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ABSTRACT

In this PhD thesis, we study the magnetic accretion in cataclysmic variables using
two approaches. On one hand, we applied the CYCLOPS code to observational
data of V405 Aur, an intermediate polar, a sub-class of magnetic cataclysmic vari-
ables. On the other hand, we performed a search of magnetic accretion in SW Sex
objects, a class of objects in which the magnetic accretion is not definitely estab-
lished. Magnetic cataclysmic variables are binary systems in which mass transfer
occurs from a low-mass star onto a magnetic white dwarf. The accretion forms a
shock near the white dwarf, and the compressed material – the post-shock region – is
responsible for the circular polarization in optical and infrared light detected in some
intermediate polars and SW Sex stars. This region also emits high energies mainly
by bremsstrahlung and line emission. The CYCLOPS code was developed by our
group in order to model multi-wavelength data of magnetic cataclysmic variables.
In its present version, it solves the shock structure and calculates the cyclotron and
free-free emission from a three-dimensional and non-homogeneous accretion struc-
ture (post- and pre-shock region), in terms of density, temperature and magnetic
field. To our knowledge, the CYCLOPS code is the only one currently available
with these approaches. This manuscript shows the first CYCLOPS application for
intermediate polars. The X-ray spectrum and light curve data of V405 Aur was fitted
and illustrates the degeneracy problem described by our group. We confirmed that
the X-ray spectrum requires a mass accretion rate in the range of 10−9 − 10−10 M�
year−1, as previously reported in the literature. While the X-ray spectrum constrains
physical parameters such as the white-dwarf mass and the accretion rate, the mod-
ulated optical emission strongly restricts the geometrical parameters. However, the
optical light curves in UBVRI photometry and polarimetry of V405 Aur fitted by
CYCLOPS code did not provide us a good model. We suggest that results could be
related to presence of two accretion columns symmetrically opposite coming from
two threading regions. So far, the CYCLOPS code has only considered one thread-
ing region, therefore a new implementation in our code may be conducted to model
intermediate polars. In the second part of this thesis, we searched for signs of mag-
netic accretion in six SW Sex systems (BO Cet, SW Sex, V442 Oph, V380 Oph,
LS Peg, and UU Aqr) such as circular polarization and/or periodic flux variability
that can be associated with the white-dwarf spin period. We interpreted the periods
found from circular polarization such as the spin period of BO Cet at 11.1 min,
SW Sex at 41.2 min, and UU Aqr at 25.7 min. Possible candidates were V442 Oph,
whose period of 19.4 min is below the FAP level of 1% as well as V380 Oph whose pe-
riod is 22.0 min. We also confirmed the detection of circular polarization in LS Peg,
whose spin period at 18.8 min, differs from the literature. Considering the entire
group of SW Sex systems, we reported that 15% have direct evidence of magnetic
accretion.

Keywords: binaries stars. cataclysmic variables. white dwarf stars. dwarf novae.
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ESTUDO SOBRE ACREÇÃO MAGNÉTICA EM POLARES
INTERMEDIÁRIAS E ESTRELAS DO TIPO SW SEXTANTIS

RESUMO

Nesta tese de doutorado, estudamos a acreção magnética em variáveis cataclísmicas
usando duas abordagens. Por um lado, aplicamos o código CYCLOPS aos dados
observacionais de V405 Aur, uma polar intermediária, subclasse de variáveis cata-
clísmicas magnéticas. Por outro lado, realizamos uma busca por acreção magnética
em estrelas do tipo SW Sex, uma classe de objetos em que a acreção magnética não
está definitivamente estabelecida. Variáveis cataclísmicas magnéticas são sistemas
binários nos quais a transferência de massa ocorre de uma estrela de baixa massa
para uma anã branca magnética. A acreção forma um choque próximo à anã branca,
e o material comprimido - a região pós-choque - é responsável pela polarização cir-
cular na luz óptica e infravermelha detectada em alguns polares intermediárias e em
estrelas do tipo SW Sex. Esta região também emite altas energias principalmente
por bremsstrahlung e linhas de emissão. O código CYCLOPS foi desenvolvido
por nosso grupo para modelar dados em múltiplos comprimentos de onda de var-
iáveis cataclísmicas magnéticas. Em sua versão atual, o código resolve a estrutura
de choque e calcula emissão cíclotron e bremsstrahlung de uma estrutura de acreção
tridimensional e não homogênea (região pós e pré-choque), em termos de densi-
dade, temperatura e campo magnético. Até onde sabemos, o código CYCLOPS é
a única ferramenta disponível atualmente com essas abordagens. Este manuscrito
mostra a primeira aplicação do CYCLOPS para polares intermediárias. O espectro
e a curva de luz em raios X de V405 Aur foram ajustados e ilustram o problema de
degenerescência descrito por nosso grupo. Confirmamos que o espectro de raios-X re-
quer uma taxa de acréscimo de massa de 10−9 − 10−10 M� ano−1, conforme relatado
anteriormente na literatura. Enquanto o espectro de raios-X restringe os parâmetros
físicos, como a massa da anã branca e a taxa de acreção, a emissão óptica modulada
restringe fortemente os parâmetros geométricos. No entanto, as curvas de luz óptica
UBVRI em fotometria e polarimetria de V405 Aur modeladas com CYCLOPS não
forneceram um bom modelo. Nos sugerimos que isso está relacionado à presença
de duas colunas de acreção, simetricamente opostas, provenientes de duas regiões
de acoplamento. Já que até o momento, o código CYCLOPS considera apenas
uma região de acoplamento, portanto, demonstramos que uma nova implementacao
no CYCLOPS seria necessaria se queremos usar o codigo para descrever variáveis
cataclísmicas magnéticas e não somente polares. Na segunda parte desta tese, procu-
ramos por sinais de acreção magnética em seis sistemas do tipo SW Sex (BO Cet,
SW Sex, V442 Oph, V380 Oph, LS Peg e UU Aqr), como polarização circular e/ou
variabilidade períodica do fluxo que pode estar associada ao período de rotação da
anã branca. Interpretamos os períodos encontrados a partir da polarização circular,
como o período de rotação de BO Cet em 11,1 min, SW Sex em 41,2 min e UU Aqr
em 25,7 min. Os possíveis candidatos foram V442 Oph, cujo período de 19,4 min
está abaixo do nível de FAP de 1%, bem como V380 Oph, cujo período é de 22,0
min. Nós também confirmamos a detecção de polarização circular em LS Peg, cujo
período de rotação é 18,8 min, diferentemente da literatura. Considerando todo o

vii



grupo de sistemas do tipo SW Sex, relatamos que 15% têm evidências diretas de
acreção magnética.

Palavras-chave: estrelas binárias. variáveis cataclísmicas. anãs brancas. novas anãs.
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“The mind that opens up to a new idea
never returns to its original size.”

Albert Einstein
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1 INTRODUCTION

This chapter reviews cataclysmic variables and their subclasses, intermediate polars
and SW Sextantis stars. In Section 1.1, we introduce the definition of the cataclysmic
variables (hereafter referred to as CVs) along with some fundamental concepts such
as Roche lobe geometry. SW Sextantis stars are introduced in Section 1.2 while Sec-
tion 1.3 discusses some properties of intermediate polars (IPs). Finally, the objective
of this study is presented in Section 1.4.

1.1 Cataclysmic variables

CVs are compact binary systems in which a white dwarf (WD) primary accretes
material from a low-mass late-type main-sequence component (the secondary) via
Roche lobe overflow. The secondary rotation is synchronized with the orbital trans-
lation due to tidal forces. Reviews of CVs have been carried out by Warner (1995)
and Hellier (2001).

Generally, CVs are classified according to their optical light curves in the presence
or absence of eruptions, their amplitude and the duration of these eruptions. In a
second dimension, CVs can also be classified as being magnetic or non-magnetic,
depending on the importance of the WD magnetic field in the accretion dynamics
(OSAKI, 1996; SINGH, 2013, e.g.). The main non-magnetic CV types are:

• Dwarf Novae show outbursts of amplitudes of 2–6 magnitudes interpreted
as being due to accretion disk instabilities. Dwarf Novae are further sub-
divided into:

– SU UMa – These systems show two distinct outbursts: a short one
lasting a few days and a longer superoutburst of around two weeks;

– Z Cam – These systems occasionally display standstill periods, with
an intermediate level between the maxima and minima outbursts;

– U Gem – These systems exhibit regular quasi-periodic outbursts.
Depending on the star, the eruptions occur at intervals of 30 to 500
days and usually last from 5 to 20 days.

There are some classes of CVs whose systems may be magnetic or non-
magnetic. They are:

• Novae, which show only one observed large eruption of approximately 6–9
magnitudes due to a thermonuclear burning of matter accumulated on the
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surface of the WD;

• Recurrent Novae, systems that present more than one nova eruption;

• Nova-likes, which do not exhibit outbursts, contrary to that observed in
dwarf novae. Some nova-like subclasses are:

– VY Scl stars, which are bright systems that occasionally undergo a
fall in brightness of more than one magnitude;

– SW Sex stars, these systems have spectroscopic particularities,
which places them in a specific class. These are discussed in Sec-
tion 1.2.

Dwarf novae eruptions are commonly explained by the accretion disk instability
model. In this scenario, the outbursts are due to the propagation of heating and
cooling fronts that are favoured by an increase in disk viscosity, while during qui-
escence the disk remains in a low-viscosity regime and refills the mass lost during
a previous outburst. In the standard model proposed by Osaki (1996), the mass
transfer rate is assumed to be constant during the whole outburst cycle. However,
in recent versions of the disk instability model this assumption has been abandoned
(BUAT-MÉNARD et al., 2001, e.g.). On the other hand, the nova-like systems are not
subject to such instabilities because they have a high enough mass transfer rate to
keep the disk in a stable state of high viscosity.

The accretion is an efficient method to extract potential gravitational energy and
convert it into radiation. In fact, Equation 1.5 shows that the luminosity is derived
from the accretion. Half of this luminosity is from the disk and the other half has
still to be released very close to the star, in the so-called boundary layer (FRANK et

al., 2002).

In non-magnetic CVs, the accretion occurs via an accretion disk. CVs in which
the WD magnetic field is strong enough to disrupt the inner accretion disk or even
prevent disk formation altogether are called magnetic cataclysmic variables (MCVs).
The accretion flow of MCVs is magnetically controlled by the field lines, resulting
in accretion columns/curtains near the WD surface (LAMB; MASTERS, 1979), see
Section 1.3. Near the WD, the material reaches a supersonic velocity, and a shock
front is formed. The region between the shock front (pre-shock region) and the WD
surface is called the post-shock region (PSR), see Section 1.3.2. This region emits
high energies mainly by bremsstrahlung and line emission and circular polarization
in optical and infrared light.
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MCVs have been classified into two distinct classes, the IPs or DQ Her type, and
the polars or AM Her type, see Figure 1.1. The WD spin period (Pspin) in polars is
synchronized to the orbit period (Porb), whereas the WDs in IPs are asynchronous.
The polars accrete without an intervening accretion disk owing to the intense WD
surface magnetic field (10 – 250 MG) (SCHMIDT et al., 1996, e.g.). The ballistic stream
from L1 point is funneled by the WD magnetic field and accretes preferentially near
the magnetic pole(s). Cropper (1990) provides a comprehensive review of polars.

MCVs offer a great opportunity to study interactions of the accretion flow with the
WD magnetosphere. Furthermore, the orbital periods of the binaries (hours) and
the spin periods of the WD (∼10 min in IPs) result in variations in easy-to-observe
timescales (HELLIER, 2014).

Figure 1.1 - Illustration of the geometries of a polar (left) and an intermediate polar
(right).

SOURCE: Cropper (1990) and NASA (2006).

1.1.1 Roche geometry

The Roche geometry is useful to represent compact binary systems. In CVs, the
secondary shape is usually approximated by its Roche lobe. The Roche potential
considers the orbit of a test particle in the gravitational potential of a binary stellar
system. This is known as a simplified three-body problem. The Roche lobe approach
assumes that the two stars are point masses and a non-inertial coordinate system
rotating with the binary. The Roche potential, φR(−→r ), is given by Equation 1.1
(FRANK et al., 2002).
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φR(−→r ) = − GM1

|−→r −−→r1 |
− GM2

|−→r −−→r2 |
− 1

2(ω ∧ −→r )2, (1.1)

where G is a gravitational constant, M1 and M2 are the primary and secondary
masses, respectively, −→r is the test particle position, −→r1 and −→r2 are the position
vectors of the centers of the two stars, and ω is the angular velocity, the frequency
of the revolution of the binary about its center of mass.

Figure 1.2 illustrates the Roche lobe potential in the orbital plane for a mass ratio
equal to 0.25. The Lagrange points (Ln) are the positions where the gravitational
forces of the two stars exactly balance the centrifugal force undergone by the test par-
ticle.

Figure 1.2 - The Roche lobe geometry and equipotential surfaces. φR constant for a binary
system with mass ratio equal to 0.25. M1 is the primary, M2 the secondary.
The Ln are the Lagrangian points.

SOURCE: Frank et al. (2002).

The shape of the equipotentials is governed entirely by the mass ratio (q = M2/M1),
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while the overall scale is given by the binary separation, a. The relationship between
these quantities is given by Kepler’s third law, Equation 1.2.

a3 = GMP 2

2π2 , (1.2)

where P is the binary period, and M = M1 + M2.

1.1.2 Accretion geometry: disks and magnetic columns

In non-magnetic CVs and some IPs, an accretion disk is formed. This occurs because
the stream material that leaves the Roche lobe of the secondary from the L1 point
has too much angular momentum to accrete directly onto the primary. So, it outlines
non-circular orbits around the WD, which entangle themselves and by friction the
material loses energy and reaches the circular orbit of lowest energy. The matter
rotates in a circular orbit referred to as the circularization radius (rcirc). The annulus
rotates at the local Keplerian velocity, υk =

√
GM1/r. Thus, the matter closer to

the primary orbits faster than that further away and the viscosity acting on the gas
rotating near rcirc will tend to heat it and spread it into a disk. For the purpose of
conserving the total angular momentum, part of the material transfers the angular
momentum to the outer parts of the disk. This results in a disk extended further
out from the primary star.

rcirc = a(1 + q)[0.500− 0.227 log q]4, (1.3)

where a is the separation of stars and q is the mass ratio.

In IPs, the central parts of accretion disks are destroyed by the WD magnetic field
within its magnetosphere with radius rµ, Equation 1.4. The magnetosphere extension
depends on the strength of the field and the accretion rate, although it also depends
on whether the material is confined to a stream or spreads out into a disk (HELLIER,
2001, e.g.). A review of the conditions for the existence and the formation of partial
accretion disks is given by King and Lasota (1991), in which the authors concluded
that depending on the mass ratio some IPs with Pspin = 0.1 × Porb are near the
limit of the partial disk formation. In polars, the magnetosphere radius is greater
than the circularization radius preventing the disk formation and the matter in
ballistic trajectory follows the magnetic field lines towards the WD surface.
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rµ = 9.9 × 1010µ
4/7
34 M

−1/7
1 Ṁ

2/7
16 cm, (1.4)

where µ is the magnetic moment in units of 1034 G cm3. M1 is the primary mass. Ṁ
is the accretion rate in units of 1016 g s−1. The accretion luminosity is also function
ofM and Ṁ , which in a steady state is given by Equation 1.5 (HELLIER, 2001, e.g.).

Ldisk = GM1Ṁ

2R1
= 1

2Lacc, (1.5)

where Lacc is the accretion luminosity, R1 is the primary radius.

Shakura and Sunyaev (1973) described a useful parametrization of our ignorance re-
garding the viscosity problem: the famous α-prescription. The turbulence is assumed
to provide the relevant source of viscosity. This prescription assumes a geometrically
thin disk, i.e the disk radius (Rdisk) is much larger than the disk height (H). The
kinematic viscosity (υ) at a given radius is taken to be υ = α vs H, where vs
is the speed of sound, and the parameter α is expected to be less than 1, where
0 corresponds to no viscosity A null viscosity corresponds to no accretion (FRANK

et al., 2002). The mechanism usually attributed to being the physical origin of the
viscosity is the magneto-rotational instability, as proposed by Balbus and Hawley
(1991).

1.1.3 Evolution of CVs

The main observable for understanding the evolution of CVs is the distribution of the
number of objects per orbital period (Figure 1.3). This graph has many important
properties, one of them is the decrease in the number of objects with periods between
2 and 3 h, which is called the period gap.

During the evolution of the CVs, the orbital period decreases due to angular momen-
tum loss through two types of mechanisms: the magnetic braking, which is efficient
over longer orbital periods; and gravitational waves, which is effective over shorter
periods. A review of the standard evolution model can be found in Knigge et al.
(2011). In the period gap, the standard model suggests that the magnetic braking
process is switched off and the transfer of matter is interrupted, hence CVs are not
observed owing to the decrease in their luminosity.

Figure 1.3 shows that IPs are located between 3 h and 6 h and polars are concen-
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trated between 1.3 h and 3 h. The lack of dwarf novae in orbital periods between 3
and 4 hours and an increase in SW Sex systems in the same area is evident. This
distribution could indicate that SW Sex stars evolve into polars. Indeed, Patterson
et al. (2002) suggest that the magnetic fields in SW Sex stars are comparable in
strength to the highly magnetic polars, but the high accretion rate in SW Sex ob-
jects would result in small magnetospheres and asynchronous WD rotation periods
(see Figure 1.4).

Figure 1.3 - The distribution of the number of CVs as a function of orbital period. The dis-
tributions for some CV classes compiled by Ritter and Kolb (2003, v7.24-2015)
and Hoard et al. (2003, v5.3.0-2016) are also displayed. The lines indicate the
limits of the period gap.

SOURCE: The author.

1.2 SW Sex stars

SW Sex objects are a class of nova-like CVs. Nova-likes are characterized by an
approximately steady brightness caused by a disk that is always in a high-viscosity
regime due to a high mass accretion rate. Some SW Sex stars reduce their brightness.
These low states are irregular and are probably associated with a variation of the
mass accretion rate. Because of this, these systems were originally called anti-dwarf
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nova systems. Historically, the SW Sex-type objects are defined by certain peculiar
observational properties. The main SW Sex stars characteristics are listed below
(HONEYCUTT et al., 1986; SZKODY; PICHE, 1990; THORSTENSEN et al., 1991; HOARD

et al., 2003; RODRÍGUEZ-GIL et al., 2007; DHILLON et al., 2013, e.g.):

• their spectra exhibit single-peaked emission lines rather than the double-
peaked lines. This occurs even in eclipsing systems, for which the double-
peaked lines are expected from near-edge-on disks;

• the Balmer and He I emission lines are only shallowly (or not at all) eclipsed
compared to the continuum. This implies emission originating above the
orbital plane;

• the emission line radial velocities are shifted in phase compared to expec-
tations from a simple model of the binary system;

• the emission lines show high-velocity S-waves extending up to 4000 km/s,
with maximum blueshift near phase 0.5;

• flux modulation in the optical emission-line wings (emission-line flaring)
and kilo-second quasi-periodic oscillations (QPOs);

• orbital periods of 3 – 4.5 hr, slightly above the period gap (2 – 3 hr). The
period gap is mainly populated by magnetic systems.

Not all SW Sex stars display all these observational features. Actually, some objects
have certain properties at certain times. In order to explain the observational features
of SW Sex stars, several physical models have been proposed. Some scenarios, not
mutually exclusive, are described below (HONEYCUTT et al., 1986; HELLIER, 1996;
TOVMASSIAN et al., 2014; WILLIAMS, 1989; CASARES et al., 1996; DHILLON et al., 2013,
e.g.):

• a disk overflow together with an accretion wind that fills in the double-
peaked line profile from the accretion disk;

• an optically thick disk and an extended hot spot region, which is respon-
sible for the single-peaked emission lines;

• magnetic accretion.
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MCVs exhibit a range of observational signatures. The optical and X-rays light
curves show variability synchronized with the WD spin period, and the optical spec-
tra can show cyclotron harmonics, intense Balmer and He II emission lines. How-
ever, since several of these observational properties are shared with other classes
of objects, the only observation that unambiguously confirms magnetic accretion
is circular polarization (MEGGITT; WICKRAMASINGHE, 1982b, e.g.). Polarized light
from cyclotron emission can be completely circularly polarized when the magnetic
field lines are parallel to the line-of-sight, and maximum linear polarization occurs
when the magnetic field lines are perpendicular to the line of sight. LS Peg was the
first SW Sex star with direct evidence of circular polarization (RODRÍGUEZ-GIL et

al., 2001). In comparison with IPs, there are also others possible signs of magnetism
in SW Sex stars such as the flaring in optical emission lines in time scales of tens
of minutes, superhumps (periodic brightening), and QPOs (PATTERSON et al., 2002;
RODRÍGUEZ-GIL; MARTÍNEZ-PAIS, 2002, e.g.).

Figure 1.4 - Distribution of CVs types in the white dwarf’s magnetic moment (µ) and
accretion rate (Ṁ) space. AM Her stars are above the upper line, and non-
magnetic CVs are below the lower line. DQ Her and SW Sex stars are in
between the lines.

SOURCE: Patterson et al. (2002).
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1.3 The Intermediate Polars

The first IP, DQ Her, was reported with a periodic 71 s variation in its light curve
(WALKER, 1955). Optical pulses of 33 s were detected in AE Aquarii by Patterson
(1979) and other CVs also revealed rapid periodical variations, much smaller than the
orbital period. By analogy, with the discovery of X-ray pulsars and the development
of models for rotating neutron stars, the DQ Her behavior was associated with the
presence of a rotating magnetized WD (LAMB, 1974).

Historically, IPs and DQ Her systems were considered to be different classes due
to their spin periods: the slower rotators, having spin periods of ∼ 1000 s, were
classified as IPs, while the objects with spin of around 50 s were considered as
being DQ Her type. The increase in the number of known objects demonstrates that
the period distribution is continuous between 0.001 Porb < Pspin < 1 Porb, showing a
concentration of periods around 0.1 Porb. Thus, IPs and DQ Her became synonymous
for most authors (HELLIER, 2001). Figure 1.5 shows the distribution of WD rotation
periods as a function of the orbital period for MCVs.

Figure 1.5 - The distribution of spin period versus orbital period for MCVs. The triangles
are polars and the squares are IPs.

SOURCE: Norton et al. (2004).
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The number of known CVs exceeds one thousand systems. The Ritter and Kolb
(2003)’s catalog, in its version 7.24, lists 1425 CVs, of which 120 objects are polars
and 60 objects are IPs (see Figure 1.3) corresponding to 20 – 25% of MCVs. An
IP list can be found in Ferrario et al. (2015, their Table 3). Recently, Pala et al.
(2020) defined a complete volume sample of 42 CVs within a distance of 150 pc
from Gaia of which 36% have a magnetic WD corresponding to a space density of
1.3+0.3
−0.4 ×10−6 pc−3, which is consistent with previous estimates (WICKRAMASINGHE;

FERRARIO, 2000, e.g.,).

Most polars have been discovered using soft X-ray surveys such as ROSAT (BEUER-

MANN, 1999), whereas IPs are harder X-ray sources and a large number of systems
have been discovered by INTEGRAL (LUTOVINOV et al., 2020) and SWIFT (BAR-

LOW et al., 2006; BAUMGARTNER et al., 2013). Optical synoptic sky surveys have also
contributed to the MCV census, such as SDSS (SZKODY et al., 2002; SZKODY et al.,
2003; SZKODY et al., 2004; SZKODY et al., 2005; SZKODY et al., 2006; SZKODY et al.,
2007; SZKODY et al., 2009; SZKODY et al., 2011; OLIVEIRA et al., 2017; SZKODY et al.,
2018; OLIVEIRA et al., 2020; SZKODY et al., 2020, e.g.), CRTS (OLIVEIRA et al., 2017;
SZKODY et al., 2018; OLIVEIRA et al., 2020; SZKODY et al., 2020, e.g.), ZTF (SZKODY

et al., 2020, e.g.). The forthcoming e-Rosita X-ray survey and Vera Rubin Observa-
tory’s survey will likely increase these numbers (ZAZNOBIN et al., 2021, e.g.,). The
MCV census is important because it provides a better understanding of CV (and
MCVs) evolution and the CV contribution to the stellar population and luminosity
in optical and X-ray wavelengths (PALA et al., 2020; BELLONI et al., 2020, e.g.).

The main characteristics of IPs (PATTERSON, 1994; HELLIER, 2001; NORTON et al.,
2004; HELLIER, 1993, e.g) are listed below and some of them are discussed in the
following section.

• The presence of a stable and coherent period in light curves and/or spectra
in X-ray and/or optical data different from the orbital one. This flaring
period is associated with the WD rotation or the beat period between
orbital and rotation periods. This modulation is distinguishable from other
signals such as quasi-periodic oscillations and flickering. Detailed studies
of spin-phase resolved spectroscopy of IPs have been carried out by Marsh
and Duck (1996, FO Aqr) and Bloemen et al. (2010, DQ Her).

• Optical spectrum of high ionization as evidenced by He II 4686Å line.

• In some IPs, optical and infrared light contains a contribution by cyclotron
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emission from the accretion region and is therefore polarized.

• The magnetic field of WD is in the order of 106 G.

• Hard X-ray emission and signatures of absorption in soft X-ray.

• The inner disk is truncated by the magnetosphere radius. In extreme in-
stances, the disk can be fully disrupted.

There is evidence that in V2400 Oph there is no accretion disk (HELLIER; BEARD-

MORE, 2002). Therefore, the accretion occurs via stream-fed mode, in other words
the matter follows a stream from the L1 point to the magnetosphere/threading re-
gion and then falls onto the magnetic WD such as polars. In IPs that have accretion
disks, the geometry of the magnetic accretion can be complex, forming accretion
columns or arc-shaped curtains, referred to as disk-fed accretion. This complexity
arises because the region in which the material is captured by the WD magnetic
field is not synchronized with the WD rotation. Moreover, some IPs show evidence
of disk-overflow mode, in which the accretion can switch between both scenarios
disk-fed and stream-fed (NORTON et al., 1997).

1.3.1 IPs observational properties

An important observational property of IPs is the variation of the flux and its
spectral dependence along the rotation cycle. This can be observed as much through
phase diagrams from X-ray data, whose amplitude and shape depend on the range
of energy, as the spectra that vary with time phase. The flux modulation with spin
arises from the WD rotation by means of two processes: the recurrent occultation
of the PSR behind the WD or absorption/scattering of the PSR emission by the
intervening higher accretion column. The “pulses” of the light curves may have a
sinusoidal or irregular shape as shown in Figure 1.6.

The magnetic field regulates the geometry of the flow of matter. The emission of
the PSR at high energies can be reprocessed by the material in the pre-shock region
generating wide profiles in the emission lines in X-rays and ultraviolet, UV (LUNA et

al., 2015, e.g.). A discussion of the interpretation of variability in geometrical terms
is presented by Hellier (1999) and Belloni et al. (2021).

The X-ray spectra of IPs are featured by hard X-ray emission originating from PSRs.
A soft blackbody emission observed in some systems is understood to arise from the
heated WD surface around the accretion footprints (EVANS; HELLIER, 2007, e.g.).
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The temperature of the post-shock matter depends on the WD mass and, therefore,
the X-ray spectra of IPs can be used for WD mass determination (ISHIDA; TAKEUTI,
1991; SULEIMANOV et al., 2005, e.g.). However, there is an important degeneracy in
this determination using only the X-ray spectrum, as recently shown by Belloni et
al. (2021). In fact, the WD masses can be estimated by fitting hard X-ray continuum
spectra using the structure of the PSR (see Section 1.3.2). The X-ray continuum of
IPs in the range < 20 keV is modified by interstellar and intrinsic absorption, and by
a possible reflection component. The intrinsic absorption is still not well understood
due to the possible inhomogeneous and complex geometry of the accretion flow.

Figure 1.6 - Examples of IPs phase diagrams in three X-ray energy bands. The XMM-
Newton data are shown in red and the NuSTAR data are in black.

SOURCE: Mukai et al. (2015).

Typically, the optical light curves of IPs show signatures of the orbital period, WD
spin period, and the beat frequency, which can be the result of accretion via the
“stream-fed” model or the reprocessing of X-rays. Some IPs present low states, whose
magnitude can vary 1 – 1.5 mag such as AO Psc and AE Aqr systems (KENNEDY
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et al., 2017). The cause of these low states is currently suspected to be star spots
passing over the L1 point on the surface of the companion star, temporarily halting
mass transfer (HILL et al., 2016). The IP optical spectra can exhibit intense Balmer
and He II λ4686 emission lines.

IPs exhibit circular polarization when magnetic fields are in the range of 1 – 10 MG
with levels around 1 – 2% (Table 4.1 shows IPs with circular polarization different
from zero). The null circular polarization is attributed to the dilution of the polarized
light from the PSR by the emission of the disk. However, some authors suggest
that a high accretion rate may decrease the high magnetic field on the surface of
WD (CUMMING, 2004, e.g.). An example of an object with a positive detection
of circular polarization is BG Canis Minoris. Its polarization is -1.74 ± 0.26% in
the 1.10-1.38 µm wavelength range and provides direct evidence of magnetic fields
controlling the dynamics of accretion in IPs. In particular, it indicates B ∼ 4×106 G
(PATTERSON, 1994). On the other hand, cyclotron emission is not confirmed in
other IPs such as AE Aqr (FERRARIO et al., 2015; PATTERSON, 1994; PATTERSON

et al., 1988, e.g.). Butters et al. (2009) present a list of IPs observed using circular
polarimetry, but not all of them have had polarization detected.

1.3.2 Structure of the post-shock region

As said before, the PSR is located between the shock front and the WD surface
(Figure 1.7). The PSR physics in polars and IPs is very similar. In PSRs, the pre-
shock kinetic energy is converted into thermal energy with temperatures of the order
of tens keV. The compressed material in the PSR mainly cools by bremsstrahlung,
emission lines and cyclotron. This produces an increase in density from the WD to
the shock front. The temperature has the opposite behavior, see Figure 1.8. This is
commonly called shock structure.

Aizu (1973) is a seminal work for accretion onto WD. He solves the shock structure,
i. e. the density and temperature dependence with the height of the PSR and also
calculates the emission from the homogeneous region, considering a pure cooling by
optically thin bremsstrahlung. His study also shows that the temperature of the PSR
is a function of the WD mass and that the density and height of the region – and
therefore its luminosity – are determined by the accretion rate. The PSR structure
in an accretion column according to the Aizu (1973) model is shown in Figure 1.8.

King and Lasota (1979) and Lamb and Masters (1979) considered the cooling via
bremsstrahlung and cyclotron emission, which quantitatively explains the observa-
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tional properties of MCVs. Then, Wu et al. (1994), Wu (1994) using both cooling
processes, one-dimensional plane-parallel PSR, and disregarding gravitational forces
inside the column analytically calculated the temperature and density profiles. Thus,
multitemperature spectra can be calculated and compared to observed X-ray spectra
in order to determine fundamental properties of the MCVs, such as the WD mass.

Figure 1.7 - The illustration of the accretion column. The PSR is produced when the
accretion flow coming from the threading region reaches supersonic velocities.
In the PSR, radiation processes cool matter and shape the density and the
temperature profiles.

SOURCE: Som et al. (2018)

Cropper et al. (1999) were the first to include the effects of a radially varying gravita-
tional acceleration on the PSR. In other words, they took into account non-negligible
shock heights. The effect of the gravitational potential is more significant in the case
of the pure bremsstrahlung cooling which results in a larger shock height in com-
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parison with models that also include the cyclotron cooling. In addition, the shock
temperature is lower than that calculated from the Aizu model, because the pre-
shock velocities at this height are less than those at the surface of the WD. When the
gravitational potential is included and the cyclotron cooling is also used, the correc-
tion is not so significant because shock height is lower. Using Cropper’s model, the
WD mass of polars and IPs was estimated using data from different X-ray satellites
such as GINGA/LAC (japanese for ‘galaxy’ – the energy range is 1.5 – 500 keV)
by Ishida and Takeuti (1991), ASCA (Advanced Satellite for Cosmology and Astro-
physics – ranging 0.4 to 10 keV) by Ezuka and Ishida (1999a), RXTE (Rossi X-ray
Timing Explorer – ranging 2 to 250 keV) by Suleimanov et al. (2005).

Figure 1.8 - Shock structure in an accretion column by Aizu (1973). Relative temperature
(solid black, left axis) and density (dashed blue, right axis) of the post-shock
region.

SOURCE: Mukai (2017).

Canalle et al. (2005) added one more ingredient to the PSR structure calculation.
They considered the dipole-field geometry in which the accretion flow is considered
non-radial. In fact, the hydrodynamics in funnel flow and in radial are qualitatively
different, especially for tall post-shock columns where the variation of the gravita-
tional potential is significant. The authors also considered the electrons and ions
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in thermal equilibrium (one-temperature plasma). However, Saxton et al. (2007)
showed that for high mass systems a two-temperature gas/plasma treatment is more
accurate and predicts harder X-ray spectra.

The effect of the specific accretion rate (ṁ), in other words, the mass accretion rate
per unit area was discussed by Yuasa et al. (2010). The authors used as comparison,
the Cropper model, which has ṁ fixed at 1.0 g cm−2 s−1, and showed that the
estimated WD mass is affected by less than 30% when varying ṁ in the range of
1.0 – 10 g cm−2 s−1 if the WD is less massive than 1.2 M�, which is true for most
WDs. In this context, Hayashi and Ishida (2014a) modified the Cropper model to
better deal with the more massive WD of IPs. Specifically, they used dipole geometry,
non-equilibrium between ions and electrons, and the parameter ṁ from 0.0001 to
100 g cm−2 s−1. Their modeling indicated that the temperature and density profiles
depend on the specific accretion rate. In particular, the Cropper model is not valid
if the specific accretion rate is below a critical ṁ, which ranges from about 5 to
100 g cm−2 s−1 for 0.7 and 1.2 M� WD, respectively, or when the height of the PSR
reaches about 1% of the WD radius.

The effect of the gravitational potential was recently studied by Som et al. (2018),
who showed that gravity can be neglected for shock height less than 0.01 RWD,
whereas it is essential for larger heights. Also, the inclusion of gravity reduces the
shock height and produces harder X-ray spectra.

In Belloni et al. (2021), we calculated the PSR temperature and density profiles
assuming the equipartition between ions and electrons, the WD gravitational po-
tential, the finite size of the magnetosphere and a dipole-like magnetic field geometry.
We also considered the cooling by bremsstrahlung and cyclotron radiative processes.
Our model is the only one that solves the radiative transfer using a 3D approach.
For mode details see Section 2.12. An overview of the assumptions of some PSR
models from literature is shown in Table 1.1.

1.3.3 IPs emission models

Cyclotron emission is not always observed in IPs and most of the IP modeling
only uses X-ray data. Although the first X-ray spectrum models represented the
PSR as a homogeneous region in temperature (EZUKA; ISHIDA, 1999b), the correct
interpretation of the spectra should be performed considering the shock structure
and the absorption produced by material in the pre-shock column.
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Table 1.1 - Summary of shock solution of PSR from literature.

Model Gravitational Specific accretion Magnetic Geometry Different ion and
potential rate field electron temperatures

(g cm2 s−1) (MG)
Aizu (1973) Not included >0.01 0 Cone Not included

Wu et al. (1994) Not included 4 30 Cylindrical Not included
Cropper et al. (1999) Included 1 30 Cylindrical Not included
Canalle et al. (2005) Included 1 0 Dipole Not included
Yuasa et al. (2010) Included Parametrized 0 Cylindrical Not included

Hayashi and Ishida (2014a) Included Parametrized 0 Dipole Included
Som et al. (2018) Included 1 10 Cylindrical Not included

Belloni et al. (2021) Included Parametrized Parametrized Dipole Not included

Bremsstrahlung is an important component of the high-energy emission of IPs and
in the hottest regions of the PSR, it can be the dominant emission process. Fig-
ure 1.9 shows a bremsstrahlung fitting for IGR J00234+6141 with a temperature of
10.8 ± 2.1 keV. For some systems, however, the contribution of emission lines in soft
X-rays from cold parts of the PSR can not be neglected (BEARDMORE et al., 2000;
CROPPER et al., 1999). Compton scattering can be dominant in spectrum with tem-
peratures above 10 keV (MUKAI, 2017), for example Suleimanov et al. (2008) show
that for V709 Cas, it is important to take the Compton scattering into account
(Figure 1.10).

Mukai et al. (2003) classify the MCV spectra into two types: cooling flow and pho-
toionized. The first refers to the standard WD accretion model in which the cooling
is dominated by free-free emission. It is valid for some IPs and non-magnetic CVs.
Luna et al. (2015) applied this model to a high-resolution X-ray spectrum of EX Hya,
a low luminosity IP, and concluded that this model needs additional ingredients to
modify the temperature structure in order to reproduce the continuum and the lines.
The photoionization model applies to V1223 Sgr, AO Psc, and GK Per, for instance.
Their X-ray spectra are characterized by a hard, power law-like continuum in the
0.5 – 8 keV range that is too flat to be reproduced by the cooling flow model modi-
fied by a simple absorber. However, their X-ray spectra above 10keV are well fit by
cooling flow type models (MUKAI, 2011; MUKAI, 2017, e.g.).

PSR emission in MCVs can be affected by photo-absorption in the pre-shock ac-
cretion column. Norton and Watson (1989) also used the X-ray light curves of all
IPs detected by EXOSAT conclude that the pulse profiles can be explained by a
combination of absorption by the pre-shock region and PSR self-occultation by the
WD. Also, Norton and Watson (1989) reproduced the BY Cam spectra consider-
ing an ad hoc absorption prescription, variable with WD spin phase, but without
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a consistent accretion geometry. The height of the accretion column is also an im-
portant ingredient to reproduce the observed modulation. A PSR that extends to
non-negligible height in comparison to the WD radius has several consequences.
PSR self-occultation by WD is decreased and may not exist for higher PSR regions
(which are warmer, but less dense). For a same geometry, the increase in the height
of the PSR results in a decrease of the pre-shock region and, consequently a lower
absorption (BELLONI et al., 2021). Moreover, the amplitude of the reflection in WD
would also be very small (HELLIER, 1999, e.g.).

Figure 1.9 - IP spectrum fitting using only bremsstrahlung . The temperature is approxi-
mately 11 keV.

SOURCE: Butters et al. (2011).

The photo-absorption effect can be considered in XSPEC (X-Ray Spectral Fitting
Package), see Section 3.1, using a partial covering absorber model called pcfabs or
a simple absorber model such as phabs and wabs (ANZOLIN et al., 2008, e.g.). In
Figure 1.11, we compare the spectra from XSPEC using the bremss and bremss
modified by phabs models with the same temperature (T = 10 keV). The difference
of the models is the attenuated emission in soft X-rays due to absorption in the
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pre-shock accretion column.

IP spectra may present many iron lines such as H-like (6.97 keV), He-like (6.68 keV),
6.4 keV fluorescent lines and also K-shell lines from medium-Z elements. Ezuka and
Ishida (1999a), using an sample from ASCA satellite, interpreted that the 6.4 keV
line comes from the reflection off the WD surface.

Figure 1.10 - V709 Cas spectrum and the best-fit spectral model of the PSR. The crosses
represent the data from RXTE and INTEGRAL. The solid line is the total
spectrum of the PSR model with Compton scattering and the dashed without
Compton scattering. The dotted curve represents the Gaussian iron line.

SOURCE: Suleimanov et al. (2008).

The traditional partial covering models do not include the dependence of absorption
on geometry. The lines-of-sights to different parts of the X-ray emission region go
through differing amounts of matter. To solve this problem, Done and Magdziarz
(1998) proposed the pwab model, which fits multi-temperature emission, reflection
model, and a power law that approximately represents a distribution of covering
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fractions by several discrete values of the hydrogen column density (N(H)). This
could represent a physical situation where the column is blobby. Mukai (2017) adver-
tises the development of a new version of a complex absorber model with an ionized
absorber. The difference is shown in Figure 1.12. However, absorption models may
not be applicable to all IPs, for example, EX Hya displays little evidence of simple
or complex absorption.

Figure 1.11 - The XSPEC fitted with bremss model is the blue line and bremss modi-
fied by phabs model is the red line. We used T = 10 keV, norm = 1, and
N(H) = 5.133 × 10+20 cm3.

SOURCE: The author.

1.4 The goals of the thesis

The general goal of this thesis is to study magnetic accretion from CVs. Specifically,
we performed two different projects: one related to SW Sex stars and the other
regarding IPs.
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Figure 1.12 - Spectral fitting with XSPEC models of V1223 Sgr. The blue model is the
mkcflow modified by pwab and the red model is the new version pwab carried
on by Mukai (2017).

SOURCE: Mukai (2017).

The study of SW Sex systems was initiated during my master’s degree, but more
observational campaigns were developed during this PhD along with the analysis
of the results and their eventual dissemination in Lima et al. (2021). This project
sought observational evidence of magnetic accretion in six objects of the SW Sex
class: BO Cet, SW Sex, V442 Oph, V380 Oph, LS Peg, and UU Aqr.

The modeling of the IP V405 Aur using the CYCLOPS code was performed in
order to apply our code to IPs for the first time, because heretofore CYCLOPS
code applications were restricted to polars. In fact, the CYCLOPS code is a suitable
and competitive tool to study magnetic accretion in IPs because the PSRs do not
care if the material comes from a stream or a courtain accretion. The code is unique
because it adopts a 3D approach and calculates the radiative transport of cyclotron
and bremsstrahlung processes in the PSR structure. Besides, CYCLOPS is not
limited to optically thin regimes.

The structure of the thesis is as follows. Chapter 2 describes the CYCLOPS code.
Chapter 3 provides a general introduction to the XSPEC code and a comparison
with CYCLOPS. Chapter 4 presents the selection of the IP type as our initial
choice for the modeling of V405 Aur. UU Col is another case where this is a good
option for the modeling. Chapter 5 discusses the fitting of V405 Aur photometric
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and polarimetric UBVRI optical data besides its spectrum and light curve in X-rays.
Chapter 6 shows the results of our search for magnetic accretion in SW Sex stars.
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2 THE CYCLOPS CODE

This chapter introduces the CYCLOPS code. A short history of the code is pre-
sented in Section 2.1 while the radiative transport for optical and X-ray data is
described in Section 2.2. In Section 2.3 the geometrical and physical input parame-
ters are enumerated and the way the code works along with the main routines are
presented in Section 2.4. Section 2.5 describes how the input files of CYCLOPS
should be used while Section 2.6 exhibits the optimization procedure used in our
code. The figure of merit is discussed in Section 2.7 and Sections 2.8, 2.9, 2.10,
and 2.11 present additional information on how the code deals with the interstellar
extinction, the absorption and scattering by the interstellar medium and internal to
the binary, and multifrequency modeling, respectively. The shock solution of PSR
implemented in the code, namely the 2020 version is described in Section 2.12.
Finally, the code without the shock solution, that is, the version prior to 2020 is
discussed in Section 2.13.

2.1 History

CYCLOPS – an acronym for the CYCLOtron emission of PolarS – is a code to
model the continuum optical, infrared, and X-ray emission from the PSR by cy-
clotron and bremsstrahlung emission. The code considers a three-dimensional and
non-homogeneous accretion column. The temperature and density are represented
by radial profiles and the magnetic field varies in a 3D space following a dipolar
recipe (COSTA; RODRIGUES, 2009; SILVA et al., 2013).

In the initial version, the CYCLOPS code considered only the cyclotron emission
and enabled the simultaneous fit of two optical light curves (COSTA; RODRIGUES,
2009). As part of her thesis, Silva (2013) modified the code to include any number
of optical light curves and X-ray spectra. Recently, the X-ray light curves have been
implemented (Belloni et al. (2021) and this thesis).

The numerical solution of the hydro-thermodynamic equations that describe the
temperature and density profiles in the PSR was added to the code replacing the
arbitrary functions described by Silva et al. (2013). The solution was implemented
by Dr. Diogo Belloni (BELLONI et al., 2021).

Figure 2.1 shows an example of the PSR geometry of the eclipsing polar
MLS110213: 022733 +130617 as modeled by the CYCLOPS code. In particular,
this geometry is consistent with the observed eclipse (SILVA et al., 2015).
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Figure 2.1 - Geometric representation of the emitting region on the WD surface using the
CYCLOPS code. The blue line represents the walls of the PSR, the red curve
is the magnetic field line that passes through the PSR center and, the green
line is the magnetic axis.

SOURCE: Silva et al. (2015).

2.2 Radiative transfer

The CYCLOPS code uses a reference system with the origin at the WD center, in
which the z-axis is the observer direction, i.e. the direction of the radiation propa-
gation, the x-axis is in the orbital plane, and the y-axis completes the coordinate
system for each phase. The emitting region is composed of N × N × M cells, a
rectangular prism, where N is the resolution in the sky plane and M is the is the res-
olution along the line-of-sight. Initially, the code uses N × N × N cells, however, the
code requires to have at least ten steps in the radiative transfer in the line-of-sight
direction. Therefore, if N is not high enough to fulfill this condition, the resolution
in the line-of-sight direction is increased to M. CYCLOPS calculates the radiative
transfer in each cell. The density, temperature and magnetic field in each cell are
assumed to be constant, but they vary from cell to cell. The first cell is the input
to second cell and so on. The flux is obtained in each of the Stokes parameters in
each rotation phase step by integrating the intensities in all line-of-sights. There-
fore, the radiative transfer is performed for each rotation resolution step (COSTA;

RODRIGUES, 2009).
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The CYCLOPS code calculates the radiative transport solution of Pacholczyk and
Swihart (1975) and Meggitt and Wickramasinghe (1982a) for the intensities of the
four Stokes parameters for the cyclotron process, which is relevant for MCVs in
the optical and infrared regime. In X-rays, only the total intensity produced by
the bremsstrahlung process for any optical depth is calculated. Also, the photo-
absorption is implemented in CYCLOPS owing to the dominant radiative process in
the pos- and pre-shock accretion column, respectively. The radiative transfer solution
was solved for each line-of-sight considering the emission and absorption (SILVA et

al., 2013). The convolution between the instrumental responses and the model is
performed by the package for interactive analysis of line emission PINTofALE code
(KASHYAP; DRAKE, 2000).

2.3 Geometrical and physical parameters

The geometry of the magnetic accreting column in the CYCLOPS code is illus-
trated by Figure 2.2. The emitting region is located near the WD, denoted by the
red circle. The input parameters of a CYCLOPS model are listed below.

Geometrical parameters:

• i – the inclination of the MCV orbital plane relative to the observer. The
WD rotation axis is assumed to be normal to the orbital plane;

• β – the central PSR colatitude, in other words, the angle between the WD
rotation axis and the center of the PSR region on the WD surface;

• Blat and Blong – define the latitude and longitude of the magnetic axis with
respect to the orbital plane and the line connecting the WD and the donor
centers, respectively;

• ∆long and ∆R – define the threading region size and are the semi-amplitude
in the longitudinal and radial directions, respectively. ∆R is represented as
a fraction of the distance of the threading region center to the WD center.

Physical parameters:

• MWD – the WD mass;

• B – the WD magnetic field strength at the WD magnetic pole;

• ṀWD – the mass accretion rate.
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Figure 2.2 - Geometry accretion used by the CYCLOPS code. The PSR on the surface of
the WD is shown as a white region, highlighted by a red circle. The threading
region is defined by ∆long and ∆R parameters. β is the colatitude angle of the
center of the PSR and the B line represents the magnetic axis.

SOURCE: Costa and Rodrigues (2009).

The accretion geometry is defined from the threading region (see Figure 2.2). Cur-
rently, the same threading region in CYCLOPS produces two PSRs: one in the
northern hemisphere and another in the southern hemisphere. Given a PSR emis-
sion model calculated by the CYCLOPS code, we can identify some external factors
that can modify the observed emission. The interstellar extinction is one example.
To compare data and model, it may also be necessary to define other kinds of non-
intrinsic PSR parameters such as the difference of phase between the model and the
observations or the flux level.

In the X-ray fitting, the distance of the source, which may be provided by the
accurate parallaxes from Gaia satellite for many sources, can be considered in CY-
CLOPS in order to calculate the absolute flux levels. In Section 3.2, we demonstrate
that CYCLOPS spectra in absolute physical units are consistent with those ob-
tained using XSPEC .
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2.4 Main routines

The CYCLOPS code consists of several IDL (Interactive Data Language) and C++
routines. In general terms, the code can be divided into three blocks: the model cal-
culation; the comparison between a model and an observational data set; the fitting
of an observational data set. The code has optical and/or X-ray data files as inputs
along with a file containing the geometrical and physical parameters to calculate a
model or to perform the optimization algorithm (see Section 2.6). Regarding the cal-
culation of a model, the first step is to calculate and save the geometry of the WD, the
PSR, and the pre-shock region. Then, the differential hydro-thermodynamic equa-
tions and boundary conditions of PSR are numerically solved and the PSR grid is
filled with density, temperature, and magnetic fields values. Next, the code calculates
the radiative transfer based on the the cyclotron and bremsstrahlung emissivities
and their absorption cross sections for each line-of-sight of PSR. This is performed
for each WD rotation step since the grid changes as a function of the observed line-of-
sight. When comparing a given model with observations, the interstellar extinction
are also taken into account. This includes the photoelectric absorption in X-rays and
reddening in the optical range. If the model refers to X-rays, the convolution with
the instrumental response is performed as an option.

A model is calculated for a given number of WD rotational phases (defined by an
input parameter), which can be different from the number of data phases. Thus, the
code interpolates or bins the flux in phase. The number of optical curve phases may
be different from the number of X-ray curve phases.

If the code is running a fitting procedure, the chi-square (χ2) of each model is
calculated and concatenated in a single file. Finally, we identify the minimum χ2

and graphically compare the model with the data.

The main routines of the CYCLOPS code are listed below.

polar_pikaia.pro , performs the optimization algorithm in order to search for the
best model;

model_inhomog_c.pro , calculates an emission model of PSR based on geomet-
rical and physical parameters. The geometry includes the WD, the PSR ,
and pre-shock region;

transfer_2d.pro , this routine performs the radiative transfer on all lines-of-sight
in the emitting region;
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bremss_trans.pro , calculates the bremsstrahlung emission and absorption coef-
ficients;

gyro_trans.pro , calculates the cyclotron emission and absorption coefficients;

PSRsolver.c , numerical solution of the PSR based on hydro-thermodynamic
equations and boundary conditions. The solution is the result of the Runge-
Kutta-Fehlberg numerical method associated with adaptive step-size con-
trol;

calc_chi.pro , calculates the χ2 of the models with respect to the data;

xanalise.pro , this routine allows the user to produce graphs comparing the data
with a model.

2.5 Input files of CYCLOPS

The CYCLOPS code considers one input file for each optical band. For example,
one file represents the B band, another the V band, and so on. These files should
use the extension “.olc”. They should contain a set of frequencies (in Hz) and their
respective weights to represent a spectral band response. The limit case of only one
frequency is allowed.

The harmonic number of the cyclotron emission varies throughout the region because
the magnetic field changes in space due to the dipolar geometry. So, to fit broadband
observational data it is advisable to understand the importance and effects of the
frequency choice. Ideally, CYCLOPS should use a large number of frequencies to
correctly map the spectral response in one band. However, as the radiative transfer
is done frequency by frequency, there is a high price in terms of computational time.
Our experience shows that UBVR bands are well represented by one frequency in
the fitting algorithm. However, the R and I bands need at least three frequencies
due to their width and also because the cyclotron emission tends to have a larger
optical depth for low frequencies (see Section 2.11).

The optical input data are the flux density, in Jansky or a unit proportional to
it, circular polarized fraction, linear polarized fraction, and polarization angle as a
function of the WD rotation phase. The conversion of magnitudes into flux density
in a particular X band (fX) is given by Equation 2.1.

fX(mX) = fX(mX = 0)× 10−mX/2.5, (2.1)
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where fX(mX = 0) is the flux corresponding to mX = 0 and mX is the object
magnitude in the X band.

CYCLOPS fits absolute optical fluxes in each band, which is equivalent to a fit of
the spectral energy distribution. Therefore, a correct calibration of optical magni-
tudes is essential for optical multiband fitting. Otherwise, the incorrect wavelength
dependence of the observed emission can produce a bias in the fitted parameters.

The input files for X-ray data are spectrum and their instrumental responses, and
light curves. The calculation of light curves requires the input of one spectrum
data file. The instrumental responses and the spectrum are created using the tools
adequate for the observatory. During the X-ray data reduction, we obtained two
files: the detector redistribution matrix file (RMF), which is a file containing the
mapping matrix from the detector channel into the photon energy, and the ancillary
response file (ARF), the vector of the effective area of the detector as a function
of the energy (ZUHONE et al., 2014). The spectrum input file for CYCLOPS must
have the “.xsp” extension. The unit of the abscissa should be given in energy (keV)
and the counts of an individual channel in counts/keV/s.

2.6 The optimization procedure

In order to determine the parameters of the model that best fit the data, the
optimization algorithms PIKAIA and AMOEBA were implemented in the CY-
CLOPS code. Both of them have public domain implementation software codes. To
perform a search in a broad range of parameters, we used the PIKAIA genetic al-
gorithm (CHARBONNEAU, 1995). Then, we used the AMOEBA subroutine (PRESS
et al., 1992) to refine the search for a given model in a limited domain portion.

PIKAIA is appropriated for large numbers of input parameters. This genetic al-
gorithm belongs to a class of search techniques inspired by the biological process
of evolution by natural selection. In the space of parameters, the algorithm forces
the figure of merit minimization by crossover probability and a maximum mutation
rate. Some parameters of PIKAIA are as follows (CHARBONNEAU, 1995): (i) nger,
defines the number of the generations used; (ii) nd, defines the number of significant
digits retained in chromosomal encoding; and (iii) pmut, initial mutation rate, which
is the probability of one gene locus mutating in one generation.

AMOEBA or downhill simplex method was proposed by Nelder and Mead (1965).
The minimization of a function of n variables depends on the comparison of function
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values at the (n+ 1) vertices of a general simplex, or a geometrical figure such as a
triangle or a tetrahedron, followed by the replacement of the vertex with the highest
value by another point. In other words, if Po is the initial starting point, the other
N points are given by Equation 2.2.

Pi = Po + λei, (2.2)

where the ei’s are N unit vectors, and λ is a constant, which is your guess of the
problem’s characteristic length scale.

2.7 The figure of merit

To determine the model parameters that best fit the observational data set, we used
the χ2 as the figure of merit in CYCLOPS. The input data (photometry, circular
polarimetry, linear polarimetry, polarization angle, X-ray spectrum, and X-ray light
curve) can differ numerically by orders of magnitudes. For this reason, the user may
want to attribute different weights to prioritize the fitting of a given observational
set. Hence, the code considers the weights given for each type of data (see Equa-
tion 2.3). It is calculated by Equation 2.3, which takes into account simultaneously
optical data (χ2

opt) and X-ray data (χ2
xr).

χ2
total =

∑
i

ωiχ
2
i , (2.3)

where ωi is the weight chosen by the user for each i kind of input data, which i = 1
is the photometry, i = 2 is the circular polarimetry, i = 3 is the linear polarimetry,
i = 4 is the polarization angle, i = 5 is the X-ray spectrum, and i = 6 is the
X-ray light curve.

The χ2 of the photometry data is calculated by Equation 2.4, the χ2 of the polari-
metric data is given by Equation 2.5 while the χ2 of the X-ray data is determined
by Equation 2.6.

χ2
Eopt

=
∑
Eopt

∑
Eph

[dEopt,ph
− (fcycFopt,ph + fnpEopt

)]2, (2.4)
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χ2
Eopt

=
∑
Eopt

∑
Eph

(dEopt,ph
− fcycFopt,ph)2, (2.5)

χ2
Exr

=
∑
Exr

∑
j

[dExr,j
− (fxrF conv

Exr,j)]
2, (2.6)

where Eopt and Exr are the energies in optical and X-rays wavelengths, respectively,
dEopt,ph

and dExr,j
are the fluxes observed in terms of optical (ph) and high energies

(j) phase-dependent. Fopt,ph is the optical flux calculated using the core of the code,
fcyc is the multiplicative value used to normalize optical models and allow a com-
parison between the χ2 values, F np

Eopt
is the additive constant, which represents the

unpolarized optical flux. fxr is the multiplicative value for X-ray data applied to fit
absolute flux, and F conv

Exr,j is the X-ray flux convolved with the instrumental responses
(ARF and RMF).

We used the IDL routine conv_rmf from PINTofALE in order to convolute the
original flux from CYCLOPS, Fxr,ph, with the response matrices to obtain the flux
for observation:

F conv
Exr,j = ARF × (Fxr,ph ×RMF ). (2.7)

2.8 Optical interstellar extinction

The optical interstellar extinction is the light attenuation along the propagation
path in the interstellar medium (ISM). The extinction occurs due to absorption and
scattering by dust in the ISM. Extinction by interstellar dust affects most astro-
nomical observations and it is not equally effective for all wavelengths: the shorter
the wavelength, the higher the extinction. This phenomenon causes an object to
appear redder than it really is. The extinction for a given wavelength, λ, in units
of magnitude is usually defined as A(λ). The extinction can also be quantified by
the color excess (Eλ−V ), with respect to the V band, a reference passband (LARSON;

WHITTET, 2005, e.g.), see Equation 2.8.

E(λ− V ) = (mλ − V )− (mλ − V )o, (2.8)

where (mλ−V ) and (mλ−V )o are the observed and the intrinsic values of the color

33



index, respectively.

In the Johnson system, the extinction is usually parameterized by RV [≡
A(V )/E(B − V )], the ratio of total to selective extinction. Theoretically, RV char-
acterizes the size distribution of the dust grains being larger in regions with larger
grains. In the diffuse ISM, RV has been shown to be constant and approximately
3.05 ± 0.15 (WHITTET, 1992, e.g.).

The wavelength dependence of the extinction can be represented by the ratio
A(λ)/A(V ). Cardelli et al. (1989) studied the extinction in many Galactic lines-
of-sight and concluded that this ratio is well represented by a function of R. The
optical reddening correction in CYCLOPS uses their recipe, which is shown in Fig-
ure 2.3 for certain values of R. CYCLOPS adopts the extinction curve of Cardelli
et al. (1989) using RV = 3.1 (SCHLAFLY; FINKBEINER, 2011).

The CYCLOPS code calculates the absolute value of the extinction in a given band
based on the hydrogen columnar density, N(H), an input parameter of CYCLOPS.
First of all, CYCLOPS calculates A(V ) from the gas-to-dust ratio, N(H)/A(V ) of
Zhu et al. (2017, Equation 2.9). If the data is not in the V band, CYCLOPS uses
the Cardelli et al. (1989) relation to calculate A(λ) from A(V ).

N(H) = (2.08 ± 0.02)× 1021A(V )[H cm−2 mag]. (2.9)

2.9 Absorption in X-rays

In X-rays, the photons emitted by the PSR can undergo interaction with matter
inside the binary, the circumbinary matter, and the ISM. Photoelectric absorption
is the dominant process for X-rays below 10 keV (HOFFMAN; DRAINE, 2016). CY-
CLOPS takes into account the absorption from the ISM and from the pre-shock
region. This was implemented by Silva et al. (2013). The ISM optical depth (τXRISM)
is determined using the package bamabs from PINTofALE. In wavelengths less than
91.2 nm, τXRISM(λ) is expressed by Equation 2.10 (KASHYAP; DRAKE, 2000).

τXRISM =
∑
i

σabsi (λ)Ni, (2.10)

where σabsi is the photo-absorption cross-section of species i and Ni is the column
density of species i in the ISM, as seen from Earth.
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Figure 2.3 - Interstellar extinction implemented in the optical regime of the CYCLOPS
code from Cardelli et al. (1989). The blue line corresponds to RV = 2.75, the
red for RV = 3.52, and the green for RV = 5.30. The CYCLOPS code adopts
RV = 3.1.

SOURCE: The author.

As already mentioned, the fluxes are calculated for each WD rotational phase, ph:
FE,ph. In each phase, the total flux emitted by the PSR is calculated by the sum of the
fluxes from all lines-of-sight (pixels) that compose the projection of the PSR in the
plane of sky. The photo-absorption produced by the pre-shock region is calculated
individually for each line-of-sight and applied to the PSR emission of the respective
line-of-sight. The absorption in each line-of-sight is proportional to the length of the
pre-shock region.

The observed flux attenuation is due to interstellar photo-absorption given by Equa-
tion 2.11 and by the scattering in the pre-shock columns (Section 2.10).
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FE,ph = e−BτISM
∑
l

FE,l,phe
−τpre(l), (2.11)

where τISM and τpre(l) are given by Equations 2.12 and the 2.13, the variable B
ranges from 0 and 1 and can be constant or can be fitted to provide the minimum
value of χ2.

τISM = σph N
ISM
col , (2.12)

where σph is the photo-absorption cross-section and N ISM
col is the interstellar column

density of hydrogen discussed in Section 2.8.

τpre(l) = kl s σph N
pre
e , (2.13)

where kl is the number of cells in the pre-shock region, s is the optical path corre-
sponding to one cell length, σabs is the photo-absorption cross-section, and Npre

e is
the PSR density given by Equation 2.14

Npre
e = A ∗ 0.25 ∗ 0.5 ∗Nmin

e , (2.14)

where A is a variable fraction between 0 and 1; the factor 0.25 comes from the
Hankine-Hugoniot conditions, which represent a discontinuity in the plasma near
the top of the shock front and the WD photosphere, i.e., the density in the shock
front decreases by a factor of 4 from the pre-shock region to the PSR; the factor 0.5
comes from the assumption that the ionized fraction of the material in the pre-shock
region is 50%. Nmin

e is the PSR minimum density, which occurs at exactly the shock
front at the top of the PSR.

The optical depth of the pre-shock region is defined by the number of cells and
the optical path length in each line-of-sight as well as the density of PSR. In each
line-of-sight that composes the PSR image in a given rotation phase, the maximum
optical depth of the pre-shock region is defined by the number of cells, the optical
path length of each cell as well as the pre-shock density and the cross section (Equa-
tion 2.13). In CYCLOPS , the pre-shock density is assumed to be a constant value,
Npre
e .
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2.10 Scattering in the pre-shock column

The scattering of radiation from electrons in the pre-shock region is considered
by CYCLOPS code for optical and X-ray modeling. In optical wavelengths, the
classical case of Thomson scattering is used. The differential Thomson cross section
for unpolarized incident radiation is given by Equation 2.15. In X-rays emission,
CYCLOPS uses the Compton scattering calculated by the Klein–Nishina formula
(RYBICKI; LIGHTMAN, 1979, Equation 2.16).

σT = 6.6525 × 10−25cm2, (2.15)

σ = σT
3
4

{
1 + x

x3

[
2x(1 + x)

1 + 2x − ln(1 + 2x)
]

+ 1
2xln(1 + 2x)− 1 + 3x

(1 + 2x)2

}
, (2.16)

where x ≡ hν/mc2, which h being Plank’s constant = 6.625 x 10−27 erg s, ν is the
wave frequency, m is the electron mass, c is the free space velocity of light.

In CYCLOPS, the pre-shock region is considered to be partially ionized with an
arbitrary value of 0.5 of the ionized fraction.

2.11 Multifrequency modeling

The cyclotron radiation is known to be circularly and linearly polarised and
wavelength-dependent (WEST et al., 1987). Figure 2.4 shows an example of the ob-
served spectrum and a cyclotron emission model of polar RX J1938.6-4612 using
three different phases as a function of the angle between the magnetic field lines and
the line-of-sight (ϕ), temperatures, and magnetic field. This figure shows the theo-
retical and observational cyclotron emission variation as a function of wavelength.
Thus, the multifrequency correction leads to harmonic cyclotron deviations.

In its present version, the CYCLOPS code allows the user to consider an arbitrary
number of frequencies to represent a band . In previous versions, the effective wave-
length midpoint of the filters was fixed to the Johnson system (SILVA et al., 2013).
This approach prevented the fitting of data observed in other photometric systems.
We have implemented a generalized multifrequency approach to represent a data
set.
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Figure 2.4 - The normalized cyclotron spectra in different phases, temperature, magnetic
field, and projection angle (angle between line-of-sight and magnetic field).
From top to bottom: φ = 0.06 ,0.19, 0.73, kT = 10, 5, 5 keV, B = 47, 70,
70 MG, ϕ = 80◦, 40◦, 80◦.

SOURCE: Schwope et al. (1995).

2.12 CYCLOPS with shock solution

The CYCLOPS code solves the PSR density and temperature profiles assuming: (i)
stationary one-dimensional hydro-thermodynamic differential equations (WU et al.,
1994, e.g.); (ii) dipole-like geometry (CANALLE et al., 2005, e.g.) and (iii) equipar-
tition between ions and electrons (HAYASHI; ISHIDA, 2014a, e.g.). For a review of
these models see Section 1.3.2. The shock in magnetic CVs is produced when the
supersonic flow along the magnetic accretion has to settle down at the surface of
the WD. In MCVs, the ionized gas from the threading region follows the magnetic
field lines to the surface of the WD. When it reach supersonic velocities, the abrupt
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stopping of the inflow near the surface of the WD leads to the formation of a shock,
which heats the inflowing material (AIZU, 1973; FABIAN et al., 1976; KING; LASOTA,
1979; LAMB; MASTERS, 1979).

Figure 2.5 - Geometry of the PSR model from CYCLOPS. Λcyc and Λbrem are the cy-
clotron and bremsstrahlung cooling functions, respectively. Sb is the accretion
area of the PSR on the WD surface and Bb is the magnetic field strength at
the PSR bottom. The shock position is given by z = zsh = RWD + Hsh,
where Hsh is the shock height with respect to the WD surface. The accretion
area and magnetic field vary through the PSR in the z-axis.

SOURCE: Belloni et al. (2021).

In the PSR, radiation processes cool matter and shape the density and the tem-
perature profiles, which are obtained by solving numerical hydrodynamic equations.
These differential equations with gravity and assuming steady state, without vis-
cosity and conduction effects are (WU et al., 1994; HAYASHI; ISHIDA, 2014b; SOM et

al., 2018, e.g.): (i) the mass continuity equation, Equation 2.17; (ii) the momentum
equation, Equation 2.18; and (iii) the energy equation, Equation 2.19.

d

dz
(ρυS) = 0, (2.17)

d

dz
(ρυ2 + P ) + ρυ2

S

dS

dz
+ gWD ρ = 0, (2.18)

39



υ
dP

dz
+ γP

dυ

dz
+ (γ − 1)

(
Λ− ρυ3

2S
dS

dz

)
= 0, (2.19)

where z is the spatial coordinate, ρ is the density, υ is the flow velocity, S is the cross-
section of the PSR (Equation 2.20), P is the pressure for an ideal gas (Equation 2.22),
gWD is the WD gravitational field (Equation 2.23), γ = 5/3 is the adiabatic index,
and Λ is the cooling function.

S = Sb

(
z

RWD

)n
, (2.20)

where Sb is the area of the bottom of the PSR. In the above equation, n corresponds
to the type of accretion geometry, in which n = 0 is cylindrical and n = 3 is dipolar.
RWD is the WD radius given by Nauenberg (1972, Equation 2.21).

RWD = 7.8× 108

( MWD

1.44M�

)−2/3

−
(
MWD

1.44M�

)2/3
1/2

cm, (2.21)

where MWD is the WD mass.

P = ρkbT

µimH

, (2.22)

where kb = 1.380658 × 10−16 erg K−1 is the Boltzmann constant, T is the tem-
perature, µi = 0.615 is the mean molecular mass of a fully ionized gas with solar
metallicity, and mH = 1.673525 × 10−24 g is the atomic hydrogen mass.

gWD = GMWD

z2 , (2.23)

where G is the gravitational constant.

The hot subsonic PSR flow settles gradually onto the WD, and cools via emitting
bremsstrahlung and lines X-rays and optical/infrared cyclotron radiation. The cool-
ing function is given by Equation 2.24.

Λ = Λbremss + Λcycl, (2.24)

where optically thin bremsstrahlung (Λbremss) is given by Equation 2.25 and cy-
clotron (Λcycl) is given by Equation 2.26 (SOM et al., 2018).
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Λbremss = 5.01× 106
(

ρ

10−9g · cm−3

)2 (
T

108K

)0.5
erg · cm−3 · s−1. (2.25)

Λcycl = 7.15×107
(

S

1015cm2

)−0.425 ( B

10MG

)2.85 ( ρ

10−9g · cm−3

)0.15 (
T

108K

)2.5
erg·cm−3·s−1,

(2.26)
where B is the magnetic field in the column.

Equations 2.17, 2.18, and 2.19 were reduced into the two-dimensional system of
ordinary differential equations shown in Equations 2.27 and Equations 2.28:

dυ

dz′
= g(z′)

υ
− 1
ṁ

dP

dz′
, (2.27)

dP

dz′
=

(γ − 1)(Λ− ρυ3

2S
dS
dz′

)ṁ+ g(z′)γP (ṁ/υ)
γP − ṁυ

, (2.28)

where z′ is the independent variable given by z′ = z0−z, where z0 is the shock coor-
dinate, ṁ is the specific accretion rate, and g(z′) is Equation 2.23 in z′ coordinate.

The hydrodynamic solution of Equations 2.27 and 2.28 depends on the boundary
conditions. The initial value problem is solved with the 4 – 5th order Runge-Kutta-
Fehlberg numerical method assuming the Rankine-Hugoniot conditions of an adi-
abatic shock in terms of density and velocity given by Equations 2.29 and 2.30,
respectively.

ρ2 = 4ρ1, (2.29)

ν2 = 1
4ν1, (2.30)

where the indexes 1 and 2 indicate the variables before and after the shock, respec-
tively.

The shock height was extracted from z′ = zsh− z (z′ = 0) to z′ = Hsh (height of
shock) in the boundary conditions (SULEIMANOV et al., 2005, Equations 2.31, 2.32,
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2.33, and 2.34):

υsh = 0.25
√

2GMWD(1/zsh − 1/Rth), (2.31)

ρsh = ṁ/υsh, (2.32)

Psh = 3ṁυsh, (2.33)

Tsh = 3µimHυ
2
sh/kb, (2.34)

Finally, the whole boundary value problem is solved using the shooting algo-
rithm based on the Newton-Raphson root finding method. The comparison be-
tween the shock solution results from CYCLOPS and some previous models such
as Cropper (1990), Yuasa et al. (2010), Hayashi and Ishida (2014a), and Som et
al. (2018) is shown in Figure 2.6. In comparison with Cropper (1990), the top
left of the first panel, the temperature profile from CYCLOPS calculated with
B = 0, ṁ = 1 g s−1 cm−2, MWD = 1.0 M� and λ = 0.615, cylindrical model, and
Rth > RWD exhibits the same behavior as that proposed by the authors. In com-
parison with Som et al. (2018), the top right of the second panel, the CYCLOPS
model using B = 10 MG (fixed), ṁ = 1 g s−1 cm−2, MWD = 0.8 M�, λ = 0.5,
cylindrical model, and Rth > RWD shows a good agreement. In comparison with
Hayashi and Ishida (2014a), the middle left of the first and middle right of the sec-
ond panels, CYCLOPS models considered both cylindrical and dipolar geometry
using B = 0, MWD = 0.7 M�, λ = 0.615, Rth > RWD, and ṁb = 10−4 g s−1 cm−2

(left), ṁb = 10−2 g s−1 cm−2 (right). All these results are consistent. Compared
with Yuasa et al. (2010), the top left of the first panel, in which CYCLOPS used
ṁ = 10 g s−1 cm−2, MWD varies from 0.2 to 1.4 M�, and cylindrical model, CY-
CLOPS is also consistent using the same conditions. The bottom right of the second
panel shows the CYCLOPS results compared to Hayashi and Ishida (2014a) model
using MWD = 1.2 M� on the plot of the height shock as a function with ṁ varying
from 10−4 to 102 g s−1 cm−2 and we obtain the same conclusion regarding the con-
sistency of our code. The maximum difference in the shock height obtained using
CYCLOPS and the previous models is around 10%.

42



Probably this discrepancy is related to the distinct bremsstrahlung cooling prescrip-
tions and numerical techniques used to solve the boundary value problem associated
with the PSR structure.

43



Figure 2.6 - The temperature profiles from CYCLOPS compared with some previous
models.

SOURCE: Belloni et al. (2021).
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2.13 CYCLOPS without shock solution

The CYCLOPS code without the shock solution will be quickly described here in
order to allow us to discuss some results of V405 Aur obtained using the earlier
version of the code. Previously, the CYCLOPS code considered the temperature
and density profiles as arbitrary functions varying in radial and/or tangential di-
rections. In the tangential direction, the temperature and density were assumed to
be constant or decreasing exponentially from a reference point to the border of the
PSR following Equations 2.35 and 2.36.

T (d) = T (hcell)e−
√
d, (2.35)

N(d) = N(hcell)e−
√
d, (2.36)

where d is the least distance from the cell to the reference point. This reference point
contains the reference magnetic field line that passes through the anchor point - see
Costa and Rodrigues (2009).

The temperature and density profiles are calculated as a function of height of a given
cell, hcell (SILVA et al., 2013). They were given by Equation 2.37 and 2.38:

T (hcell) = Tmax exp

[
2.5

(
hcell
h
− 1

)]
, (2.37)

Ne(hcell) = Nmax exp

−2.5
√
hcell
h

 , (2.38)

where Tmax and Nmax are the maximum values or maxima of the electron tempera-
ture and density, respectively, and h is the height of emitting region in WD radius
units.
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3 THE XSPEC CODE

This chapter presents the XSPEC code used for X-ray spectral analysis. This code
allows one to model X-ray observational data using typical additive and multiplica-
tive models. As mentioned in Chapter 2, the CYCLOPS code also models X-ray
data using bremsstrahlung. However, we should emphasize that while CYCLOPS
considers the optically thin and thick regimes, XSPEC is only used for the optically
thin regime. In addition, CYCLOPS is implemented with the radiative transfer
in a 3D emitting region while the XSPEC models are 1D. The general aspects
of XSPEC are discussed in Section 3.1. A comparison between CYCLOPS and
XSPEC is outlined in Section 3.2.

3.1 XSPEC package

XSPEC is a widespread X-ray analysis package, which allows spectral fitting with
many models. It was developed at Cambridge University as a mission-independent
general analysis program for X-ray spectral data by Arnaud (1996). The observed
source spectrum, C(I), as a function of energy channels (I), through a convolution
between the incident spectrum and the instrument response is given by Equation 3.1
(ARNAUD, 1996; DORMAN; ARNAUD, 2001).

C(I) =
∫ ∞

0
f(E) R(I, E) dE, (3.1)

where f(E) is the spectrum of the source and R(I, E) is the instrumental response
and is proportional to the probability that an incoming photon of energy E will be
detected in channel I.

Ideally, it is possible to determine the source spectrum f(E) by deriving f(E) for
a given set of C(I). However, this operation is not possible, because the inversion
tends not to be unique nor stable for small changes in C(I). In practice, the proce-
dure performed is to choose the best model spectrum as a function of parameters
f(E,p1,p2,...) by fitting the data obtained by the spectrometer. Thus, for each f(E),
the count Cp(I) is estimated using the instrumental response and compared to the
observed data, C(I). A figure of merit is then calculated to evaluate the proposed
model (ARNAUD, 1996). In statistical terms, the chi-squared test (χ2) is the most
commonly used figure of merit, Equation 3.2.
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χ2 = Σ (C(I)− Cp(I))2

σ2(I) , (3.2)

where σ2(I) is the error for channel I.

The main files for spectral fitting with XSPEC are (ARNAUD, 1996; DORMAN; AR-

NAUD, 2001; ARNAUD et al., 2011, e.g.):

• a set of one or more observed spectra: D(I);

• background measurements: B(I);

• instrumental responses: R(I,E);

• a set of model spectra: M(I);

The observed spectrum C(I) is obtained by Equation 3.3, in units of counts per
second.

C(I) = D(I)
aD(I)tD

−
bD(I)

bB(I)

B(I)
aB(I)tB

, (3.3)

where tD and tB are the exposure times in the data and background files; bD(I) and
bB(I), aD(I) and aB(I) are the background and area scaling values from the spectrum
and background, respectively.

The steps performed in XSPEC to obtain the best-fit spectrum are described in
Figure 3.1.

X-ray spectroscopic models are usually built up from individual components. These
can be thought of as two basic types: (1) additive, an emission component or;
(2) multiplicative, something which modifies the emission (additive) component
(ARNAUD, 1996). Some additive emission models are: (i) blackbody; (ii) thermal
bremsstrahlung; (iii) power-law; and (iv) collisional plasma such as MEKAL – Mewe-
Kaastra-Liedahl (MEWE et al., 1985; MEWE et al., 1986b; KAASTRA, 1992; LIEDAHL

et al., 1995), APEC – Astrophysical Plasma Emission Code (SMITH et al., 2001). Ex-
amples of multiplicative models are: (i) photoelectric absorption; and (ii) cyclotron
absorption lines.
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Figure 3.1 - Flowchart of the steps for X-ray spectral analysis with XSPEC.

Input files: D(I), B(I)

Choose a parameterized model : M(I)

Choose values for the model parameters

Convolution with the instrumental response: R(I,E)

Compare the predicted spectrum:χ2

Best-fit model?

Model explains the observed data

Change the model or/and the parameters model

yes

no

SOURCE: Arnaud (1996).
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3.2 CYCLOPS versus XSPEC

As already mentioned, XSPEC is the most widely used tool to analyze X-ray data.
The X-ray data analysis is performed by fitting models to observational data ac-
cording to the physical properties of the source. The libraries can be accessed by
HEASARC1 with one hundred theoretical models available.

The X-ray analysis performed by CYCLOPS considers the bremsstrahlung emis-
sion, which is the most important radiative process in the PSR within a 2 – 10 keV
energy range. At constant temperature, the code can be directly compared with
XSPEC. An agreement between CYCLOPS and XSPEC gives us confidence that
CYCLOPS does not have relevant errors in the bremsstrahlung emission implemen-
tation. This procedure has already been performed by Silva (2013), for a previous
CYCLOPS version, and Belloni et al. (2021). However, they do not take into ac-
count the convolution with the instrumental response.

CYCLOPS can consider the PSR homogeneous in terms of electronic density
and/or temperature. In this case, these parameters have the same values in all cells.
The intensity of bremsstrahlung emission on CYCLOPS is given by Equation 3.4.

jE,k = 1.032× 10−11N2
eE
−1T−0.5e−1.16×10−7 E

T g, (3.4)

The XSPEC bremss model calculates the continuum emission of a thermal
bremsstrahlung model. Its emissivity is given by Equation 3.5 based on Kellogg
et al. (1975) with polynomial fits proposed by Karzas and Latter (1961). The He
abundance is assumed to be 8.5% of H by number.

jE = 1.42× 10−27Z2NeE
−1T 0.5e

E
T g, (3.5)

where Ne is the electron number density, E is the energy, T is the temperature, and
g is the non-relativistic Gaunt factor. Z is the ion charge number.

The normalization constants of bremss and meka models, which were applied to
XSPEC data to obtain correct physical units, are given by Equation 3.6 and Equa-
tion 3.7, respectively.

1XSPEC is available in: https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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normalization = 3.02× 10−14

4πD2

∫
nenIdV, (3.6)

normalization = 10−14

4π[D(1 + z)]2
∫
nenHdV, (3.7)

where D is the distance (cm), ne and nI are the electron and ion densities (cm−3),
respectively. z is the redshift value and nH is the H density.

Figure 3.2 - Comparison of the bremsstrahlung emission of a homogeneous plasma with
a density of 1016 cm−3 and temperatures of 1 keV (circle) and 100 keV (tri-
angle) using the CYCLOPS code for a distance of 100 pc (blue color) and
XSPEC using bremss model (green color) and meka model (pink color). The
instrumental response function was not considered.

SOURCE: The author.

The X-ray luminosity is primarily determined by the accretion rate. In X-ray spec-
trum, the absolute flux level was implemented in CYCLOPS. Then, if the object
distance is known, the fitting can be performed considering the observed count rate
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and not just the spectral shape. Figure 3.2 shows the comparison of CYCLOPS and
XSPEC using bremss and meka models where we adopted an arbitrary distance of
100 pc and non-instrumental response function. We considered themeka model with-
out emission lines (abundance = 0), because CYCLOPS does not model emission
lines. In CYCLOPS, the homogeneous density was 1016 cm−3. The flux intensities
of the CYCLOPS code are in a good agreement with XSPEC at different temper-
atures of 1 keV and 10 keV. The differences between XSPEC and CYCLOPS are
less than 10% independent of the energy and the temperature assumed (BELLONI et

al., 2021).

Figure 3.3 - Comparison of bremsstrahlung emission of a homogeneous density of
1017 cm−3 and temperatures of 1 keV (circle) and 100 keV (triangle) using the
CYCLOPS code for a distance of 658 pc (blue color) and XSPEC using the
bremss model (green color) and meka model (pink color). The instrumental
response function was considered for this test.

SOURCE: The author.

Figure 3.3 shows the comparison between CYCLOPS and XSPEC using the in-
strumental response function. We used the instrumental responses (ARF and RMF)
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files from our reduction of V405 Aur XMM-Newton data, which energy ranging 0.1
to 10 keV (see Section 5.3). The same ARF and RMF files were used in CYCLOPS
and XSPEC. In CYCLOPS, the convolution of the model with the instrumental
response was performed using routines from the PINTofALE package (KASHYAP;

DRAKE, 2000). We performed the spectrum calculation in CYCLOPS using a ho-
mogeneous density of 1017 cm−3 and a distance of 658 pc and in the meka model
from XSPEC non-abundance. Temperatures of 1 keV and 100 keV were considered
for both codes. As we can see in Figure 3.3, there are slight differences between both
codes which are of the order of 5% to 15%. These results indicate that CYCLOPS
and XSPEC are quite similar to each other.

The final test was to compare both codes including the interstellar extinction. Fig-
ure 3.4 shows this result assuming a temperature of 1 keV and two different values of
hydrogen column density of 5.13 × 10+20 cm−2 (plus) and 5.13 × 10+21 cm−2 (dia-
mond). The bremss and meka models from XSPEC were modified by photoelectric
absorption (phabs model).

The photoelectric absorption in CYCLOPS is performed using the PINTofALE
routines. Again, a little difference between the codes and the hydrogen column den-
sity can be seen. This only affects energies lower than ∼2 keV. The CYCLOPS
code seems to be more absorbed in comparison with the combinations performed in
XSPEC .

For all tests performed in this study, we used the optically thin regime, which is
the only case currently implemented in the XSPEC code. On the other hand, the
CYCLOPS code solves the radiative transfer without any approximation, as it also
deals with the usually optically thick cyclotron emission, which occurs in optical
wavelengths (BELLONI et al., 2021). Furthermore, for this test we used a non-eclipsing
system, but our code is able to calculate the partial or total eclipse of the PSR by
the WD non-emissivity during the eclipse while the XSPEC is not.

The comparison between CYCLOPS and XSPEC using the instrumental and non-
instrumental response function proves that the distance-dependent flux, the inter-
stellar extinction, and the convolution procedure in the CYCLOPS code are cor-
rectly calculated. In other words, the X-ray spectral modeling by CYCLOPS is in
excellent agreement with the widely used XSPEC code. Moreover, the slight dif-
ferences between both codes can be related to bremsstrahlung emissitivies as shown
by Equations 3.6 and 3.7.
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Figure 3.4 - Comparison of bremsstrahlung emission of a homogeneous density of
1017 cm−3, temperature of 1keV, and hydrogen column density of
5.13 × 10+20 cm−2 (plus) and 5.13 × 10+21 cm−2 (diamond) using the CY-
CLOPS code for a distance of 658 pc (blue color) and XSPEC using the
bremss * phab model (green color) and the meka * phab model (pink color).
The instrumental response function and interstellar extinction are considered
for this test.

SOURCE: The author.

The Gaunt factor is a parameter that can determine the value of the emissivity. The
bremsstrahlung emissitivity depends on the Gaunt factor. In fact, we can attribute
the difference between the CYCLOPS and XSPEC model results of around 5% to
15% to be due to differences in this factor/quantity parameter. CYCLOPS adopts
the Gaunt factor from Mewe et al. (1986a) (Equations 3.8 and 3.9). This factor
is in good agreement with recent calculations proposed by Sutherland (1998) and
Itoh et al. (2000) as shown in Figure 3.5. This figure compares CYCLOPS (blue
continuous line) and Sutherland (1998) and Sutherland (1998) (black dashed lines)
adopting cosmic abundance and ionization balance of Bryans et al. (2009). Both
tests use temperatures ranging from 0.0086 and 86.1733 keV.
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log Gff = 0.355λ−0.06log λ+ 0.3λ−0.066 − log T

100 + 0.0043 (T > 1MK), (3.8)

log Gff = 0.48λ−0.08log λ+ (0.133 logλ− 0.2)log T − 0.538 (T 6 1MK), (3.9)

where λ is the wavelength and T is the temperature.

Figure 3.5 - Comparison of Gaunt factor of Mewe et al. (1986a) from CYCLOPS (blue
continuous line and Sutherland (1998) and Itoh et al. (2000) (black dashed
lines).
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4 SELECTION OF IPS FOR CYCLOPS MODELING

One aim of this PhD thesis is to model IPs using the CYCLOPS code. This chapter
describes the first step in this direction; a selection of IPs with adequate observa-
tional data for a proper CYCLOPS modeling.

4.1 Selection of objects

The CYCLOPS code can model IPs using optical and/or X-ray data. Both sets
of data used simultaneously can restrict the geometry and the physical properties
of a given system (OLIVEIRA et al., 2020). Hence, we searched for IPs with non-null
circular polarization and modulated with the WD spin, preferably in different bands,
and data in X-ray preferentially also modulated with the spin period of the WD. In
Table 4.1, we present 9 candidates selected from the catalog of Mukai (2014), which
have these data available from the literature. The distances were obtained by Gaia
DR31 (BAILER-JONES et al., 2021).

Table 4.1 - IPs suitable for modeling with CYCLOPS code. The periods and orbital incli-
nations were obtained from the Mukai (2014) compilation. The distances were
obtained by Gaia DR 3 (BAILER-JONES et al., 2021).

Object Porb Pspin Pbeat Inclination Distance
(h) (min) (min) (o) (pc)

UU Col 3.45 14.39 15.58 − 2545.5 (-392.7, +448.2)
V405 Aur 4.16 9.09 − − 658.2 (-8.5, +8.5)
BG CMi 3.23 15.22? 14.12? ∼ 65 (?) 866.9 (-24.3, +26.4)
PQ Gem 5.19 13.89 14.5 − 733.6 (-14.2, +16.2 )

IGR J15094-6649 5.89 13.49 14.03 − 1090.9 (-22.8, +24.5)
NY Lup 9.87 11.55 − 25-58 1265.7 (-29.9, + 34.8)

V2400 Oph 3.43 15.46 16.72 ∼ 10 (?) 699.7 (-10.8, +9.7)
V2306 Cyg 4.35 24.45 26.45 − 1252.8 (-41.9, +51.3)

RX J2133.7+5107 7.14 9.52 − <45 1371.9 (-35.0,+38.8)

From this sample, the best object for CYCLOPS modeling is V405 Aur. This system
presents circular polarization curves in the UBVRI bands modulated with the spin
period of the WD. Two different geometries are proposed in the literature to explain
this based on polarimetric and X-ray data (more details in Section 5.1). As the CY-
CLOPS code permits simultaneous modeling of the cyclotron and bremsstrahlung

1Gaia DR3 is found in https://cdsarc.u-strasbg.fr/viz-bin/Cat?Gaia.
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emissions, this analysis could clarify the dilemma between the two different pro-
posed accretion geometries. Chapter 5 is devoted to this object. Another object that
also has suitable data for CYCLOPS modeling is UU Col. The following section
presents further information on this object.

4.2 UU Columbae

RX J0512.2–3241 (UU Col) is an IP discovered by ROSAT survey (BURWITZ et al.,
1996). The orbital and spin periods of the accreting WD are equal to 3.45 ± 0.03 h
and 863.3 ± 1.4 s, respectively (MARTINO et al., 2006).

The X-ray spectrum from XMM-Newton indicates a soft blackbody component.
Martino et al. (2006) reported a blackbody temperature of 49.7+20

−9 eV including a
partial covering absorber multiplicative model. However, using the same data and
the same model, Evans and Hellier (2007) fitted a blackbody with a temperature of
73+5.6
−2.9 eV, as shown in Figure 4.1.

Figure 4.1 - XMM-Newton spectrum of UU Col. The solid line fitted the hard data, and
the broken line fitted the blackbody.

SOURCE: Evans and Hellier (2007).
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The phase diagram as a function of the WD rotation period is shown in Figure 4.2.
The energy dependence of the spin modulation seen in the XMM-Newton data
suggests contribution from absorbing components. The spin pulse is observed with
fractional amplitudes (half-amplitude) of 27 ± 2% in 2 – 5 keV, 37 ± 2% in 1 – 2 keV,
and 33 ± 2% in 0.5 – 1 keV. This is probably due to photo-electric absorption. In
the soft 0.2 – 0.5 keV band, an additional maximum at the minimum of the hard
pulse indicates there is a substantial soft X-ray contribution from a secondary PSR
(MARTINO et al., 2006).

Figure 4.2 - Phase diagrams in selected energy bands at the spin period of UU Col from
XMM-Newton satellite.

SOURCE: Martino et al. (2006).
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Circular polarization data were obtained using the Very Large Telescope (VLT) and
FORS1 instrument by Katajainen et al. (2010). They carried out photopolarimetric
observations during two periods: 2005 December 11, and 2006 March 17 and 18
(see Figure 4.3). In 2005 December, B-band circular polarization varied between
+0.7% ± 0.1% and -0.4% ± 0.1%, in other words, consistent with zero. In 2006
March, UU Col was observed with significantly better signal-to-noise ratio (SNR)
in I band. The circular polarization curve was mostly negative, the minimum value
was reached at phase 0.3. A positive peak of +0.6% was seen at spin phase 0.0. Zero
crossing from positive to negative polarization was at phase 0.07 right (KATAJAINEN

et al., 2010).

Figure 4.3 - Light curves of UU Col in the B band on the left and phase-diagrams as
function of spin period on the right in the I band. Top: circular polarimetric
data. Bottom: differential photometric data.

SOURCE: Katajainen et al. (2010).

From circular polarization data, Katajainen et al. (2010) proposed that the magnetic
dipole has a high inclination, in such a way that cyclotron emission comes from two
accretion regions simultaneously. However, Evans and Hellier (2007) suggested from
X-ray data that the upper magnetic pole is visible and the lower one is only seen
when it is closest to us.
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5 V405 AURIGAE

V405 Aur is the first IP to be modeled using the CYCLOPS code. The literature
review of this object is found in Section 5.1. Section 5.2 and Section 5.3 show details
of the optical data and the X-ray data of V405 Aur, respectively. The modeling
results are displayed in Section 5.4. Finally, our results are discussed in Section 5.5.

5.1 Introduction

V405 Aur (RX J0558.0+5353) was discovered by ROSAT All-Sky Survey (0.1 –
2.5 keV) and classified as an IP by Haberl et al. (1994). Initially, the WD spin
period was proposed to be 272.74 s from the soft X-ray flux modulation. However,
Allan et al. (1996) concluded that the true spin period is 545.45 s (Table 4.1), twice
that previously proposed. The optical and soft X-ray light curves are dominated
by a modulation at the first harmonic of the spin period. The optical spectroscopy
yields an orbital period of about 4.15 h (SKILLMAN, 1996).

Parker et al. (2005) using observations from ASCA and RXTE satellites showed that
the amplitude modulation decreases with increasing X-ray energy. Absorption in IP
disks had already been invoked by Kim and Beuermann (1995). This absorption is
interpreted as an extended structure at the outer edge of the accretion disk resulting
from the impact of the stream thrown up at the disk. This process causes orbital
modulation in X-ray emission (NORTON; MUKAI, 2007).

The UV spectra of V405 Aur from IUE (International Ultraviolet Explorer, 1150 –
3200 Å) and HST (Hubble Space Telescope) observatories show C IV 1550 Å and
He II 1640 Å emission lines (SANAD, 2015). The author attributed the variations of
line fluxes to the variations of both density and temperature as a result of a changing
rate of mass transfer from the secondary star to the WD based on the assumption
that the UV radiation comes from one pole. They also estimated the temperature
of the accretion stream of ∼ 4100 K.

V405 Aur has a strong component in soft X-rays as shown in Figure 5.1. Probably,
this emission arises from the WD surface near the accretion footprints which are
heated by harder X-ray emission (PATTERSON et al., 1980, e.g.). Figure 5.2 shows
the phase diagram X-ray emission from XMM-Newton in the E ≤ 0.7 keV energy
band with double-peaked modulation at WD spin period, and in the E > 0.7 keV
energy band, which displays a single-peaked modulation (EVANS; HELLIER, 2004).
The single-peaked pulsation in harder X-rays was interpreted as a result of opacity in

61



the accretion curtains. However, the high dipole inclination means that the accretion
curtains are nearly in the plane of the sky. Thus, the outer regions of the curtains
do not cross the line-of-sight to the accretion footprints, explaining the absence of
the deep absorption dip, which is a feature of many IPs. The sawtooth profile of this
pulsation requires that the magnetic axis be offset from the WD center. The double-
peaked pulsation has been explained as being the result of two magnetic poles in
a system with large angle between the spin and magnetic axes, in other words, the
curtains are brighter when one of the poles points towards us and fainter when both
are at quadrature or vice versa as shown by illustration of emitting regions and the
magnetic poles at phases in Figure 5.2 (ALLAN et al., 1996; EVANS; HELLIER, 2004).

Figure 5.1 - The X-ray spectra of V405 Aur from XMM-Newton showing models and the
contributions from each component.

SOURCE: Evans and Hellier (2004).

Figures 5.3 and 5.4 show the simultaneous UBVRI photometry and polarimetry
observations obtained by Piirola et al. (2008). They interpreted these data in a
scenario with typical behavior in cyclotron emission seen in polars. When the line-
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of-sight is nearly along the magnetic field lines, the phase diagrams folded at the
WD spin period show minimum values at 0.25 and 0.75 phases and maximum values
at 0.0 and 0.5 phases when the line-of-sight is perpendicular to the magnetic field
from photometry curves. On the other hand, the UBVRI circular polarimetry curves
show maximum cyclotron emission intensity at 0.25 and 0.75 phases and decreases
to zero at 0.0 and 0.5 phases.

Figure 5.2 - Phase diagram of V405 Aur from the X-ray spin pulse for E ≤ 0.7 keV and
E > 0.7 keV energy bands, respectively. The illustration shows emitting re-
gions and the magnetic poles at selected phases. The arc-shaped regions are
the blackbody emission and the straight lines due to the magnetic field lines.

SOURCE: Evans and Hellier (2004).

In Figure 5.4, the UBVRI circular polarimetric curves are sinusoidal and symmetric.
The extreme values are ± 3% in the B and V bands and ± 2% in the R band. The
low percentage of the polarized emission may be due to the dilution by the disk. The
excursions between positive and negative values were interpreted as the detection of
two opposite magnetic poles, one accretion from the north part of WD and another
accretion from the south, accreting at a similar rate in V405 Aur. The two-accretion
scenario was previously reported by Evans and Hellier (2004), as mentioned above.

Piirola et al. (2008) modeled UBVRI photometric and circular polarimetric data
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using a geometric model involving extended emission strips on the WD surface
and a viewing angle dependent of the cyclotron flux polarization and intensity from
Wickramasinghe and Meggitt (1985). This modeling procedure is quite distinct from
the approach adopted in the present thesis. However, the results found allow us make
a comparison with the results from X-ray. Those authors proposed that the orbital
inclination and colatitude of the magnetic dipole in V405 Aur are 30 - 50◦ and ∼90◦,
respectively, in a configuration illustrated in Figure 5.6. Evans and Hellier (2004)
also determined a geometry of accretion from model fits to X-ray spectra. Their
inclination and colatitude parameters were ∼65◦ and ∼60◦ respectively, as shown
in the illustration of Figure 5.5. A comparison between X-rays and optical models
shows that the geometry accretion of V405 Aur arises from two accretion regions
near the opposite magnetic poles of the spinning WD (again see Figures 5.2 and 5.6).
However, the orbital inclinations and colatitudes found from the two modelings differ
from each other.

From low resolution circular spectropolarimetry, Piirola et al. (2008) estimated that
the magnetic field intensity of V405 Aur is 31.5 ± 0.8 MG, which is of the same
order of magnitude as found in polars. They used transient features which can be
fitted by cyclotron harmonics of n = 6, 7, and 8. V405 Aur may be a candidate for
a polar progenitor with an evolutionary timescale of ∼1 Gyr. The synchronism of
spin period and orbital period is still far from being achieved, the ratio of spin to
orbital period is 0.0365 (SING et al., 2004, e.g.).

One important conclusion drawn by Piirola et al. (2008) is that the prediction of the
constant temperature cyclotron model was not confirmed by the broadband circular
spectropolarimetry. Therefore, the authors suggest that any attempt at modeling the
cyclotron spectrum should consider the physical parameters of the source region, i.e.,
temperature, electron number density and the magnetic field, as inhomogeneous. For
this reason, the CYCLOPS code is a good approach to model V405 Aur.
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Figure 5.3 - Simultaneous UBVRI photometry of V405 Aur on November 27, 1997, and
September 22, 2003, left-hand and right-hand panels respectively.

SOURCE: Piirola et al. (2008).
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Figure 5.4 - Simultaneous UBVRI circular polarimetry of V405 Aur on November 27, 1997,
and September 22, 2003, left-hand and right-hand panels respectively.

SOURCE: Piirola et al. (2008).
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Figure 5.5 - Illustration of the model suggested by Evans and Hellier (2004) to explain the
X-ray spectrum of V405 Aur. The orbital inclination is ∼65◦ and the magnetic
dipole angle is ∼60◦.

SOURCE: Evans and Hellier (2004).

Figure 5.6 - Illustration of the model suggested by Piirola et al. (2008) to explain the opti-
cal circular polarization and light curves of V405 Aur. The orbital inclination
is i = ∼ 38◦ and the magnetic dipole angle is β = ∼ 82◦.

SOURCE: Piirola et al. (2008).

5.2 The optical data used in the modeling

The optical data set used in this modeling was provided by Dr. Vilppu Piirola from
Piirola et al. (2008). The UBVRI circular polarimetry and photometry were ob-
tained using the 2.5 m Nordic Optical Telescope (NOT) at Roque de los Muchachos
Observatory in La Palma with the TurPol instrument, which performs simultaneous
broadband multicolor polarimetry. The data were collected on September 22, 2003
and corresponds to the right-hand panels in Figures 5.3 and 5.4.

The UBVRI photometry data were provided as differential magnitudes relative to
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the mean magnitude (PIIROLA, 1973; PIIROLA, 1988). In order to obtain the fluxes,
we adopted a mean magnitude for V405 Aur in each band. For this, we used the
UBVRI magnitudes in the Johnson system found in Shakhovskoj and Kolesnikov
(1997). These values are: U = 13.29 mag; B = 13.98 mag; V = 13.91 mag; R = 13.49
mag; and I = 13.31 mag. Historical light curves of V405 Aur, Figure 5.7, show
variability of about 3 mag in the V band, however, most of the time, the magnitude
is within the interval of 13.5 − 14.5 mag. Therefore, the adopted mean magnitudes
are compatible with historical magnitudes from AAVSO1.

Figure 5.7 - Historical light curves of V405 Aur.

SOURCE: AAVSO (2021).

5.2.1 Input to the CYCLOPS code

The passbands of the Turpol instrument are close to the standard UBVRI system,
which are centered at 0.36, 0.44, 0.54, 0.69, and 0.83 µm, respectively. The zero
points corresponding to these bands are given by Bessell (1979): U = 1810 Jy;
B = 4260 Jy; V = 3640 Jy; R = 3080 Jy; and I = 2550 Jy.

The effective transmission of the Turpol UBVRI bands is slightly different from
the Johnson system, mainly the B and R bands (Figure 5.8). In this figure, the

1See https://www.aavso.org/LCGv2/index.htm?DateFormat=Calendar&RequestedBands=
&view=api.delim&ident=V405Aur&fromjd=2451486&tojd=2453312.163&delimiter=@@@
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red points are the selected wavelengths used in CYCLOPS in order to fit the
data (see Section 2.11). Table 5.1 shows the frequencies used in the input data for
each filter. The central frequency (maximum wavelength) has weight equal to 100%
while the next closer points have weights of 74%, and the following neighbor points
have weights of 50%. This latter frequency is only used for the R and I bands (see
Section 2.5).

Figure 5.8 - The effective transmission of the UBVRI bands of the TURPOL instrument.
The red points are the wavelengths used for multifrequency modeling with
CYCLOPS.

SOURCE: Piirola (1988).

In V405 Aur, the interstellar extinction, A(λ), is not negligible. In the V band,
the interstellar extinction is 0.568 mag (SCHLEGEL et al., 1998). As mentioned in
Section 2.8, the hydrogen column density is the parameter used to quantify the in-
terstellar extinction. In V405 Aur modeling, this value is NH = 5.133 × 1020 cm−3,
Equation 5.1. The color excess (E(B-V) = 0.09 ± 0.02) was estimated via the 3D ex-
tinction maps2 using the distance obtained by GAIA DR 3 catalog, 658.200+8.465

−8.462 pc
(BAILER-JONES et al., 2021).

NH = 5.70× 1021 × E(B − V ) . (5.1)

2The 3D extinction maps: http://argonaut.skymaps.info/
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Table 5.1 - Frequencies and weights used in V405 Aur in input data for modeling with the
CYCLOPS code.

Filter Frequencies (x 10+14 Hz) weights

U
8.33 1.0
9.47 0.5
7.75 0.5

B
6.81 1.0
7.47 0.5
6.32 0.5

V
5.45 1.0
6.11 0.5
5.26 0.5

R

4.47 1.0
5.08 0.5
3.91 0.5
5.20 0.74
4.00 0.74

I

3.61 1.0
5.08 0.5
3.41 0.5
3.82 0.74
3.45 0.74

5.3 The X-ray data

V405 Aur was observed by the XMM–Newton satellite on October 5, 2001 (Obs.ID:
0111180501, PI: Watson, Michael). This date correspond to two years before the
optical data from (PIIROLA et al., 2008). Further information regarding the XMM-
Newton Observatory is supplied by Jansen et al. (2001). This satellite consists of
two RGS spectrometers (Reflection Grating Spectrometers), RGS1 and RGS2, which
provide high resolution spectroscopy across the 0.33 – 2.5 keV (HERDER et al., 2001),
the Optical/UV Monitor Telescope – OM (MASON et al., 2001), and three EPIC (Eu-
ropean Photon Imaging Camera) cameras: two MOS (Metal Oxide Semi-conductor),
and one PN (p-n charge-coupled device - CCD). The EPIC cameras can be operated
independently in different modes with the following properties for different fields-of-
view, integration times, and magnitudes of the object (TURNER et al., 2001):

Full frame and extended full frame, all CCD pixels are read out;

Partial window, MOS camera can be operated in a different mode of science data
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acquisition. In the PN camera, only half the area is read out;

Timing, the imaging is performed in one dimension only, along the column axis.
The PN camera offers very high time resolution.

As described in Section 2.5, the input files for CYCLOPS in X-rays are the spec-
trum, the instrumental files (ARF and RMF), and optionally the phase diagrams.
To obtain all these files, it is necessary to reduce the X-ray data. This procedure is
described below.

We reduced the V405 Aur X-ray data using EPIC-MOS camera data in timing
mode in order to obtain spectra as well as light curves 3. We also obtained spectra
from RGS. However, the EPIC-PN camera was not in operation and the source was
outside of the OM detector during the observations. In summary, the X-ray data from
V405 Aur are two spectra and two light curves from EPIC/MOS-1 and EPIC/MOS-
2, and two spectra from RGS. The EPIC/MOS-1 and EPIC/MOS-2 spectra are very
similar. We used the EPIC/MOS-2 data for the CYCLOPS modeling because of
the smaller error bars (see Figure 5.10).

We performed the standard procedures of X-ray reduction using the XMM-SAS
version 16.0.0. First, we extracted the uncalibrated files in the Observation Data File
(ODF) for each instrument separately. Secondly, we obtained the calibration files
and concatenated event lists using source-specific filter criteria. Then, we filtered the
EPIC data for periods of high background flaring activity. Next, we performed the
recipes to extract spectra and light curves individually. To obtain the source spectra,
we selected and extracted the source and background regions as well as the ancillary
(ARF) and redistribution (RMF) files (see Section 2.5). For light curves, we carried
out a barycentric correction due to sets of data with short periods separated by
long intervals of time. We then selected and extracted the source and background
regions. As light curves can be affected by vignetting, bad pixels, we applied a SAS
task, epiclccorr, which performs all of these corrections at once. Figure 5.9 shows a
flowchart for the reduction steps for the EPIC timing mode data. We also obtained
the spectra from the RGS detector, the reduction followed the step-by-step recipe
from the XMM-Newton data analysis threads 4.

3I am grateful to COSPAR for my participation in “Latin American X-ray school for differ-
ent astrophysical scenarios. - Data analysis of the XMM-Newton, Chandra and NuStar missions”
(2017), which helped me in the reduction of XMM-Newton data

4The tools and steps to reduce the XMM-Newton data are available on: https://www.cosmos.
esa.int/web/xmm-newton/sas-threads.
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Following Evans and Hellier (2004), we removed a spurious signal at low energies
from 315 columns in the EPIC/MOS-2 data and extracted the background light
curves from offset circular regions on adjacent chip (CCD3), because of the lim-
ited coverage of the timing mode window. However, our instrumental responses are
updated versions with respect to the ones used by the above-mentioned authors.
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Figure 5.9 - Flowchart of the data reduction steps of the timing mode in XMM-Newton
satellite.

Obtain uncalibrated files (ODF)

Obtain calibration files and the list of events
EPIC/MOS: emproc and RGS: rgsproc

Filter event files for flaring

Data Light curveSpectra

Barycentric correction

Selection of object position

Extraction of light curve and background file

Correction light curve source for various effects

Light curve

Selection of source region

Selection of background region

Extraction of spectra source

Extraction of spectra for background

Obtain RMF and ARF files

Spectra

SOURCE: ESA (2021).
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5.4 Results

This section describes our results regarding V405 Aur modeling. Initially, we present
the X-ray spectra fitting using XSPEC in Subsection 5.4.1. In Section 5.4.2, we show
a timing analysis in X-ray light curves. In Subsection 5.4.3, we present the X-ray fit
using the CYCLOPS code. Subsection 5.4.4 describes the inclusion of the optical
data in modeling using the CYCLOPS code. Our previous result without shock
solution (prior to 2020) is presented in Section 5.4.5.

5.4.1 X-ray fitting: XSPEC code

The X-ray data obtained by XMM-Newton have energies from 0.1 to 10 keV.
The integrated X-ray spectra using data from RGS-1, RGS-2, EPIC/MOS-1, and
EPIC/MOS-2 detectors are shown in Figure 5.10. Evans and Hellier (2004) reported
clear calibration discrepancies below 0.4 keV between the two EPIC-MOS instru-
ments, however we did not notice it in our data, probably because we used updated
instrumental responses.

The XSPEC code was used to simultaneously fit all X-ray data obtained from
XMM-Newton. The models and their parameters are reported in Table 5.2. We
followed the modeling prescription of Evans and Hellier (2004), however unlike
them, we used RGS-1 and RGS-2 data, which are soft X-ray data. We modeled
the V405 Aur spectra using two APEC models instead of two MEKAL models as
proposed by Evans and Hellier (2004). Both models are used for hot plasma with
collisionally-ionized diffuse gas. The MEKAL code is based on the bremsstrahlung
model modified for the inclusion of the Fe-L line (MEWE et al., 1985; KAASTRA, 1992;
LIEDAHL et al., 1995) and the APEC is an updated version of MEKAL calculating
the plasma model spectra using APED (Astrophysical Plasma Emission Database),
which contain wavelengths, radiative transition rates, and electron collisional exci-
tation rate coefficients (SMITH et al., 2001). While our best-fitted temperatures are
∼0.2 and 64 keV, Evans and Hellier (2004) used 0.2 and 9 keV. Also, our metal
abundances (APEC uses He fixed at cosmic and elements such as C, N, O, Ne, Mg,
Al, Si, S, Ar, Ca, Fe, Ni) are an order of magnitude greater than those of Evans and
Hellier (2004).

In addition, we also used the following models: (i) two simple and one partial-
covering absorption owing to a large soft excess in V405 Aur. PSR absorption is
commonly found in IPs as explained in Section 1.3.3. The values of N(H) are in
the same order of magnitude as the results obtained by Evans and Hellier (2004)

74



as well as our value used in the CYCLOPS modeling stated in Section 5.2.1; (ii)
a blackbody component in order to model the soft emission, our temperature was
very similar to the 3.97 × 10−2 keV from Evans and Hellier (2004); and (iii) a
narrow Gaussian component at the 6.4 keV iron fluorescence line. Finally, the best-
fit reduced χ2 found for all models was equal to 1.15.

Figure 5.10 - The XMM-Newton V405 Aur spectra fitted using XSPEC models given
in Table 5.2. Black is used for EPIC/MOS-1 data and model, red for
EPIC/MOS-2, blue for RGS-1, and green for RGS-2. In the upper panel,
crosses represent the data and the models are the continuum lines.

SOURCE: The author.
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Table 5.2 - Model components and parameters used to fit the spectra of V405 Aur.

Component Parameter (Units) Value Error

phabs nH (cm−2) 6.951 x 1021 (+0.028,-0.022)

bbody kT (keV) 5.274 x 10−2 (+0.003,-0.007)
Normalization 1.461 x 10−3 (+0.002,-0.001)

phabs nH (cm−2) 2.642 x 1021 (+0.009,-0.008)

pcfabs nH (cm−2) 6.345 x 1021 (+1.649,-1.064)
CvrFract 0.46

gaussian Energy (keV) 6.480 (+0.056,-0.045)
Eq. Width (keV) 0.196 (+0.078121,-0.059)
Normalization 7.176 x 10−5 (+1.871 x 10−5,-1.564 x 10−5)

APEC kT (keV) 0.173 (+0.018,-0.0216)
Abundance 3.744 x 10−3 (+0.003,-0.002)

Normalization 0.162 (+0.116,-0.047)

APEC kT (keV) 64.0 (+0.64,-0.82)
Abundance 0.283 x 10−3 (+1.087,-1.021)

Normalization 1.334 x 10−2 (+0.001,-0.001)

χ2 1.15
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5.4.2 Timing analysis

The X-ray light curves were also obtained from EPIC/MOS-1 and EPIC/MOS-2.
The power spectra of the combined data set are shown in Figure 5.11, where they
are divided into E ≤ 0.8 keV and E > 0.8 keV energy bands. These energy intervals
correspond to the current calibration of EPIC-MOS matrices, therefore different
from the Evans and Hellier (2004) energy intervals. We found the periods of 272.7 s
in the E ≤ 0.8 keV data and 545.5 s from the E > 0.8 keV data, respectively. These
periods are the first harmonic of the spin period and the spin period. The same
results were reported by Allan et al. (1996) using the ROSAT satellite and Evans
and Hellier (2004). Figure 5.12 shows the X-ray phase diagrams in these energy
bands, which have the same behavior found by Evans and Hellier (2004), in other
words, the soft emission has a double-peaked modulation at the WD spin period
and the hard emission has only one.

Figure 5.11 - Power spectra of the X-ray data (EPIC/MOS-1 and EPIC/MOS-2) in the
E ≤ 0.8 keV (left-hand panel) and in the E > 0.8 keV (right-hand panel)
energy bands. The prominent periods are 272.7 s and 545.5 s, respectively.

SOURCE: The author.

We could not reproduce the phase zero value of HJD 2452187.55904 proposed by
Evans and Hellier (2004) using the higher peak of the soft X-rays light curve. Actu-
ally, our ephemeris using the same fiducial characteristic is given by Equation 5.2.
In particular, we are using barycentric dynamic time (BJDTDB), which is obtained
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after conversion of local satellite frame to Barycentric Julian Date.

BJDmax
TDB = 2452187.57416(4) + 0.0063137E . (5.2)

Figure 5.12 - X-ray phase diagram folded on spin period (545.5 s) in E ≤ 0.8 keV (top
panel) and E > 0.8 keV (bottom panel) energy bands.

SOURCE: The author.

5.4.3 X-ray fitting: CYCLOPS code

As mentioned before, the CYCLOPS code is able to simultaneously fit optical
data and X-ray spectrum and light curve data using the optimization algorithms.
The total number of parameters for the CYCLOPS code is 14, a challenge for any
fitting algorithm. On top of that, there is an intrinsic model degeneracy in the X-ray
spectrum modeling, as discussed by Belloni et al. (2021). One way to deal with this
large number of parameters in the CYCLOPS code is to perform the fitting in
stages. That is, we can initially perform the fitting using a single data set to try to
define some of the input parameters. Then, we fix the parameters found and include
additional data to define the other parameters.
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The modeling of V405 Aur using the CYCLOPS code has proved to be quite
complex. One of the reasons is that we have ten optical light curves and two kinds
of X-ray observables (spectrum and light curves), in total twelve input data, to
fit about 14 code parameters. In this context, our strategy in order to estimate
the parameters was to separate the fit procedure into X-ray spectrum data, X-ray
spectrum and light curve data, one band of photometric and polarimetric optical
data, X-ray data and one band of photometric and polarimetric optical data, X-ray
data and two band of photometric and polarimetric optical data and so on.

We emphasize that CYCLOPS does not model emission lines yet, thus to model
the V405 Aur spectrum, we removed the Kα iron emission line region from the X-ray
data blend at 6.0 – 7.2 keV. We also removed E < 2.0 keV to avoid the soft blackbody
component present in V405 Aur (see Section 5.1). Suleimanov et al. (2005) argued
that most of the emission lines have energies less than 3 keV (with the exception of
a line blend at 6–7 keV). Their modeling of V405 Aur from RXTE satellite used a
broad Gaussian line to fit the iron emission line as shown in Figure 5.13.

Figure 5.13 - Spectra of V405 Aur obtained from the RXTE and NuSTAR observatories in
left and right-hand panels, respectively. In the RXTE spectrum, the crosses
denote PCA data, open circles – HEXTE data and the solid lines show the
best fit model. In the NuSTAR spectrum, the crosses are data and red lines
show the best fit model.

SOURCE: Suleimanov et al. (2005) and Suleimanov et al. (2019).
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We used a coarse grid in CYCLOPS (PIKAIA algorithm), so we refined the search
for parameters to a finer grid (AMOEBA algorithm). Initially, V405 Aur modeling
was performed considering only the normalized X-ray spectrum, which means that
we fitted only the shape of the spectrum and not its absolute level. We only fixed
the parameters related to magnetic axis, Blat = 90◦ and Blong = 0◦. This modeling
indicates the existence of degenerate parameters, as expected. Figure 5.14 shows
two models, for example, with physical and geometrical parameters presented in
Table 5.3. Both models are in good agreement with the X-ray data and display
almost the same behavior. However, the fitted parameters are distinct. For example,
the orbital inclination of model 1 is 70.1◦, while for model 2 it is 20.4◦. The mass
accretion rates are also very different: 10−8 M� year−1 in model 1 and 10−7 M�
year−1 in model 2. However, both models show high WD mass values, probably a
consequence of the relatively hard X-ray spectrum, which demands a hot PSR. This
is discussed in greater detail below.

In both models, the temperatures (average and weighted with density squared) are
as large as those found in our modeling with XSPEC using APEC (64 keV), and
significantly larger than those found by Evans and Hellier (2004) using the MEKAL
model (T = 9 keV). At this point, it is relevant to recall that MEKAL and APEC
fitting considered an isotermic gas, contrary to CYCLOPS that adopts a tempera-
ture distribution. These higher temperatures in V405 Aur are related to the hardness
of the X-ray spectra. The potential energy in falling gas is converted into kinetic en-
ergy until it reaches the shock, where density and temperature are enhanced. Then,
the greater the gas velocity at the shock, the higher the temperature, and the more
energetic the bremsstrahlung emission in the PSR. Therefore, the harder the X-ray
spectrum, the greater the temperature in the PSR. We can also associate the mass of
the WD with the temperature in a first approximation (SULEIMANOV et al., 2005).
This means, the greater the temperature in the PSR, the greater the WD mass.
Suleimanov et al. (2005) and Suleimanov et al. (2019) calculated the WD mass of
V405 Aur based on the harder X-ray spectrum from the RXTE and NuSTAR ob-
servatories, respectively, these values were 0.90 ± 0.10 M� and 0.73 ± 0.03 M� (see
Figure 5.13). We can improve those results taking into account some features that
only the CYCLOPS code considered in the modeling such as absolute flux level of
the X-ray spectrum (see Section 3.2) and X-ray light curve (see Section 2.5).
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Figure 5.14 - V405 Aur normalized spectrum modeling by CYCLOPS.

SOURCE: The author.

Table 5.3 - Physical and geometrical properties of V405 Aur using normalized X-ray spec-
trum fitted by CYCLOPS.

CYCLOPS input parameters Model 1 Model 2
MWD (M�) 1.25 1.04

ṀWD (M� year−1) 10−8 10−7

B (G) 1.9 × 107 1.3 × 107

Blat 90◦ 90◦
Blong 0◦ 0◦
i 70.1◦ 20.4◦
β 7.3◦ 11.7◦

∆long 23◦ 39◦
∆R 0.09 0.17

CYCLOPS model associated and resulting quantities value value
Height of the PSR (RWD ) 0.0015 0.0013

Average shock temperature (keV) 88.2 46.7
Weighted shock temperature (keV) 75.7 39.7

Shock electronic number density (cm3) 4 × 1018 2 × 1018

Distance of the threading region to the WD centre (RWD) 62 24
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As mentioned above, CYCLOPS was implemented with absolute flux level of the
X-ray spectrum, which is expected to contribute to breaking the degeneracy. In other
words, the identical normalized spectra could be distinguished using the accurate
distance in the fitting procedure. However, Belloni et al. (2020) pointed out that
even including the distance as well as the pre-shock region, the degeneracy could
still persist.

In fact, the modeling of V405 Aur using non-normalized X-ray spectrum, in other
words, the absolute emission level, indicated three good families with different pa-
rameters. Table 5.4 shows the parameters found for models 3, 4, and 5, for example.
These models are in good agreement with the data shown in Figure 5.15.

When we analyzed all the models obtained in the non-normalized X-ray spectrum,
we noted that the good spectrum models tend to have high WD mass and more re-
stricted mass accretion rates with values ranging from 10−9 to 10−10 M� year−1. The
typical mass accretion rate value for a large fraction of IPs is 10−9 M� year−1, which
is consistent with that expected from CV secular evolution modeling, providing their
orbital periods (usually, & 3 hr) and their (usually) negligible WD magnetic mo-
ments (BELLONI et al., 2020, e.g.). In fact, Suleimanov et al. (2005) and Suleimanov
et al. (2019) proposed for V405 Aur from RXTE and NuSTAR data that the mass
accretion rates were 0.4× 10−9 M� year−1 and 0.1× 10−10 M� year−1, respectively.
In this context, our results are in good agreement with the literature, different from
our previous models 1 and 2. Therefore, we can use this information in order to
constrain the search interval for this parameter and decrease the computation time.

Table 5.4 - Physical and geometrical properties of V405 Aur using absolute X-ray spec-
trum fitted by CYCLOPS.

CYCLOPS input parameters Model 3 Model 4 Model 5

MW D (M�) 1.04 1.20 0.90
ṀWD (M� year−1) 10−9 10−9 10−10

B (G) 7.8 × 106 2.3 × 107 1.3 × 107

Blat 90◦ 90◦ 90◦
Blong 0◦ 0◦ 0◦
i 54.7◦ 19.7◦ 57◦
β 6.5◦ 5.8◦ 12.5◦

∆long 5◦ 11◦ 13◦
∆R 0.07 0.13 0.02

CYCLOPS model associated and resulting quantities value value value
Height of the PSR (RW D) 0.0015 0.0063 0.0053

Average shock temperature (keV) 48.1 72.9 33.5
Weighted shock temperature (keV) 41.0 61.9 28.6

Shock electronic number density (cm3) 1.5 × 1018 6.7 × 1017 2.3 × 1017

Distance of the threading region to the WD centre (RW D) 78 98 21
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Figure 5.15 - V405 Aur absolute spectrum modeling by CYCLOPS.

SOURCE: The author.

To break the degeneracy of the X-rays spectrum fitting, which exists even in the
fitting of absolute level counts, we added the phase diagram as an additional con-
straint. We could not find a good fit using the magnetic axis parallel to the rotation
axis, in other words, Blat = 90◦ and Blong = 0◦ because this configuration always
produces phase diagrams that are symmetric relative to phase 0.5. When fitting the
X-ray observations letting the magnetic axis vary, we found good models. All results
show that the best models tend to reasonably fit the light curve, but the spectrum
is softer than observed.

Figure 5.16 presents a good fit of our CYCLOPS modeling using absolute X-ray
spectrum and light curve. The parameters for this model are shown in Table 5.5.
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We found different families in this fit, but model 6 displays the best figure of merit
as well as the best visual aspect. The degeneracy problem can be solved using light
curves in different energy ranges. In other words, X-ray light curves are a fruitful way
out of this problem as reported by Belloni et al. (2020). This makes the CYCLOPS
code the only one currently available able to handle this kind of analysis.

The magnetic field at the pole provided by model 6 is 3.7 × 107 G. This value is quite
similar to the value proposed by Piirola et al. (2008), 30 MG, which can confirm
that V405 Aur is the IP with the largest magnetic field. The weighted temperature
is 43.2 keV, which is due to the hardness spectrum as previously mentioned. The
WD mass found was 1.14 M�, which is larger than that obtained by Suleimanov et
al. (2019) using NuSTAR. In fact, the first estimates of the average WD mass in
the IP population indicate relatively low masses of about 0.5–0.7 M� (YUASA et al.,
2010, e.g.). In addition, a recent investigation using NuSTAR observations found an
average WD mass close to the value ∼0.9 M�, typical for the nearby CVs population
(SULEIMANOV et al., 2019).

We tried using model 6 to fit all UBVRI optical data in order to verify if this model
can simultaneously model optical and X-ray data. When we analyzed the results,
which are not shown here, we concluded that it was not possible. Therefore, to
include optical data it will be necessary to fit these data using CYCLOPS again.
The following section will discuss the attempt to model V405 Aur.

Figure 5.16 - V405 Aur absolute spectrum and light curve modeling by CYCLOPS.

SOURCE: The author.
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Table 5.5 - Physical and geometrical properties of V405 Aur using absolute X-ray spec-
trum and light curve fitted by CYCLOPS.

CYCLOPS input parameters Model 6
MWD (M�) 1.14

ṀWD (M� year−1) 10−10

B (G) 3.7 × 107

Blat 83◦
Blong 0◦
i 40◦
β 12.5◦

∆long 11.5◦
∆R 0.19

CYCLOPS model associated and resulting quantities value
Height of the PSR (RWD) 0.0080

Average shock temperature (keV) 54.2
Weighted shock temperature (keV) 43.2

Shock electronic number density (cm3) 2.0 × 1017

Distance of the threading region to the WD centre (RWD) 107.2

5.4.4 Optical and X-ray fitting

The optical modeling of V405 Aur was also performed in steps. First, we looked
for a good model using the photometric and polarimetric data per band in order
to figure out if individual bands could be fitted and if the model could be part of
the same family, then we added other bands one by one. In parallel, we performed
the same procedure with the inclusion of the X-ray data. In general, we did not
restrict the geometry of the system in favor of any values pre-established by Evans
and Hellier (2004) and Piirola et al. (2008). The search for models were determined
initially by PIKAIA and restricted with the AMOEBA algorithm. We carried out
a variety of searches: (i) using the same weight for all points and bands and adopting
a heavier weight for the circularly polarized flux relative to the total flux; (ii) using
only UBVRI circular polarimetric data in order to model just the cyclotron emission;
(iii) using one PSR and after including two (north and south) PSRs. In this context,
just our best results are presented in this manuscript.

As mentioned above, a good model was found using only the the U band. We then
searched using other individual bands and also found good results. The problem
is that these results do not indicate parameters belonging to the same family. In
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fact, they are quite different from each other, especially between the U and I bands.
These individual UBVRI models were not shown here. Although the previous results
revealed a difficulty in finding a good model in all bands, we performed a simple test:
we tried to check if the best model found in the U band fits the other bands as well.
Therefore, we applied the same U band model, whose parameters are presented in
Table 5.6 (model 7-a), in BVRI individually, in other words, non-simultaneous. The
photometric and polarimetric curves of UBVRI bands using the non-simultaneous
U band are shown in the top panel in Figure 5.17.

The orbital inclination and colatitude found in model 7-a were ∼26◦ and 73◦, re-
spectively. These geometrical parameters are similar to those proposed by Piirola
et al. (2008) (i = 30◦ − 50◦, and β = 90◦). This model seems to indicate that
two PSRs are located in geometrically opposite regions. However this model has the
flux emission of the one PSR. In other words, only one PSR effectively contribute
to emission (this was not shown in Figure 5.17). This can be related with the CY-
CLOPS approach of considering the accretion of matter from the same threading
region (see discussion in Section 5.5).

We applied model 7-a using simultaneously UBVRI optical photometry and po-
larimetry curves and X-ray spectrum and light curve, denominated model 7-b (bot-
tom in Figure 5.17). Surprisingly, we noticed that if model 7-a is applied to each
band individually (top in Figure 5.17), we obtained better results than simultane-
ously modeling on all bands together (model 7-b). In fact, when we searched for a
model using simultaneous V405 Aur data, we did not obtain good results using one
or two PSRs. So far, we only found a reasonable model for UBV polarimetry curve
with a contribution of two PSRs, the RI bands data are not well modelled. In this
context, the photometry data can be contaminated by emission from the accretion
disk, which does not fit the spectral energy distribution (SED). This model does not
include X-ray data. Therefore, these results are not shown here.
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Table 5.6 - Physical and geometrical properties of V405 Aur optical photometry and po-
larimetry in the U band fitted by CYCLOPS.

CYCLOPS input parameters Model 7-a Model 7-b
MWD (M�) 1.32 1.32

ṀWD (M� year−1) 10−9 10−9

B (G) 5.2 × 106 5.2 × 106

Blat 27◦ 27◦
Blong 0◦ 0◦
i 26 ◦ 26 ◦
β 73◦ 73◦

∆long 23◦ 23◦
∆R 0.791 0.791

CYCLOPS model associated and resulting quantities value value
Height of the PSR (RWD) 0.0520 0.2967

Average shock temperature (keV) 20.4 75.1
Weighted shock temperature (keV) 16.2 54.7

Shock electronic number density (cm3) 3.3 × 1015 3.5 × 1015

Distance of the threading region to the WD centre (RWD) 4.366 6.496
Phase shift applied to the model -0.288 -0.288
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Figure 5.17 - A good model of V405 Aur for the U band applied for individual bands
(top panel) and the same model simultaneous applied in UBVRI light and
polarization curves and X-ray data (bottom).

SOURCE: The author.
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The CYCLOPS code was not able to find a good model that would answer our
questions, such as: what is the geometry of accretion of V405 Aur? In order to figure
out a possible reason that explains the lack of good models to fit our simultaneously
data, we proposed to fit one PSR using half of the data. In other words, we used the
data from the interval of 0 - 0.5 phase or 0.5 - 1 phase, as the data are symmetric
it makes no difference which we choose. We are interested in knowing if we can
model one PSR from one threading region. So far, the only model obtained is shown
in Figure 5.18 (model 8), whose parameters are presented in Table 5.7. This model
simultaneous fitted one photometry and polarimetry curves in the V band and X-ray
spectrum and light curve. However, we do not have good results using our all data
set yet. This might indicate the need for two threading regions (see Section 5.5).

Table 5.7 - Physical and geometrical properties of V405 Aur using the V band optical and
absolute X-ray spectrum and light curve fitted for the range 0 - 0.5 phase by
CYCLOPS .

CYCLOPS input parameters Model 8
MWD (M�) 1.16

ṀWD (M� year−1) 10−10

B (G) 8.0 × 106

Blat 72◦
Blong 4◦
i 36.5◦
β 21.5◦

∆long 34.3◦
∆R 0.086

CYCLOPS model associated and resulting quantities value
Height of the PSR (RWD) 0.0080

Average shock temperature (keV) 54.2
Weighted shock temperature (keV) 43.2

Shock electronic number density (cm3) 2.0 × 1017

Distance of the threading region to the WD centre (RWD) 107.2
Phase shift applied to the model -0.246
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Figure 5.18 - A good model of V405 Aur for the V band and X-ray data for the range
0 - 0.5 phase using CYCLOPS.

SOURCE: The author.
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5.4.5 Before CYCLOPS 2020

We mentioned in Section 2.12 that CYCLOPS was implemented with the shock
solution in 2020. Before this upgrade, the code used arbitrary functions for tem-
perature and density profiles (see Section 2.13). In this section, we will present this
preliminary study in order to comment on some aspects of V405 Aur modeling.

The best model of V405 Aur using CYCLOPS prior to 2020 was found using
the X-ray data (removing 6.0 – 7.2 keV and E < 2.0 keV). Then, we continued to
had good results when applied it to simultaneous UBVRI optical photometry and
polarimetry, X-ray spectrum, and X-ray light curve data. The best model using one
PSR is presented in Table 5.8 and Figure 5.19. The magnetic field is B = 36 MG.
This value has the same order of magnitude as that proposed by Piirola et al. (2008).

Table 5.8 - Best-fitting model parameters of V405 Aur using the CYCLOPS version prior
to 2020.

CYCLOPS input parameters Model
MWD (M�) 1.14

ṀWD (M� year−1) 10−10

B (G) 3.6 × 107

Blat 67◦
Blong 37◦
i 45.3◦
β 59.1◦

∆long 64.5◦
∆R 0.05

Average shock temperature (keV) 358.5
Weighted shock temperature (keV) 165 keV

Shock electronic number density (cm3) 2.0 × 1017

CYCLOPS model associated and resulting quantities value
Height of the PSR (RWD) 0.53

Weighted shock temperature (keV) 165
Shock electronic number density (cm3) 12.26 × 1017

Phase shift applied to the model 0.720

The best fitting shows the inclination equal to 45.3◦. It is within the inclination range
estimated from X-ray data (30◦ – 50◦). The colatitude (∼59◦) is approximately the
value given by the data in the optical band, β = 60◦. We highlight that the value of
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the shock temperature found was 358.5 keV. This is the result of the shock structure
used in this CYCLOPS version which is a poor approximation. Therefore, the
current version of CYCLOPS post 2020 solves the shock structure providing a
more realistic shock temperature.

Figure 5.19 - A good model of V405 Aur obtained by a simultaneous fitting of UBVRI
light and polarization curves (top), X-rays spectrum, and hard X-ray light
curve (bottom) using the CYCLOPS version prior to 2020.

SOURCE: The author.

5.5 Discussion

The X-ray spectra of V405 Aur shows a blackbody component in the soft X-ray
emission originating from the heated WD surface around the accretion footprints.
This phenomenon is present in only 15 IPs. Most of them have non-zero circular
polarization. This high incidence of soft X-ray emission could be correlated to the
detection of circular polarization in IPs. In fact, the soft emission arising from heated
WD surface around the accretion footprints, which is nearly always seen in the
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polars, it is only seen in some IPs with geometries where the PSRs are in line-of-
sight.

X-ray spectra of V405 Aur fitted by the XSPEC code presents the hydrogen col-
umn density value of the same order of magnitude of that available in Evans and
Hellier (2004) (1021 cm−3). In this modeling, we used two APEC models to fit the
multi-temperature emission, which are 0.17 keV and 64 keV. Although these val-
ues are not in good agreement with the results found by Evans and Hellier (2004),
they are consistent with the higher average temperature weighted by the squared
density (〈T 〉) found in our models using CYCLOPS as shown in Table 5.9. These
temperatures are related to the hardness of the V405 Aur X-ray spectrum.

In IPs, the X-ray radiation of a PSR has been used to estimate some physical
parameters such as the WD mass, the WD magnetic field strength, the accretion
rate, and the threading region radius. For this, the emissivity distribution of the
PSR structure is calculated and the X-ray spectra is fitted (SULEIMANOV et al.,
2005; HAYASHI; ISHIDA, 2014a, see Section 1.3.2). In these estimates, however, large
uncertainties are present due to degeneracy, for example, which is related to many
of the parameter combinations producing identical X-ray spectra.

In order to break the degeneracy, some shock structures have been used with neg-
ligible cyclotron emission, finite but not well defined magnetospheric radius, and
other simplified approaches. In other words, they decreased the number of param-
eter space. However, these restrictions when applied to PSR were not enough to
solve the degeneracy problem (SULEIMANOV et al., 2016, e.g.). Belloni et al. (2021)
proposed that the inclusion of more constraints such as adding light curves data
in the modeling approach could be a possible solution. In fact, we obtained the in-
evitable degeneracy fitting only synthetic X-ray continuum spectra with energy up
to 100 keV in four parameters: the WD mass; the WD magnetic field strength; the
specific accretion rate and the threading region radius using the CYCLOPS code.
When, we included the X-ray light curves in different energy ranges the degeneracy
was broken.

In the modeling using X-ray spectrum and light curves (model 6), we found a WD
mass of 1.1 M�. This value is in a good agreement with values previously proposed
considering the error bar (Table 5.9). Also, we were able to restrict the mass accretion
rate using this model for an interval ranging from 10−9 – 10−10 M� year−1, which
is consistent with the results obtained by Suleimanov et al. (2005) and Suleimanov
et al. (2019).
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The magnetic field intensity of V405 Aur is estimated as being ∼31.5 ± 0.8 MG
from simultaneous UBVRI circular polarimetry proposed by Piirola et al. (2008) In
all of our modeling, the magnetic strength has the same order of magnitude (see
Table 5.9). For those authors, it indicates that V405 Aur is a likely candidate to be
a polar progenitor.

While the X-ray spectrum constrains physical parameters such as the white-dwarf
mass and the accretion rate, the modulated optical emission strongly restricts the
geometrical parameters. This occurs because the cyclotron emission, which is the
primarily responsible for the optical modulation, is very anisotropic causing an im-
portant dependence on the observer position relative to the emitting region.

Despite our efforts to simultaneously model UBVRI photometry and polarimetry
data including or not including the X-ray data to propose a geometry of accretion
for V405 Aur and define other physical parameters using the CYCLOPS code, we
were not able to find a good model. One possible reason is discussed in the following
paragraphs.

Table 5.9 - Some parameters of V405 Aur obtained by modeling its X-ray data.

Models MWD ṀWD B 〈T 〉
(M�) (M� year−1) (G) (keV)

Suleimanov et al. (2005) 0.90 ± 0.10 0.4 × 10−9 − −
Suleimanov et al. (2019) 0.73 ± 0.03 0.1 × 10−10 2.2 ± 0.05 × 106 −

Model 1 1.25 10−8 1.9 × 107 75.7
Model 2 1.04 10−7 1.3 × 107 39.7
Model 3 1.04 10−9 7.8 × 106 41.0
Model 4 1.20 10−9 2.3 × 107 61.9
Model 5 0.90 10−10 1.3 × 107 28.6
Model 6 1.10 10−10 3.7 × 107 43.2

A summary of our optical and X-ray data is shown in the phase diagram of Fig-
ure 5.20 using the ephemeris proposed by Piirola et al. (2008) in BJDTDB, which
is given by BJDTDB = 2449681.464617 + 0.0063131476E. The comparison of these
data show that the maximum point of circular polarimetry is the minimum of the
photometry in V band. The relationship between these sets of optical data is ex-
pected for polars, and is related to the cyclotron beaming effect.
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Figure 5.20 - X-ray and optical light curves for V405 Aur folded on the optical ephemeris.
From top to bottom, soft and hard X-ray data, photometry and circular
polarimetry in V band.

SOURCE: The author.

The sign of the circular polarization (positive and negative shown in Figure 5.20)
suggested a configuration in which the magnetic field points to the observer in
two columns of accretion (PIIROLA et al., 2008). The double-peaked profile from soft
emission and the single-peaked in sawtooth modulation in hard emission is explained
by the high dipole inclination, where the outer parts of the accretion curtains never
cross the line-of-sight (EVANS; HELLIER, 2004). This can also be confirmed by the
symmetry presented in the circular polarization curve.

The CYCLOPS code, initially written for polar modeling, does not have two thread-
ing regions. When we use two accretion regions for V405 Aur modeling as shown in
Section 5.4.4, we consider two PSR from the same threading region (see top illustra-
tion in Figure 5.21). IPs can have different PSR threading regions. This is not taken
into account by CYCLOPS. It could explain why we are not able to simultaneously
model UBVRI optical data and X-ray light curve. Another threading region at 180◦

is one of the procedures that must be applied to the CYCLOPS code for modeling
IPs, bottom in Figure 5.21. This can be verified if we find a good model using our

95



all data set from the interval of 0 - 0.5 phase in order to model one PSR (discussed
in model 8).

Figure 5.21 - Illustration of accretion geometry in IP showing one threading region cur-
rently used by CYCLOPS (top) and two threading regions which need to
be implemented in the code (bottom).

SOURCE: The author.

In order to improve the CYCLOPS code some new implementations must be per-
formed. The second threading region is important to obtain the final modeling of
V405 Aur. The future developments of CYCLOPS are described in Belloni et al.
(2020), some of them are:

• the inclusion of line emission, one possibility is include APEC;

• inclusion of other radiative processes in CYCLOPS such as Compton
scattering in order to fit the spectrum with energy above 10 keV, although
it is expected to change the temperature and density profiles in the PSR
only very slightly (SULEIMANOV et al., 2005).

We plan to simultaneously fit the X-ray light curves with optical data and X-ray
absolute spectrum and light curve of V405 Aur. We expect to find a good model
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and figure out the best geometry which explains cyclotron and X-ray emissions. We
also intend to model other IPs, in particular UU col, our second system with good
features for modeling with the CYCLOPS code.
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6 MAGNETIC ACCRETION IN SW SEXTANTIS STARS

This chapter briefly presents the main results of a search for magnetic accretion in
SW Sextantis systems conducted by the author. The entire study is described in a
paper (LIMA et al., 2021), which is reproduced in Appendix A. It was not possible to
include the paper as a chapter in this thesis owing to INPE regulations.

6.1 Search for periodicities

SW Sex stars were originally identified due to a number of common enigmatic prop-
erties – most notably, single-peaked emission lines in high-inclination systems (see
Section 1.2). Some of these characteristics indicate that part of the matter is out of
the orbital plane, which is in line with a magnetically-channeled accretion (HOARD et

al., 2003, e.g.). In this scenario, SW Sex is likely to be an IP with high mass-transfer
rate. In this regard, some features of IPs must be present in SW Sex stars as well.

The polarized optical/infrared emission is the clearest sign of magnetic accretion.
Polarization has been detected in only 15% of IPs, with amplitude levels ranging
from 1 – 2% (see Table 4.1). These low polarization values probably result from the
dilution of the PSR by the disk as well as the bright spot, and the secondary star.
In comparison with IPs, we expect to find a small fraction of the SW Sex stars with
detectable circular polarization.

The first confirmed system with non-null circular polarization is LS Peg. Rodríguez-
Gil et al. (2001) found a modulation with an amplitude (peak-to-peak) of ∼0.3%
and a periodicity of 29.6 ± 1.8 min using spectropolarimetric data. Prior to Lima et
al. (2021), the number of definite SW Sex stars with circular polarimetry detected
based on information presented in “The Big List of SW Sextantis Stars”1 was five
objects, however the observation of V533 Her is still uncertain (STOCKMAN et al.,
1992). If we include AO Psc, usually classified as an IP, this number rises to six
objects. Table 8 in Lima et al. (2021) shows a summary of circular polarization
measurements.

As mentioned in Section 1.3, the power spectra of IPs are characterized by signals
at the spin frequency, the orbital frequency, and the beat frequency in its power
spectra. IPs can also present other periodicities such as QPOs with time scales
of 1000 s, flaring emission lines, and superhumps, which present periods slightly

1D. W. Hoard’s Big List of SW Sextantis Stars at https://www.dwhoard.com/biglist, see
Hoard et al. (2003), which is updated until 2016.
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longer or shorter than the orbital period, usually attributed to the precession of an
eccentric accretion disk or disk warping (PATTERSON et al., 2002, e.g). Therefore,
periodic signals can be interpreted as the rotation of a magnetic WD, originating
from the cyclotron emission of the PSR.

In order to search for evidence of magnetic accretion in SW Sex class, we performed
an observational campaign using the IAGPOL polarimeter to look for periodic vari-
ability of polarization and flux that can be associated with the rotation of the WD.
Six objects were chosen: BO Cet, SW Sex, V442 Oph, V380 Oph, LS Peg, and
UU Aqr (LIMA, 2016). We were also interested in discovering other periodicities
such as beat periods that could indicate a sign of magnetic accretion as mentioned
earlier.

6.2 Results

We performed the circular polarimetry of SW Sex stars observations at 1.6-m Perkin-
Elmer telescope of the OPD–LNA coupled with the IAGPOL polarimeter (MAGA-

LHÃES et al., 1996), which was equipped with a quarter-wave retarder plate and a
Savart plate (RODRIGUES et al., 1998). We used the Lomb-Scargle (LS) periodogram
(LOMB, 1976; SCARGLE, 1982) to construct the power spectra from photometric,
circular and linear polarimetric in order to analyze our data. We scrambled the y-
coordinates of the correspondent time series, without repetition for calculate the
uncertainty of a signal detected with the LS periodogram. Then we injected a signal
centered at the detected frequency, but randomly distributed around a few frequency
resolution elements and with a random reference epoch between 0− 2π. We ran this
simulation 1,000 times. For each realization, it was calculated the difference between
injected and recovered periods. the false-alarm probability (FAP) levels of 1%, 0.1%,
and 0.01%, calculated according to Scargle (1982). A more detailed description re-
garding the observations, data reduction, and literature of each object can be found
in Lima et al. (2021). The following sections present some selected results.

6.2.1 BO Cet

Bo Cet was observed over seven nights during the 2010, 2016, and 2019 campaigns
with mean magnitudes of 14.4 mag in RC and 14.3 mag in V band with a decrease
of 1 mag on October 11, 2010.

In photometric data, we found a significant period of 50.9 ± 0.5 min possibly as-
sociated with a continuum radiation source located in the inner disk region. Other
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periods found were 15.3 min and 19.7 min: the latter was previously reported by
Rodríguez-Gil et al. (2007) from the radial velocities of the Hα line wings. In cir-
cular polarimetric data, we found a periodic signal at 11.1 ± 0.08 min (see top
panel in Figure 6.1). The modulation in circular polarization (PC) data is around
0.2% peak-to-peak (see the solid blue line in the third panel). Periods of 9 min and
14 min were also present in the circular polarimetric data and they are consistent
with the positive and negative beats with the 50.9 min period. The presence of the
beat periods between the main photometric and polarimetric peaks supports the
reality of these periods. Therefore, we suggest that the WD spin period of BO Cet
is 11.1 min, while 19 min could be related to the flaring emission line diluted by
continuum emission.

6.2.2 SW Sex

We observed the prototype of the class, SW Sex, during a single night for 3.9 h
covering one complete orbital cycle and one total eclipse. The magnitude in RC was
14.66 mag with reduction of 1.6 mag during the eclipse. The system was in a high
brightness state (GROOT et al., 2001).

The photometric power spectrum, after we removed the points associated with the
eclipse and subtracted the orbital modulation, revealed a period at 22.6 ± 1.4 min
above the 0.01% false-alarm probability (FAP) line as shown in in the left-hand
column Figure 6.2. The periodogram of circular polarization showed a peak at
41.2 ± 8.5 min (see the right-hand column in Figure 6.2). The folded diagram
shows a semi-amplitude of 0.2% in the circular polarimetric data (third panel) and
the linear polarization shows a relatively well organized modulation (fourth panel).
Considering the uncertainties, the photometric period is half that of the polarimet-
ric one, therefore consistent with the first harmonic. We noted an increase in the
polarization during the eclipse. It can be understood if part of the unpolarized com-
ponent is occulted, this increases the circular polarization. Hence, this can support
the presence of a magnetic WD rotating at around 41 min in SW Sex.

6.2.3 V442 Oph

V442 Oph was observed over two nights during 2014 in the RC and V bands showing
magnitudes of 13.37 mag and 13.60 mag, respectively. These values correspond to
the high state of V442 Oph (PATTERSON et al., 2002).
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Figure 6.1 - Circular polarimetry of BO Cet. The power spectrum is located on in the top
panel, the magnitude, the percentage of circular polarization (PC) and the
percentage of linear polarization (P) folded diagrams with the period of 11 min
are displayed in the second, third, and fourth panels. The dashed orange lines
represent the FAP levels of 1%, 0.1%, and 0.01%. The blue lines correspond
to a central-moving average considering the points inside an interval of 0.05
in phase.

SOURCE: Lima et al. (2021).
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Figure 6.2 - Photometry and circular polarimetry of SW Sex in the left and right-hand
columns, respectively. The power spectra show a period at 22.6 min from
photometric data and 41.2 min from polarimetric data. The phase diagrams
folded at these periods in flux, PC, and P are shown in the second, third, and
fourth panels.

SOURCE: Lima et al. (2021).
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From the photometric data we found a period of 12.4 ± 0.09 min prominent in the
power spectrum and a second peak at 19.9min with 0.1% false-alarm probability.
The folded diagram at 12.4 min shows a sinusoidal photometry curve with a semi-
amplitude around 0.04 mag and the circular polarimetry with slight modulation with
an amplitude of around 0.1%. However, we could not explain this modulation as a
beat between other periodicities of the system. The power spectra of the circular
and linear polarization show peaks below the FAP lines of 0.1% at 19.4± 0.4 and
18.3± 1.1min, respectively, as shown in Figure 6.3. A periodic variability in phase
diagrams is not evident in any dataset from any data (second, third, and fourth
panels). Although the 19 min period is not reliable in our observations, it was pre-
viously detected by Patterson et al. (2002). For this reason, we suggested that the
19.4min modulation found in V442 Oph is due to the WD rotation. However, more
observations are necessary to confirm this.

6.2.4 V380 Oph

We performed the observation of V380 Oph on a single night, 2014 July 19, in the
V band with a magnitude of 14.5 mag for a total time span of ∼2.7 h. In addition,
long photometric data obtained from SOS/SAS observatories during 2002 to 2016
were provided by Shugarov et al. (2016) in the B, V, and RC bands.

The power spectra of the V and RC bands from SOS/SAS did not show any clear
signal in minutes, which is expected for WD spin period, only a timescale of days
even after applying the CLEAN technique (ROBERTS et al., 1987). In the B band
periodogram, a period around 55 min is found. However, the short time span of these
observations, of around 2 h, makes it very uncertain. After removing the orbital
modulation, a peak at 12.4 ± 0.66 min is also present in these data below a FAP
of 1%. Interestingly, the circular and linear polarimetry curves folded at 12.4 min
show a coherent modulation (see the left-hand column of Figure 6.4).

The OPD data shows a power spectrum from photometry with a peak at
47.4 ± 4.9 min imposed by the total time span of the observation. Coincidentally,
∼47 min was reported by Rodríguez-Gil et al. (2007) from flaring emission line. Cir-
cular polarimetry periodogram shows a peak at 22.0 ± 1.2 min with a level similar
to the 0.1% FAP. After removing the orbital modulation a period of ∼12 min above
the 0.01% FAP was found. These periods from polarimetry are not statistically
significant, therefore more observational data are necessary.
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Figure 6.3 - Circular and linear polarimetry of V442 Oph. The power spectra show periods
at 19.4 min from circular and 18.3 min from linear polarimetry. The phase
diagram folded at these periods in flux, PC, and P are shown in the second,
third, and fourth panels.

SOURCE: Lima et al. (2021).
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Due to the complexity of the periodicities found, we did not conclude if this system
presents a coherent period that could be associated with the WD spin rotation. We
were not able to interpret the photometric 47 min period as a spin or beat period,
but as it is also a flaring period, a phenomenon associated with IPs, it could be
evidence of magnetic accretion. In addition, previous studies using UV spectrum
point to an accretion disk truncated in its inner parts in an IP-like configuration
(ZELLEM et al., 2009).

6.2.5 LS Peg

LS Peg was observed over 7 nights between 2010 and 2019 in the V and RC bands
showing mean magnitudes of 11.9 mag and 11.7 mag, respectively.

The time series analysis of LS Peg was very thorough: we obtained periodograms
combining all observed bands, combining data by filters, and the individual nights.
All these results are shown in Table 5 in Lima et al. (2021). The photometric power
spectrum of LS Peg exhibits a peak at 21.0 ± 1.2 min when the mean magnitude
from the photometric data set of each night was subtracted and the low-frequency
modulations removed. The phase diagram folded at 21 min shows a sinusoidal vari-
ation with a semi-amplitude of 0.02 mag. However, the polarization curves did not
show modulation. Other strong periods found in our photometry are 19min and
16min, which were also previously detected by Garnavich and Szkody (1992) and
Szkody et al. (2001). The 21 min signal, within the uncertainties, was interpreted
by us as the beat period between the WD spin period and the orbital period. From
circular and linear polarimetric data, we found the periods of 18.8 ± 0.005 and
11.5 ± 0.1 min, respectively. The folded light curves at 18.8 min show the circu-
lar polarimetric data with positive and negative variations with semi-amplitudes of
0.05% (see the blue line in the third panel in Figure 6.5). However, the photometric
and linear polarimetric data did not display a clear modulation (see first and fourth
panels). The period of linear polarimetric data was half that of the circular. This
could be interpreted as the reflection (scattering) of the PSR region emission in the
inner regions of the disk. We interpreted the period of 18.8 min as WD spin period.
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Figure 6.4 - Photometry of V380 Oph in the B and V bands from SOS/SAS and OPD
observatories, respectively. The power spectra show periods at 12.4 min at B
band and 47.4 min at V band. The phase diagram folded at these periods in
flux, PC, and P are shown in the second, third, and fourth panels.

SOURCE: Lima et al. (2021).
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Figure 6.5 - Circular polarimetry of LS Peg. The power spectrum is located in the top
panel indicating the period at 18.8 min, folded diagram with this period of
magnitude, PC and P are shown in the second, third, and fourth panels.

SOURCE: Lima et al. (2021).
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6.2.6 UU Aqr

We observed UU Aqr in August and October 2009 over 5 nights in the V band
showing a magnitude of ≈13 mag.

The photometry power spectrum shows a strong peak at 54.4 ± 0.5min. The phase
diagrams folded at this period display a sinusoidal pattern for the photometry with
an amplitude of around 0.4 mag. The circular polarimetry periodogram exhibits
a prominent peak at 25.7 ± 0.23 min (see Figure 6.6). The phase diagram of the
circular polarimetric data shows a modulation with peak-to-peak amplitude of 0.1%
(the blue line in the third panel). The ∼26 min is half the period of the photometry,
which favored the interpretation of this polarimetric period as the spin period of a
magnetic WD. In fact, Robertson et al. (2018) hitherto suggested that UU Aqr could
have magnetic accretion.

6.3 Discussion

Our photometric and polarimetric data were used to search for evidence of magnetic
accretion in a sample of six SW Sextantis stars: BO Cet, SW Sex, V442 Oph,
V380 Oph, LS Peg, and UU Aqr. Assuming that periodicities found in circular
polarization are related to the spin period of a magnetic WD, because the polarized
flux came from cyclotron emission of the PSR region, our analysis revealed three
objects with probable magnetic accretion: BO Cet presents spin period at 11.1 min,
SW Sex at 41.2 min , and UU Aqr at 25.7 min. We also found two SW Sex stars
with possible magnetic accretion: V442 Oph, whose tentative period of 19.4 min is
below the FAP level of 1% as well as V380 Oph which shows an uncertain period at
22.0 min. We confirmed the detection of circular polarization in LS Peg, previously
reported by Rodríguez-Gil et al. (2001). However, unlike these authors, we found a
period of 18.8 min, which we assumed as the probable period of the WD rotation.
Based on these results, we conclude that 15% (11/73) of SW Sex stars have direct
evidence of magnetic accretion from circular polarimetric data. We also contributed
to the number of objects whose circular polarization is uncertain, around 30% of the
objects.
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Figure 6.6 - Circular polarimetry of UU Aqr. The power spectrum is located on the top
panel indicating the period at 25.7 min, folded diagram with this period of
magnitude, PC and P are showed in the second, third, and fourth panels.

SOURCE: Lima et al. (2021).
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We noticed that flaring modulation in the emission lines, usually present in some IPs
and associated with the WD spin or the beat between the WD spin and the orbital
period, seems to be twice the polarimetric period. In BO Cet, the flaring period
proposed by Rodríguez-Gil et al. (2007) is approximately 20 min and we found a
circular polarization period of 11 min. V380 Oph also presents a flaring period of
∼47 min found by Rodríguez-Gil et al. (2007), which is twice our value of 22 min,
considering the error bar. It should be pointed out that both spectroscopic flaring
periods are also present in our photometric data. In UU Aqr, no flaring was reported
in the literature, but we found this same relationship between the photometric and
polarimetric periods.

Another point we highlighted is the relationship between the inclination and the
circular polarization. We verified that 73% of 11 SW Sex stars with possible cir-
cular polarization are non-eclipsing systems. If we considered only the objects with
confirmed detection, ∼57% (4/7) are non-eclipsing. The disk from high-inclination
systems could be the responsible for obstructing the PSR emission, and consequently
resulting in undetectable circular polarization.

As mentioned in Section 1.1.3, SW Sex stars occupy a specific position in the diagram
of the number distribution of objects by orbital period, which is between 3 to 4.5 hr,
immediately before the orbital period gap in terms of CVs time evolution. Therefore,
SW Sex systems deserve special attention to understand the evolution of CVs, in
particular the magnetic ones. Indeed, Pala et al. (2020) found that 36% of the
CVs in a volume-limited sample from Gaia host a magnetic WD. This fraction is
numerically consistent with SW Sex stars forming the magnetic portion of the nova-
like CVs. In this context, a theory for the evolution of CVs should also explain the
formation of all magnetic CVs including the SW Sex systems clustered just above
the orbital period gap (BELLONI et al., 2021).

6.3.1 BO Cet: an SW Sex star?

In this section, I will present the discussion concerning the nature of BO Cet recently
proposed by Kato et al. (2021). The authors suggest that BO Cet is not a nova-like
SW Sex type, but a unique dwarf novae member with properties of SU UMa-type
and IW And-type. The features of IW And class are: (i) brightening during the final
of (quasi-)standstills; (ii) typical recurrence time of ∼30 – 100 d; (iii) deep dips are
sometimes seen following brightening.

The observations of Kato et al. (2021) occurred over eight nights between June 2020
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and March 2021. BO Cet was in a bright state with g = 13.6 mag and accompanied
by superhumps and superoutbursts. These types of behavior are not expected for a
SW Sex star. Kato et al. (2021) did not find our periods of 11.1 min or 19.7 min,
which is not surprising, because the system was brighter by around 0.6 mag in
their observations and the bright disk can dilute the cyclotron emission. Although
the authors consider our results as QPOs, the stability of the period from circular
polarimetry observations during 2010 and 2016 is a good argument maintaining
BO Cet as a magnetic WD. This discussion is important for the development of CV
comprehension, and it shows that there is a lot to be learned about these objects.
In particular, more time series concerning BO Cet would be very useful in order to
confirm its real nature.
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7 CONCLUSIONS AND PERSPECTIVES

In this PhD thesis, we applied for the first time the CYCLOPS code to model
the structure of an IP. This code was previously used only for polars. We selected
V405 Aur, which is considered the IP with the highest magnetic field, as our first
attempt. UU Col is also another good candidate. Both candidates have previous
studies proposing non-successful geometries that simultaneously explains the optical
and X-ray emissions. In this context, we tried to model V405 Aur using X-ray
spectrum and light curve data and photometric and circular polarimetric light curves
at UBVRI bands using a new version of the CYCLOPS code that solves the shock
structure and provides a more realistic approach.

We performed the modeling in parts using X-ray and optical data separately and
looked for parameters that could be fixed and that belonged to a same model family.
From X-ray data, we noted that it is possible to break the degeneracy problem by
fitting absolute spectrum together with the light curve as mentioned in Belloni et
al. (2021). We also determined a mass accretion rate interval in the range of 10−9 –
10−10 M� year−1, which is consistent with the results obtained by Suleimanov et al.
(2005) and Suleimanov et al. (2019). The modeling of optical data proved to be very
complex. We only found a good model using photometry and circular polarimetry
for one band. When we tested other bands in order to obtain simultaneous UBVRI
bands results and included X-ray data, we were not able to find a good model despite
using one and two accretion columns originating from the same threading region.
That shows that IPs have a very complex accretion geometry. A possible solution
is to have different threading regions for different PSRs. To solve this problem, we
recently realized that the accretion of V405 Aur may be different for the two poles.
CYCLOPS currently only considers one threading region, which is consistent with
polars, perhaps this might not be correct in the case of IPs. In this sense, we propose
a new implementation in the code of a second threading region. After this, we expect
to unveil the magnetic accretion geometry of V405 Aur and in the future apply the
CYCLOPS code to UU Col as well.

In Lima et al. (2021), we searched for direct evidence of magnetic accretion in defini-
tive members of SW Sex type: BO Cet, SW Sex, V442 Oph, V380 Oph, LS Peg, and
UU Aqr. If SW Sex stars have IP behavior, multi-periodicity may be a typical feature
of these systems as the WD spins asynchronously with the orbital period. Therefore,
we looked for periodic signals from photometric and polarimetric data, which could
be related to WD spin period. Polarized cyclotron emission is a distinguishing signal
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of magnetic accretion. Hence, emission processes that involve simultaneous regions
with different rotations can be observed to vary with the beat period. The emission
processes related solely to the WD must have a coherent and stable variability.

The results of this study identified 15% of SW Sex stars with some evidence of non-
null circular polarization of 73 systems classified as definite, possible, and probable
SW Sex stars (HOARD et al., 2003). If we consider only the definite SW Sex members,
we obtain 33% (10/30) of possible polarized objects. From the circular polarimetric
data, we found a period of 41.2 min at SW Sex, the prototype of the class, 11.1 min
at BO Cet, 25.7 min at UU Aqr. Also, we found 22 min at V380 Oph and 19.4 min
at V442 Oph, although they are below the FAP level of 1%. LS Peg, also one of our
targets, is the first SW Sex star with circular polarization detected with a period
associated to WD rotation at ∼29 min by Rodríguez-Gil et al. (2001). However,
we found a period of 18.8 min, which we consider to be the true spin period. We
are aware that additional polarimetric observations which have a longer time span
would be useful to confirm these results and an increase in the sample is needed. In
this context, we performed observations with other SW Sex stars, such as AO Psc
and VZ Scl, the data analysis is in progress.

In addition to the study of SW Sex stars and IPs (described in Caps. 5 and 6), we
have also participated in efforts to discover new CVs and MCVs. In Oliveira et al.
(2020), we performed an exploratory search for MCVs in the CRTS survey followed
by spectroscopic snapshot observations, which yielded a discovery of one interme-
diate polar and seven polars. Two polars were observed in a low accretion state,
revealing photospheric features of the secondary star thereby allowing the estima-
tion of their spectral type. In Szkody et al. (2020), we also found CV candidates using
the ZTF survey. Our results indicate 207 systems with variability behavior similar
to CVs of which 30 are possibly CVs and one system is likely to be an intermediate
polar.
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ABSTRACT

SW Sextantis systems are nova-like cataclysmic variables that have unusual spectroscopic properties,
which are thought to be caused by an accretion geometry having part of the mass flux trajectory out
of the orbital plane. Accretion onto a magnetic white dwarf is one of the proposed scenarios for these
systems. To verify this possibility, we analysed photometric and polarimetric time-series data for a

sample of six SW Sex stars. We report possible modulated circular polarization in BO Cet, SW Sex,
and UU Aqr with periods of 11.1, 41.2 and 25.7 min, respectively, and less significant periodicities for
V380 Oph at 22 min and V442 Oph at 19.4 min. We confirm previous results that LS Peg shows variable

circular polarization. However, we determine a period of 18.8 min, which is different from the earlier
reported value. We interpret these periods as the spin periods of the white dwarfs. Our polarimetric
results indicate that 15% of the SW Sex systems have direct evidence of magnetic accretion. We

also discuss SW Sex objects within the perspective of being magnetic systems, considering the latest
findings about cataclysmic variables demography, formation and evolution.

Keywords: binaries: close — novae, cataclysmic variables — stars: dwarf novae — stars: variables:
general — techniques: polarimetric

1. INTRODUCTION

SW Sextantis systems are a class of nova-like cata-
clysmic variables (CVs). CVs are compact binary sys-

tems containing a late-type main-sequence star that is
transferring matter onto a white dwarf (WD) via Roche
lobe overflow. Nova-like variables spend most of the
time in a “high state” mode, which is characterized

by high mass-transfer rates, Ṁ , producing steady and
bright accretion disks. Thorstensen et al. (1991) coined
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the classification SW Sex for a small group of nova-like
variables based on their own observations and previous
works (e.g. Szkody & Piche 1990). The SW Sex systems
are identified by their spectroscopic characteristics (see

below), which challenge explanation within the standard
accretion model of CVs.

Initially, SW Sex objects were associated with

eclipsing nova-like variables despite showing single-
peaked emission lines, an unexpected property for
high-inclination disks, which normally produce double-

peaked lines (e.g. Horne & Marsh 1986). Currently, the
SW Sex phenomenon is understood as independent of
the system inclination (Rodŕıguez-Gil et al. 2007a). Ad-
ditional observational properties of SW Sex systems are
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described by Hoard et al. (2003) and summarized below.
These systems can exhibit absorption in the central part

of the Balmer and He I emission line profiles around or-
bital phase 0.5 (superior conjunction of the secondary
star). They also show high-ionization emission lines,
such as He II 4686 Å. The emission line radial velocities

are shifted in phase compared to expectations from a
simple model of the binary system. The emission lines
of SW Sex systems also show high-velocity S-waves ex-

tending up to 4000 km/s, with maximum blueshift near
phase 0.5. Interestingly, their orbital periods are typi-
cally around 3 to 4 h, just above the period gap. More
importantly, a large number of CVs in this orbital period

range are SW Sex objects (Rodŕıguez-Gil et al. 2007b).
This grants SW Sex objects an important role in the
comprehension of CV evolution. An effort to concate-

nate information about SW Sex systems is the “The
Big List of SW Sextantis Stars”1 (“The Big List” here-
inafter), which is updated until 2016.

Some SW Sex systems show low states, when their
brightness drops by a few magnitudes. This behavior is
the defining characteristic of the VY Scl nova-like sys-
tems (Warner 1995). Due to those episodic reductions

in brightness, they were originally termed anti-dwarf
nova systems. The recurrence of those low states is ir-
regular and probably associated with a variation of Ṁ .

In a high state, the average Ṁ in SW Sex systems is
≈ 5× 10−9 M� yr−1 and not statistically different from
the values found for other nova-like systems (Puebla

et al. 2007; Ballouz & Sion 2009).
Some of the spectroscopic features of SW Sex sys-

tems can be explained by the presence of material out of
the orbital plane. Several scenarios with this property

have been proposed to explain the SW Sex phenomena
(e.g. Hellier 1996; Hoard et al. 2003): an accretion disk
wind (e.g. Honeycutt et al. 1986); a gas stream pro-

duced by disk overflow; a bright/extended hot spot and
a flared accretion disk (e.g. Dhillon et al. 2013; Tovmas-
sian et al. 2014); and magnetic accretion (e.g. Williams
1989; Casares et al. 1996; Rodŕıguez-Gil et al. 2001;

Hoard et al. 2003). Those ideas are not mutually ex-
clusive.

Nova-like systems are commonly classified as non-

magnetic CVs (e.g. Dhillon 1996). However, there are
claims that the magnetic scenario is more appropriate
to explain the SW Sex systems (see, for instance, Hoard

et al. 2003). The detection of variable circular polariza-
tion in some SW Sex systems is very strong evidence

1 D. W. Hoard’s Big List of SW Sextantis Stars at https://www.
dwhoard.com/biglist. See also Hoard et al. (2003).

that magnetic accretion occurs in a fraction of these sys-
tems. In Appendix A, we present a compilation of all
polarimetric measurements of SW Sex systems to date,

which are discussed in Section 5.1.
In magnetic CVs, the accretion flow leaves the binary

orbital plane to follow the WD magnetic-field lines creat-

ing one or two accretion magnetic structures that direct
matter onto the WD surface. Close to the WD, the mat-
ter reaches supersonic velocities due to a quasi-freefall
regime and a shock develops. An increase in the density

and temperature in the region between the shock front
and the WD surface forms the so-called postshock re-
gion (PSR). Optical polarized cyclotron emission from

the PSR region is a defining characteristic of the CVs
termed polars, for which the magnetic-field intensities
of the WDs are in the range 10 – 250 MG. In these
systems, the percentage of circularly polarized light in

optical wavelengths is typically 10 – 30%. Such high val-
ues of polarization are reached because the PSR region
emission is not diluted by any accretion disk emission,

since in polars the balistic mass-transfer stream goes di-
rectly to the magnetic accretion column and no accretion
disk is formed. Intermediate polars (IPs), with magnetic

fields in the range 1 – 10 MG, can also exhibit circular
polarization, but at much smaller levels, less than a few
percent, since they have truncated accretion disks that
are an important contribution to the optical emission.

A compendium of the search for circular polarization
in IPs is presented by Butters et al. (2009). The pres-
ence of a very bright accretion disk in SW Sex systems

may result in even smaller values of optical polarization
compared to IPs.

Other observational properties of the SW Sex sys-
tems are also related to magnetic accretion in CVs: a

flux modulation associated with the WD rotation (e.g.
Avilés et al. 2020; Rodŕıguez-Gil et al. 2020); flux os-
cillations in the optical emission-line wings — usually

referred as emission-line flaring (e.g. Rodŕıguez-Gil &
Mart́ınez-Pais 2002); and kilosecond quasi-periodic os-
cillations (QPOs) (Patterson et al. 2002). A review of

these properties is given by Hoard et al. (2003).
Patterson et al. (2002) suggested that SW Sex systems

could also be classified as magnetic CVs. In a diagram
of magnetic momentum, µ, and Ṁ , the SW Sex sys-

tems could be located in the upper right portion with
high µ and high Ṁ . The polars would have similar µ,
but smaller Ṁ and IPs would have smaller µ (see their

Fig. 16). The large values of Ṁ in SW Sex systems
would result in small magnetospheres even for intense
magnetic fields. In this interpretation, SW Sex stars,
which are located mainly above the period gap, would
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evolve towards smaller periods, and hence smaller Ṁ ,
becoming polars below the period gap.

In this paper, we present an observational search for
evidence of magnetic accretion in six objects of the
SW Sex class: BO Cet, SW Sex, V442 Oph, V380 Oph,
LS Peg, and UU Aqr. Specifically, we look for periodic

variability of flux or polarization that can be associated
with the rotation of the WD. Our targets are assigned
to the “Definite” SW Sex membership status in “The

Big List”. The observations and reduction procedure
are described in Section 2. The adopted methodology
for searching for periodicities is presented in Section 3.

A brief literature review and the results for each object
are shown in Section 4. Section 5 discusses our results in
the general scenario of SW Sex objects as CVs. Finally,
the conclusions are given in Section 6.

2. DATA DESCRIPTION

We obtained simultaneous photometric and polari-
metric time series for a sample of 6 SW Sex systems.

Table 1 presents a summary of these observations. The
observations were performed using the 1.6 m Perkin-
Elmer telescope of the Observatório do Pico dos Dias

(OPD) coupled with the IAGPOL polarimeter (Mag-
alhães et al. 1996), which was equipped with a quarter-
wave retarder plate and a Savart plate (Rodrigues et al.
1998). This instrument splits the incident beam of each

object in the field of view (FoV) into two orthogonally
polarized beams, the so-called ordinary and extraordi-
nary beams. The observer can use the counts from those

beams to obtain differential photometry and/or the po-
larimetry, as described below. Bias frames and dome
flat-field images were collected to correct for the sys-

tematic effects from CCD data. The data reduction was
carried out using IRAF2 and the PCCDPACK package
(Pereyra 2000; Pereyra et al. 2018).

To perform photometry using these polarimetric ob-

servations, the total counts from each object were ob-
tained by summing the counts of the ordinary and ex-
traordinary beams. Then, differential photometry was

performed by the calculation of the flux ratio between
the target objects and a reference star in the FoV that
was assumed to be non variable. The adopted reference
stars are shown in Table 2. When possible, we used ref-

erence stars previously proposed in the literature: Se-
mena et al. (2013) (LS Peg) and Henden & Honeycutt

2 IRAF (Image Reduction and Analysis Facility) is distributed by
the National Optical Astronomy which are operated by the Asso-
ciation of Universities for Research in Astronomy, Inc., under co-
operative agreement with the National Science Foundation (Tody
1986, 1993).

(1995, HH95). We calibrated the instrumental magni-
tudes using the magnitudes in the NOMAD and USNO-
A2.0 catalogues, which are also given in Table 2. The

estimated accuracy of the conversion from instrumental
magnitudes to the calibrated values is around 0.3 mag
(Monet et al. 2003).

The polarization was calculated using a differential
technique in which the Stokes parameters are estimated
from the modulation of the ratio of the ordinary beam
and extraordinary beam counts (Rodrigues et al. 1998).

Specifically, the modulation curve is a function of the
Stokes parameters Q, U, and V normalized by the to-
tal flux. The images were acquired in 16 positions of

the quarter-wave retarder plate, which are separated by
22.5◦. To obtain our time series, the waveplate posi-
tion was continuously increased by this amount. One

polarization measurement corresponds to a set of 8 im-
ages. We opted for increasing the time resolution at the
expense of non-redundant measurements, i.e. to obtain
the polarimetric time series we performed a redundant

combination of images. Specifically, the first polarimet-
ric point of a series corresponds to the images 1 – 8, the
second point corresponds to the images 2 – 9, and so

on. The polarization error was calculated based on the
data dispersion around the modulation curve obtained
using the estimated Stokes parameters. To evaluate the
quality of our polarimetry, we compared this error with

the expected value considering the Poisson noise of the
source and of the sky, and the detector’s gain and read-
out noise. The ratio of these two error values varies from

0.5 to 2.0. Therefore, our observational setup provides
high-quality data, in the limit of what can be obtained
considering the photon and detector noises.

In SW Sex systems, we expect very low circular po-
larization values due to the dilution of the PSR region
flux by the disk emission. Indeed, the observed circular
polarization in SW Sex systems is, with few exceptions,

around tenths of a percent (see table in Appendix A).
An example is V1084 Her, whose circular polarization
varies between −0.5 and +0.5% (Rodŕıguez-Gil et al.

2009). Hence, any improvement in the polarization esti-
mate is worthwhile. With this aim, we implemented an
iterative procedure that takes into account the expected
value of the sum of the ordinary (and extraordinary)

counts in all images used to calculate one polarization
point. The method is described in Appendix B.

We obtained negligible values for the instrumental po-

larization, which was estimated using measurements of
unpolarized standard stars. Table 3 shows the average
values of the percentage of circular polarization per ob-

ject and per observational run. Given the small values
and no clear trend in the data, no correction was applied.
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Table 1. Summary of the observations.

Object Date Obs. Filter Mean magnitude Exp. time Time span Detector Telescope Used in this

(mag) (s) (h) analysis

2010 Oct 05 RC 14.29 ± 0.09 60 1.34 IkonL OPD N

2010 Oct 06 V 14.16 ± 0.08 10 3.17 IkonL OPD Y

2010 Oct 11 V 15.13 ± 0.07 30 1.94 IkonL OPD Y

BO Cet 2010 Oct 12 RC 14.47 ± 0.10 30 1.94 IkonL OPD Y

2016 Oct 19 V 14.53 ± 0.15 10 1.50 IkonL OPD Y

2016 Oct 25 V 14.39 ± 0.12 10 3.87 IkonL OPD N

2019 Sep 12 RC 14.51 ± 0.07 30 1.19 Ixon OPD N

SW Sex 2014 Mar 29 RC 14.58 ± 0.65 40 3.29 IkonL OPD Y

V442 Oph 2014 Mar 29 RC 13.37 ± 0.06 20 1.44 IkonL OPD Y

2014 Jul 20 V 13.60 ± 0.05 30 2.62 IkonL OPD Y

2014 Jul 19 V 14.51 ± 0.01 40 2.75 IkonL OPD Ya

2002 – 2016 V 14.88 ± 0.16 · · · · · · · · · SOS/SAS Y

V380 Oph 2002 – 2016 B 14.86 ± 0.14 · · · · · · · · · SOS/SAS Y

2002 – 2016 RC (high state) 15.05 ± 0.23 · · · · · · · · · SOS/SAS Y

2002 – 2016 RC (low state) 18.78 ± 0.14 · · · · · · · · · SOS/SAS Y

2010 Oct 06 V 11.82 ± 0.06 0.9 2.26 IkonL OPD Y

2010 Oct 12 RC 11.79 ± 0.08 5 2.35 IkonL OPD Y

2016 Oct 19 V 11.95 ± 0.39 2 3.65 IkonL OPD Y

LS Peg 2016 Oct 25 V 11.93 ± 0.04 2 0.54 IkonL OPD N

2019 Sep 09 V 11.87 ± 0.05 5 1.17 Ixon OPD N

2019 Sep 10 RC 11.72 ± 0.10 5 1.42 Ixon OPD Y

2019 Sep 12 RC 11.54 ± 0.44 15 2.10 Ixon OPD Y

2009 Aug 21 V 12.90 ± 0.14 4 6.44 S800 OPD N

2009 Aug 22 V 12.87 ± 0.09 15 2.05 S800 OPD N

UU Aqr 2009 Oct 23 V 13.09 ± 0.10 15 3.02 S800 OPD Y

2009 Oct 24 V 13.17 ± 0.32 15 3.18 S800 OPD N

2009 Oct 25 V 13.04 ± 0.08 14 3.83 S800 OPD Y

aExcept linear polarization data.

Table 2. Reference stars used in the magnitude calibration of the targets.

Reference star

Target Name HH95 R.A. DEC. V R

(2000.0) (2000.0) (mag) (mag)

BO Cet USNO-A2.0 0825-00488714 · · · 02:06:32.13 −02:04:00.3 15.1 14.1

SW Sex USNO-A2.0 0825-07140676 SW Sex-2 10:15:18.00 −03:07:21.0 · · · 12.93

V442 Oph USNO-A2.0 0737-0410665 V442 Oph-20 17:32:18.03 −16:15:41.2 13.97 14.53

V380 Oph USNO-A2.0 0960-0317152 V380 Oph-13 17:50:07.14 +06:05:13.8 13.9 · · ·
LS Peg TYC 1134-178-1 · · · 21:52:04.92 +14:05:02.3 10.82 9.8

UU Aqr USNO-A2.0 0825-19566061 UU Aqr-5 22:09:04.93 −03:46:42.2 13.80 · · ·
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Table 3. Circular polarization measurements of unpolarized
standard stars.

Run Object Pc Number

(%) of observations

2009 Aug HD 154892 -0.026 ± 0.127 1

2009 Oct HD 64299 0.007 ± 0.037 1

2010 Oct HD 12021 0.01 ± 0.02 6

HD 14069 0.02 ± 0.01 3

2014 Mar HD 94851 -0.01 ± 0.04 4

HD 98161 0.12 ± 0.08 4

2014 Jul WD 1620-391 -0.04 ± 0.01 5

WD 2007-303 -0.02 ± 0.03 5

2016 Oct HD 14069 -0.06 ± 0.023 1

2019 Sep HD 154892 -0.014 ± 0.022 1

To convert the position angle of the linear polarization
from the instrumental to the equatorial reference frame,

we used observations of polarized standard stars. We
also corrected all linear polarization measurements for
their positive bias as described by Vaillancourt (2006).

In addition to the OPD observations described above,
we also reanalysed the V380 Oph photometry presented
in Shugarov et al. (2016) that was taken in BVRC filters

and obtained with different telescopes of the Southern
Observatory Station (SOS) of Moscow State University
and Slovak Academy of Sciences (SAS). The mean mag-
nitude of these data in each filter is presented in Table 1.

3. DATA ANALYSIS STRATEGY

The most characteristic signatures of magnetic accre-
tion in CVs are circularly polarized emission and co-
herent photometric and/or polarimetric variability as-

sociated with the rotation of the WD. Therefore, we
performed a search for periodicities in the magnitude,
circular polarization, and linear polarization time series
of all objects in our sample. This search was performed

separately for the polarimetric and photometric data be-
cause the flux may show other periodicities that are not
related to the WD rotation. In this section, we describe

the common procedures in the data analysis of all ob-
jects.

The Lomb-Scargle (LS) method (Lomb 1976; Scargle
1982) was used to search for periodicities. We adopted a

maximum frequency of 240 d−1 (6 min), while the min-
imum frequency was adjusted for each star, having typ-
ical values around 14 d−1 (100 min). The adopted fre-

quency grid is composed of at least 105 elements, which

is adequate to recover the correct period as discussed by,
e.g. Ferreira Lopes et al. (2018).

To minimize spurious peaks in the power spectra of the

photometric data, the LS method was applied after the
subtraction of the mean magnitude of each night. This
procedure also removed possible long-term modulations

present in the time series. Since the mean polarization is
very small, no mean level was removed from the linear
and circular polarization data. For some objects, we
filtered low-frequency signals, such as the orbital period

or any other known/detected low-frequency period of
the system.

To have a realistic estimate of the uncertainty of a sig-

nal detected with the LS periodogram, we scrambled the
y-coordinates of the correspondent time series, without
repetition. Then we injected a signal centered at the

detected frequency, but randomly distributed around a
few frequency resolution elements and with a random
reference epoch between 0 − 2π. The amplitude of the
injected signal was the amplitude derived from the LS

periodogram. We ran this simulation 1,000 times. For
each realization, it was calculated the difference between
injected and recovered periods. The standard deviation

of the difference, obtained from the median absolute de-
viation (MAD), is quoted as the uncertainty of the pe-
riods found in our analysis.

We compared the errors provided by the above sim-

ulations with two analytical estimates. From eq. 2 of
Dorn-Wallenstein et al. (2020) (see also Lucy & Sweeney
1971), the period error, σP , is:

σP =
σP 2

πTA

√
6

N
, (1)

where P is the period, σ is the standard deviation of
the data, T is the temporal baseline of the time series,
A is the amplitude of signal at P , and N is the num-

ber of points in the time series. This error estimate is a
good approximation for time series in which the count-
ing of the cycles is not lost, as in a continuous time se-
ries. However, when the data collected are on different

nights, which can be years apart, there is an additional
error source and it can be shown that a more adequate
estimate is:

σP =
σP

2πA

√
2

N
. (2)

In this expression, the cycle uncertainty was expressed

by considering T = P . The uncertainty of the phase,
corresponding to a factor equals to 1/12 in a uniform
distribution, was not considered in Equation 2 in spite of
being considered in Equation 1. The period errors from

the simulation are of the same order of magnitude as the
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values obtained using Equation 2 for data spanning one
or more nights. Therefore, this equation can be used as

a quick estimate of period errors.
The emission from a likely magnetic accretion struc-

ture would be strongly diluted by the very bright ac-
cretion disk of SW Sex systems. Therefore, if present,

the circular polarization and the amplitude of the spin-
modulated emission must be very small, as is indeed
observed in the known polarized SW Sex systems (see

Appendix A). In order to avoid the detection of spuri-
ous signals but not lose real features, we adopted a set
of criteria to check the reliability of the data sets, as
described below.

We verified if the magnitude and polarization time se-
ries of our targets are correlated with those of the field
stars. Correlations can be caused by instrumental ef-

fects, such as the usage of a rotating optical element
in the observation procedure, that could cause some ar-
tificial modulation in the observed counts. To evaluate

the presence of such a correlation, we initially calculated
the Pearson correlation coefficient (PCC) between tar-
get and field-stars time series. Fig. 1 shows the PCC as
a function of the ratio of the standard deviations of the

field-star time series to those of the target stars. For
most targets, we tested the data using more than one
field star. Hence, Fig. 1 can have more than one point

with a given symbol and colour. The points inside the
light grey region have |PCC| < 0.32 and are considered
as non-correlated data sets, while the dark grey bands

indicate possible correlations (0.32 < |PCC| < 0.70).
The limit of |PCC| = 0.32 was not an a priori assumed
value. It results instead from the complete analysis of
the correlation between the flux and polarization of field

stars and target systems, which were inspected individ-
ually. Only a fraction of the data sets in the dark grey
region were removed from the analysis.

The significance of a period was also assessed through
the comparison of the science object power spectrum
with those of field stars on a nightly basis. We removed
from the analysis the data sets that showed similar peaks

in science and field-stars periodograms. The last column
of Table 1 states if a given data set was included in the
analysis as a result of the procedure just described.

The small number of targets allow us to perform an
individual and careful analysis of each source to take into
account its peculiarities. Therefore, some adjustments

to the above procedure were performed when required.
The detailed analysis and results for each source are
described in Section 4.

4. RESULTS AND ANALYSIS

In the following sections, we present an overview of
previous findings, our results on a period search, and
our analysis of the presence of magnetic accretion in

each object of our sample. Table 4 presents the main
periods found in the literature as well as those found in
this paper.

4.1. BO Cet

BO Cet was first classified as a nova-like CV with
V ≈ 14 – 15 mag by Downes et al. (2005). Its spec-

trum displays the typical single-peaked H I emission
lines of SW Sex systems, along with double-peaked
He I and relatively strong He II 4686 Å emission

lines (Zwitter & Munari 1995). BO Cet was classi-
fied as a non-eclipsing SW Sex star by Rodŕıguez-Gil
et al. (2007a), who published a spectroscopic study
of this source. The Hα trailed spectra show an S-

wave with an amplitude of ∼300 km s−1, with the
bluest velocity and minimum intensity both occurring
at phase 0.5, as well as a high-velocity S-wave compo-

nent reaching ∼2000 km s−1. This high-velocity compo-
nent exhibits periodic emission-line flaring at a period
of 19.9 ± 0.9 min, which is interpreted as the spin pe-

riod of a magnetic WD. Its orbital period is estimated
as 0.13983 d by Bruch (2017) based on the Center for
Backyard Astrophysics (CBA) data. The only hitherto
formally published photometric time series of BO Cet is

by Bruch (2017). His data sets show strong flickering,
and the orbital modulation is not always discernible.
AAVSO3 data taken over 2020 show an interesting vari-

ability pattern: BO Cet magnitudes oscillate between
13.6 and 16.2 mag in an approximate cadence of 2 weeks.
This behavior suggests a possible Z Cam classification
as already mentioned by Taichi (2018).

We observed BO Cet in the V and RC bands during
three runs in 2010, 2016 and 2019 (see Table 1) with
exposure times between 10 and 60 s. Our data do

not show any significant variation in the average mag-
nitude in the RC band, but the V band average varied
by around 1 mag (see Table 1).

Our data are not suitable to refine the orbital period,
since the individual data sets span time intervals com-
parable to or smaller than the suggested orbital period,
and the long term data sampling introduces a huge alias-

ing structure in the power spectrum. Moreover, Bruch
(2017) shows that an orbital modulation is not always
clearly present in BO Cet photometry.

The following analysis includes only data from 2010
October 6, 11, 12, and 2016 October 19 (see Table 1),

3 See https://www.aavso.org/LCGv2/
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Table 4. Claimed periods from the literature and from our analysis. We indicate our
periods having small confidence levels with a trailing question mark.

Object Period Data type Interpretation Reference

3.36 h Photometry Porb 1

19.9 ± 0.9 min Spectroscopy (Hα RV) Pspin 2

19.6 ± 0.9 min Spectroscopy (Hα EW) Pspin 2

50.9 ± 0.5 min Photometry — This work

BO Cet 19.7 min Photometry — This work

15.3 min Photometry — This work

11.1 ± 0.08 min Circular Pol. Pspin This work

9 min Circular Pol. Pbeat (50.9 - 11.1) This work

14 min Circular Pol. Pbeat (50.9 - 11.1) This work

3.24 h Photometry Porb 3

SW Sex 22.6 ± 1.4 min Photometry Pspin/2 This work

41.2 ± 8.5 min Circular Pol. Pspin This work

2.98 h Spectroscopy (RV) Porb 4

4.37 d Photometry PW 5

2.90 h Photometry PSH− 5

16.66 min Photometry QPOs 5

V442 Oph 16.0 min Photometry QPOs? 5

19.5 min Photometry QPOs? 5

12.4 ± 0.09 min Photometry — This work

19.4 ± 0.4 min (?) Circular Pol. Pspin This work

18.3 ± 1.1 min (?) Linear Pol. Pspin This work

3.70 h Spectroscopy (Hα RV) Porb 2

4.51 d Photometry PW 6

3.56 h Photometry PSH− 6

46.7 ± 0.1 min Spectroscopy (Hα EW) Pspin 2

V380 Oph

47.4 ± 4.9 min Photometry (V band) — This work

12.4 ±0.66 min Photometry (B band) Pspin? This work

22.0 ± 1.2 min (?) Circular Pol. Pspin? This work

12.7 ± 0.4 min (?) Circular Pol. Pspin? This work

4.2 h Spectroscopy (Hα RV) Porb 7,8

20.7 ± 0.3 min Photometry QPOs 7

19 min Photometry Pspin? 9

16.5 ± 2 min Photometry — 10

19 min Photometry QPOs 11

∼20 min Spectroscopy QPOs 12

33.5 ± 2.2 min min Spectroscopy Pbeat 13

LS Peg 29.6 ± 1.8 min Circular Pol. Pspin 13

30.9 ± 0.3 mina X-rays Pspin 14

21.0 ± 1.2 min Photometry Pbeat (Porb - Pspin) This work

16.8 min Photometry — This work

19.3 min Photometry — This work

24.2 min Photometry — This work

18.8 ± 0.005 min Circular Pol. Pspin This work

11.5 ± 0.1 min Linear Pol. Pspin/2 This work

3.9 h Photometry Porb 15

4.2 h Photometry PSH+ 16

UU Aqr 4 d Photometry — 17

54.4 ± 0.5 min Photometry 2 Pspin This work

25.7 ± 0.23 min Circular Pol. Pspin This work

aThis X-ray periodicity was not confirmed by later XMM observations (Ramsay et al. 2008).

Note—Symbols and acronyms used in this table are as follows. Porb: orbital period; Pspin: spin
period; Pbeat: beat period (the two periods causing the beat are presented between brackets);
PSH+: positive superhump period; PSH−: negative superhump period; PW : Disk wobble period;
RV: Radial velocity; EW: Equivalent width.

References—(1) Bruch (2017), (2) Rodŕıguez-Gil et al. (2007b), (3) Groot et al. (2001), (4) Hoard
et al. (2000), (5) Patterson et al. (2002), (6) Shugarov et al. (2005), (7) Taylor et al. (1999),
(8) Mart́ınez-Pais et al. (1999), (9) Garnavich & Szkody (1992), (10) Szkody et al. (1994a),
(11) Szkody et al. (2001), (12) Szkody et al. (1997), (13) Rodŕıguez-Gil et al. (2001), (14) Baskill
et al. (2005), (15) Baptista et al. (1996), (16) Patterson et al. (2005), (17) Bruch (2019)
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Figure 1. The Pearson correlation coefficient (PCC) as a function of the ratio of the standard deviation of the measurements
of a given comparison star (σC) relative to the value of the target (σT). The triangles represent the photometric data, the plus
signs refer to the circular polarimetry, and the squares denote linear polarimetry data. Different colours are used to distinguish
each SW Sex star of our sample. We compare each target with more than one field star. This procedure results in a number of
points having the same color and symbol. The points inside the light grey region do not present correlation, as explained in the
text. The dark grey region contains data sets that should be inspected individually to verify the presence of correlation.
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Figure 2. Time-series analysis of BO Cet. First column: (Top panel) LS periodogram of the photometric data. The second,
third, and fourth panels (from top to bottom) exhibit the magnitude, the percentage of circular polazation (PC) and the
percentage of linear polarization (P) data, folded with the 50.9 min period and an arbitrary zero phase. The second column
follows the same structure of the first one, but the periodogram corresponds to the circular polarimetry data, and the curves
are folded with the 11.1 min period. The dashed orange lines represent the FAP levels of 1%, 0.1%, and 0.01%, calculated
according to Scargle (1982). The blue lines correspond to a central-moving average considering the points inside an interval of
0.05 in phase.

which do not show significant correlation with the mea-
surements of the field stars, as described in Sec. 3. The

photometric data were pre-whitened at the orbital pe-
riod before the computation of the LS periodograms.
The power spectrum peaks at P = 50.9 ± 0.5 min

(Fig. 2). The strong 1-day aliasing structure hinders
the determination of the exact value of this periodicity.
But it is most likely real since it is well above the 0.01%
false-alarm probability (FAP) line and is consistently

present in the individual nights (not shown here) that
are spread over a 6-years range. This peak is also present
in the periodogram with no pre-whitening. The mag-

nitude phase diagram shows a clear modulation with a
semi-amplitude of around 0.05 mag (Fig. 2, second panel
from top to bottom). A harmonic at around 25 min is

present in the periodogram. Other peaks are seen at
19.7 min and 15.3 min.

The (no pre-whitened) circular polarimetric data show
a periodic signal at 11.1 ± 0.08 min, as shown in the
power spectrum of Fig. 2 (see top panel of the second
column). This period is not present in the field stars,

which gives us some confidence that it is not an artefact.
The circular polarization data folded with the 11.1 min
period reveals a sinusoidal modulation having both neg-

ative and positive polarization excursions and a semi-
amplitude of around 0.1% (see the solid blue line).

Linear polarization measurements do not follow a nor-

mal probability distribution and are intrinsically biased
(Clarke et al. 1983). In the case of BO Cet, the bias cor-
rection applied to the linear polarization data results in
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many points of null polarization. Even so, we performed
the LS analysis. The power spectrum shows a variety

of peaks in the region of 50 min, the same region of
the strong signal in the photometry periodogram. The
power of those peaks is slightly higher than the level
of 0.01% of FAP. The curve folded using the strongest

peak, at 54.4 ± 0.9 min, does not show any coherent
variation, therefore we do not show any figure related to
the linear polarization data.

The main circular polarization peak at 11.1 min has
adjacent structures centered at about 9 min and 14 min
(Table 4), which are consistent with the positive and
negative beats of the main peak with the 50.9 min pho-

tometric main period. The presence of the beat periods
between the main photometric and polarimetric peaks
supports the reality of these periods. The periodicity of

11.1 min found in circular polarization corroborates that
BO Cet could harbour magnetic accretion, as suggested
by Rodŕıguez-Gil et al. (2007a). In this IP scenario, the

photometric signal at ∼51 min could be associated with
a continuum radiation source located in the inner disk
region. In particular, this region could be at the mag-
netosphere radius, where the mass flow starts to follow

the magnetic field lines and leaves the orbital plane.
Rodŕıguez-Gil et al. (2007a) found a period of 19.9 min

from the radial velocities of the Hα line wings, consis-

tent with a 19.6 min period from the equivalent widths
of the Hα blue wing. They suggested this to be as-
sociated with the WD rotation period. As the origin

of the circular polarization is more directly connected
with the WD rotation, we suggest that the WD spin pe-
riod is 11.1 min. Interestingly, our photometric power
spectrum also shows a peak at around 19.7 min, which

could be related to the line-emission source detected by
Rodŕıguez-Gil et al. (2007a) diluted by continuum emis-
sion.

4.2. SW Sex

SW Sex, the prototype of the class, was discovered
in the Palomar-Green survey by Green et al. (1982).
Follow-up spectroscopy and photometry (Penning et al.

1984) showed high-excitation emission lines, a deep
eclipse of 1.9 mag, and an orbital period of 3.24 h. A
refined orbital period, 0.1349384411(10) d, was obtained

by Groot et al. (2001). SW Sex has been observed in
two brightness states considering its magnitude out of
eclipse, which has mean values of ∼14.2 (high state) and
∼15.1 (low state) in unfiltered observations calibrated

with Johnson V band zeropoint, according to observa-
tions available in the American Association of Variable
Star Observers website (AAVSO). Spectroscopy per-

formed in the bright state showed the typical central

absorption in the Balmer emission lines between phases
0.4 and 0.6 (e.g. Szkody & Piche 1990). Spectrophoto-
metric observations during the faint state of the system

did not exhibit the absorption feature and emission-line
flaring was not detected (Dhillon et al. 2013). No pe-
riodicity other than that due to the eclipses in broad

band photometry is reported for this system. Circu-
lar polarimetric observations by Stockman et al. (1992)
revealed no significant circular polarization in the 3200 –
8600 Å range, with values as low as 0.05 ± 0.14% in a

single 8 min integration and -0.03 ± 0.05% in 16 min.
However, in a paper about the detection of circular po-
larization in LS Peg, Rodŕıguez-Gil et al. (2001) made

a side note about a period of 28 min detected in the B
band circular polarization of SW Sex.

SW Sex was observed by us on one single night (March
29, 2014). A time series of RC measurements was made

during 3.9 h covering one complete orbital cycle and one
total eclipse. The mean magnitude out of eclipse in our
photometric data is RC= 14.66 mag, indicating that the

system was in a high brightness state. The folded light
curve shows a deep eclipse with amplitude of 1.6 mag,
as expected (Fig. 3, first column).

The folded polarization data reveal an increase in the
absolute values of circular and linear polarizations dur-
ing the eclipse (Fig. 3, bottom panels). This could be
interpreted as a polarized emission component that is

diluted by an unpolarized light source out of eclipse.
During the eclipse, part of the unpolarized component is
occulted, thus reducing the dilution and making the net

polarization of the system larger. Reasonable guesses as
to the origin of the polarized and unpolarized compo-
nents are the PSR region of a magnetic accretion column
and the accretion disk, respectively. The eclipse of the

PSR region could also occur. It would last less than the
disk eclipse, because the PSR region is much smaller.
In the polars FL Cet and MLS110213 J022733+130617,

the PSR region is eclipsed during an interval of about
0.05 in the orbital cycle (O’Donoghue et al. 2006; Silva
et al. 2015, respectively). In this case, the polarization

should drop to zero around the middle of the eclipse,
producing an “M” shaped polarization pattern. As it is
not observed, we can conclude that the PSR region is
not eclipsed in SW Sex.

To perform the period search, we removed the points
associated with the eclipse from the dataset and then
subtracted the orbital modulation using a third-order

polynomial fit to the photometric data (e.g. Basri et al.
2011; Ferreira Lopes et al. 2015). The resulting power
spectrum has one significant peak at 22.6 ± 1.4 min

(see Fig. 3). This peak is also present, but with a lower
power, if we do not subtract the orbital modulation. The
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light curve folded at this period displays a modulation
with an amplitude of about 0.11 mag.

The period search in the polarimetric data was
also performed removing the eclipse points. The pe-
riodogram of circular polarization shows a peak at
41.2 ± 8.5 min. The mean polarization in the phase

diagram ranges between -0.2% and 0.2% (blue line in
circular polarization panel of the last column of Fig. 3).
Interestingly, the photometric period (22.6 min) is con-

sistent with the first harmonic of the period found in
polarimetry (41.2 min), considering the uncertainties in
the peak positions. The phase diagrams of the photom-
etry using these two periods in Fig. 3 illustrate this.

The linear polarization folded with the 41.2 min period
shows a relatively well organized phase diagram. How-
ever, the highest peak in linear polarization occurs at

12.7 ± 0.7 min (below the adopted FAP levels) and the
corresponding phase diagram is very noisy. Hence, we
do not discuss it here. Probably, the time-series analysis

of the linear polarimetry is affected by the large number
of measurements consistent with zero, due to the large
errorbars.

Some IPs (e.g. V405 Aur and UU Col, Piirola et al.

2008; Katajainen et al. 2010, respectively) show two
maxima in the flux phase diagram, associated with posi-
tive and negative circular polarization. Our data suggest

that this can also be true for SW Sex. This finding and
the increase in the polarization during the eclipse sup-
port the presence of a magnetic WD rotating at around

41 min in SW Sex. Additional polarimetric observations
having a longer time span would be useful to confirm
these results.

4.3. V442 Oph

V442 Oph was identified as a CV by Szkody & Wade
(1980). The typical V band brightness of V442 Oph
fluctuates between around 13.2 and 14.2 mag (Szkody
& Wade 1980; Szkody & Shafter 1983; Patterson et al.

2002). However, AAVSO data show that it can be as
faint as 15.5 mag. This is somewhat confirmed by Pat-
terson et al. (2002), who affirmed that the 14 mag state

corresponds to a high state. However, those authors do
not mention the maximum magnitude of V442 Oph in
their data. Some spectral features point to a classifi-

cation as a low-inclination SW Sex star (Hoard et al.
2000): single-peaked emission lines, strong He II 4686 Å
emission line, a transient absorption at 0.5 phase in the
Balmer and He I lines, and a high-velocity component in

Hα at ≈ ±1900 km s−1. Their spectroscopic dataset set-
tled the orbital period as 0.12433 d (2.98 h). Long pho-
tometric campaigns show persistent modulations with

periods at 4.37(15) d and 0.12090(8) d, which are in-

terpreted as the wobble period of the disk and a neg-
ative superhump, respectively (Patterson et al. 2002).
At higher frequencies, the system displays rapid flick-

ering and periodicities around 1000 s, interpreted as
QPOs. In the QPO structure of the periodogram of the
best quality data, there are two distinguishable peaks

at 74.0 and 89.9 cycles per day (19.5 and 16.0 min).
Circular polarimetry obtained in two nights provided
0.01% ± 0.05% and -0.03% ± 0.08% with 16 min and
8 min of total integration times, respectively (Stockman

et al. 1992). These values are consistent with no net
circular polarization averaged over the time interval of
the measurements.

We observed V442 Oph for a total of 4.06 h spread over
two nights: 2014, March 29 and 2014, July 20 (Table 1).
Light curves in RC and V filters were obtained using
exposure times of 20 s and 30 s, respectively. The time

series has some gaps repeating on time scales of half
an hour, so we limit our analysis to a maximum period
of 30 min. The mean magnitudes during each day of

our observations are quite similar, RC = 13.37 mag and
V = 13.60 mag. Such values indicate that we observed
V442 Oph in its typical high state.

We performed a period search in the RC and V pho-
tometric time series independently and found a period
of around 12 min in both cases. No pre-whitening or
detrending was applied to the data. Finding the same

period in two independent data sets, obtained about
four months apart, suggests the presence of a stable
periodicity in V442 Oph. The power spectrum of the

combined photometry has a prominent peak located
at 12.4 ±0.09 min (see first column of Fig. 4). The
data folded using this period and an arbitrary epoch at

HJD 2456859.4033 show a near sinusoidal profile with a
semi-amplitude around 0.04 mag (second panel). The
folded circular polarimetric curve also shows a slight
modulation with an amplitude of around 0.1% (blue line

in the third panel). A peak at 19.9 min with 0.1% false-
alarm probability merits attention, since it also appears
in the circular and linear power spectra — see below.

The power spectra of the circular and linear polariza-
tion show peaks at 19.4± 0.4 and 18.3± 1.1 min, respec-
tively, which are below the FAP lines of 0.1% (Fig. 4,
middle and right columns). The data folded at these pe-

riods do not show clear modulations, but we suggest that
there could be a real periodicity of the system around
19 min. Besides being present in the periodograms of

flux, circular and linear polarizations - even though with
a weak signal - a similar period is also found by Patter-
son et al. (2002, see Table 4). They commented that the

modulation semi-amplitude at this frequency is around
0.01 mag and that it is not easily detectable among other
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Figure 3. Time-series analysis of SW Sex. First column: Phase diagrams of the photometry, circular polarimetry (PC) and
linear polarimetry (P) data, folded with the orbital period and T0 = 2456746.704430 HJD. The eclipse phases are highlighted
by the gray bar. The points in this region were not considered in the analysis presented in the following columns. Second
column: the top panel shows the LS periodogram of the photometry, after subtracting the orbital modulation (see text). The
panel below presents the phase diagram of the magnitude folded with P = 22.6 min and arbitrary zero phase. The third and
fourth panels from top to bottom show the folded circular and linear polarization, respectively. The last column follows the
same structure of the second column, but for circular polarization. The lines are colour-coded as in Figure 2.

variability also present in the light curves, features which
are consistent with our folded curves. As this period is
present in our polarimetric data, its natural explanation

is the WD rotation.
In spite of the low signal, we suggest that the 19.4 min

modulation found in V442 Oph is due to the WD rota-

tion. However, we have no explanation for the 12 min
modulation seen in the total flux. In particular, we could
not explain this modulation as a beat between other pe-

riodicities of the system.

4.4. V380 Oph

V380 Oph was reported as a nova-like CV with or-

bital period of 3.8 h based on spectroscopic observa-
tions (Shafter 1985). Using archival data and new pho-
tometric observations, Shugarov et al. (2005) showed

that V380 Oph is usually at 14.5 mag, but underwent a
faint state (around 17 mag) in 1979. Hence, they sug-
gested that the system can be classified as a VY Scl

object. Indeed, the VY Scl behaviour of V380 Oph
is confirmed by additional data presented by Shugarov
et al. (2016) and the light curves available at AAVSO.
Shugarov et al. (2005) also found two photometric pe-

riods, 3.56 h and 4.51 d, interpreted as due to nega-

tive superhumps and an eccentric wobbling accretion
disk, respectively. Time-resolved spectra obtained by
Rodŕıguez-Gil et al. (2007a) show the standard char-

acteristics of the SW Sex class, single-peaked emission
lines and a high-velocity S-wave in the Hα trailed spec-
tra. Their radial-velocity curve provided an orbital pe-

riod of 3.69857(2) h, consistent with the period obtained
by Shafter (1985). They also suggest the presence of
rapid flaring in the line wings with a periodicity of
46.7 ± 0.1 min, which they proposed as the rotation

of a magnetic WD. Optical photometry of V380 Oph
performed by Bruch (2017) is consistent with an or-
bital modulation and reveals a flickering activity that

is compatible with those of VY Scl systems. White-
light circular polarimetry was performed by Stockman
et al. (1992), who obtained a signal consistent with zero,

PC = -0.12 ± 0.16%, in a short 8 minute integration.
V380 Oph is the only object of our sample for which we

have additional data obtained from observatories other
than OPD (see Section 2 and Table 1). We reanalyzed

the SOS/SAS V380 Oph photometric data (Shugarov
et al. 2016) obtained from 2002 to 2016 searching for
short periods possibly associated with the WD rotation.
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Figure 4. Time-series analysis of V442 Oph. First column, from top to bottom: the LS periodogram from photometry; the
phase diagram of the magnitude folded with 12.4 min and an arbitrary zero phase; the same as above for the circular polarization;
and the phase diagram of the linear polarization using the same period. The second and third columns follow the same structure
of the first column, but the periodograms are done using the circular and linear polarization data, respectively. The orange and
blue lines follow the definition of previous figures.

Typically, V380 Oph has a mean magnitude of approxi-
mately 15 mag (high state). During three nights on 2015
July 15 to 22, a low state was detected in the RC band

with an average brightness of 18.8 mag.
Initially, we present the periodicity analysis of the

time series obtained at SOS/SAS observatories. The V
band data were obtained over many years and are char-

acterized by data blocks with time spans from around
1 to 4 h. The LS power spectrum (not shown here) is
very complex. It shows a clear signal at around 4.5 d,

as previously reported. The peak is broad and highly
structured. A stronger and narrower peak at around
1.3 d is also present. We have filtered the time series

using the main peaks relative to periods on a timescale
of days. The periodograms remain very complex with
many peaks on timescales of hours and days. No clear
signal on a minutes timescale could be found. We also

studied the data sets on a daily basis and no clear sig-
nal appears. We applied the clean technique (Roberts
et al. 1987) in order to verify if we could obtain a bet-

ter understanding of the photometric variability, but the
results are essentially the same as those obtained using
the LS method. The RC data in the bright state are
sparser and have shorter daily data blocks compared to

the V band. The results are essentially the same for
both bands. The RC data set in the low state is com-
posed of 3 daily blocks: no clear periodicity is found.
The B band periodogram has a very broad feature at

around 55 min, which is badly constrained by the short
time span of about 2 h. Similar features are present in
some power spectra of the V and RC daily data blocks.

A peak at 12.4 ± 0.66 min is present below a FAP of 1%.
Fig. 5 (left column) shows the power spectrum and the
B band data folded on 12.4 min. There seems to be a

coherent modulation of the circular polarization at this
period. After removing the orbital modulation, only the
12 min peak remains, yet below the 1% FAP.

Our OPD observations were performed in the V band

on a single night, 2014 July 19, having a total time
span of ∼2.7 h with 40 s of exposure time. The system
was in the usual high state at around 14.5 mag. The

power spectrum of the photometry shows a periodicity
at 47.4 ± 4.9 min (Fig. 5, middle column). This period
is in the upper limit of the range of reliable periods due
to the total time span of the observation. However, it is

consistent with the ∼47 min flaring period reported by
Rodŕıguez-Gil et al. (2007a).
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Figure 5. Time-series analysis of V380 Oph. First column: B band photometric data from SOS/SAS observatories. Second
column: V band photometric data from OPD observatory. Third column: V band circular polarimetric data from OPD
observatory. From top to bottom: the power spectrum; the phase diagrams of B band and V band photometry, and circular
and linear polarizations. The coloured lines are as defined in Figure 2.

The circular polarimetry periodogram shows a peak
at 22.0 ± 1.2 min with a level similar to the 0.1% FAP
(Fig. 5, right column). After removing the orbital modu-

lation, we obtained a period at 12.7 ± 0.4 min above the
0.01% FAP (not shown), which is similar to that found
in the B band data obtained at the SOS/SAS observato-
ries. In this case, the modulation in circular polarization

is similar to that shown in Fig. 5, left column, therefore
we do not present a figure with exactly this period. In
the linear polarimetry data, we found 17.7 ± 1.5 min.

However, the same period is also found in one field star,
consequently this period can be related to instrumental
effects and is suspicious.

In addition to its complex photometric behaviour,

V380 Oph also shows variation in the measured val-
ues of the radial velocity amplitude depending on its
brightness state (see Szkody et al. 2018, and references

therein), which could be related to the variation of the
accretion-disk size. Zellem et al. (2009) obtained the

UV spectrum of V380 Oph, which is too red to be fitted
with an optically-thick accretion-disk model. A possi-
ble interpretation is an accretion disk truncated in its
inner parts in an IP-like configuration. These facts to-

gether with the presence of line flaring (Table 4) and a
possible periodicity in circular polarimetry may indicate
magnetic accretion. But, we consider additional polari-

metric and spectroscopic observations are important to
corroborate these findings.

4.5. LS Peg

LS Peg was classified as a CV by Downes & Keyes

(1988). It has high and low states ranging from V = 12
to 14 mag (Garnavich & Szkody 1992). UV spectra
at the high state led Szkody et al. (1997) to propose

LS Peg as a non-eclipsing SW Sex object. Taylor et al.
(1999) estimate an orbital period of 0.174774(3) d based
on radial velocity curves. The same orbital period was
almost simultaneously reported by Mart́ınez-Pais et al.

(1999). The first detection of modulated circular polar-
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ization in an SW Sex system was obtained for LS Peg:
the circular polarization values were the result of the

integration in the 3900 – 5070 Å range of spectropo-
larimetric data and are consistent with a periodicity of
29.6 ± 1.8 min and amplitude of ∼ 0.3% (Rodŕıguez-Gil
et al. 2001). Those authors suggested that this modula-

tion corresponds to the WD spin. That paper also shows
the presence of flaring in the Hβ emission line with a pe-
riod of 33.5 ± 2.2 min, which the authors interpreted as

the beat period between the WD spin period (29.6 min)
and the orbital period. Baskill & Wheatley (2006) re-
ported a detection of a period at 30.9 ± 0.3 min in X-ray
data obtained by ASCA SISO (2 – 8 keV). However, this

modulation was not confirmed by the XMM-Newton ob-
servations of LS Peg in the 0.1 – 12 keV energy range
(Ramsay et al. 2008). These authors mentioned that

the X-ray spectrum of LS Peg is similar to those of IPs.
Later, Szkody et al. (2018) suggested that LS Peg may
be a magnetic CV with a WD rotation period around

20 min due to a conspicuous photometric modulation.
However, it is uncertain if this period is stable in time.
Examples of periods cited in the literature are: 19 min,
16.5 ± 2 min, and 20.7 ± 0.3 min (Garnavich et al. 1988;

Garnavich & Szkody 1992; Szkody et al. 1994b; Taylor
et al. 1999; Szkody et al. 2001).

Our data on LS Peg were obtained on 7 nights be-

tween 2010 and 2019 in the V and RC bands (Table 1).
The photometric light curves show a mean magnitude
of 11.9 mag and 11.7 mag in the V and RC bands, re-

spectively. Data from two nights were removed from
the periodicity analysis (see Sect. 3) that was performed
combining the data in three ways: all observed bands,
combining data by filters, and the individual nights.

The mean magnitude was subtracted from the pho-
tometric data set of each night, which were also fil-
tered to remove low-frequency modulations. The re-

sulting power spectrum exhibits the strongest peak at
21.0 ± 1.2 min (see top of the first column of Fig. 6).
This period is consistent night-by-night, except for two
of them (see Table 5). However, these nights do have a

secondary peak around 20 min. The light curve folded
on the 21 min periodicity shows a sinusoidal modula-
tion with a semi-amplitude of 0.02 mag. Circular and

linear polarization combining the two bands and folded
on the same period do not show a coherent variability
(see first column of Fig. 6). The other “high-frequency”

peaks seen in the power spectra are 16.8 and 24.2 min.
A peak at 19.3 min superimposed on the main peak is
also present. Taylor et al. (1999) found a photomet-
ric period of 20.7 min in a photometric time series col-

lected on 12 nights spread over 18 days. The modulation
was not stable in phase. Modulations around 19 min

Table 5. Periods found in the LS Peg data set.

Data type Date Obs. Period

(min)

All nights 21.0 ± 1.2

2010 Oct 06 21.4 ± 4.0

Photometry 2010 Oct 12 19.7 ± 1.7

2016 Oct 19 40.3 ± 6.7

2019 Sep 10 23.3 ± 3.7

2019 Sep 12 13.9 ± 1.4

All nights 18.8 ± 0.005

2010 Oct 06 19.0 ± 1.6

Circular polarimetry 2010 Oct 12 18.6 ± 1.2

2016 Oct 19 44.4 ± 5.8

2019 Sep 10 18.4 ± 3.4

2019 Sep 12 17.8 ± 2.1

and 16 min have already been reported by Garnavich &
Szkody (1992) and Szkody et al. (2001).

Circular polarization data were not prewhitened. The

periodogram of the entire data set shows a sharp peak
centred at 18.8 ± 0.005 min (see top of the second col-
umn of Fig. 6). This same period is also seen if we com-

bine all 2010 data or all 2019 data. This suggests that
LS Peg has a stable periodicity in circular polarization
along a baseline of 9 years. As in photometry, the main
peak in the periodogram of 2016 October 19 occurs at

around 40 min (see Table 5). The circular polarization
curves folded on 18.8 min exhibit positive and negative
excursions with semi-amplitudes of 0.05% (blue line in

third panel of second column of Fig. 6). The photometry
and linear polarization do not show clear modulations
at this period (see last panel).

The periodograms of the linear polarization data show
strong signals at low frequencies. Hence, we prewhitened
the data and found a peak at 11.5 ± 0.1 min, which
could be related to half of the photometric 21 min pe-

riod. A possible origin of this modulation could be the
reflection (scattering) of the PSR region emission in the
inner regions of the disk.

As stated above, Rodŕıguez-Gil et al. (2001) also de-
tected modulated circular polarization. They found a
period of 29.6 min using 19 circular polarimetry spectra
with a time resolution of about 10 minutes, which results

in a Nyquist frequency of around 20 min. Therefore,
their data were not adequate to search for periodicities
of the order of those previously found in photometry.

The periodic signals found in LS Peg (Table 4) can
be interpreted in terms of WD spin, QPOs, orbital pe-
riod, or the combination of those as beat periods. Since

the best explanation for the presence of circular polar-
ization is cyclotron emission from a PSR region on the
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WD surface, the circular polarization modulation must
be attributed to the rotation of a magnetic WD. Hence,

our results indicate that the period of ∼19 min is the
spin period of the WD, consistent with previous sugges-
tions (e.g. Szkody et al. 2018). In such a scenario, the
photometric 21 min can be, within the uncertainties, the

beat period between the WD spin period and the orbital
period. This interpretation is in line with the linear po-
larization modulation at around 11 min being caused

by internal scattering, since beat periodicities are usu-
ally associated with reflection of internal sources on the
accretion structures.

V795 Her has spectroscopic properties very similar to

LS Peg (Taylor et al. 1999; Mart́ınez-Pais et al. 1999),
indicating a similar mass accretion configuration. This
object has non-null circular polarization modulated at

a period of 19.54 min (Rodŕıguez-Gil et al. 2002), close
to the periodicity attributed to QPOs in LS Peg. So,
in a comparative way, this reinforces the presence of a

magnetic WD in LS Peg.

4.6. UU Aqr

The variability of UU Aqr was discovered by Bel-
jawsky (1926). More than half a century later, Berger &

Fringant (1984) found that the object has a strong UV
excess. Photometric monitoring performed by Volkov
et al. (1986) and Volkov & Volkova (2003) confirmed the
UV excess and revealed that UU Aqr has deep eclipses

up to 2 mag and strong flickering outside the eclipse,
establishing UU Aqr as a CV. Using multiwavelength
eclipse mapping, Baptista et al. (1996) suggested that

UU Aqr is an SW Sex object. This was confirmed by
Hoard et al. (1998) based on spectroscopic features, even
though the He II 4686 Å emission line is weak in com-

parison with Hβ and the line absorption is deepest at
orbital phase ∼0.8. UU Aqr has an average magnitude
outside the eclipse of 13.5 mag with an eclipse depth
around 1.4 mag (see Fig. 1 in Baptista & Bortoletto

2008). In the high state, a bright spot on the outer
edge of the disk changes the shape of the eclipse profile.
Its orbital period is 0.163580487(2) d (Borges B. & Bap-

tista R., private communication). Using data collected
in 2000, Patterson et al. (2005) found a period of 4.2 h
that is attributed to the superhump phenomenon. How-

ever, Bruch (2019) did not detect superhumps in data
obtained in 2018 September, only regular variations with
a period of about 4 days.

UU Aqr was observed during five nights distributed

between August and October 2009 (see Table 1). The V
filter was used in all observations and the exposure times
range between 4 s and 15 s. The magnitude was stable

during those nights with an average value of V≈ 13 mag.

The magnitude dispersion in our data is around 0.1 mag
for most nights. We found a large correlation between
the photometry and polarimetry of UU Aqr and those

of the field stars on some nights, so they were not con-
sidered in the analysis (see Table 1). We also removed
the observations obtained during the eclipses.

The power spectrum of the photometric data apply-
ing no filtering shows a strong peak at 54.4 ± 0.5 min
(Fig. 7). The peak is also present if we subtract the or-
bital modulation from the data. The folded light curve

displays a clear modulation with a semi-amplitude of
around 0.2 mag. The large dispersion around the aver-
age is due to the orbital flux modulation. The average

folded polarimetric data suggests a regular pattern (see
the blue line in the third panel of the first column of
Fig. 7).

We did not subtract the low frequencies from the cir-

cular polarimetric data. The periodogram shows the
strongest peak at 25.7 ± 0.23 min (see second column of
Fig. 7). This peak is also present in the periodograms of

the individual nights, supporting the persistent nature
of this periodicity. The phase diagram of the circular
polarimetry shows a modulation with peak-to-peak am-

plitude of 0.1% (blue line). We did not find any statis-
tically significant periods in the linear polarimetry.

As already discussed for the other objects, the only
possible explanation for a periodic variability in circular

polarization is the presence of a PSR region near the
WD surface. Hence, the 26 min periodicity could be
associated with the spin period of a magnetic WD. An

argument in favour of this is the presence of a modu-
lation with nearly twice this period in the photometry
(Table 4). Another indirect evidence of a magnetic WD
in UU Aqr comes from the observation of variability

on timescales of 0.5 – 5 days during stunted outbursts
(Robertson et al. 2018) who suggested it to be caused by
“blobby” accretion associated with the fragmentation of

the stream by the WD magnetic field.
In order to confirm the stability of the 26 min pe-

riod and consequently the magnetic nature of the WD

in UU Aqr, it is necessary to obtain additional polari-
metric data. It is important to mention that the strong
flickering of UU Aqr makes it difficult to search for real
periodic variabilities. The flickering is not polarized but,

being a variable emission that dilutes the polarization,
it can introduce noise in the polarization signal. It can
also produce fake peaks in the total flux periodogram.

5. DISCUSSION

5.1. Present status of circular polarization
measurements of SW Sex systems
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Figure 6. Time-series analysis of LS Peg. The first column shows, from top to bottom, the power spectrum of the photometric
data in the V and RC bands and the phase diagrams of photometry, circular and linear polarimetric data, folded on the period
P = 21 min and arbitrary zero phase. The second column has the same structure of the first one, but the power spectrum is
calculated for the circular polarization and has a peak at 18.8 min. The lines are colour-coded as in Figure 2.

We have performed polarimetry of 6 definite SW Sex

systems. In four of them (BO Cet, SW Sex, LS Peg,
and UU Aqr), we have found evidence of modulated
circular polarization. For V442 Oph and V380 Oph, the

detection of circular polarization is uncertain.
Table 8 summarises all circular polarization measure-

ments of SW Sex systems. This table is strongly based
on information presented in The Big List of SW Sex

Systems of Hoard et al. (2003). We included the results
of this paper and made some other changes, as follows.
RR Pic is quoted as polarized in The Big List, but this

measurement refers to linear polarization, which could
originate from other mechanisms than emission from the
PSR region. Therefore, it is not evidence of magnetic

accretion and, hence, it is not included in Table 8.
We have also changed the “polarized” classification of
AO Psc from “N?” to “Y?”, since it has some evidence
of modulation in circular polarization, but the errors are

not small enough to confirm it. This object is also classi-

fied as an IP (e.g. Butters et al. 2009)4. As a result, our
table lists 27 systems, including BO Cet and UU Aqr for
which the first measurements are presented here. The
first lines of the table group the objects having confirmed

or possible non-null circular polarization.
A large fraction of the polarimetric observations of

SW Sex systems was performed by Stockman et al.

(1992). Their observations consist of a single or a few
measurements. Each measurement is the result of data
taken over an interval of 8 min (or even longer), which

is inadequate to detect the circular polarization in these
objects because the timescale of the modulation is usu-
ally of this same order, causing the smearing of an in-

4 There are other objects in The Big List that are also classified as
IPs. Some of them will be cited later in this discussion.
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Figure 7. Time-series analysis of UU Aqr. From top to bottom, the power spectrum of the photometry and the phase diagrams
of photometry, circular and linear polarization. The first column shows the photometric results and the second column presents
the period search in circular polarization data. The coloured lines are as defined in Figure 2.

trinsically low polarization signal, when present. Hence,
their negative detections are unreliable. Some other

measurements in Table 8 classified as “polarized = N?”
refer to long integrations with the same caveat of Stock-
man et al. (1992)’s measurements. High signal-to-noise

ratio (polarization error smaller than 0.1%) and time-
resolution of around 1 min are necessary to detect circu-
lar polarization in SW Sex systems.

According to The Big List, there are 73 objects clas-

sified as SW Sex. They are divided into 30 definite,
18 probable, and 25 possible candidates. Table 8 lists
11 objects with some evidence of non-null circular po-

larization: this results in 15% of SW Sex systems with
evidence of magnetic accretion from polarimetry. This is
a non-negligible fraction since few objects have been ob-

served with enough sensitivity and time resolution. If we
consider only the definite SW Sex members, we obtain
33% (10/30) of possible polarized objects. Taking into
account only objects with confirmed modulated circular

polarization, this fraction decreases to 23% (7/30).
The above numbers may reveal the presence of mag-

netic WDs in a considerable fraction of SW Sex stars.

More polarimetric observations like the ones presented
in this paper are in demand to confirm previous mea-

surements and expand the sample of observed SW Sex
objects.

5.2. Periodicities in asynchronous magnetic CVs

In this section, we discuss the main findings related

to rapid variability in SW Sex and compare them with
what is observed in IPs.

SW Sex systems usually show complex photometric

variability. In some systems, periodicities related to
the WD rotation, orbital cycle, or sidebands have been
found, similar to what is observed in some IP systems

(e.g. Warner 1986; Norton et al. 1996). Superhumps,
with periods slightly longer or shorter than the orbital
period, are also present in some systems and are at-
tributed to the precession of an eccentric accretion disk

or disk warping. Another photometric variability com-
mon in the SW Sex class is quasi-periodic oscillations
with time scales of 1000 s. Patterson et al. (2002) present

a review of these different kinds of variability and pro-
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pose that some of them can be explained by a magnetic
WD.

Non-orbital emission line periodicities are found in
IPs as well as in SW Sex stars. They can be ob-
served as a modulation of the total emission line flux
or as “flares” in the line wings. In IPs, they are as-

sociated with the WD spin or the beat of the WD
spin and orbital period. Examples of detailed studies
of spin-phase resolved spectroscopy of IPs are Marsh

& Duck (1996, FO Aqr) and Bloemen et al. (2010,
DQ Her). Doppler tomography phased on the spin cycle
of seven IPs is presented by Hellier (1999). V1025 Cen
is an example of the complex variability behaviour in

IPs (Buckley et al. 1998), for which the interpreta-
tion of the observed periods and the relation between
values found in photometry and spectroscopy are not

straightforward. Rapid spectroscopic variability has
been found in 8 definite and 2 possible SW Sex sys-
tems: EX Hya (Kaitchuck et al. 1987), which is classi-

fied as a possible SW Sex system by Hoard et al. (2003);
LS Cam (Dobrzycka et al. 1998); BT Mon (Smith et al.
1998); LS Peg (Rodŕıguez-Gil et al. 2001); V533 Her
(Rodŕıguez-Gil & Mart́ınez-Pais 2002); BO Cet and

V380 Oph (Rodŕıguez-Gil et al. 2007a); V1084 Her
(Rodŕıguez-Gil et al. 2009); DW UMa (Dhillon et al.
2013); and SDSS J075653.11+085831.8, in which the

flaring is visible but no periodicity was found (Tovmas-
sian et al. 2014). The periods range from 16 to 50 min.
Some authors suggested that these periods could be as-

sociated with the WD spin rotation, as in IPs.
The literature has several examples of modulated cir-

cular polarization in IPs (e.g. Piirola et al. 2008 -
V405 Aur - and Katajainen et al. 2010 - UU Col). The

periods are the spin period or half this value. The last
case is in fact explained by two maxima per spin cycle,
hence the modulation of the polarization in IPs is always

on the WD rotation. PQ Gem, for instance, presents
both behaviours (one or two polarization peaks per cy-
cle), depending on the band (Potter et al. 1997). More-
over, the total flux and the polarization do not necessar-

ily vary in the same way. NY Lup and IGR J15094−6649
have their polarization modulated with the spin period.
However, the photometry of NY Lup shows sideband pe-

riods in some bands, while the flux of IGR J15094−6649
modulates with the WD spin (Potter et al. 2012).

The SW Sex systems with periodic modulation

in emission-line flaring and circular polarization are
V1084 Her, LS Peg, BO Cet, and V380 Oph (the
last two considering circular polarization from this
work). Rodŕıguez-Gil et al. (2009) detected a period of

19.4 ± 0.4 min in the circular polarization of V1084 Her
(RX J1643.7+3402) and twice this period in the ra-

dial velocity and equivalent width of the Balmer and
He II 4686 Å emission lines. The authors discussed
that these observations can be understood in two ways:

(1) ∼19 min is half of the beat between the spin and or-
bital periods and ∼39 min is the beat period itself or (2)
∼19 min is half the spin period and ∼39 min is the spin
period. They favoured the first explanation. Patterson

et al. (2002) obtained a long photometric time series
on more than 50 nights. The power spectrum shows a
QPO broad bump with a superimposed narrow peak at

17.38 min, which is consistent with the beat of 19 min
and the orbital period. X-ray observations show a clear
orbital modulation and a possible periodicity of around

26 min (Worpel et al. 2020), at odds with any previously
reported period in this range.

LS Peg is one of the objects included in this work.
The periods already claimed in the literature for this

object as well as those found in this work are presented
in Table 4. We could not confirm the previous claim
of circular polarization modulated at 29.6 ± 1.8 min

(Rodŕıguez-Gil et al. 2001). Instead, we detected a mod-
ulation with a period of 18.8 ± 0.005 min, which is con-
sistent with the periods systematically found in photom-
etry (see Table 4). We also found photometric periods in

the interval between 16.8 and 24.2 min. The main pho-
tometric period in our data is 21.0 ± 1.2 min, consistent
with the 20.7 ± 0.3 min from Taylor et al. (1999), and

also consistent with the beat between our polarimetric
period and the orbital period. For V1084 Her, the pho-
tometric period is also consistent with the beat of the

polarization and orbital periods, but it is larger than
the polarimetric period, inversely to what is observed
in LS Peg. The spectroscopic period of 33.5 ± 2.2 min
(Rodŕıguez-Gil et al. 2001) is around twice the polari-

metric period, analogous to V1084 Cen.
The results for V1084 Her and LS Peg suggest a pos-

sible relation between the periods of the emission-line

flaring and circular polarization, with the latter half
the value of the former. BO Cet follows the same
trend: a spectroscopic period of approximately 20 min

(Rodŕıguez-Gil et al. 2007b) and a circular polarization
period of 11.1 ± 0.08 min. For V380 Oph, a similar situ-
ation happens. We raised two questionable periods of 22
and 12 min. Considering the first one, the same relation

between circular polarization and spectroscopic flaring
(46.7 ± 0.1 min, Rodŕıguez-Gil et al. 2007a) would be
present. In both cases, the period found for spectro-

scopic flaring is also present in our photometric data,
i.e. they have photometric periods of twice the polari-
metric period. The same approximate relation is seen
for UU Aqr, for which no flaring was reported in the

literature.
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Table 6. Relations of orbital period and spin
period considering our results.

Object Porb Pspin Pspin/Porb f

(min) (min) (RL1
)

BO Cet 201.36 11.1 0.06 0.32

SW Sex 194.31 41.2 0.21 0.78

V442 Oph 179.07 19.4 0.11 0.50

V380 Oph 221.91 12.7 0.06 0.32

LS Peg 251.67 18.8 0.07 0.39

UU Aqr 235.56 25.7 0.11 0.50

On the other hand, SW Sex and V442 Oph have po-

larimetric periods (uncertain for V442 Oph) of approx-
imately twice the photometric periods. Rapid spectro-
scopic variability was not reported for these two objects.

Magnetic WDs in spin-rate equilibrium can have dif-
ferent types of accretion flow depending on the ratio
between the WD rotation period, Pspin, and the orbital
period, Porb (Norton et al. 2008). Considering a mass

ratio of 0.5, the conditions for the different accretion
geometries are the following: if Pspin/Porb . 0.1, the
geometry will be disk-like; if 0.1 . Pspin/Porb . 0.6, it

will be stream-like, and if Pspin/Porb ∼ 0.6, it will be
ring-like. In all cases, the material is propelled in order
to maintain angular momentum balance. The magnetic

scenario for SW Sex stars proposed by Rodŕıguez-Gil
et al. (2001) has a magnetosphere radius extending up
to the corotation radius with a corresponding relation
between Pspin and Porb given by:

Pspin ≈ 0.31f3/2Porb, (3)

where f is the corotation radius in units of RL1
, which

is the distance between the inner Lagrangian point L1

and the WD. In this model, the gas stream from the
secondary star overflows the disk and hits the magneto-
sphere of the primary.

Table 6 shows the results of the relation Pspin/Porb

and f for our sample of objects, considering the period-
icities found in this paper and interpreted as the Pspin.

BO Cet, V442 Oph, V380 Oph, LS Peg and UU Aqr
can be classified as disk-like and their f values are con-
sistent with the interval of 0.4 – 0.6 RL1

(Groot et al.

2001). Only SW Sex itself exhibits the accretion flow as
stream-like, and a corotation radius of 0.7 RL1

, slightly
larger than the value measured by Groot et al. (2001).

5.3. Inclination versus polarization

The SW Sex class was initially supposed to be com-
posed only of eclipsing systems. In spite of the discovery

of an increasing number of non-eclipsing systems, more

than a half of the SW Sex systems are eclipsing, which is
not consistent with a homogeneous distribution of incli-
nations. This high incidence of eclipsing systems allows

us to verify if the detection of polarization in SW Sex ob-
jects is correlated with their inclination. For the present
discussion, it is not relevant if this is an observational or

historical bias or a physical characteristic of the SW Sex
phenomenon.

Notwithstanding the small number of objects, Table 8

shows that 73% (8/11) of SW Sex stars with possible
circular polarization are non-eclipsing systems. If we fo-
cus only on objects with confirmed circular polarization,
4 out of 7 are non-eclipsing. Therefore, there is a higher

incidence of polarized objects among non-eclipsing sys-
tems.

A possible origin for such a correlation could be the

following. In the magnetic accretion scenario, the cy-
clotron emission is produced very near the WD surface
and is responsible for the observed polarization. The
accretion disks of SW Sex systems could block the di-

rect view of the PSR region in high-inclination systems,
which would prevent us from observing the polarized
component in the total system emission at all phases.

Such occultation is favoured by geometrically thick or
flared disks, which could explain some spectroscopic fea-
tures of SW Sex systems (see Dhillon et al. 2013, and

references therein). In fact, models of the vertical struc-
ture of accretion disks predict an increase of the disk
thickness with Ṁ (Meyer & Meyer-Hofmeister 1982).
On the other hand, the flux from the disk increases with

its projected area, which makes the dilution of a possi-
ble PSR region emission larger for lower inclinations.
Hence, there should be an optimal inclination where the

detection of the polarization would be most favoured.
This inclination is likely near the maximum inclination
for which no eclipse is seen.

5.4. SW Sex stars in X-rays

In addition to the optical cyclotron emission,
the material in the postshock region also cools by
bremsstrahlung emission in X-rays. Hence, models of

the optical and X-ray emission of magnetic CVs can be
used to constrain their physical and geometrical proper-
ties (e.g. Silva et al. 2013; Oliveira et al. 2019). The X-
ray flux is usually modulated with the WD rotation due

to variable absorption with the viewing angle or occul-
tation of the emitting region by the WD. Mukai (2017)
presents a comprehensive review on X-ray emission from

accreting WDs. In this section, we briefly overview the
X-ray emission of SW Sex objects.

Table 7 shows the SW Sex objects that have X-ray
counterparts. They add up to 10 objects, corresponding



Magnetic accretion in SW Sex Systems 21

to ∼14% of the 73 systems of The Big List. Five of
them have reported X-ray periodicity and two of them

are also classified as IPs: EX Hya (Hellier et al. 2000)
and AO Psc (Hellier & van Zyl 2005). The IP systems
are not discussed here.

Three SW Sex systems are X-ray sources and have

positive circular polarization detection (see Table 8):
LS Peg, V533 Her, and V1084 Her. Baskill & Wheat-
ley (2006) claimed a period of 30.9 min in the X-ray

emission of LS Peg, which is consistent with the circular
polarization period of 29.6 min reported by Rodŕıguez-
Gil et al. (2001). However, Ramsay et al. (2008) did not
find any periodicity in further X-ray data and we did not

confirm the period of 29.6 min in circular polarization
either (see also Section 4.5). V533 Her and V1084 Her
have been recently studied by Worpel et al. (2020) us-

ing XMM-Newton. V533 Her has low X-ray luminosity
and its light curve exhibits an uncertain periodicity of
22.48 min, which is close to (but inconsistent with) the

23.33 min periodicity detected in the equivalent width of
emission lines by Rodŕıguez-Gil & Mart́ınez-Pais (2002).
The relation between these two periods cannot be ex-
plained by a beat with the orbital period. There is

only one measurement of the optical circular polar-
ization of V533 Her, which corresponds to a marginal
3-sigma detection (Stockman et al. 1992). Worpel et al.

(2020) reported an X-ray periodicity of around 26 min
for V1084 Her, which does not correspond to the opti-
cal circular polarization period of 19.4 min reported by

Rodŕıguez-Gil et al. (2009) or to any other periodicity
reported from optical photometry or spectroscopy.

From the above discussion, there is no clear evidence
of magnetic accretion from the X-ray light curves of

SW Sex systems. In particular, the modulations ob-
served in X-rays are not seen in optical measurements.
Patterson et al. (2002) discussed if the absence/small

levels of X-ray emission is inconsistent with the mag-
netic scenario. They proposed that the high density in
the accretion column could prevent the production of
a shock, which hinders the gas to reach keV tempera-

tures. However, the subject is far from being settled.
Hopefully, forthcoming X-ray surveys (e.g. e-Rosita)
will shed light on this topic.

5.5. CV demography and SW Sex systems

Schwope (2018) and Pala et al. (2020) have provided
volume-limited studies of CVs, considering distances
from the Gaia second data release. The latter authors

provide 42 systems within a distance of 150 pc. This
sample is dominated by systems with low mass-transfer
rate: it contains only three nova-like CVs including one

SW Sex object (EX Hya, which is compiled in that work

Table 7. SW Sex stars detected in X-rays. If a
periodic modulation is present in the data, the pe-
riod, P , is shown in the second column. A question
mark indicates uncertainty in the period.

Object P Reference

(min)

LS Peg 30.9 ± 0.3 Baskill & Wheatley (2006)

LS Peg – Ramsay et al. (2008)

V533 Her 22.48 (?) Worpel et al. (2020)

V1084 Her 25.82 (?) Worpel et al. (2020)

AO Psc 13.4 (Pspin) Johnson et al. (2006)

AH Men – White et al. (2000)

EX Hya 67 (Pspin) Heise et al. (1987)

DW UMa – Hoard et al. (2010)

WX Ari – White et al. (2000)

PX And – White et al. (2000)

UX UMa – Pratt et al. (2004)

as an IP). They found that 36% of the objects host a

magnetic WD. The sample is dominated by objects be-
low the period gap (83%), but the fractions of magnetic
systems below and above the gap are around the same,

37% and 28% respectively, considering the small num-
ber of objects. If the fraction of magnetic CVs does not
depend on the mass-transfer rate or the orbital period,
we would expect that around 36% of the nova-like CVs

would harbor a magnetic WD. Here, nova-like variables
stand for high mass-transfer rate CVs that are not po-
lars or IPs. The fraction of SW Sex systems among the

nova-like systems in the Ritter & Kolb (2003) catalog
(version 7.24) is 46%, which is numerically consistent
with the assumption that SW Sex systems are the miss-

ing magnetic nova-like CVs.

5.6. SW Sex stars in the context of the evolution of
cataclysmic variables

The CVs in the orbital period range between 3 and
4 hours that have sufficient observations show at least
some SW Sex characteristics. A possible interpreta-
tion is that all long-period CVs have to evolve through

this SW Sex regime before entering the period gap (e.g.
Rodŕıguez-Gil et al. 2007b; Schmidtobreick et al. 2012).
In fact, the number of dwarf novae around 4 h decreases

in comparison with the number of SW Sex stars. In this
scenario, the SW Sex stars represent an important stage
in CV evolution.

CVs evolve towards shorter orbital periods driven by

angular momentum loss through magnetic braking and
gravitational radiation (e.g. Paczyński 1967; Verbunt &
Zwaan 1981). In addition to these mechanisms, there is

additional angular momentum losses due to mass trans-
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fer itself, usually called consequential angular momen-
tum loss (CAML, e.g. King & Kolb 1995). Reasonable

candidates for this sort of angular momentum loss in-
clude nova eruptions and circumbinary disks, among
others. In the last couple of years, evidence support-
ing the importance of CAML in CV evolution has been

growing (e.g. Schreiber et al. 2016; Nelemans et al. 2016;
Liu & Li 2016), especially regarding stability for dy-
namical mass transfer and the required extra angular

momentum loss below the orbital period gap (Knigge
et al. 2011; Pala et al. 2017). In particular, the empir-
ical formulation by Schreiber et al. (2016) provides an
explanation for the paucity of helium-core WDs among

the CV population (Zorotovic et al. 2011; McAllister
et al. 2019), as well as the space density and the frac-
tions of short- and long-period systems consistent with

observations (Belloni et al. 2020; Pala et al. 2020). In
addition, it can also explain the properties of detached
CVs crossing the orbital period gap (Zorotovic et al.

2016), the existence of single helium-core WDs (Zoro-
tovic & Schreiber 2017), and the mass density of CVs in
globular clusters (Belloni et al. 2019).

CAML might solve several problems of the CV evo-

lution model, but not all of them. There are some in-
consistencies between predictions and observations that
are most likely connected to our ignorance of magnetic

braking. One prescription widely used in CV investiga-
tions is that proposed by Rappaport, Verbunt, & Joss
(1983).

A well-known problem of this prescription, which is
directly related to this work, is the contradiction be-
tween the expected mass-transfer rates among SW Sex
stars (given the brightness of such systems) and the pre-

dicted ones (e.g. Rodŕıguez-Gil et al. 2007b). Indeed,
SW Sex stars cluster at the upper edge of the orbital
period gap, between ∼ 3 and ∼ 4 h. According to the

prescription by Rappaport, Verbunt, & Joss (1983), the
mass-transfer rate drops as a CV ages, which means that
just above the orbital period gap, this prescription pro-
vides the lowest mass-transfer rates. On the other hand,

the mass-transfer rates expected from the characteristics
of SW Sex stars are supposed to be the highest among
all CVs.

Other evidence that the magnetic braking prescrip-
tion should be different were recently provided by Bel-
loni et al. (2020) and Pala et al. (2020), who showed that

the observed and predicted fractions of period-bouncers
are in serious disagreement, with those predicted be-
ing much larger than observed. In addition, these au-
thors showed that the evolutionary trend in the WD

effective temperature above the period gap, which is di-
rectly connected with the mean mass-transfer rate, is

opposite to the observed one. Finally, Fuentes-Morales
et al. (2020) showed that the predicted fraction of old
novae just above the orbital period gap is much smaller

than the observed fraction. These four pieces of evi-
dence point towards a needed revision of the magnetic
braking prescription. SW Sex stars are therefore impor-
tant objects in this context, which can provide signifi-

cant constraints on the CV evolution model, especially
considering that they are more abundant than period
bouncers and long-period CVs having WDs with mea-

sured effective temperatures.
We note, however, that there is some progress in this

regard. Knigge et al. (2011) provide a list of magnetic

braking recipes, which are illustrated in their Fig. 2.
Among them, the formulation developed by Kawaler
(1988) clearly predicts an increase in the angular mo-
mentum loss rate when the CV evolves towards shorter

orbital periods, which would, in turn, provide the largest
mass-transfer rates just at the upper edge of the or-
bital period gap. This could potentially explain the ex-

pected mass-transfer rates of SW Sex stars, which could
make SW Sex stars a natural stage in the long-period
CV pathway. Additionally, the observed distribution of
WD effective temperatures versus orbital period could

be reproduced. Belloni et al. (in preparation) upgrade
the prescription by Kawaler (1988) and show these and
other issues related to magnetic braking might be solved.

5.7. Origin of magnetic cataclysmic variables

There are currently two main scenarios that could ac-
count for the formation of magnetic WDs in close bina-
ries. In the first one, during common-envelope evolution,

a dynamo driven by shear due to differential rotation in
the hot outer layers of the degenerate core (Wickramas-
inghe et al. 2014) would be responsible for the magnetic

field generation. This idea was originally designed for
single WDs, but was generalized by Briggs et al. (2018),
who extended the model to the case in which the binary
survives the common-envelope evolution. However, Bel-

loni & Schreiber (2020) detected several flaws in this
model. One of them is the difficulty in explaining the
complete absence of hot and young WDs among the pop-

ulation of post-common-envelope WD + late-type main-
sequence stars (e.g. Parsons et al. 2021, and references
therein). In addition, the predicted fractions of mag-

netic WDs in the different populations of close binaries
are much higher than the observed ones.

An alternative scenario for the origin of single low-field
magnetic WDs was proposed by Isern et al. (2017),

who argued that a dynamo similar to those operat-
ing in planets could be responsible for weak magnetic
field generation in WDs. This is possible because, once
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the WD temperature becomes low enough, its interior
starts to crystallize, which, in turn, allows the genera-

tion of a magnetic field through a dynamo. This sce-
nario, if applied to close binaries, could help to explain
the low-temperature WDs in the population of detached
magnetic post-common-envelope binaries. However, the

magnetic fields predicted by Isern et al. (2017) are much
weaker than those observed in magnetic WDs among the
different population of close binaries.

If all or part of SW Sex systems have high-magnetic
moment (e.g. Patterson et al. 2002), any theory aim-
ing to explain the origin of high-field magnetic WDs
would need to account for their properties. That said,

SW Sex stars are important pieces to constrain evolu-
tionary models of CVs, and understanding whether they
are predominantly magnetic or not, should provide use-

ful constraints to any model aiming to explain the origin
and evolution of magnetic WDs in close binaries.

6. CONCLUSIONS

We reported time-series analyses of photometric and

polarimetric data of six SW Sex stars: BO Cet, SW Sex,
V442 Oph, V380 Oph, LS Peg, and UU Aqr. We as-
sociated the periodicities found in circular polarization

with the spin period of a magnetic WD, based on the as-
sumption that the polarized flux is related to cyclotron
emission from a PSR region. We found the following
tentative periods from circular polarimetry: 11.1 min in

BO Cet, 41.2 min in SW Sex, and 25.7 min in UU Aqr.
We also found uncertain periodicities (below the FAP
level of 1%) of 22.0 min and 19.4 min for V380 Oph and

V442 Oph, respectively. We confirmed the detection of
circular polarization in LS Peg, previously reported by
Rodŕıguez-Gil et al. (2001). However, differently from

these authors, we found a period of 18.8 min, which
we assumed as the probable period of the WD rota-
tion. Considering these new possible detections, 15% of
all SW Sex in Hoard’s Big List of SW Sextantis Stars

(which contains 73 objects) have direct evidence of mag-
netic accretion from circular polarimetric data.

There is a weak indication that the circular polari-

metric period is half of the emission-line flaring period.
There is also a tendency of detection of circular polar-
ization in non-eclipsing SW Sex systems: 73% of objects
with detected polarization are non-eclipsing, contrasting

with the trend of SW Sex systems to show eclipses.
The recent finding that 36% of the CVs in a volume-

limited sample are magnetic (Pala et al. 2020) agrees

with an interpretation that SW Sex systems are the
magnetic portion of the nova-like systems. If this is re-
ally true, the formation of magnetic CVs should also

explain the SW Sex systems, and not only polars and

IPs. In fact, any model for the origin and evolution
of CVs should also reproduce the tendency of SW Sex
systems to cluster just above the orbital period gap.

Additional time-resolved and high signal-to-noise ra-
tio circular polarimetric measurements of SW Sex sys-
tems are necessary to confirm the suggested periods and
to search for magnetic accretion in those objects.
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APPENDIX

A. POLARIMETRIC MEASUREMENTS OF SW SEX SYSTEMS

In this section, we present a table with a compilation of polarization measurements of SW Sex systems from the
literature. The table also includes the measurements presented in this work and is strongly based on the information

presented in The Big List of SW Sex Systems (Hoard et al. 2003).
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ŕı

g
u
e
z
-G

il
&

P
o
tt

e
r

(2
0
0
3
)

V
5
3
3

H
e
r

D
e
fi

n
it

e
N

o
n
e

Y
?

-0
.3

8
(1

1
)

a
n
d

0
.0

0
(7

)
3
2
0
0
–
8
6
0
0

Å
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B. IMPROVING THE DATA REDUCTION OF THE
IAGPOL CIRCULAR POLARIZATION MODE

This section explains a procedure for the data reduc-
tion of the circular polarimetric mode of IAGPOL (Ma-
galhães et al. 1996). The procedure takes into account
the expected value of the ratio of the sum of the ordinary

counts of all images used to calculate one polarization
point relative to the sum of the extraordinary counts.
The ratio is designated by k and is expressed as (Mag-

alhães et al. 1984):

k =

∑
i Co(Wi)∑
i Ce(Wi)

, (B1)

where Co(Wi) is the value of the ordinary counts in an
image obtained with the retarder waveplate in the posi-
tion Wi and Ce(Wi) is the equivalent for the extraordi-
nary counts. A polarization measurement corresponds

to 8 images, therefore i runs from 1 to 8. The difference
between the angular waveplate positions in two subse-
quent images is 22.5◦.

The k value can be understood as a correction for pos-
sible different efficiencies in the detection of the ordinary
and extraordinary fluxes. A value of k different from

the expected theoretical value can occur, for instance,
if the detector sensitivity depends on the polarization
of the incident beam, since the polarization of the or-
dinary beam is perpendicular to the polarization of the

extraordinary beam.

In the linear polarization mode of IAGPOL, the the-
oretical expected value of k is 1, due to the use of a

half-wave retarder plate (see Magalhães et al. 1984).
Hence, in that case, the correction is implemented by
simply multiplying the measured extraordinary counts
by the k value obtained from the observations. On the

other hand, the quarter-wave plate is used to measure
the circular and linear polarizations. For that case, the
expressions for the counts in the ordinary and extraor-

dinary beams given by Rodrigues et al. (1998) can be
used to demonstrate that the theoretical value of k is a
function of the Stokes parameter Q (eq. B2).

k =
1 + 0.5Q

1− 0.5Q
. (B2)

Therefore, we initially calculated the Stokes parame-
ters considering k = 1. Then we recalculated the polar-
ization taking into account the estimated Stokes param-

eter Q and the resulting k value was used as a multiplica-
tive factor to the extraordinary counts. This iteration
was repeated until a negligible difference in subsequent

values of all Stokes parameters was achieved. An exam-
ple of the application of this procedure is an absolute
reduction of 0.07% in the mean polarization error of the
SW Sex object itself.

The above expression is valid for IAGPOL. The ex-
pression for k for other polarimeters depends on the op-
tical configuration of the retarders and analysers of the

instrument.
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Isern, J., Garćıa-Berro, E., Külebi, B., & Lorén-Aguilar, P.

2017, ApJL, 836, L28, doi: 10.3847/2041-8213/aa5eae

Johnson, E. M., Imamura, J. N., & Steiman-Cameron,

T. Y. 2006, PASP, 118, 797, doi: 10.1086/505334

Kaitchuck, R. H., Hantzios, P. A., Kakaletris, P.,

Honeycutt, R. K., & Schlegel, E. M. 1987, ApJ, 317, 765,

doi: 10.1086/165325

Katajainen, S., Butters, O., Norton, A. J., et al. 2010, ApJ,

724, 165, doi: 10.1088/0004-637X/724/1/165

Kawaler, S. D. 1988, ApJ, 333, 236, doi: 10.1086/166740

King, A. R., & Kolb, U. 1995, ApJ, 439, 330,

doi: 10.1086/175176

Knigge, C., Baraffe, I., & Patterson, J. 2011, ApJS, 194, 28,

doi: 10.1088/0067-0049/194/2/28

Liu, W.-M., & Li, X.-D. 2016, ApJ, 832, 80,

doi: 10.3847/0004-637X/832/1/80

Lomb, N. R. 1976, Ap&SS, 39, 447,

doi: 10.1007/BF00648343

Lucy, L. B., & Sweeney, M. A. 1971, AJ, 76, 544,

doi: 10.1086/111159
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Rodŕıguez-Gil, P., Casares, J., Mart́ınez-Pais, I. G., &

Hakala, P. J. 2002, in Astronomical Society of the Pacific

Conference Series, Vol. 261, The Physics of Cataclysmic

Variables and Related Objects, ed. B. T. Gänsicke,
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M. T. 2014, AJ, 147, 68,

doi: 10.1088/0004-6256/147/3/68

Tuohy, I. R., Remillard, R. A., Brissenden, R. J. V., &

Bradt, H. V. 1990, ApJ, 359, 204, doi: 10.1086/169050

Vaillancourt, J. E. 2006, PASP, 118, 1340,

doi: 10.1086/507472

Verbunt, F., & Zwaan, C. 1981, A&A, 100, L7

Volkov, I. M., Shugarov, S. Y., & Seregina, T. M. 1986,

Astronomicheskij Tsirkulyar, 1418, 3

Volkov, I. M., & Volkova, N. S. 2003, in Stellar Variability,

121–126

Warner, B. 1986, MNRAS, 219, 347,

doi: 10.1093/mnras/219.2.347

—. 1995, Cambridge Astrophysics Series, 28

White, N. E., Giommi, P., & Angelini, L. 2000, VizieR

Online Data Catalog, IX/31

Wickramasinghe, D. T., Tout, C. A., & Ferrario, L. 2014,

MNRAS, 437, 675, doi: 10.1093/mnras/stt1910

Williams, R. E. 1989, AJ, 97, 1752, doi: 10.1086/115115

Wolfe, M. A., Szkody, P., Fraser, O. J., et al. 2003, PASP,

115, 1118, doi: 10.1086/377013

Worpel, H., Schwope, A. D., Traulsen, I., Mukai, K., & Ok,

S. 2020, A&A, 639, A17,

doi: 10.1051/0004-6361/202038038

Zellem, R., Hollon, N., Ballouz, R.-L., et al. 2009, PASP,

121, 942, doi: 10.1086/605547

Zorotovic, M., & Schreiber, M. R. 2017, MNRAS, 466, L63,

doi: 10.1093/mnrasl/slw236

Zorotovic, M., Schreiber, M. R., & Gänsicke, B. T. 2011,
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