization arising in such systems can be explained
in terms of single Thomson scattering in optically thin circumstellar material. In sys-
tems containing Wolf-Rayet (WR) stars, spectropolarimetric observations have been
utilized to investigate the structure and evolution of these massive binaries (Harries
et al., 1998). These studies have shown that polarization arising in such systems can
be explained in terms of single Thomson scattering in optically thin circumstellar
material. In systems containing Wolf-Rayet (WR) stars, spectropolarimetric obser-
vations have been utilized to investigate the structure and evolution of these massive
binaries (Harries et al., 1998). These observations clearly revealed the presence of
hot ionized circumstellar gas emphasizing the role of scattering processes in shap-
ing the polarization signatures observed in many WR binary systems. Moreover,
the magnetic fields present in binary star systems can induce circular polarization
through the Zeeman effect (Landi Degl’Innocenti and Landolfi, 2004). However, the
study of circular polarization is beyond the scope of our work.

Early-type binaries, such as O+O binary systems composed of two massive O-
type stars in close gravitational interaction, are particularly compelling for studying
polarization due to their intense radiation fields and dynamic interactions. These
systems are characterized by phenomena such as tidal distortions, mass transfer, and
mass-loss via stellar winds, which create non-spherically symmetric distributions of
circumstellar material (Rudy and Kemp, 1976; Berdyugin et al., 2016; Abdul Qadir
et al., 2023a,b, 2025). Star light scattered on material ejected through stellar winds
or mass transfer becomes linearly polarized, producing measurable polarization sig-
nals that vary with orbital phase. This makes O+O binaries ideal laboratories for
probing orbital parameters, mass-loss rates, and the geometry of their circumstellar
environments (Harrington and Collins, 1968).

The study of polarization variability across the binary’s orbit provides critical
parameters, such as the orbital inclination, the orientation of the orbit on the plane of
the sky, and the direction of rotation (Brown et al., 1978; Drissen et al., 1986). These
parameters are essential for understanding the geometry and physical processes that
govern binary star systems. Additionally, the observed polarization can reveal the
location of gaseous structures and probe their geometries, yielding additional infor-
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mation on mass-loss processes and the interaction between stars (St. -Louis et al.,
1988; Abdul Qadir et al., 2023b, 2025). This makes polarimetry a powerful tool for
probing the physical conditions and evolutionary pathways of binary star systems.

2.4 Thomson Scattering in Binary Star Systems

In massive binary systems, stellar winds from each star can interact, creating a wind—
wind collision region where free electrons scatter light from the stars. While a spher-
ically symmetric wind produces no net polarization due to vector cancellation, the
broken symmetry in the collision region generates a measurable polarization signal
that varies with orbital phase. Thomson scattering (Thomson, 1906) occurs when
electromagnetic radiation interacts with free electrons, producing linear polarization.
This mechanism is particularly important in binary star systems with hot, massive
stars, where electron densities are high. When unpolarized light from either stellar
component is scattered by free electrons in the circumstellar environment, the scat-
tered light becomes polarized. The degree and orientation of polarization depend on
both the scattering angle and the spatial distribution of the electrons.

For a single scattering event, the transformation of the Stokes vector is described
by the Miiller matrix formalism. The Stokes parameters of the scattered light, S’, are
related to the incident Stokes vector S as (Chandrasekhar, 1960):

1+cos?f cos?6—1 0 0
2 2
,  fm |cos®®—1 1+ cos®0 0 0
— 1
s 2 0 0 2cos 0 0 5, (19)
0 0 0 2cos b

where fry is the dilution factor, 6 is the scattering angle, and the transforma-
tion matrix represents the Miiller matrix for Thomson scattering (Goldstein, 2003).
This 4 x 4 real matrix operates on the Stokes vector, providing a compact algebraic
framework that describes how scattering processes generate and modify polarization.

For unpolarized incident light, the scattered radiation becomes polarized perpen-
dicular to the scattering plane. The degree of polarization P(6) is given by:

I.(0) —1)(9)

Pe) = I(0) +1)(0)

(20)

In this expression, 7, (¢) and I;(0) represent the intensity components perpen-
dicular and parallel to the scattering plane, respectively. For Thomson scattering of
unpolarized incident light with intensity I, these components are defined as:
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ne="""0 an
1y(6) = % cos® . (22)

In binary star systems, orbital motion causes time-dependent polarization varia-
tions as a result of changing scattering geometry with respect to the observer. Maxi-
mum polarization occurs when the system is viewed edge-on (8 = 90°), while con-
stant polarization is observed when the system is viewed face-on ( = 0° or 180°),
and only the polarization position angle changes with orbital rotation. These varia-
tions provide insights into the system’s inclination, orientation, direction of circum-
vention and distribution of the scattering electrons (Brown et al., 1978).

2.5 Star Cluster Polarization

The observed polarization of star in open clusters arises from two main sources: in-
trinsic polarization from individual stars and interstellar polarization caused by dust
grains within the cluster. The third polarization component may arise due to inter-
stellar dust on the light of sight from observer to cluster. The wavelength dependence
of polarization P(\) caused by aligned interstellar dust grains can be described by
empirical Serkowski’s law (Serkowski et al., 1975):

P(\) = Puax exp <—Kln2 Ai) , (23)

where P« is the maximum PD, Ay, is the wavelength at which the polarization

reaches its maximum and K is an empirical parameter. Some studies, such as those

by Wilking et al. (1980) and Whittet et al. (1992) have found an approximate linear

relationship between K and A,y in certain environments; however, this relationship
is not universal.

The observed polarization of stars in the open clusters offers critical insights into
the distribution of dust and geometry of magnetic field within the cluster provid-
ing information on the cluster evolutionary stage. By carefully disentangling these
two components of polarization (or by intentionally choosing the cluster members
with negligible intrinsic polarization), the properties of cluster dust can be derived
and the interactions between stars and their surrounding environments can be inves-
tigated. The component of the interstellar polarization arising from the dust on the
light path from the observer to the given cluster is assumed to be constant and has
the same value and direction for all cluster stars. This approach not only enhances
our understanding of the cluster’s structure, but also provides valuable insights into
its evolutionary processes (e.g., McMillan, 1976; Breger, 1982; Minniti et al., 1992;
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Medhi et al., 2008; Eswaraiah et al., 2011; Singh and Pandey, 2020; Abdul Qadir
et al., 2023b, 2025).

When stars within a cluster exhibit similar degrees of polarization and consistent
position angles, it suggests that the cluster is evolved and has a uniform distribution
of dust along the line of sight (e.g., McMillan, 1976; Feinstein et al., 2008; Abdul
Qadir et al., 2023b). This uniformity indicates that the interstellar medium within
the cluster has been homogenized over time, likely due to dynamical processes as-
sociated with the cluster’s evolution. McMillan (1976) observed that the stars in the
cluster NGC 7380 exhibited similar PDs and PAs, a finding later confirmed by Ab-
dul Qadir et al. (2023b). This indicates that dynamical interactions between stars
and the surrounding medium had likely caused the polarization to reach a more ho-
mogeneous state. Likewise, Feinstein et al. (2008) showed uniform galactic-aligned
polarization in open cluster NGC 6250.

On the other hand, significant variations in PD or PA among the stars point to
a non-uniform distribution of dust and variations in the orientation of the magnetic
field. Such non-uniformity can arise from spatially varying dust densities, clumps in
the inter-cluster medium, or multiple dust layers with distinct magnetic field geome-
tries along the line of sight. Breger (1986) showed that light from the northwestern
part of the Pleiades cluster passes through both foreground interstellar material and
a patchy inter-cluster cloud. The presence of two superimposed clouds with differ-
ing magnetic field orientations led to partial cancellation (depolarization) of the net
observed polarization, resulting in reduced PD values in that region of the cluster.
Similarly, Eswaraiah et al. (2011) performed broadband polarimetric observations of
the Galactic young open cluster Berkeley 59 and reported that the observed starlight
appears to be depolarized due to non-uniform grain alignment in both foreground
dust layers and the intracluster medium. Their study highlighted that polarization
efficiency and alignment conditions can vary significantly even within a compact re-
gion, affecting the net polarization signature of each star. In a more recent study,
Abdul Qadir et al. (2025) investigated the young open cluster NGC 6530 and found
that nearly every observed member exhibited variations in both PD and PA, further
supporting the presence of a complex, non-uniform dust and magnetic field envi-
ronment within and surrounding the cluster. These findings reinforce the view that
polarization studies offer a powerful diagnostic of dust and magnetic field structure,
even on small spatial scales within stellar clusters.

Because many O+O binary systems are found as open cluster members, studying
their intrinsic polarization necessarily involves measuring polarization of the nearby
cluster stars for determination of the interstellar (or inter-cluster) polarization com-
ponent. Thus, these measurements, made in the several passbands may serve two
purposes: determination of intrinsic polarization component for the binary itself and
studying cluster environment.
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2.6 Polarization by Exoplanets

In addition to “traditional” binary star systems, the study of exoplanets through po-
larimetry is becoming an area of interest in modern astrophysics, as recent studies
have begun to explore its potential for characterizing planetary atmospheres and sur-
faces (Seager et al., 2000; Berdyugina et al., 2011). Exoplanets are the planets that
orbit stars outside our solar system and present unique challenges and opportunities
for observation. The polarization of starlight reflected from an exoplanet’s atmo-
sphere provides valuable insight into its atmospheric properties, orbital geometry,
and surface characteristics. When starlight interacts with the atmosphere or clouds
of a planet, it becomes partially polarized, with the degree of polarization varying
as the planet orbits its host star. However, detecting and modeling these polarization
signals is extremely challenging due to their inherently weak nature, often on the
order of a few PPM (Seager et al., 2000; Fluri and Berdyugina, 2010).

Hot Jupiters are prime targets for polarimetric studies due to their short orbital
periods, high temperatures, and thick, scattering atmospheres (Seager et al., 2000).
Their strong scattering properties make them more suitable for polarization measure-
ments than smaller or cooler exoplanets. Polarimetric observations of hot Jupiters
reveal amplitudes sensitive to high-altitude clouds, aerosols, and the distribution of
scattering particles. However, because of their small size relative to their host stars,
even these exoplanets exhibit polarization in the range of a few PPM to few tens of
PPM at best. This makes detection challenging even with highly precise advanced
instruments. Only a limited number of hot Jupiters can be observed polarimetrically
using ground-based observations.

Phase-dependent polarimetry of exoplanets, particularly hot Jupiters, provides
a potential means of determining geometric albedo and inferring aspects of atmo-
spheric composition. Theoretically, the polarization signal is expected to vary with
the planet’s orbital position, reaching a maximum near quadrature phases when the
planet is at its highest angular separation from the star (Seager et al., 2000; Stam and
Hovenier, 2005). While direct observational detections remain very challenging due
to the extremely weak signal, these variations, if measured, could reveal atmospheric
structures such as reflective clouds or hazes and constrain the planet’s orbital incli-
nation and orientation. A major challenge is distinguishing reflected starlight from
direct thermal emission, which requires both high-precision measurements and ad-
vanced modeling. Additional complications arise from noise introduced by Earth’s
atmosphere and potential contributions from stellar activity, such as spots on the par-
ent star, which can affect the measured polarization (Carciofi and Magalhaes, 2005;
Lucas et al., 2009; Kostogryz et al., 2015). Future advancements in instrumentation,
including space-based polarimeters, large ground-based telescopes, and techniques
to account for stellar activity, may enable the detection and modeling of polarization
signals from a wider range of exoplanets, including smaller and cooler exoplanets.
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2.7 Rayleigh Scattering in Star-Exoplanet Systems

Just like planets in our solar system, Rayleigh scattering (Strutt, 1871) in the atmo-
spheres of exoplanets is also the primary mechanism that can possibly produce a
detectable polarization signal. Rayleigh scattering occurs when light interacts with
particles much smaller than the wavelength of incident light (Bohren and Albrecht,
1998):

277%\771(/\)] <1, (24)

where « is the particle size, A is the wavelength, m(\) = n(\) + ik()\) is the
complex refractive index, with the real part n(\) corresponding to the phase speed of
the wave in the medium, and the imaginary part k() describing the extinction (van
de Hulst, 1981).

While the PD caused by Rayleigh scattering depends on the scattering angle and
the optical properties of the atmosphere, the intensity of Rayleigh scattering is highly
sensitive to the wavelength of the incident radiation (Bohren and Albrecht, 1998):
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where fr is a proportionality factor, My (6) is the Mueller matrix, and S repre-

sents the incident light ray. If m(\) varies slowly with A, the intensity of the scattered
radiation Iy, is related to the incident intensity [i,. by:

1
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where I, and [j,. are the intensities of scattered and incident radiation, respec-

tively.

In a star system with an exoplanet, the polarization signal varies with the planet’s
orbital phase. Maximum polarization occurs near the quadrature phases (6 = 90°),
while no polarization is observed during primary or secondary transits (§ = 0° or
180°). Additionally, the position angle of the polarization vector traces the projected
orbit of the exoplanet, allowing for the determination of the orbital inclination and
the planet’s spatial orientation.
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3 Polarimetric Instruments and
Observations

The study of polarization in binary star systems and exoplanetary systems bene-
fits significantly from advanced observational techniques, including optical broad-
band high-precision polarimetry. This method measures the degree and orientation
of linear polarization across a wide range of optical wavelengths, providing criti-
cal insights into physical conditions, geometries, and scattering processes in these
systems. Imaging polarimetry employs various techniques to measure the polariza-
tion state of light across extended sources, such as circumstellar disks and planetary
atmospheres. This can be achieved using polarization filters, Wollaston prisms, or
other optical elements that separate or modulate polarization states (Schmid et al.,
2005, 2006; Quanz et al., 2011). Spectro-polarimetry, on the other hand, measures
polarization as a function of wavelength across the spectrum, offering detailed in-
formation about the composition and dynamics of binary star atmospheres (Donati
et al., 1997), and potentially the atmospheres of exoplanets.

Although optical broadband high-precision polarimetry is a powerful tool, com-
plementary techniques from other wavelengths also contribute significantly to po-
larimetric studies. For instance, long-baseline interferometry in the radio, facilitated
by observatories such as the Westerbork Synthesis Radio Telescope (WSRT; e.g., de
Bruyn and Brentjens 2005), the Very Large Array (VLA; e.g., Perley et al. 2009),
or MeerKAT (Jonas and the MeerKAT Team, 2016), provides polarimetric mea-
surements tracing synchrotron or Faraday rotation processes, which probe physics
other than light scattering. Polarimetry at ultraviolet, infrared, millimeter-wave, and
high-energy wavelengths provides important complementary information to optical
observations (e.g., Andersson et al. 2015; Planck Collaboration et al. 2020). Ground-
based optical telescopes are essential for these studies, but they face challenges such
as atmospheric distortions and wavelength absorption (Roddier, 1981). Space-based
telescopes, such as the Hubble Space Telescope (HST) (Lupie and Stockman, 1988),
bypass these limitations by observing polarization across ultraviolet, optical, and in-
frared wavelengths, offering clearer and more precise data. These instruments allow
for the study of faint or distant objects without atmospheric interference. However,
given the limited number of space-based telescopes capable of performing polarime-
try, smaller ground-based telescopes are often employed when access to space-based
instruments is not feasible.
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3.1 Polarimetric Instrumentation

Telescopes equipped with polarimeters or polarizing filters enable astronomers to
analyze the light in various polarization states, often revealing subtle features not
visible in regular imaging. Optical telescopes have traditionally been important
instruments for ground-based polarimetric studies. By capturing light at different
wavelength ranges, i.e. via broadband filters, they allow the study of polarization
across various regions of the electromagnetic spectrum (Hough, 2006; Piirola et al.,
2014).

In order to obtain accurate polarimetric data, the telescope’s optical system must
be carefully designed and calibrated to minimize instrumental polarization effects
caused by the telescope itself, which can contaminate the measurements of the tar-
get’s polarization (Keller, 2002). The precision of polarimetric measurements is
largely dependent on the design of the telescope, its alignment, and the quality of
its optical components. Telescopes with higher optical quality and stability provide
more reliable results, especially when studying faint targets where the signal-to-noise
ratio is low (Patat and Romaniello, 2006; Berdyugin et al., 2019).

For our polarimetric observations of binary star systems, we primarily used re-
motely operated 60 cm Tohoku T60 telescope (Haleakala Observatory, Hawaii, USA),
and now retired, 60 cm KVA telescope (Observatory del Roque de los Muchachos,
Canary Islands, Spain). The latest set of observations of exoplanet ups And b was
obtained with 1 m C2PU telescope (Observatory Cote d’Azur, Plateau de Calern,
France).

3.1.1 T60 Telescope

Tohoku T60 telescope, located at the Haleakala Observatory in Hawaii, is a remotely
operated 60 cm Cassegrain reflector and served as the primary telescope used for
the observations in this study. It is equipped with a suite of instruments designed
for high-precision photometric and polarimetric observations (Piirola et al., 2014).
The telescope’s remote operation capability, which includes a graphical user inter-
face (GUI), allows for efficient and flexible scheduling of observations, making it an
ideal facility for long-term monitoring campaigns of variable astrophysical sources
such as binary star systems and exoplanets (Sakanoi et al., 2018). The T60 tele-
scope is particularly well-suited for polarimetric studies due to its equatorial mount
and precise tracking capabilities. Its optical design with Cassegrain focus minimizes
instrumental polarization, ensuring high-quality measurements of astrophysical po-
larization signals (Sakanoi et al., 2018; Piirola et al., 2014).
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3.1.2 DiPol-2 Polarimeter

DiPol-2 operates on the principle of double-beam differential polarimetry, which
allows it to measure polarization with high accuracy by simultaneously recording two
orthogonal polarization states. Its design and operational principles are described in
detail by Piirola et al. (2014). The instrument employs two dichroic beam-splitters
to separate the incident light into three wavelength bands, enabling simultaneous
multi-band observations in the B, V, and R passbands, or 400-800 nm. The dual-
beam design of DiPol-2 is critical for minimizing systematic errors, as it cancels
out common-mode noise (e.g., atmospheric fluctuations or telescope vibrations) that
affects both beams equally. Additionally, DiPol-2 employs a rotating half-wave or
quarter-wave plate to modulate the polarization state of the incoming light, enabling
measurement of all four Stokes parameters (I, Q, U, and V). A schematic drawing
of DiPol-2 is shown in Figure 2 and the key components of DiPol-2 are described
below:

Modulator

Modulators are crucial in polarimetry as they systematically vary the polarization
state of incoming light, allowing precise measurements (Serkowski et al., 1975; Tin-
bergen, 2005). DiPol-2 employs a rotatable superachromatic \/2 (or A/4) plate. The
A/2 plate, or half-wave plate (HWP) being turned by angle 6 rotates the plane of
linear polarization by 26, while the A/4 plate, or quarter-wave plate (QWP) converts
linear polarization into circular polarization and vice versa. This modulation is used
for determination of Stokes parameters. In order to further reduce systematic errors
in measured linear polarization, DiPol-2 employs a beam-swapping technique with a
complete rotation cycle of the half-wave plate. A half-wave plate rotates the plane of
polarization by twice of the angle between the incident polarization direction and the
plate’s fast axis. Consequently, a mechanical rotation by 360° corresponds to a rota-
tion of the polarization direction by 720°. In practice, beam swapping occurs every
90°, and a full measuring cycle in DiPol-2 consists of 16 exposures taken in 22.5°
increments, ensuring cancellation of instrumental asymmetries due to dust particles,
slight departures from plane parallelism, etc., and thereby improving the accuracy of
the polarization measurements (Piirola et al., 2014).

Analyzer

Analyzers play a crucial role in a polarimeter by separating the orthogonal com-
ponents of linearly polarized light. The simplest type is a polaroid that absorbs
light polarized parallel to its optical axis (Tinbergen, 2005). Another type is the
Glan-Thompson prism, which acts as a single-beam analyzer that measures only
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Figure 2. Layout of DiPol-2, showing components of the polarimeter. Image from Piirola et al.
(2014).

31



Yasir Abdul Qadir

one polarization component at a time. A major drawback of single-beam analyzers
is that they lose half of the incoming light intensity (Tinbergen, 2005).

DiPol-2 uses a two-beam analyzer that exploits the birefringence property found
in certain crystals. These crystals exhibit different refractive indices for light po-
larized along different axes, perpendicular to the principal direction (ordinary, or
o-ray) and parallel to it (extraordinary, or e-ray). This difference causes the incom-
ing light to split into two orthogonally polarized beams, each following a slightly
different optical path (Serkowski et al., 1975; Tinbergen, 2005). Common two-beam
analyzers include plane-parallel calcite plates, Savart plates, and Wollaston prisms
(Serkowski et al., 1975; Tinbergen, 2005; Berdyugin et al., 2019). The ability to
simultaneously measure both polarization components makes double-beam analyz-
ers essential for achieving accurate and efficient polarimetric measurements. Dipol-2
employs a plane-parallel calcite plate as an analyser, which splits orthogonally polar-
ized beams in parallel direction. In this way, the orthogonally polarized sky images
are overlaid upon each of the doubled stellar images. Thus, contribution from sky
polarization is optically eliminated.

Detectors

The DiPol-2 polarimeter employs three cooled CCD (Charge-Coupled Device) de-
tectors, each dedicated to one of the spectral channels, B, V, and R. Wavelength
separation is achieved with the use of two dichroic beam splitters placed after the
Calcite block and directing each beam to its corresponding detector. This configura-
tion enables simultaneous recording of orthogonally polarized stellar images across
multiple passbands, enhancing both observational efficiency and precision (Berdyu-
gin et al., 2019). This design allows making simultaneous multi-band observations,
which are essential for studying wavelength-dependent polarization effects (Piirola
etal., 2014).

The CCD detectors of DiPol-2 have low noise and high quantum efficiency,
which are particularly important for detecting weak polarization signals from faint
astronomical sources (Piirola et al., 2014). For bright stars, an intentional defocusing
technique is employed to prevent saturation and collect of up to 107 photo-electrons
per exposure (Berdyugin et al., 2019). Cooling the CCDs further reduces thermal
noise, improving the signal-to-noise ratio and enabling the detection of subtle polar-
ization variations (Berdyugin et al., 2019). This advanced detector system ensures
that DiPol-2 can perform high-precision polarimetric measurements with minimal
instrumental polarization, making it a reliable tool for diverse astronomical investi-
gations (Piirola et al., 2014).
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3.2 Polarimetric Observations

A significant part of this work involved remote acquisition of polarimetric data of
various targets over several years with DiPol-2 on T60 telescope. This setup allows
for measurement accuracy down to approximately 0.001%, enabling the detection of
even the most subtle polarization signals (Piirola et al., 2014). Such sensitivity is
crucial for studying polarization effects arising from binary interactions, the scatter-
ing of light from circumstellar material, and the detection of polarimetric signatures
from certain hot Jupiters.

Polarimetric observations with DiPol-2 require careful calibration, optimized ex-
posure times, and precise data acquisition strategies to ensure high-precision results.
As a part of the data calibration process, observations of unpolarized standard stars
are regularly made to measure and correct for instrumental polarization, while po-
larized standard stars are observed to determine the instrument rotation, allowing
transformation from instrumental to the standard equatorial sky reference system. In
addition, bias, dark, and flat-field frames are regularly acquired to characterize detec-
tors response and correct for systematic effects, thereby further improving accuracy
of the final measurements.

Exposure times are selected on the basis of the brightness of the target and the
desired signal-to-noise ratio (SNR). For bright stars, exposure times typically range
from a few seconds to a minute, while fainter targets may require longer exposures,
sometimes up to 3 minutes. Multiple exposures are taken for each target to enhance
the SNR and mitigate the effects of atmospheric variability.

For linear polarization, a typical cycle of polarimetric measurement consists of
16 exposures at orientation intervals of 22.5° and for circular polarization, a cycle
consists of 4 exposures at an orientation interval of 90° (Piirola et al., 2014; Berdyu-
gin et al., 2019). In our case, for both binary stars and exoplanets observations by
DiPol-2, we conducted linear polarization observations. For binary stars, we usually
conducted 64—128 observations per night, and for exoplanets, we usually took 256—
260 measurements per night. Intentional defocusing was implemented to prevent
saturation while keeping the ordinary and extraordinary images well separated. The
typical aperture size for defocused images was approximately 7-10 arcsec, with an
o- and e-image separation of about 22 arcsec in the focal plane (Piirola et al., 2014).
A real set of CCD images in the B, V, and R passbands are shown in Figure 3.

3.3 Data Reduction

Raw images are pre-processed using standard techniques, including bias subtraction,
dark frame subtraction, flat-fielding, and cosmic ray removal to correct for detector
and optical system artifacts. These steps are automated using Visual Basic scripts
that have been written and updated by several researchers in the department, in com-
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Figure 3. Defocused CCD images of images of v And in the B = 4400A(left), V = 5500A(center)
and R = 7000A(right) passbands. The faint "stars” visible on the V and R images are the
reflections produced by dichroic beam splitters. They appear bright due to exaggerated contrast.
In fact, the total intensity of reflection is < 0.1% of that produced by stellar image.

bination with MaxIM DL Pro software, 1 allowing efficient processing of hundreds of
polarimetric images. After pre-processing, the intensities of the ordinary and extraor-
dinary light components, produced by the polarizing optics as orthogonal projections
of the incoming light, are measured and compared to derive the polarization signal
(Piirola et al., 2014). This step is crucial for accurately measuring the polarization of
the observed sources.

As mentioned earlier, a typical linear polarimetric observation involves several
cycles of 16 exposures with the A/2 plate rotated in 22.5° increments. Each cy-
cle provides four independent measurements of the linear polarization state. A pre-
alignment algorithm is applied to correct image drift in long polarimetric sequences,
and the data are binned 2x2 at the pixel level to reduce readout noise and enhance
the signal-to-noise ratio (Piirola et al., 2014). Calibration is achieved through ob-
servations of zero-polarized and highly polarized standard stars, ensuring a typical
final accuracy of approximately 0.001% — 0.003% in the B passband and 0.002% —
0.004% in the V and R passbands for the bright stars (Piirola et al., 2014).

Normalized Stokes parameters ¢ and u are computed from the flux intensity ra-
tios of the orthogonally polarized stellar images Q; = I.(7)/I,(i) obtained for each
orientation of the wave plate, ¢ = 0.0°, 22.5°, 45.0°, 67.5°, as:

Qm = Qo.o + Q225 + Qu5.0 + Qe7.5,
(Qoo — Qus0)
Qm ’ 27
(Q225 — Qe7.5)
Qm

The flux intensities I, (7) and I, (i) are extracted using aperture photometry, and

1https ://diffractionlimited.com/downloads/GettingStarted.pdf
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the Stokes parameters are computed using a custom FORTRAN code. This code ap-
plies weighted averaging, assigning lower weights to measurements deviating from
the mean of the set of measurements in that cycle by more than 20 and rejecting
outliers beyond 30. Final PDs and PAs are derived from the Stokes parameters.
Systematic and statistical errors are carefully quantified to ensure the reliability of
the polarization measurements. These errors include contributions from atmospheric
conditions, instrumental effects, and photon noise.

In the follow-up polarization data analysis, methods such as Monte Carlo simu-
lations or bootstrapping techniques are often employed to estimate uncertainties in
the parameters derived from measured polarization. When performing polarimetric
data analysis, one should take into account that an observed polarimetric signal from
a star/exoplanet mainly contains the following types of polarization:

3.3.1 Intrinsic Polarization

Intrinsic polarization refers to the polarization of light that originates directly from
the source or its immediate environment, reflecting the inherent properties of the
system. In contrast, observed polarization is the total polarization measured by an
observer, which can include contributions from additional sources such as interstellar
dust, intervening material, or instrumental effects. While observed polarization is a
composite signal, intrinsic polarization is specific to the source and provides direct
insights into its geometry and physical processes. The proper data analysis of a
polarimetric signal can only be performed by isolating the intrinsic polarization from
the observed signal.

3.3.2 Interstellar Polarization

Interstellar polarization (ISP) results from scattering and absorption of starlight by
non-spherical dust grains aligned by the Galactic magnetic field in the interstellar
medium. The efficiency of this alignment depends on grain properties, the local ra-
diation field, gas density, and magnetic field strength. Early models assumed the
Davis-Greenstein mechanism (Davis and Greenstein, 1951), while later studies in-
cluded paramagnetic relaxation and other effects (Mathis, 1986; Li and Greenberg,
1997). More recent theoretical work emphasizes radiative torque (RAT) alignment,
in which anisotropic radiation fields spin up irregular grains, aligning them with
the magnetic field (Dolginov and Mitrofanov, 1976; Draine and Weingartner, 1996,
1997; Lazarian and Hoang, 2007).

ISP is typically uniform across relatively small fields of view and can be es-
timated for each target using nearby field stars located at similar distances. The
observed degree of polarization depends on both the dust grain properties and the
magnetic field orientation and usually follows a characteristic wavelength depen-
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dence described by Serkowski’s empirical law (Section 2.5). Therefore, if a star ex-
pected to be intrinsically unpolarized exhibits non-negligible polarization with this
wavelength dependence, the measured signal can be attributed primarily to interstel-
lar polarization. Correcting for ISP is crucial to isolate the intrinsic polarization of
astronomical sources, enabling accurate studies of their geometry and environments
(Abdul Qadir et al., 2023a,b).

Interstellar extinction and polarization are closely related. The extinction law is
described by the Cardelli, Clayton, and Mathis (CCM) model (Cardelli et al., 1989)
and its extension by O’Donnell (1994):

2N o+ 2,

Ay Ry
where A()\) is the extinction at wavelength A\, Ay is the extinction in the V band,
a(A) and b(\) are polynomials of 1/\, and Ry = ﬁ is the ratio of total to
selective extinction. The average value of Ry is approximately 3.1, but it can vary
depending on the properties of the local ISM. The relationship between polarization

and extinction can be expressed as:

P()\) <|C||(a7 )‘) - CJ_<a7A)’>
aligned

(28)

(29)

C”(a, )\) + C’L(a, )\)

where 7(A) is the optical depth due to all grains, while C| and C| represent

the extinction cross-sections for radiation polarized parallel and perpendicular to the

symmetry axis of the aligned grains, respectively. The average (-)aligned 1S taken over
only the aligned grain population.

Recent empirical studies indicate that the maximum polarization efficiency, de-
fined as P/Ay, can be significantly higher than the previously cited value of 3%
per magnitude (Serkowski et al., 1975). For instance, Panopoulou et al. (2019) ob-
served polarization efficiencies up to 13% per magnitude in certain regions of the
interstellar medium. This relation is only approximate because Ry depends on the
full grain population, whereas polarization arises from the aligned subset, making
the connection between P and Ry more complex.

3.3.3 Instrumental Polarization

Instrumental polarization (IP) is introduced by the telescope and instrument optics
and must be accounted for to ensure accurate polarization measurements. For our
instrument, this is achieved by observing nearby (d < 50 pc) standard stars from the
list published by Piirola et al. (2021). All stars from this list can be used to measure
instrumental polarization, and normally we observe different stars at the different ar-
eas of the sky. By measuring polarization of these standards, instrumental effects can
be quantified and corrected, ensuring that the observed polarization signals are solely
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attributable to the target object and the interstellar medium. Proper correction for in-
strumental polarization is essential for deriving reliable insights into the system’s
orbital parameters, mass-loss rates, and circumstellar dynamics. In our case, instru-
mental polarization is determined from observations of 10—15 nearby non-polarized
stars compiled by Piirola et al. (2021), with typical values in the range (2-5)x1075
and measured with an accuracy of at least bo. For calibration of the polarization
angle zero-point, highly-polarized standard stars such as HD 204827, HD 161056,
and HD 25443 were regularly observed (Turnshek et al., 1990; Piirola et al., 2021).
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Once the polarimetric data are acquired and reduced, the next step is to analyze them.
As mentioned earlier, in binary systems, the phase-locked variability of the polariza-
tion signal arises from Thomson scattering, i.e. the scattering of unpolarized stellar
light by free electrons in the circumstellar environment (Brown et al., 1978). This
scattering produces a polarization signal that varies periodically with the orbital mo-
tion, reflecting the changing projection of the system’s geometry on the plane of the
sky. To model this phase-dependent polarization, so-called BME (Brown, McLean,
and Emslie) method (Brown et al., 1978), employs a model fit of the observed vari-
ations of the Stokes parameters with up to second-order Fourier series with orbital
phase as an argument. Thus, this analytical approach relies on the best fit to the ob-
served variations in Stokes ¢ and u parameters with zero, first, and second harmon-
ics of the phase of the orbital period. If the distribution of light scattering material
is symmetric with respect to the orbital plane, the dominant contribution to the best
fit comes from the second harmonics (Brown et al., 1978). The Fourier coefficients
derived from these fits provide key information about the system’s geometry, includ-
ing the orbital inclination ¢ and the longitude of the ascending node €2 (Brown et al.,
1978; Drissen et al., 1986).

4.1 Period Search

To identify periodic signals in time-series polarimetric data of binary stars and exo-
planetary systems, we employed the Lomb-Scargle (LS) periodogram (Lomb, 1976;
Scargle, 1982), a powerful algorithm well-suited for unevenly sampled astronomi-
cal data. Our implementation made use of the astropy.timeseries package
in PYTHON2 (Price-Whelan et al., 2018) and the spectral package in R3 (Seil-
mayer and Ratajczak, 2017), both of which provide efficient tools for computing and
visualizing periodograms.

The algorithm fits sinusoids to the data using a least-squares approach, mak-
ing it particularly effective when the observing cadence is irregular due to weather,
scheduling, or seasonal gaps. In binary and planetary systems with low eccentricity,

2https ://docs.astropy.org/en/stable/timeseries/lombscargle.html
3https ://cran.r-project.org/web/packages/spectral/spectral.pdf
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polarization signals induced by scattering are typically strongest when the scattering
angle is 90° or 270°, and weakest at 0° or 180° (Brown et al., 1978; Seager et al.,
2000). Consequently, the polarization varies twice per orbit, and the dominant peak
in the periodogram usually corresponds to half the orbital period.

This behavior was consistently observed in our datasets for AO Cas, DH Cep,
HD 165052. Periodograms for Stokes ¢ and « in multiple passbands showed promi-
nent peaks at approximately half the known orbital period. In all cases, we also
observed alias peaks, which are produced when the detected period is not less than
half of the sampling frequency, i.e., the Nyquist frequency (f.y). In such cases,
a side effect can occur that produces two waves differing by 1/ f,,. For example,
the (half) orbital period for AO Cas is ~1.76 days, corresponding to a frequency of
0.57 d—!, which exceeds half the sampling frequency of ~0.4 d~! (based on 39 nights
of observations over about 100 days). Therefore, an alias peak can be expected at
1/(1—-1/1.76) = 2.31 days, which is exactly where the periodograms show an alias
(Shannon, 1949; VanderPlas, 2018).

To assess the significance of detected peaks, we calculated false alarm probabil-
ities (FAPs). While the FAPs varied depending on data quality, they were always
negligible (< 1%) for the binary star datasets. The LS method proved very effec-
tive for our datasets, it yielded a more precise determination of the orbital period for
HD 165052 compared to the value recently derived by Rosu et al. (2023).

4.2 BME Method

The most common method to study the phase curves of the Stokes parameters ¢ and
u variation for a binary star system is the expansion of observed periodic variations
with a Fourier series up to the second harmonics. This approach, often referred to
as the BME method (Brown et al., 1978), can be applied to systems with circular or
nearly circular orbits.

Let us consider the geometry of Thomson scattering from a single star, as shown
in Figure 4. A Cartesian coordinate system (z,y, z) is established with its origin at
the illuminating point source, star O, and the x-axis directed toward the observer on
Earth. The z-axis lies in the plane of the sky. The analysis considers the scattering
of unpolarized light from this source by a single electron at a location P, defined
by spherical coordinates (r, 6, ¢). The light incident on the electron at P is scat-
tered through an angle x into the line of sight. For Thomson scattering, this process
produces linear polarization perpendicular to the local scattering plane, whose orien-
tation is defined by the unit vector n. The relations between the Cartesian coordinates
at P and the scattering angles (x, ) are given by:
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P
(electron)

X (to Earth)

Figure 4. Scattering geometry for a single point source. The coordinate system is centered on the
star O, with the z-axis pointing toward the observer. Light is scattered at point P(r, 6, ¢) through an
angle x. The unit vector n lies in a plane perpendicular to the line of sight and defines the direction
of polarization. Adapted from Brown et al. (1978).

x/r =sinf cos ¢ = cos x, (30)
y/r = sinfsin ¢ = sin x cos ¥, (31)
z/r = cos = sin y sin . (32)

These expressions allow x and v to be eliminated from the scattering integrals so
that the Stokes parameters for singly scattered light can be expressed directly in terms
of the electron density distribution n(r, 6, ¢). The total observed Stokes parameters
I, @, and U are obtained by integrating over the entire envelope. The integrations
for the Stokes parameters may be expressed as:

v [ [t

x (14 sin® @ cos® ¢) sin@drdf dg|, (33)

I=0Lh+5LH=1

0o ™ 2
Iy = Iyoo / / / n(r,0,¢)(sin? @sin® ¢ — cos® A) sinfdrdddo, (34)
o Jo Jo
00 ™ 21
I3 = Ioao/ / / n(r,0, ¢)(sin 26 sin ¢) sin 6 dr df d¢. (35)
o Jo Jo
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Figure 5. Spherical triangle used to transform from the line-of-sight coordinate system of Figure 4
to a coordinate frame corotating with the binary pair O, O2. For either component star, the 2’-axis
is perpendicular to the orbital plane. The point P(R, ©, ®) represents a general position, while Oz,
Oz, and OZ’ lie in the same plane. The quantity A denotes the longitude of the binary pair
measured from the reference plane zz'z. Adapted from Brown et al. (1978).

The factor I denotes the incident (unscattered) intensity, serving as a normal-
ization for the scattered components. The quantities /1, I, and I3 correspond to the
integrated intensities along the coordinate axes associated with the Stokes parame-
ters I, (), and U, respectively, where Q = I5/I and U = I3/I. The coefficient
oo represents the scattering cross-section per particle, describing the efficiency with
which an individual scatterer redirects the incident radiation. The expressions in
parentheses represent the angular dependence of the scattered radiation, characteris-
tic of Thomson scattering, which can be generalized to multiple illuminating sources
as:

N N

N
I=3"1, Q=Y fiQ; U=Y fUj, (36)
j=1 j=1 Jj=1

where I; denotes the total scattered intensity from the 4 source, and fi =
I;/ Z;V: 1 I; gives its fractional contribution to the system’s total scattered flux.

Using the coordinate transformation illustrated in Figure 5, the expressions for
the total intensity and the normalized Stokes parameters can be rewritten in terms
of the orbital longitude A\ and inclination ¢. By substituting these transformations
into Equations (33) — (35), and noting that ¢ and A are independent of the integration
coordinates, the equations can be systematically arranged according to the Fourier
terms in ), yielding:
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I=1Io[1+70{2(1+70) + (1 — 3y) sini

+ G'sin 2i cos(A + A1) + Hsin® i cos 2(A + A2)}], (37)
Q = 10{(1 — 3y) sin® i + G'sin 2i cos(A + A1)

— H(1 + cos?i) cos2(A + A2) }, (38)
U = 279{Gsinisin(A + A1) — H cosisin2(A + Ag) }, (39)

where 79 is the mean optical depth of the scattering envelope. The parameters
GG and H describe the relative amplitudes of the first and second harmonics, respec-
tively, defined as:

tan A = 22, tan2hy = 2 (40)
71 V3
G=1/("+13), H=\/(3+). (41)

Parameters 79, v1, 72, V3, and 4 (given by equations (7) in Brown et al. (1978))
represent a set of optical depths integrated over solid angle, with various weight-
ing over direction, and averaging between the two stars weighted according to their
brightness. Parameter vy can be seen as an inverse measure of the effective degree of
flattening of the envelope toward the orbital plane. Parameters 1, 72 and their am-
plitude parameter G' measure the effective degree of asymmetry of light scattering
material with respect to orbital plane. These parameters contribute to the amplitudes
of the first-harmonic terms in the Fourier representation.

At the same time, 3, 74 and H measure effective degree of concentration of
material toward the orbital plane and provide contribution to the amplitudes of the
second-harmonic terms. The quantities G and H represent the total amplitudes of
the first and second harmonics, respectively, and A; and A2 denote their respective
phase angles. It is sometimes convenient to refer to the ratio of these harmonic
amplitudes as a relative amplitude A = H/G, and to the difference AX = \; —
A2 as a phase difference between the first and second harmonics. These relations
provide the analytical foundation for interpreting the observed periodic variations in
polarization using the BME method.

The formalism described above simplifies considerably for the important case of
an envelope that is symmetric with respect to the orbital plane. In this configura-
tion, the density distribution is mirror-symmetric above and below the plane, which
forces the first-harmonic coefficients to zero (73 = 72 = 0, and hence G = 0).
Consequently, the variations in the Stokes parameters () and U are governed solely
by the second harmonic in the orbital longitude A. The resulting locus traced in the
(Q,U) plane over an orbital period is an ellipse, which is traversed twice per orbit.
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(A+4)=0

Figure 6. Relationship of the properties of all envelopes with material concentrated in or
symmetric about the orbital plane to the eccentricity, size, and orientation of the resulting elliptical
Q, U locus (executed twice per orbit). Adapted from Brown et al. (1978).

The geometry of this ellipse provides a direct diagnostic for the orbital inclination
1. As illustrated in Figure 6, for a pole-on system (¢ = 0°) the locus is a circle, while
for an edge-on system (¢ = 90°) it degenerates to a straight line. The eccentricity e of

the ellipse is related to the orbital inclination by: i = cos™! \/% . The direction of
circumvention of the ellipse shown on Figure 6 corresponds to direction of rotation
in binary system as seen on the plane of the sky. The semi-major axis of the ellipse
has magnitude 70 H (1 + cos? i) and the semi-minor axis has magnitude 279 H cos i.
The center of the ellipse C' is offset from the origin by the constant polarization term

70(1—370) sin? i. An additional offset can be introduced by constant ISP component.

The phase parameter (A + A2) = 0 indicated in Figure 6 defines the starting
point of the locus on the polarization ellipse, corresponding to the orientation of
the binary system at the reference orbital phase. This phase relationship determines
where on the ellipse the polarization vector begins its path and provides information
about the azimuthal distribution of scattering material relative to the binary com-
ponents. When the ellipse is plotted in the standard equatorial coordinate system
defined by the Stokes parameters (q, u), the axes represent the normalized linear po-
larization components along fixed directions on the plane of the sky: ¢ measures the
polarization aligned with or perpendicular to the celestial north—south axis, while u
measures the polarization oriented at 45° to that axis. Hence, the orientation of the
line (A + A2) = 0 (e.g., the ellipse’s major axis) in the (g, u) plane corresponds to
the projected orientation of the binary orbit on the sky. Building upon this analytical
framework, the observed periodic variations in the Stokes parameters ¢ and u are typ-
ically modeled using a Fourier series, directly connecting the theoretical formalism
to measurable polarization variations as a function of orbital phase:
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q = qo+ q1cos X+ gosin A + g3 cos 2\ + g4 sin 2,
. . (42)
U = Uy + U1 COS A + ug sin A + ug cos 2\ + uy4 sin 2,

where A = 27¢ and ¢ is the orbital phase. The coefficients g; and u; are deter-
mined through a fitting process, providing a detailed description of the polarization
behavior as a function of orbital phase. These coefficients are crucial for extracting
physical information about the system.

One of the key parameters that can be derived from the Fourier coefficients is
the orbital inclination ¢. The inclination is a measure of the tilt of the orbital plane
relative to the observer’s line of sight and can be calculated using the first and second
harmonic terms. The following relations are used to determine 7 (Brown et al., 1978;
Drissen et al., 1986):

1—cosi\? _ (u1 + q2)% + (ug — q1)?

1+ cosi (ug +q1)% + (w1 — q2)%’
or (43)
(1 - cosi>4 _ (u3 + q4)? + (ug — q3)*

14 cos? (ug + q3)% + (uz — q4)?’

In most binary systems, the light-scattering material is symmetrically distributed
relative to the orbital plane. In such cases, the first harmonic terms are often negligi-
ble, so the polarization variability is dominated by the second harmonic (see Abdul
Qadir et al. (2023a,b, 2025)). This simplifies the analysis and allows for a more
straightforward determination of the orbital inclination. In addition to the inclina-
tion, orientation of the orbit (the longitude of the ascending node 2) and direction
of circumvention on the plane of the sky can also be determined. The €2 can be
calculated using the following equations (Brown et al., 1978; Drissen et al., 1986):

tan Q) = = (44)

where the quantities A, B, C, and D are defined as:

ug — g3 uq + g3
A= _MZ®B g W4T
(1 —cosi)?’ (1 + cosi)?’
= _ WU D— U3 + q4 (45)
(1 +cosi)?’ (1 —cosi)?’

The orientation €2 provides information about the alignment of the binary sys-
tem relative to the observer and is essential for understanding the three-dimensional
geometry of the system.
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Another important aspect of the analysis is the ratio of the amplitudes of the
second to first harmonics for the Stokes parameters g and u. These ratios, denoted as
Ay and A, provide insights into the symmetry and concentration of the scattering
material relative to the orbital plane. They are calculated as:

2 2 2 2

_ |43t 43 _ juztuj
Ag = E+ 2 Ay = w2+ w2 (46)

1 T4 1 2

For systems with a high degree of symmetry, the second harmonic terms domi-
nate, resulting in large values of A, and A,,. Conversely, deviations from symmetry
can lead to significant first harmonic contributions, which may indicate asymmetries
in the distribution of scattering material.

The derived values of ¢, 2, A,, and A, are typically consistent across different
passbands (Abdul Qadir et al., 2023a,b, 2025), demonstrating the robustness of the
method. However, potential biases in the inclination ¢ must be considered, as Fourier-
derived inclinations tend to be overestimated, especially for systems with low true
inclinations. Lower true inclinations tend to result in larger biases, and these can be
corrected using statistical methods (Aspin et al., 1981; Simmons et al., 1982; Wolin-
ski and Dolan, 1994). Non-periodic polarization variability further amplifies this
bias (Manset and Bastien, 2000). For low inclinations (¢ < 45°), especially in low-
eccentricity orbits, the BME method systematically overestimates ¢ and produces
asymmetric confidence intervals that extend to ¢ = 0°. In non-eclipsing systems,
this limits polarimetric data to providing only an upper bound on :. Furthermore, as
1 decreases, confidence intervals for the position angle (2) also widen. To quantify
this bias and the confidence intervals for ¢ and €2, the "figure of merit” parameter -y
defined by Wolinski and Dolan (1994) can be used.

AN? N
7=<> - (47)

)
Op 2

where A is the amplitude of polarization variability:

A= |Qmax - Qmin‘ + ’umax - umin‘

4 Y

(48)

op 18 the standard deviation of the Stokes parameters around the best-fit curve,
and N is the number of observations.

While analyzing polarimetric data of HD 165052, we conducted Monte Carlo
simulations to derive 1o and 20 confidence intervals for 7 and €2 (Abdul Qadir et al.,
2025). Like previous studies (Wolinski and Dolan, 1994; Manset and Bastien, 2000),
we used simulated data, but unlike previous studies, we used actual errors and phase
sampling for more precise evaluation of confidence intervals. We modeled Stokes
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parameters for ¢ ranging from 90° to 180° using BME model and added Gaussian
noise with variance 02 = 0.5N A2 /~. The results of these simulations are discussed
in Abdul Qadir et al. (2025).

4.3 Mass-Loss Rate

It is possible to estimate the mass-loss rate from the component(s) in an O-type
binary star system using polarization variability amplitude, employing the method
proposed by St. -Louis et al. (1988). The method utilizes the polarization variability
amplitude A, defined as

Ay, = 10H (1 + cos?i), (49)

where 79 H is the optical depth moment. Here, a moment refers to a weighted
measure of the optical depth, in which each part of the scattering material contributes
according to its geometry and relative effect on the observed polarization. It is given
by Drissen et al. (1986) as the following:

2 2 2 2
roH = a5 +ay _ Uﬁﬂg (50)
L% + M? N2 + R?

L= (1+cos?i)cosQ, M =2cosisin(Q,
N = (14 cos?i)sinQ, R =2cosicosQ.
As shown by St. -Louis et al. (1988), in the case of Wolf-Rayet (WR)+O system,

the mass-loss rate due to stellar wind from the primary component can be estimated
using the following formula:

where:

D

- (167)%mpvacad,
M = 2
(1 + cos?i)3oyfel’ (52)

where M is the mass-loss rate, f, is the fraction of total light from the companion
star, v 1s the wind terminal velocity, a is the semi-major axis, my, is mass of proton,
o is Thomson cross section, and [ is a specific integral:

B 27 sin®  cos 2¢d(R/a)dfd¢
=L S mm 2

Note that primed coordinates are measured relative to the primary star, while
unprimed coordinates originate at the secondary star. In order to evaluate this inte-
gral, one has to choose a specific wind velocity law: v(R') = vso(1 — R./R')?,
characterized by the parameter 3.
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In a WR+O binary system, the WR star’s strong stellar wind is the primary source
of polarization, while the O-type companion, despite contributing to the total light,
has a much weaker wind and polarization is diluted by the unpolarized WR star
light. To correct for this dilution when deriving the WR star’s mass-loss rate (M),
the observed polarization amplitude (A) is divided by the O-star’s fractional light
contribution (f;). In an O+O binary system, both stars contribute comparably to
the observed polarization, leading to roughly equal polarization and dilution effects.
Thus, for typical O+O system, one can assume f. = 0.5 for each component. Ad-
ditionally, we must account for the difference in wind composition (Abdul Qadir
et al., 2025). The WR wind, composed of He, has an electron-to-nucleon ratio of
awr = 0.5 for fully ionized helium, while the O-star wind, primarily composed of
90% H and 10% He, has a ratio of approximately 1.0. This leads to the following
expression for the mass-loss rate of an O+O binary system (Abdul Qadir et al., 2025):

(167)%mpvscad, 1
(1 + cos?2i)3ofol 2’
or 54)
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4.4 Summary of Publications

The data analysis techniques outlined in this chapter have been effectively applied to
three binary star systems and described in three publications included in this thesis.
The author served as the Principal Investigator (PI) for all three studies. Polarimet-
ric observations were primarily carried out by the author in collaboration with the
primary supervisor, Doc. Andrei Berdyugin. Data reduction was performed either
by the author or by Doc. Berdyugin. The initial drafts of all manuscripts were writ-
ten by the author, with subsequent thorough revisions and edits provided by Doc.
Berdyugin. Final versions were shared with co-authors only after review and ap-
proval by both the PI and the primary supervisor, at which point additional feedback
was incorporated. The summary of these papers is as follows:

4.4.1 Paper | — High-precision broadband linear polarimetry of
early-type binaries Ill. AO Cassiopeiae revisited

AO Cassiopeiae (AO Cas) is a well-studied O-type binary system observed through
optical polarimetry, exhibiting phase-locked polarization variability. Our analysis of
polarimetric data clearly revealed an unambiguous periodic signal at 1.76 d, half of
the known orbital period of the binary system. We detected phase-locked variations
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in the Stokes parameters ¢ and w across all three passbands: B, V, and R, using
DiPol-2. Fourier fits showed strong second harmonics with small but non-zero first
harmonics, particularly in the variability of the Stokes u parameter, at a significance
level of approximately 20. Notably, the presence of first harmonics is also apparent
in the data obtained by Rudy and Kemp (1976), suggesting a slight asymmetry in
the scattering material relative to the orbital plane of AO Cas. A comparison with
historical data indicates that the polarization curve has remained stable over decades,
although subtle asymmetries point to inhomogeneities in the scattering environment.
Additionally, we successfully derived the interstellar polarization by observing three
non-polarized stars in the vicinity of AO Cas. From a two-harmonic Fourier fit, we
derived an orbital inclination of ¢ = 63° 4+ 2°/ — 3° and an orientation of Q =
29°(209°) £ 8°, consistent with independent determinations.

4.4.2 Paper Il — High-precision broadband linear polarimetry of
early-type binaries IV. The DH Cephei binary system in
the open cluster of NGC 7380

DH Cep is a massive O + O-type binary system for which our observations clearly
revealed, for the first time, phase-locked polarization variability along the binary or-
bit with an amplitude of approximately 0.2%. Lomb-Scargle periodogram analysis
confirmed a dominant signal at half the orbital period (2.11 d). In addition to the
periodic variability, we detected significant non-periodic fluctuations, likely caused
by wind inhomogeneities. The intrinsic polarization, estimated at 0.6% after ac-
counting for interstellar contributions, indicates a non-spherical scattering envelope.
Furthermore, observations of 14 field stars in the NGC 7380 cluster revealed uniform
PDs and PAs, indicating a coherent alignment of dust grains along the line of sight.
While this could reflect the dust distribution within the cluster itself, contributions
from the foreground interstellar medium may also play a role. A Fourier fit to the
data provided an orbital inclination of ¢ = 46° + 11°/ — 46° and an orientation of
Q) = 105° 4 55°, consistent with previous determinations. The estimated mass-loss
rate of 3.4 x 10~" M, yr~! aligns with values derived using other methods.

4.4.3 Paper lll — High-precision broadband linear polarimetry of
early-type binaries. V. The Binary System HD 165052 in
Open Cluster NGC 6530

HD 165052 is a massive O+O-type binary system located in the young open clus-
ter NGC 6530. Our high-precision broadband polarimetric studies revealed for the
first time periodic polarization variability in the Stokes ¢ and w parameters with an
orbital period of 2.95510 4 0.005 d and amplitude of approximately 0.2%. Our
independent period search, performed on the polarization data, supports a shorter
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orbital period for HD 165052, contradicting the slightly longer value derived from
radial velocity (RV) measurements in a recent study. Polarimetric observations of
two dozen nearby stars in NGC 6530 revealed complex interstellar polarization be-
haviour, indicating a non-uniform dust distribution, as expected in such a young
stellar cluster. The variations in the Stokes ¢ and w parameters are dominated by
the second harmonic, suggesting a symmetric distribution of scattering material,
likely due to interacting stellar winds. From a two-harmonic Fourier fit, we de-
rived the best estimate of the orbital inclination as ¢ = 55° 4+ 5°/ — 55° and the
orientation as ) = 148°(328°) + 20°/ — 22°, averaged over the B, V, and R pass-
bands. However, since HD 165052 is a non-eclipsing binary with a low inclina-
tion, the inclination value derived from polarimetry cannot be considered highly ac-
curate. To verify this, we performed simulations which confirm that polarimetric
analysis cannot reliably detect inclinations below approximately 45°, instead return-
ing artificially higher values. The estimated mass-loss rate for the entire system is
M =3.47x 1077 +1.59 x 10~8 My, yr~!, consistent with values obtained through
other methods.
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5 Polarimetry of Exoplanet v And b

Similar to binary star systems, polarimetry of exoplanets can help determine their
orbital geometry and physical properties. The observed polarization signal may
arise from Rayleigh scattering of starlight by atmospheric particles and molecules
(Strutt, 1871), producing phase-dependent variations in the Stokes ¢ and u param-
eters. These variations can be modeled to constrain orbital parameters such as in-
clination, orientation angles, and the planet’s geometrical albedo. The Rayleigh—
Lambert (RL) approximation models this variability by treating the planet as a Lam-
bertian scatterer with Rayleigh-induced polarization (Seager et al., 2000; Wiktorow-
icz, 2009).

The faint signal from an exoplanet is easily diluted by the star’s glare, making
direct observations extremely challenging. Polarimetry can help mitigate this, though
the analysis remains difficult due to the typically very low degree of polarization,
even for hot Jupiters, unlike binary stars, where polarization is more pronounced. In
a planetary atmosphere (if present), starlight is scattered by gas molecules, aerosols,
and/or cloud particles, and may also reflect off the surface if the atmosphere is not
optically thick. Each scattering interaction modifies the outgoing radiation, affecting
both the degree and direction of polarization seen in the observed Stokes ¢ and u
parameters.

v And b, a well-known hot Jupiter, is the innermost planet in the Upsilon An-
dromedae system. It has an orbital period of just over 4.6 d and a mass of about
1.7 My (Piskorz et al., 2017). It was among the earliest exoplanets discovered via
Doppler spectroscopy (Butler et al., 1997). The host star is an F8 dwarf with three
additional known planets (McArthur et al., 2010). As a non-transiting planet, v And
b’s orbital parameters, such as inclination can potentially be revealed through po-
larimetry, which other techniques cannot achieve. Due to its size and favorable sky
position, v And b has been considered one of the most promising targets expected to
exhibit a detectable polarization signal dominated by Rayleigh scattering.

5.1 Data Observations

We observed v And during 114 nights from 2016 to 2019 using DiPol-2 polarimeter
installed at the remotely controlled T60 telescope at Haleakala Observatory, Hawaii,
USA. The host star of the planetary system v And is a bright target with an apparent
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Figure 7. De-trended observations of Stokes ¢ (left panels) and « (right panels) observations in B
(top panels), V (middle panels), and R (bottom panels) passbands with +¢ uncertainties for v And,
measured from 2016 October to 2019 January (MJD 57686-58499).

magnitude of 4.60 and thus visible to the human eye. At the Haleakala summit, v
And is well visible from September through March. Skyflat images that are used for
calibration purposes were regularly taken at the time of twilight hours, either at the
beginning of the observing night or at dawn. Once per night, the series of dark and
bias images were also taken.

Telescope instrumental polarization was derived from observations of 15-20
zero-polarized standard stars. It was found to be in the range of 0.004% — 0.006% and
it was measured in each passband with the accuracy at least of 50. To determine the
polarization angle zero-point, observations of highly polarized standard stars were
made. In general, for determination of the intrinsic polarization of the distant object,
the interstellar polarization should be measured and subtracted. It is normally done
by observing a few objects in the vicinity of the target. However, because v And
is located at the distance of only 13.5 pc from the Sun (Gaia Collaboration et al.,
2021), the contribution from interstellar polarization component should be < 10~
(e.g., Piirola et al. (2021)). This component of polarization, even if it exists, must be
constant with time and thus introduce only permanent offset in the observed Stokes
parameters.

The calibrated polarization data for v And b in B, V, and R passbands are shown
in Fig. 7 as variations of the Stokes parameters ¢ and u with time. We noticed slight
trends in Stokes ¢ and u between different observing seasons, likely due to the long
duration of our data set, which is common in extended time-series observations. To
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Figure 8. Lomb-Scargle periodograms for Stokes q (left column) and « (right column) of v And in
B, V, and R passbands (top, middle, and bottom panels respectively).

mitigate these effects, we applied a de-trending procedure. The timescale of this
de-trending is significantly longer than the orbital period of the exoplanet, ensuring
that the process removes only long-term instrumental or systematic trends without
affecting the orbital polarization signal.

5.2 Period Search

To determine periodic signals in the polarimetric data of v And b, we employed the
LS algorithm. LS periodograms for both Stokes ¢ and w in the B, V, and R passbands
are shown in Fig. 8. At first glance, the periodograms appear noisy, which is not sur-
prising, given the sensitivity of the polarimeter compared to the degree of intrinsic
polarization variations predicted for hot Jupiters by various models. A closer inspec-
tion, however, reveals peaks in the Lomb—Scargle periodograms at around 2.3 d, half
of the known orbital period of v And b, for Stokes ¢ in the B and R passbands and
for Stokes u in the B passband only. However, such peaks in the other passbands,
if present, have low power spectral density (PSD). These periodograms also exhibit
multiple stronger peaks at other frequencies. The peaks at around 1.0 d may result
from the regular nightly observation cadence.

Even though the presence of peaks around half of the planetary orbital period
of v And b can be observed in most periodograms, peaks at around 1.8 d are also
noticeable. These are most likely alias peaks produced by the periodicity in the
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observation timings coupled with the periodic nature of the source. As explained in
the previous chapter, if the signal period is not less than half the sampling frequency
(i.e., the Nyquist frequency, fny), a side effect can occur, producing two signals
that differ by 1/f,y. A (half) orbital period of v And b, ~2.3 d, corresponds to a
frequency of 0.43 d~!, which is indeed more than half the sampling frequency since
we observed approximately once per night. Therefore, an alias peak can be expected
at1/(1—1/2.3) = 1.76 d, which is precisely where the periodograms show the alias
peaks. A possible, though impractical, solution would be to observe v And b twice
per day to overcome the Nyquist criterion and eliminate aliasing in the periodograms.

Furthermore, we examined the FAPs of the planetary orbital peaks in the peri-
odograms of the original data (see Fig. 8). For Stokes ¢ data, the FAP values are 35%
at a frequency of 0.43 d=! (~2.3 d) in the B band, 43% at 0.42 d~! (~2.4 d) in the
V band, and 99% at 0.43 d~! (~2.3 d) in the R band. For Stokes u, the values are
47% at 0.45 d~! (~2.2 d) in the B band, 66% at 0.43 d~! (~2.3 d) in the V band, and
99% at 0.43 d~! (~2.3 d) in the R band. The false alarm probability (FAP) values
may seem quite high, but considering the noisy nature of our polarimetric data, we
believe that in the B and V passbands, a real signal at peaks between 2.2 and 2.4 d
i.e., around half the known orbital period of v And b, corresponding to greater than
50% probability, cannot be entirely ruled out.

5.3 RL Approximation

Polarization measurements of exoplanets offer a unique insight into the physical
properties of their atmospheres and the scattering processes that occur as starlight
interacts with them. In particular, understanding how polarization varies with the
orbital phase of an exoplanet provides important constraints on the geometry of the
exoplanet system, including the inclination, orbital parameters, and scattering char-
acteristics of the planet’s atmosphere. In this framework, we can model the polar-
ization arising from an exoplanet in a circular orbit. We assume that the exoplanet’s
atmosphere behaves as a Lambertian scatterer, and the polarization follows the same
scattering angle dependence as Rayleigh scattering. This approach allows us to de-
rive a functional form for the polarization as a function of orbital phase, which can
be used to compare with observational data.

Let us now consider a basic model of polarization arising from an exoplanet in a
circular orbit. In this scenario, we assume a Lambertian phase function and polariza-
tion due to scattering in the planetary atmosphere, with the scattering angle behaving
similarly to Rayleigh scattering. This model can be mathematically described as
(Seager et al., 2000; Wiktorowicz, 2009):

P(¢) = eF () Po(9), (55)

where ¢ is the orbital phase (¢ = 0 indicates the superior conjunction of the exo-
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planet), F'(¢) is the phase function, Py(¢) is the polarization of scattered flux, and e
represents the fraction of stellar flux scattered by the planet:

¢ = p(RrL/a)*, (56)

where Rpy, is the RL radius (i.e., the effective scattering radius of the planet), a is the
semi-major axis of the planetary orbit and p is the geometric albedo, representing the
fraction of exoplanetary scattered flux at full phase compared to that scattered by a
Lambertian disk. For a Lambertian disk, p = 2/3 (Wiktorowicz, 2009). The fraction
of the solid angle occupied by the planet, as seen from the star, is 7TR12;{L /4ma?, so
the value of p is multiplied by 1/4. The analytical form of the phase function in terms
of the phase angle « (the angle between the host star and the observer as seen from
the exoplanet) is given by Russell (1916):
sina+ (T — ) cos

Fla) = . (57)

s

Substituting cos a = sin ¢ cos ¢, where ¢ is the inclination angle, we can express F
as a function of ¢. Moreover, we can express P(¢) as:

P(¢) = V¢ (9) + u?(9), (58)

where ¢(¢) and u(¢) are normalized Stokes parameters. In the orbital frame, Stokes
¢'(¢) and v/ (¢) are described by Shakhovskoi (1965):

d(¢) = eF(a) (sin® ¢ — cos® ¢cos?i), (59)
u'(¢) = eF(a) sin2¢cosi. (60)

In order to convert Stokes ¢'(¢) and v’ (¢) from the orbital frame to celestial co-
ordinates, we need to find the rotation angle from the longitude of the ascending node
Q. This angle is § = 2 4 270°, and we obtain (Chandrasekhar, 1960; Wiktorowicz,
2009):

q(¢) = q'(¢)cos20 —u'(¢)sin20), (61)
u(g) = ¢ (¢)sin20 + u'(¢) cos 26. (62)

Furthermore, ¢ = [ +w and [ = (27 /Py, ) (t — Tp), where Py, is the orbital period,
t is the time of observation, and Ty is the periastron epoch. The polarimetric data
were modeled using Eq. (61) and (62), where constant offsets Z, and Z,, were added
to q(¢) and u(¢), respectively, to account for constant intrinsic/interstellar polariza-
tion. The free parameters of the model are the inclination angle ¢, the argument of
periastron w, the longitude of the ascending node (2, the geometric albedo p, and the
offsets Z, and Z,,.
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Figure 9. The variability of Stokes ¢ (left column) and w (right column) of v And b in B, V, and R
passbands (from top to bottom), phase-folded at the orbital period of 4.62 d. The squares are the
data points with error bars that correspond to the average values of the individual observations
(light gray circles with error bars) and the standard errors of the mean calculated for the orbital
phase bin size of 0.053. The black solid lines correspond to the best-fit obtained using RL
approximation with x2 minimization. Phase 0.0 corresponds to periastron epoch.

This model is a critical tool for interpreting polarimetric observations of exoplan-
ets, allowing us to extract important information about their orbital parameters and
scattering properties. By comparing the model to observational data, we can test the
validity of assumptions about planetary atmospheres and refine our understanding of
the factors influencing exoplanet polarization.

5.4 Results and Discussion

In order to deduce orbital parameters by RL approximation, we phase-folded the
data for Stokes ¢ and u parameters in the B, V, and R passbands. The ephemeris
used was Ty = 2450034.058 + 0.3 JD and the orbital period of P = 4.61711 +
0.00018 d, given by Deitrick et al. (2015). Furthermore, the data was binned at an
orbital phase interval of 0.053 by using data uncertainties as inverse square error to
weigh the individual data points. This procedure helped reduce the noise and made
the periodic variability more prominent. The orbital parameters such as ¢, w, {2, and
p are independent of wavelength and ideally the data of all three passbands should
be fitted simultaneously. However, in the case of Rayleigh scattering the amplitude
of polarization should drop with the wavelength. Therefore, we opted to fit the data
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Table 1. Best-fit orbital parameters for v And b.

Parameter B v R

Rgy [Ry]® 1.6

i [deg]® 72128 28 188 g7+

w [deg]® 117159 102 732° 162 1%,

Q [deg]® 105758 1071334 171+139

» [%]® 1617 1919 9ti2
Zq[%1®  0.000214 75009229 0.000003 F5-000077  —0.000137 T5-000281
Zu [%]®  —0.000116 15000552 —0.000123 T5:000°7%  0.000150 T3 500929
x?/d.o.f. 466/222 412/222 423/222

@ Fixed parameter. ® Uncertainties represent 16th/84th percentiles (equivalent to +15).

of each passband separately. The polarimetric observations measure a combination
of the geometric albedo and planet area: p(RRy,/a)?, where Rpy, is planetary radius,
and a is semi-major axis. Therefore, in order to deduce either p or RRy,, one of the
parameters must be known. For our fits, we adopted a radius of 1.6 R for v And b
as a reasonable midpoint between the 1.3 Ry assumed by Crossfield et al. (2010) and
the ~1.8 Ry suggested by Deitrick et al. (2015).

Figure 9 shows the best-fit curves for the Stokes ¢ and w parameters in the B,
V, and R passbands using the RL approximation. The fits are poor overall, with low
peak-to-peak amplitudes and significant scatter in the binned data. The R-band re-
sults are particularly weak, with best-fit curves appearing nearly flat. Confidence in-
tervals for the fitted orbital parameters are broad across all passbands, rendering the
derived values unreliable. Despite detecting phase-locked polarization variability,
especially in B and V bands, the noise level prevents meaningful orbital parameter
extraction. As shown in Table 1, the fitted orbital inclinations for B and R bands,
72320 and 87380 respectively, are inconsistent with the known non-transiting na-
ture of v And b. Only the V band yields a plausible value, 28:’?20, which overlaps
with the previously reported 24° £ 4° by Piskorz et al. (2017). However, the uncer-
tainties remain too large to draw firm conclusions.

The wide confidence intervals reflect limitations from both data quality and resid-
ual systematics. Our V-band values for the argument of periastron, w = 102:11290,
and longitude of the ascending node, 2 = 1()7111%40, differ from previous findings.
For example, McArthur et al. (2010) report w = 44 + 26°, and Curiel et al. (2011)
find w = 324.3 &+ 3.8°. Our result aligns better with Butler et al. (1997), who found
63°, though uncertainties remain large. The value of €2 is consistent with the 180°
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ambiguity inherent to polarimetric measurements (Drissen et al., 1986), making it
broadly compatible with our derived value of 2563%0. The retrieved parameters
may contain a genuine polarimetric signal despite the noise, but this cannot be as-
serted with certainty. Our derived values of geometric albedo p are low across all
bands, likely reflecting data limitations and possible contamination from stellar ac-
tivity. In the absence of prior constraints, we refrain from definitive claims about v
And b’s geometric albedo.

Several strategies for improved data were considered. A follow-up dataset was
acquired with DiPol-2 on the 1 m Calern telescope in France, but poor weather re-
duced its quality. Future prospects may include increasing nightly integration time
from 1.5 to 6 hours, though such extended observations are currently impractical. We
can identify two major obstacles in detecting polarization signals from exoplanets.
1) Accuracy much better than few parts per million is necessary and this can only
be achieved by collecting more than 10'2 photons. To collect such number, total in-
tegration times even for the few known brightest exoplanets become unrealistically
long even when large telescopes are employed, ii) At the polarization signal level of
1075, polarization effects related to star surface spots become significant and must
be somehow taken into account.

Ultimately, space-based polarimetry with large telescopes and advanced photon
detectors may be required to robustly determine the orbital parameters of hot Jupiters
like v And b.
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6 Conclusions

This dissertation presents a comprehensive study on the application of high-precision
broadband linear polarimetry to early-type binary star systems and an exoplanet.
The research primarily focuses on deriving orbital parameters, estimating ISP, and
exploring the physical properties of these systems through phase-locked polarization
variability. The findings contribute to a deeper understanding of their geometry,
dynamics, and evolution.

We primarily used the DiPol-2 polarimeter in combination with the T60 telescope
to perform high-precision broadband optical polarization measurements. Our broad-
band (B, V, and R passbands) linear polarimetric observations included the O+O
binary star systems AO Cas, DH Cep, and HD 165052, as well as the well-known
X-ray binary system Hercules X-1 (Her X-1) in optical wavelengths. Additionally,
we observed the Algol-type binaries AS Eridani (AS Eri), and RZ Cassiopeiae (RZ
Cas), along with the variable star PZ Geminorum (PZ Gem). Finally, we conducted
long-term observations of two hot Jupiters: v And b and Tau Boétis b (7 Boo b).

For the binary star systems, we derived orbital inclinations and longitudes of
the ascending node for AO Cas, DH Cep, and HD 165052 using the BME method.
Our results provided insights into the geometry and dynamics of these systems, with
polarization variability primarily driven by Thomson scattering in the circumstel-
lar environment. The polarization amplitude and phase curves were well-fitted by
the BME model, revealing a symmetric distribution of scattering material around
the binary components. For AO Cas, our results were consistent with polarimetric
studies conducted over half a century ago. As we have found, the light scattering
geometry in this system remains stable over this period of time. We conducted the
first comprehensive polarimetric study of DH Cep, which, resulted in detection of
phase-locked variable linear polarization with total amplitude of ~ 0.2%. Our find-
ings aligned well with those obtained through other observational techniques. By
observing stars in the open cluster NGC 7380, where DH Cep resides, we confirmed
the cluster’s uniform dust distribution as indicated by previous studies. Furthermore,
we estimated the mass-loss rate of DH Cep using polarimetry, a novel achievement
for an O+0O system. For HD 165052 our observations resulted in discovery of phase-
locked variable polarization with peak-to-peak amplitude < 0.2%. Our period search
allowed us to rectify the orbital period value and showed that recently determined pe-
riod value obtained from RV measurements by Rosu et al. (2023) is too long. The
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low binary inclination of HD 165052 (~45°) prevented us from deriving an accurate
orbit inclination angle, which is expected from applying the BME method. However,
we successfully estimated the mass-loss rates of the individual components, which
were in agreement with results from other techniques. Accurate ISP estimation was
achieved for AO Cas and DH Cep by observing nearby field stars, although this was
not possible for HD 165052 due to the cluster’s young age and non-uniform dust
distribution.

For the exoplanet v And b, we detected a periodic signal in our polarimetric
data. However, deriving precise orbital and physical parameters using the Rayleigh-
Lambert (RL) approximation proved challenging due to the weak and noisy signal.
Subsequent observations with the larger 1-meter Calern telescope did not improve
data quality. We were able to derive somewhat reasonable estimates in the V pass-
band, albeit with high uncertainties. Overcoming this limitation may require even
larger telescopes or space-based polarimetric observations to eliminate atmospheric
contamination.

The unpublished work includes observations of Her X-1, AS Eri, RZ Cas, PZ
Gem, and 7 Boo b. Further analysis was not pursued because the polarimetric data
exhibited no clear periodic signals. Any potential polarization signals from these
targets were likely too weak to be modeled accurately.

The findings of this dissertation have significant implications for astrophysics,
particularly in the study of binary star systems and exoplanets. The derived orbital
parameters and mass-loss rates offer valuable constraints for theoretical models of bi-
nary star evolution, especially in systems with strong stellar winds and mass transfer.
Polarization variability provides a powerful diagnostic tool for probing the geome-
try and dynamics of circumstellar environments. Additionally, our work emphasizes
the role of dust distribution in shaping polarization patterns, with broader implica-
tions for understanding the evolutionary stages of star clusters and the interactions
between stars and the interstellar medium.

Looking ahead, several avenues for future research remain. Expanding the sam-
ple of binary star systems to include those with diverse spectral types, orbital config-
urations, and evolutionary stages could provide a more comprehensive understand-
ing of polarization’s role in probing binary interactions and circumstellar environ-
ments. Studying systems with eccentric orbits or asymmetric scattering geometries
may reveal new insights into the dynamics of mass transfer and stellar winds. Ad-
vancements in exoplanet polarimetry, including the development of more sensitive
instruments, could improve measurement precision and yield more accurate results.

In conclusion, this dissertation demonstrates the power of high-precision broad-
band optical linear polarimetry as a diagnostic tool for studying binary star systems
and exoplanets exhibiting phase-locked polarization variability. The research pre-
sented here advances our understanding of the geometry, dynamics, and evolution
of these systems while laying the foundation for future studies. As observational
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techniques and theoretical models continue to evolve, polarimetry will play an in-
creasingly critical role in addressing fundamental questions in astrophysics, paving
the way for new discoveries and a deeper understanding of the universe.
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