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Preface

Mass loss is the single most important process that characterizes the late stage of stellar evolution.
Being wide binary systems of a hot white dwarf and a mass losing giant, symbiotic stars are ideal objects
to study the mass loss process and also provide a rare opportunity to investigate the mass transfer process
through gravitational capture of a slow stellar wind. Unique spectral features are known in symbiotic
stars and related objects, which are formed through Raman scattering by atomic hydrogen. These Raman
features with broad and multiple peak profiles can be used to probe the geometry and the kinematics of
the thick neutral region vividly revealing the mass loss and transfer processes.

This workshop has been organized to discuss various research activities on symbiotic stars and related
objects, encompassing both theoretical and observational studies. The advent of 30-m class telescopes
will open a new window showing a totally unexpected universe and forcing us to focus on more fun-
damental astrophysical principles that interconnect the variety of observed phenomena. In particular,
G-Clef, one of the first generation instruments for GMT, will lead us to a new world of high resolution
spectroscopy. Korean and Chilean astronomers are seeking close collaboration despite their maximal
physical distances on Earth. This workshop will be one aspect toward strengthening such collaborative
relation between the two communities. With this workshop it is sincerely hoped that symbiotic stars and
related objects will draw significant attention appropriate for their importance in astronomy.
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On the Mass Transfer and Accretion

in Symbiotic Binaries

Augustin Skopal

Astronomical Institute of the Slovak Academy of Sciences,

059 60 Tatranská Lomnica, Slovakia

This contribution is focused to the principal interaction between the
binary components of symbiotic stars - the mass transfer via the wind,
which is responsible for the appearance of the symbiotic phenomenon. I
will briefly introduce the way how to estimate the mas-loss rate from the
giant, and point the long-standing problem between the high luminosity
of the burning white dwarf and its deficient fueling by the giant in the
canonical Bondi-Hoyle accretion mechanism. Possible solution of this
mass-transfer problem by focusing the wind from the giant towards the
orbital plane will be discussed.

Key Words: symbiotic stars - mass loss - mass transfer - accretion

1 Introduction

Symbiotic stars are the widest interacting binaries, whose orbital periods are
typically between 1 and 3 years, but can be significantly larger. They consist
of a red giant (RG) as the donor and a white dwarf (WD) as the accretor.
Based on a strong correlation between the spectral type of the cool giant
and the orbital period, Mürset & Schmid (1999) suggested that symbiotic
stars are well detached binary systems. Thus the symbiotic activity on the
WD companion is triggered via the wind mass transfer.

There are two principal processes of interaction that are responsible for
appearance of the symbiotic phenomenon: (i) Mass loss from the RG in the
form of a wind, and (ii) accretion of its fraction by the compact companion.
The accretion process heats up the WD to > 105K and increases its luminos-
ity to ∼ 101 − 104L⊙, which by return ionizes a portion of the neutral wind
from the giant giving rise to the nebular emission. As a result the spectrum of
symbiotic stars consists of three basic components of radiation – two stellar
from the binary components and one nebular. The simplest ionization model
of this composition for a stationary binary, spherically-symmetric wind from
the giant with a constant velocity consisting of hydrogen was suggested by
Seaquist et al. (1984) (hereafter STB). Individual components of radiation
can be obtained by disentangling the measured spectrum (see Skopal, 2005,
in detail). Figure 1 shows example of the spectral energy distribution (SED)
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Figure 1: Basic components of radiation in the continuum (see the legend) of
the symbiotic binary RX J0059.1-7505 (LIN 358). Solid black line represents
their superposition. Bottom panel shows the corresponding data-to-model
ratios (d/m). Observations are plotted in magenta. Open and filled squares
are the measured and unabsorbed X-ray fluxes (adapted from Skopal, 2015).

for the symbiotic binary RX J0059.1-7505 (LIN 358) in the SMC, whose su-
persoft X-rays to near-IR spectrum can be disentangled into the three basic
components of radiation. The radiation from the WD is characterized with
the temperature Th ∼ 250kK and the luminosity Lh ∼ 1038 erg s−1, the neb-
ula is fitted with the electron temperature Te ∼ 18000K and the emission
measure EM ∼ 2.4 × 1060 cm−3 and the giant radiates at Teff ∼ 4000K
producing the luminosity of ∼ 7300L⊙ for the distance to SMC of 60 kpc
(see Skopal, 2015).

On the basis of the infrared SED of symbiotic stars, we distinguish be-
tween S-type (Stellar) and D-type (Dusty) symbiotic stars (Webster & Allen,
1975). The former is represented by a stellar type of the IR continuum from
a normal giant, whereas the latter contains additional strong emission from
the dust produced by a Mira-type variable. Therefore, D-type symbiotic
stars are also called as symbiotic Miras.

If the processes of the mass-loss, accretion and ionization are in a mutual
equilibrium, then symbiotic system releases its energy approximately at a
constant SED. This stage is called as the quiescent phase. Once this equi-
librium is disturbed, symbiotic system changes its radiation significantly,
brightens up in the optical by a few magnitudes and shows signatures of a
mass-outflow. We name this stage as the active phase.

The energy output from the accretor during quiescent phase can be
caused by two different mechanisms. In rare cases, the hot star luminos-
ity of ∼ 100 − 102L⊙ can be powered solely by the accretion process onto a
WD (e.g. EG And and 4 Dra), while in most cases, the observed luminosities
of a few times 103L⊙ (e.g. Mürset et al., 1991; Skopal, 2005) are believed
to be caused by stable hydrogen nuclear burning on the WD surface (e.g.
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Figure 2: The STB ionization structure (left) and corresponding SED for
Z And (right). Extension of the neutral zone is determined by the parameter
X or by the asymptotic angle θa (see Sects. 2.1 and 2.3). Distances are in
units of the binary components separation, p.

Pacźynski & Żytkow, 1978; Shen & Bildsten, 2007). The latter requires ac-
cretion onto a low mass WD at 10−8

−10−7M⊙ yr−1. Since the only fuel for
this energy is the wind from the RG, we need to know its mass-loss rate and
the way how the wind is transferred to the WD and accreted at the required
rate. Therefore, first I will introduce principle of methods to estimate the
mas-loss rate from RGs in symbiotic stars, ṀRG.

2 Mass-loss rate from RGs in symbiotic stars

Mass-loss rates from giants in symbiotic binaries can be estimated in the
context of the STB model. Usually, by measuring the nebular emission,
because the nebula during quiescent phase represents the ionized fraction
of the wind from the RG. Or, by probing the neutral part of the wind via
Raman scattering of a specific line transition that allows us to determine the
extent of the neutral part of the wind. In both cases the geometry of the
H0/H+ interface in the binary is needed to know.

2.1 STB ionization model

Ionization structure of a symbiotic binary within the STB model is given by
the H0/H+ boundary that is represented by the locus of points at which ion-
izing photons are completely consumed by neutral atoms of hydrogen along
paths outward from the ionizing source. The shape of the boundary is de-
scribed in the WD-centered polar coordinate system (u, θ) by the parametric
equation,

f(u, θ)−X = 0, (1)

which solution defines the boundary at the orbital plane. The parameter
X is given by the binary properties and the wind parameters, ṀRG and
terminal velocity, v∞ (see STB). Density distribution is given by the wind
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velocity function. For a constant wind (v = v∞), the function f(u, θ) can be
expressed analytically (STB; Nussbaumer & Vogel, 1987). Figure 2 depicts
the STB ionization structure for the so-called β-law wind, v(r) = v∞(1 −

RRG/r)
β with the accelerating parameter β = 2.5 and X = 7 (left). The

shape of the boundary can also be determined by the asymptotic angle θa
(Sect. 2.3). The right panel shows the corresponding typical UV/near-IR
SED for the prototype of symbiotic stars Z And during quiescent phase.

2.2 ṀRG from the ionized part of the wind

Assuming spherically symmetric mass-loss from a star (the ionizing source)
ejected at a uniform rate with constant velocity v∞, Wright & Barlow (1975)
(WB) derived the radio flux density, Sν , generated by the ionized wind in the
form of the bremstrahlung radiation. Since the measured free–free emission
from the ionized wind dominates the radio, i.e., the stellar component of the
continuum is negligible here, the authors derived a relation for the mass-loss
rate as,

ṀRG = 0.095
µv∞S

3/4
ν d3/2

Zγ1/2g1/2ν1/2
M⊙ yr−1 (2)

where µ is the mean atomic weight, v∞ is in km s−1, Sν is in Jy, the distance
to the star d is in kpc, ν is in Hz, γ is the ratio of the electron number
density to the ion number density, g is the Gaunt factor and Z is the atomic
number. Equation (2) is valid provided that the radio flux distribution obeys
the Sν ∝ ν2/3 relation.

Measuring the radio emission at 3.6 cm for a sample of 99 symbiotic
stars and using the WB formula, Seaquist et al. (1993) estimated mass-
loss rates for around 65 stellar type symbiotic stars (see their Table 2).
Since the WB formula measures the mass-loss associated with the ionized
gas only, its application to symbiotic stars underestimates the true ṀRG,
because the giant’s wind in symbiotic stars is only partially ionized (see
Fig. 2). Therefore, Seaquist et al. (1993) introduced a correction factor
f = ṀWB/ṀRG, i.e. the ratio of the mass-loss rate from the WB relation
(2) to the true mass-loss rate, and estimated its values as a function of the
parameter X as follows: f = 0.46, 068, 0.80 and 0.87 for X = 0.5, 1, 2
and 5, respectively. In this way, Seaquist et al. (1993) derived ṀRG ≈

10−7M⊙ yr−1 for S-type symbiotic stars.
In the UV/optical/near-IR, the nebular emission is produced by free–

bound and free–free transitions in thermal plasma of a dense symbiotic
nebula (e.g. Brown & Mathews, 1970). Its amount has to be determined
by modelling the SED, because other components of radiation cannot be
neglected within this region (see Figs. 1 and 2). Amount of the nebular
radiation is characterized by the emission measure, EM , that is defined as
∫

n+ne dV throughout the volume of the fully ionized zone. For number den-
sity satisfying spherically symmetric equation of continuity and the β-law

Accretion Processes in Symbiotic Stars and Related Objects, La Serena, Chile, 4-7, Dec, 2016

6



wind with β = 2.5, the EM can be approximated by (see Skopal, 2005),

EM =
−1

16π(µmH)2

(ṀRG

v∞

)2 1

RRG

[

1−
(

1−
RRG

Q

)−4]

, (3)

which corresponds to the upper limit of the EM assuming the sphere around
the RG to be fully ionized from r = Q to r = ∞. Parameter Q is the
location of the H0/H+ boundary on the binary axis and the wind starts
at the giant’s surface r = RRG. Comparing the measured EM from models
SED to Eq. (3) for 15 S-type symbiotic stars, Skopal (2005) determined ṀRG

to a few ×10−7M⊙ yr−1 for v∞ = 20 km s−1 and Q/p ∼ 0.3− 0.4.

2.3 ṀRG from the neutral part of the wind

ṀRG can also be determined by probing directly the neutral fraction of the
RG wind in symbiotic stars. Here, Raman scattering of the far-UV line
photons on atomic hydrogen in the wind is investigated. The key parameter
is the efficiency of this process, defined as the ratio between the Raman
scattered and the original line photons. The Raman scattering efficiency
defines the so-called ‘covering factor’ CS, which represents a fraction of the
sky covered by the Raman scattering region for the original line photons.
Assuming that the region emitting initial line photons is located near the
hot component and the geometry of the H0 region is given by the STB model,
we can express CS via a solid angle Ω, under which the initial line photons
can ‘see’ the scattering region, i.e.,

CS =
Ω

4π
=

1− cos θR
2

, (4)

where θR is the opening angle of the Raman scattering region. In general,
the angle θR < θa, (Fig. 2 left), because there is always a fraction of H0 zone,
where the Raman conversion can be neglected (i.e. τRam < 1). Therefore, it
is convenient to use Raman conversion with a high cross-section for which
θR ∼ θa that allows us to determine the parameter X more easily. Example
is given by Sekeráš & Skopal (2015), who used the Raman He IIλ1025 →

λ6545 conversion that has cross-section σRam = 8.05×10−22cm2 (Lee, 2009).
Otherwise, one has to reconstruct θa from θR taking into account optically
thick conditions for the investigated Raman scattering conversion. Finally,
having the parameter X from θR and the fundamental parameters of the
hot component, one can derive ṀRG. Using Raman He IIλ1025 → λ6545
conversion, Sekeráš & Skopal (2015) determined ṀRG = 2−3×10−6M⊙ yr−1

for the mira-type variable in V1016 Cyg. These values are in agreement with
those inferred by Seaquist et al. (1993) using the radio emission produced
by D-type symbiotic stars.

We can conclude this section that ṀRG is in order of 10−7 and 10−6M⊙ yr−1

for S-type and D-type symbiotic stars, respectively.
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3 On the mass accretion rate onto the WD

To know the rate of accretion from the RG wind onto the WD, Ṁacc, that
is required to power its high luminosity, LWD ≈ 103 L⊙, first, I will briefly
introduce how the WD can generate the energy from accretion process.

3.1 Energy output from the accreting WD

In spite that WDs in symbiotic stars accrete from the wind (Sect. 1), a large
accretion disk is still formed around the accretor (e.g. Theuns & Jorissen,
1993). The accreted material is thus transported onto the accretor’s surface
trough a disk. As a result the total luminosity of the accreting WD can
be generated by two main sources, (i) hydrogen nuclear burning on the
WD surface (Lnuc), and (ii) gravitational potential energy of the accretor,
converted into the radiation by the disk (Ldisk; Pringle (1981)), i.e.,

LWD = Lnuc + Ldisk = ηXṀacc +
GMWDṀacc

2RWD

, (5)

where η = 6.3×1018 erg/g is the energy production of 1 gram of hydrogen due
to the nuclear fusion of 4 protons, and X ≡ 0.7 is the hydrogen mass fraction
in the accreted matter. MWD and RWD are the WD mass and radius. If Ṁacc

is in the range of the stable H-burning for given MWD then Lnuc ≫ Ldisk.
For a typical MWD in symbiotic stars of ∼0.6M⊙ the stable H-burning arises
for Ṁacc in the range of a few times 10−8 to ∼ 10−7M⊙ yr−1 (see Fig. 2 of
Shen & Bildsten, 2007). According to Eq. (5) such the high Ṁacc generates
Lnuc of a few times 103L⊙, whereas Ldisk is only of a few times 101L⊙. Thus
the observed high LWD of 103L⊙ or more can be achieved by stable nuclear
burning of hydrogen on the WD accreting at the rate nearly of 10−7M⊙ yr−1.

Knowing that ṀRG ≈ 10−7M⊙ yr−1 and the required Ṁacc is only, to
say, of a few times lower, implies a very high mass-transfer efficiency between
the binary components in symbiotic stars.

4 On the mass-transfer ratio

4.1 A mass-transfer problem

Pioneering studies on accretion from interstellar material was elaborated
by Hoyle & Lyttleton (1939) and Bondi & Hoyle (1944). Livio & Warner
(1984) adapted the Bondi-Hoyle picture of accretion to a wide binary system,
consisting of a late-type giant emitting a strong stellar wind and a WD
accreting matter from the wind. According to this study, typical parameters
of S-type symbiotic system yield the mass-transfer ratio (= Ṁacc/ṀRG, i.e.,
the mass-transfer efficiency) of a few percents. Similar results were obtained
by even more sophisticated simulations of wind accretion in well separated
binaries. Depending on the binary configuration, the mass-transfer ratio was
found to be in the range of 0.6–10% (e.g. Theuns et al., 1996; Walder, 1997;
Nagae et al., 2004; Walder et al. , 2008; Hadrava & Čechura , 2012).
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However, the large energetic output from hot components, which requires
accretion in the range of a few times 10−8 to ∼ 10−7M⊙ yr−1 (Sect. 3.1),
and mass-loss rates from RGs of ≈ 10−7M⊙ yr−1 (Sect. 2.2) in symbiotic
binaries, suggest a more effective mass-transfer mode than can be achieved
by a standard Bondi-Hoyle wind accretion. This problem of the wind mass-
transfer between the components of symbiotic binaries arose already during
70s and 80s decades of the last century, when the International Ultraviolet

Explorer confirmed unambiguously the binary nature of these objects and
revealed a very high luminosity of majority of their hot components. Kenyon
& Gallagher (1983) pointed this problem by the question: ‘How do red giants,
well within their Roche lobes, lose sufficient mass to produce the symbiotic
phenomenon?’ Recently, a solution of this problem for both, D-type and
S-type symbiotic stars, was suggested.

4.2 Wind Roche-lobe overflow

An efficient wind-mass-transfer was suggested for slow and dense winds as
are typical for AGB stars. Therefore, it can be applied for Mira-type in-
teracting binaries, i.e., for D-type symbiotic stars. In this mass transfer
mode, called wind Roche-lobe overflow (WRLOF, Mohamed & Podsiad-
lowski, 2007, 2012) or gravitational focusing (de Val-Borro et al., 2009), the
wind of the evolved star is filling the Roche lobe (vwind < vescape) instead
the star itself, and thus can be effectively transferred into the potential of
the companion via the L1 point, similarly to standard RLOF. The WRLOF
can occur in systems where the acceleration zone of the wind extends to, or
is a significant fraction of, the Roche lobe radius (see Fig. 1 of Abate et al.,
2013). Then the wind is focused towards the orbital plane and in particular
to the WD. Corresponding mass transfer efficiencies are at least an order
of magnitude larger than the analogous Bondi-Hoyle values (Mohamed &
Podsiadlowski, 2012).

An efficient mass transfer was evidenced also observationally for the sym-
biotic stars Mira AB (Karovska et al., 2005).

4.3 Focusing by the wind compression model

Skopal & Cariková (2015) suggested that the wind from normal giants in S-
type symbiotic stars can be focused by their rotation according to the wind
compression disk (WCD) model elaborated by Bjorkman & Cassinelli (1993).
This possibility insists on the fact that normal giants in these systems rotate
slowly. Zamanov et al. (2007) found a typical rotational velocity of the K
and M giants in S-type symbiotic stars to be 4.5 < vrot sin(i) < 11.7 km s−1.
Applicability of the model to such slowly rotating giants was justified by
Cariková & Skopal (2014). To demonstrate focusing of the giant’s wind to
the equatorial plane due to its rotation, Skopal & Cariková (2015) introduced
the mass-loss ratio,

f(r, θ) =
Ṁ c(r, θ)

ṀRG

=
ρc(r, θ)

ρ(r)
, (6)

Accretion Processes in Symbiotic Stars and Related Objects, La Serena, Chile, 4-7, Dec, 2016
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Figure 3: Focusing of the wind to the equatorial plane according to the
wind compression model. Left panel shows the mass-loss ratio f(r, θ) for
r < 6RRG and all θ (Eq. (6)). Right panel depicts the corresponding density
distribution. Both calculated according to the WCD model for giant’s rota-
tion of 6 km s−1, wind terminal velocity of 20 km s−1, ṀRG = 10−7M⊙ yr−1

and RRG = 100R⊙ (see Skopal & Cariková, 2015).

where Ṁ c(r, θ) is the spherical equivalent of the mass-loss rate calculated
from the local density ρc(r, θ) given by the WCD model and ρ(r) is the
mass density distribution of spherically symmetric wind. Figure 3 shows
example of the parameter f and the corresponding density distribution for
the distance r < 6RRG. Compression of the wind to the equatorial plane
is fairly significant: f > 1 for θ > 75◦ and f ∼ 5 − 10 for θ = 90◦ at
r = 5− 6RRG. This suggests a relevant increase of the accretion rate,

Ṁacc ≈ f × ξ × ṀRG, (7)

where f ∼ 5 − 10 and ξ is the mass transfer ratio of a few times 0.01 for
spherically symmetric wind in the canonical Bondi-Hoyle accretion regime
(Sect. 4.1). Thus, ṀRG = a few × 10−7M⊙ yr−1 yields Ṁacc ∼ 10−8

−

10−7M⊙ yr−1, which is sufficient to power the observed WD luminosity by
a stable hydrogen-burning for MWD < 1M⊙ (Sect. 1 and 3.1).

4.4 Indication of the wind focusing

A wind-focusing effect was constrained by observations for the symbiotic
star SS Lep in an effort to explain the abnormal luminosity of its accretor.
Using the data obtained with the VLTI instruments AMBER and PIONIER
in the H and K bands, Blind et al. (2011) learned that the mass-transfer
ratio in SS Lep is expected to be much higher than 10%, perhaps in the
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range of 80–90%. Having indication of an accretion disk, they explained the
required high accretion rate in the WRLOF scenario, because most of the
matter goes through the L1 point (Sect. 4.2).

Modelling the observed column densities of hydrogen around the RGs in
the eclipsing S-type symbiotic binaries EG And and SY Mus, Shagatova et
al. (2016) suggested that the wind from their RGs is enhanced at the orbital
plane. Their analysis revealed that the spherical equivalent of the mass-loss
rate from the giants is a factor of > 10 higher than rates determined by
methods that do not depend on the line of sight. As the mass-loss rates
were derived from near-orbital-plane column densities (eclipsing binaries),
the corresponding high spherical equivalents of the mass-loss rates can be a
result of focusing the wind towards the binary orbital plane.

5 Summary and concluding remarks

The mass-transfer via the wind in symbiotic binaries represents the funda-
mental process that is responsible for the observed symbiotic phenomenon.
The stellar wind from RGs is the only fuel feeding hot companions – the
luminous WDs. Current methods suggest that the mass-loss rates from RGs
in symbiotic stars are in the order of 10−7 and 10−6M⊙ yr−1 for S-type and
D-type systems, respectively (Sect. 2). The high luminosities of nucleary
burning WDs require an efficient wind mass-transfer mode (Sect. 4.1). For
D-type symbiotic stars, the WRLOF mode can be considered (Sect. 4.2),
whereas for S-type systems, focusing by the WCD model can be in the effect
(Sect. 4.3).

However, the above mentioned suggestions on how the wind can be ef-
fectively transferred from the RG to its WD companion, being focused to
the binary orbital plane, represent simple ways on how to get enough wind
from the RG to the vicinity of the WD in symbiotic binaries. Therefore,
more sophisticated calculations together with mainly interferometric obser-
vations of a high precision are needed to improve our current knowledge
on the mass-transfer and accretion in symbiotic stars. In this respect, the
recent launch of the ESA GAIA satellite offers great prospects (see Boffin
et al., 2014, and references therein). To obtain more information on the
mass-transfer in mainly S-type symbiotics, it is needed to include the idea of
the WCD model into 3-D hydrodynamic models (e.g., as cited in Sect. 1) to
find out the structure of the wind from the rotating giant in these systems
and to understand the process of its accretion. From this point of view, the
approach to solving the problem of a high wind mass transfer efficiency in
S-type symbiotic binaries (Sect. 4.3) represents a direction for future theo-
retical modelling.
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Raman O VI Spectroscopy and Po-

larimetry of Asymmetric Accretion

Flows in Symbiotic Stars
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Department of Physics and Astronomy, Sejong University,
Seoul, Korea
hwlee@sejong.ac.kr

Being binary systems of a mass losing giant and a hot white dwarf, sym-
biotic stars are unique objects to exhibit various activities linked to the
accretion of some fraction of the slow stellar wind from the giant compan-
ion. About a half of symbiotic stars are known to exhibit broad emission
features at 6825 and 7082 formed through inelastic or Raman scattering
of far UV O VI 1032 and 1038 with atomic hydrogen. In this presen-
tation, we point out that the flux ratio F6825/F7082 is a good indicator
of the representative HI column density around the giant component.
The slow stellar wind accretion around the white dwarf is expected to
be asymmetric where the entering side is denser than the opposite side,
resulting in red-enhanced Raman OVI profile. Furthermore, the density
inhomogeneity leads to higher ratio of blue peak to red peak for Raman
7082 than for Raman 6825. Polarization flip often observed in the red
wing in Raman OVI is consistent with the bipolar flow structure, where
an additional OVI emission component or an HI region is receding from
the accretion disk around the white dwarf. In this respect high resolution
spectroscopy and polarimetry of Raman scattered O VI features can be
a highly useful tool to probe the mass transfer processes that take place
in symbiotic stars.

Key Words: symbiotic star - radiative transfer - line profile - polariza-
tion - accretion - mass loss

1 Introduction

Accreting white dwarfs are found in cataclysmic variables and symbiotic
stars, where the mass donor is a red dwarf filling its Roche lobe in the former
case and a mass-losing evolved giant in the latter case. CVs are known to
form a geometrically thin and optically thick accretion disk around the white
dwarf from the Roche lobe overflow. As opposed to CVs, mass accretion
in symbiotic stars appears more complicated and our understanding is less

Accretion Processes in Symbiotic Stars and Related Objects, La Serena, Chile, 4-7, Dec, 2016

15



clearly established. FIg.1 shows a schematic illustration of wind accretion
in symbiotic stars.

Symbiotic stars are classified into ‘S’ type and ‘D’ type depending on
the presence of IR excess. D type symbiotic stars exhibit clear IR excess
attributed to a warm dust component with temperature ∼ 103 K, whereas
no such component is present is stellar or ‘S’ type symbiotics. The dust
component in D type symbiotics appears to be related with the fact that
the giant component is mostly a Mira type variable. The orbital periods
of S type symbiotics are found in the range of several years whereas those
for D type symbiotics are poorly constrained and appear to exceed several
decades.

Various activities associated with symbiotic stars may be attributed to
accretion onto a white dwarf component through gravitational capture of
a fraction of slow stellar wind from the giant component. A typical mass
accretion rate may range between 10−8 − 10−7 M⊙yr

−1, which is, in turn,
about 10 percent of the mass lost by the cool component. One excellent and
unique probe is provided by Raman scattered O VI features at 6825 Å and
7082 Å identified by Schmid (1989) who proposed that these are formed
through inelastic scattering of far UV O VI 1032 and 1038 photons with a
hydrogen atom in the ground state finally de-excite to the excited 2s state.

These Raman scattered O VI features are found so far exclusinvely
in symbiotic stars. They exhibit complicated multiple peak profiles and
strongly linearly polarized . The profiles are asymmetric, where the red
peak is often stronger than the blue counterpart. Furthermore, the profiles
of Raman OVI 6825 and 7082 features differ in such a way that th blue peak
of the 6825 feature is relatively more suppressed than that of the 7082 fea-
ture when the red peaks are normalized to be of the same strength. Invoking
the asymmetry in the accretion flow around the white dwarf, the asymmetric
profiles and disparity in the two profiles can be understood (e.g., Lee & Park
, 1999).

Without being mixed with the unpolarized emission component, Raman
scattered O VI features exhibit strong linear polarization. One particularly
notable phenomenon is that the polarization direction in the red wing part
is often perpendicular to that along which the blue and central parts are
polarized. If the blue and central parts are formed in an accretion flow, then
the red wing part polarized in the opposite direction can be formed in a
component moving away from the accretion disk in the bipolar directions.

2 Cross Section and Branching Ratio

The scattering process of a photon with an atomic electron is decribed by
the time-dependent second order perturbation theory, where the electron
initially in the state |i > makes a transition to a final state |f > via an
intermediate state |I > and accordingly the incident photon is annhilated
and a new outgoing photon is created. In the case where the initial and final
electron states are the same, then the incident and outgoing photons are of
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Figure 1: A cartoonistic illustration for Raman OVI line formation in sym-
biotic stars.

the same energy, which we call Rayleigh scattering. If the electron’s final
state differs from its initial state, then the scattered photon has a frequency
different from that of the incident photon. This inelastic scattering is called
Raman scattering,

The cross section is obtained by summing contributions from all the
possible intermediate states |I >. In the electric dipole interaction case
for which the interaction Hamiltonian is proportional to the electric dipole
operator d⃗ = er⃗. Non-zeron contribuation is made by all p states if the
electron of a hydrogen atom is in the ground state 1s, because the interaction
Hamiltonian is a rank-1 tensor operator linking two states differing by unit
angular momentum h̄, which is none other than the selection rule for E-1
transitions. Relevant matrix elements that enter in the computation of the
scattering cross section include

MfI,1 =
< f |p̂|I >< I|p̂|1s >

ω − ωI
, MfI,2 =

< f |p̂|I >< I|p̂|1s >
ω + ωI

, (1)

where p̂ is the momentum operator. The first matrix element is associated
with the process of annihilation of the incident photon and excitation into
I followed by creation of an outgoing photon and de-excitation into |f >.
The second matrix element delineates the process of creation of an outgoing
photon and excitation into I followed by annihilation of the incident photon
and de-excitation into |f >. These two processes appear to break the en-
ergy conservation law in classical physics. However, in fact the uncertainty
principle ∆E∆t > h̄ is respected by these processes, because no measure-
ment is performed which intermediate state is excited during the interaction.
The denominator in MfI,1 shows that resonance behavior is expected when
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Figure 2: Cross section of total scattering (Rayleigh + Raman) and branch-
ing ratio into 2s state.

ω ≃ ωI with I = |np > for some n. In this case, the |np > contribution sim-
ply dominates so that the cross section is well approximated by a Lorentzian
function. Here, ωI is regarded as a complex quantitiy where the imaginary
part corresponds to the uncertainty of the energy level of I leading to decay
or radiation damping.

The cross sections for Rayleigh and Raman scattering are provided from
the Kramers-Heisenberg formula. The total scattering cross section and the
branching ratio into 2s state are shown in Fig. 2. According to Lee & Lee
(1997), the cross sections for O VI 1032 and 1038 are

σtot,1032 = 41.5σT , σRam,1032 = 7.5σT ,

σtot,1038 = 9.1σT , σRam,1038 = 2.5σT , (2)

where σT = 0.665 × 10−23 cm2 is the Thomson scattering cross section.
This suggests that one essential requirement for formation of Raman O VI
is the presence of a thick H I region with NHI ≥ 1022 cm−2 illuminated
by an intense far OVI emitting source. This condition is hardly met in
other celestial objects than symbiotic stars. Recently Dopita et al. (2016)
reported their discovery of Raman scattering involving O I and Si II lines
in H II regions including the Orion Nebula (M42) and other H II regions in
the Large and Small Magellanic Clouds.

3 Flux Ratios and Representative H I Column
Density

The first fundamental properties of Raman O VI features may include their
Raman conversion efficiency, which is defined as the ratio of numbers of
injected far UV OVI photons and emergent Raman optical photons. The
representative H I column density along a line of sight from the whitde dwarf
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toward the H I region formed by material lost as a result of mass loss from
the giant is written as

NHI ≃ nHI,cRHI (3)

where nHI,c and RHI are representative H I number density and size of
the H I region. Considering that the line of sight from the white dwarf is
characterized by the impact parameter made by the giant, we may set the
representative quantities as those measured at positions of impact, or the
nearest position on the line of sight with respect to the giant. The amount
of H I depends on the mass loss rate

Ṁ = 4πr2µmHnHvr. (4)

Since a sizable Raman flux requires a non-negligeble covering factor of the
H I region with respect to the white dwarf, the impact parameter b should
be comparable to the binary separation a of the hot and cool components.
Furthermore, the wind velocity vr at a radial distance r from the cool compo-
nent is approximated by the wind terminal velocity v∞, which is, in turn, of
order ≃ 10 km s−1. Using these values a representative H I column desntiy
can be written in terms of the mass loss rate and binary separation as

NHI ≃ 3× 1021 cm−2

(
Ṁ

10−7 M⊙ yr−1

)(
1014 cm

a

)(
10 km s−1

v∞

)
. (5)

The H I column density increases as the impact parameter b decreases so
that Rayleigh-Raman scattering optical depth is very high as the line of sight
grazes the giant surface.

We note that the total scattering optical depth of unity for O VI 1038 is
achieved for NHI ≃ 1.6 × 1022 cm−2, at which the scattering optical depth
for O VI 1032 is about 4.5. In the case where the scattering H I region
is characterized by a H I column density NHI < 1022 cm−2, O VI doublet
line photons are optically thin. Most Raman optical photons are formed
through single scattering, which results in the Raman conversion efficiency
determined by the Raman scattering cross section. Under the assumption
that the same number of O VI 1032 and 1038 photons are injected to a scat-
tering region with NHI < 1022 cm−2 we get a high value of F6825/F7082 ∼ 3.

In the opposite case of NHI > 1023 cm−2, the scattering optical depth
exceeds 6 for O VI 1038 photons, so that escape is made through Raman
conversion as optical photons. Complete Raman conversion is achieved when
the scattering region fullly covers the O VI emission region, in which case
the resultant flux ratio of F6825/F7082 = 1. Because no far UV photons
escape, the number of Rayleigh scatterings is set by the branching ratio into
the Raman channels.

When the O VI emission region is partially covered by the neutral scatter-
ing region, then Rayleigh reflection becomes important near the illuminated
side, causing an incomplete Raman conversion and lowering the flux ratio
F6825/F7082. In particular, the branching ratio into the Raman channel is
higher for O VI 1038 than O VI 1032, the higher Raman conversion efficiency
is obtained for O VI 1038 lowering the flux ratio F6825/F7082 below unity.
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In the range 1022 cm−2 < NHI < 1023 cm−2, the flux ratio F6825/F7082

tends to decrease as NHI increases. However, the behavior of the flux ratio is
not strictly monotonic due to deviation from single scattering approximation
near scattering optical depth of unity. Lee et al. (2016) presented Monte
Carlo simulations to compute the flux ratio F6825/F7082 in a neutral scat-
tering region taking a simple geometric shape including sphere, cylinder and
slab. In particular, a flux ratio in excess of 3.3 was obtained in a spherical
neutral region with a characterisitc HI column density ∼ 1022 cm−2. The
flux ratio F6825/F7082 in the case of spherical geometry is shown in Fig. 5.
Lee et al. (2016) showed that the flux ratio F6825/F7082 is significantly larger
for a D type symbiotic star HM Sge than an S type AG Dra. This is under-
standable if we consider that the representative H I column density of an S
type symbiotic star is higher than that of a D type due to smaller binary
separation.

4 Profile Formation in Asymmetric Accretion
Flows

One aspect that makes Raman O VI features special is their broad line
profiles, which stems from inelasticity of scattering. The energy conservation
dictates that the frequncy νo of an outgoing Raman opical photon is related
to that νi of the incident far UV photon by

νi = νo + να, (6)

where να is the frequency of Lyα. This leads to

∆νo
νo

=

(
νi
νo

)
∆νi
νi

, (7)

which says that the Raman profile is broadened by a factor νi/νo. In the
case of Raman O VI features this factor amounts ∼ 6, forming very broad
profiles.

One can look at the phenomenon of profile broadening by imagining a
hypothetical observer moving away relativistically from the O VI emission
source with a speed β = v/c = 35/37 = [(1 + z)1 − 1]/[(1 + z)2 + 1] where
z = 5. This observer measures the wavelength of an O VI line photon with
a redshift of z = 5 so that the O VI line photon is observed as an optical
photon with a wavelength exceeding 6000 Å. Not only the center wavelegnth
is increased, the whole profile gets broadened, which can also be attributed
to the time dilation effect of relativity. To this observer, the O VI emitters
are moving quite slowly by a factor (1 + z). An analogous situation may
be found when one considers observations of high z universe, where time is
ticking slowly by the inverse of the scale factor a = (1 + z)−1. Considering
Raman scattering converting a far UV photon into an optical photon as a
wavelength stretching process we may regard it as an extreme Doppler effect,
allowing us to probe the emission and scattering region with time flowing
slowly.
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Another aspect of the wavelength strech effect is that the profiles of
Raman OVI features are mainly determined by the relative motion of the far
UV emission region with respect to the H I region and mostly independent of
the observer’s line of sight. Borrowing the analogy of the observer receding
relativistically from the emitter-scatterer region, the motion of O VI and H I
atoms is negligible and therefore the wavelength measured by the observer
is determined by the relative motion between the line emitting O VI ion and
the scattering H I atom. This special property allows one to take an edge-on
view of the accretion stream from the vantage point in front of the mass
donor. In other words one may state that the Raman O VI features are an
ideal mirror located on the binary orbital plane in front of the giant.

Raman O VI features usually exhibit double or triple peak profiles with
much more enhanced red peak than the blue counterpart. A natural inter-
pretation is provided by invoking asymmetry in the accretion flow around the
white dwarf, where the O VI density is higher on the entering side than on
the opposite side. Moving away from the giant, the entrance side is responsi-
ble for the formation of the red part. This expectation is corroborated from
a number of hydrodynamic computations including Mastrodemos & Morris
(1998). Based on this idea, Lee & Kang (2007) showed that the double peak
profiles of Raman 6825 features of D type symbiotic stars V1016 Cyg and
HM Sge are consistent with the O VI emission region in Keplerian motion
around the white dwarf with one side enhanced than the other. This idea is
extended to explain the triple peak profiles of Raman 6825 and 7082 features
in Sanduleak’s star by Heo et al. (2016).

Heo et al. (2016) noted that the 6825 and 7082 features exhibit different
profiles even though they originate from the same O VI ions. The disparity
of the two profiles has been noted in early research works including Schmid
et al. (1999). Resonance doublet lines from C IV 1548, 1551, N V 1238,
1243 and O VI 1032, 1038 having an isoelectronic configuration with Li
are major coolants in various astrophysical plasma including the broad line
region of active galactic nuclei. The doublet structure arises from transitions
S1/2 − P3/2.1/2, where the upper state is split into two fine structures due
to spin-orbit coupling. The twice more sublevels of P3/2 than P1/2 lead to
twice stronger O VI 1032 than O VI 1038. However, far UV spectroscopic
observations show that the flux ratio F1032/F1038 often deviates from two
and exhibit various values between 1 and 2. As optical depth increases,
thermalization operates to relax the flux ratio from 2 to 1.

As the accretion flow tends to be asymmetric in such a way that the flow
on the entering side is convergent and divergent on the opposite side, the
entrance side is characterized by a larger emission measure and a smaller
flux ratio F1032/F1038 than on the opposite side. The entrance side, moving
away from the point of view of the giant, is responsible for the red part of the
Raman O VI features. Therefore, if we normalize to a fixed flux of O VI 1032,
relatively more 1038 photons are generated on this side than on the opposite
side responsible for the blue part. This leads to relatively enhanced blue part
of Raman 6825 compared with that of Raman 7082. The double peak profiles
of V1016 Cyg exhibit this characteristic, consistent with their red enhanced
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Figure 3: BOES spectrum of Raman OVI in the symbiotic nova V1016 Cyg.

profiles. In the case of Sanduleak’s star, the profile of the Raman 6825
feature has a single peak with an additional structures in the red shoulder
region. In contrast, the Raman 7082 feature has a clear triple peak structure.
By comparing these two profiles, Heo et al. (2016) proposed that the O VI
emission region can be decomposed into 5 components including a disk and
a bipolar outflowing component, which is consistent its huge jets discovered
by Angeloni et al. (2012). Heo et al. (2016) assigned different flux ratios
F1032/F1038 to these components to successfully explain the profile difference
of the two Raman O VI features in Sanduleak’s star. The difference in
profiles of the two Raman features in a symbiotic star can be an extremely
useful probe of the density distribution of the accretion flow around the
white dwarf.

5 Polarization Flip and Bipolar Structure

It can be easily shown that both Rayleigh and Raman scattering processes
are characterized by the scattering phase function the same as that of Thom-
son scattering. Composed of purely scattered photons, Raman O VI fea-
tures are known to exhibit strong linear polarization with highly compli-
cated structures. Harries & Howarth (1996) performed spectropolarimetric
survey of symbiotic stars to show that they are linearly polarized with a
typical degree of polarization of 10 percent. Usually the degree of polariza-
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tion decreases as the number of scattering increases. Because of the smaller
scattering optical depth of O VI 1038 than O I 1032, Raman 7082 features
are generally more strongly polarized than Raman 6825 counterpart.

In the case of Raman O VI features, the scattering number is limited by
the inverse of the branching ratio into 2s state, as is pointed out by Lee et
al. (2016). The degree of polarization ∼ 10 per cent is consistent with a
few scattering number expected in a neutral region with NHI < 1023 cm−2.
In addition, in order to obtain sizable Raman flux the H I column density
may exceed 1022 cm−2 to guarantee a couple of Rayleigh scatterings. This
indicates an interesting range of H I column density considered in the work
by Lee et al. (2016).

One of the most interesting phenomena that can be found in spectropo-
larimetry of Raman O VI features in symbiotic stars is the polarization
flip often exhibited in the red wing part representing a receding speed of
∼ 50 − 100 km s−1 with respect to the line center. In other words, the
position angle of polarization differs by almost 90 degrees in the red wing
part with respect to the blue and central parts of Raman O VI features.
One explanation of this phenomenon invokes the bipolar structure that is
associated with the accretion disk in symbiotic stars. The red wing part
polarized in the opposite direction requires an additional component mov-
ing away from the accretion disk in the direction normal to the disk. Lee
& Park (1999) proposed that clumpy neutral blobs may be blown away in
the bipolar directions that may contribute to the red wing part with oppo-
site polarization. These neutral blobs are suggested to be formed through
Rayleigh-Taylor instability such as those found in the butterfly planetary
nebula NGC6302 (e.g., Balick & Frank , 1997; Akashi & Soker , 2013).

Another interesting possibility is that the addition component moving
along the polar direction is an O VI emission region that may be a part of
a jet or a collimated outflow, such as the one found in Sanduleak’s star. If
there is another O VI emission region along the bipolar outflows, then the
line of sight from this O VI region toward the H I region around the giant
forms a scattering plane with the observer’s line of sight differnt from that
spanned by the line of sight connecting the giant and the white dwarf and
the observer’s line of sight. Polarization develops in the direction normal
to the scattering plane so that the two scattering planes shloud differ by an
anlge ≥ 45◦. Considering the size of ∼ 1 AU of a giant, the additional O VI
emission from this additional region should be mainly formed at a distance
≥ 1 AU from the white dwarf.

Based on these ideas, a Monte Carlo approach for polarization develop-
ment will be highly useful to put meaningful contraints on the theoretical
models. Comparisons of future simulations of radiative transfer and spec-
tropolarimetric observations will shed more light on the polarization struc-
ture that is closely related with the bipolar outflows in symbiotic stars.
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6 Summary and Concluding Remarks

Raman scattered O VI features are so far unique spectral emisssion lines
that are found exclusively in symbiotic stars. Their existence can be a good
criterion for a symbiotic star. As is discussed in this conference, significantly
more symbiotic stars will be discovered through imaging surveys on nearby
external galaxies using a narrow band filter centered at Raman O VI 6825.
The profiles chacterized by red-enhanced multiple peaks are consistent with
an asymmrtic accretion flow around the white dwarf. The asymmetry in the
accretion flow induces a local variation in the flux ratio F1032/F1038 leading
to disparity in the profiles of Raman O VI 6825 and 7082 features.

Strong linear polarization exhibited by Raman O VI features in symbiotic
stars which indicates that these features are formed through a small number
of Rayleigh scattering. This is, in turn, compatible with the characteristic
H I column density NHI ∼ 1022−23 cm−2, which is typically obtained from a
mass losing giant with mass loss rate ∼ 10−6−10−7 M⊙ yr−1. Furthermore,
the polarization flip in the red wing part can be explained by invoking either
an additional H I region or an O VI emission region in the direction perpen-
dicular to the accretion disk. This additional component should be moving
away from the binary system with a speed ∼ 50 − 100 km s−1. As is illus-
trated in symbiotic stars such as Sanduleak’s star and the Southern Crab,
bipolar morphology prevails, which is associated with the wind accretion in
these systems. The polarization flip is an important key to understanding
the bipolar morphology in symbiotic stars.

The orbital parameters of D type symbiotic stars are poorly known and
one method to find the orbital period is polarimettic monitoring. This po-
larimetric monitoring has been successfully and more easily applied to S
type symbiotics with orbital periods of several hundred days. However, for
example, in the case of V1016 Cyg for which the orbital period is proposed
to be of order one century, spectropolarimetry for several years is insufficient
to clearly detect the change in position angle (e.g., Schild & Schmid , 1996).
It will be exciting that spectropolarimetric observation with a time gap of a
couple decades may reveal the binary orbital parameters of these mysterious
objects.
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Circumstellar Spirals/Shells/Arcs:

the Message from Binary Stars∗
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A consensus has grown in the past few decades that binarity is key in un-
derstanding the morphological diversities of the circumstellar envelopes
(CSEs) surrounding stars in the Asymptotic Giant Branch (AGB) to
Planetary Nebula (PN) phase. The possible roles of binaries in their
shaping have, however, yet to be confirmed. Meanwhile, recurrent pat-
terns are often found in the CSEs of AGB stars and the outer halos of
PNe, providing a fossil record of the mass loss during the AGB phase. In
this regard, recent molecular line observations using interferometric fa-
cilities have revealed the spatio-kinematics of such patterns. Numerical
simulations of binary interactions producing spiral-shells have been ex-
tensively developed, revealing new probes for extracting the stellar and
orbital properties from these patterns. I review recent theoretical and
observational investigations on the circumstellar spiral-shell patterns and
discuss their implications in linking binary properties to the asymmetric
ejection events in the post-AGB phase.

Key Words: AGB and post-AGB - binaries - circumstellar matter -
mass loss - wind and outflow

1 Introduction

Since the launch of the Hubble Space Telescope (HST) in 1990, there have
been many unexpected discoveries. One major finding among those is the
recurrent patterns in the CSEs of sources in late stellar evolutionary phases
(see Fig. 1), with AFGL 2688 being the archetypical target (Sahai et al.,
1998). The HST image revealed its nearly concentric rings, which are inter-
preted as the limb-brightened surfaces of probable spherical shell-like struc-
tures. The pattern appear disconnected near the equatorial plane and bright-
est along the polar axis of the nebula due to the nonuniform illumination by

∗This paper’s copyright is on Kim et al. 2017, in Planetary nebulae: Multiwavelength
probes of stellar and galactic evolution, International Astronomical Union Symp. No. 323
(ed. X. Liu et al.), in press.
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Figure 1: Upper panels: dust scattered light images of AFGL 3068 (Morris
et al., in prep.), CIT 6 (Schmidt et al., 2002), IRC+10216 (Leão et al., 2006),
and R Scl (Olofsson et al., 2010). Lower panels: CO center-frequency im-
ages of AFGL 3068 (Kim et al., 2017), CIT 6 (Kim et al., 2015), IRC+10216
(Cernicharo et al., 2015), R Scl (Maercker et al., 2012), and Mira (Ramstedt
et al., 2014). The sets of upper and lower panels are scaled in size.

direct starlight.
Su (2004) first summarized the properties of 10 sources showing the

ring/arc patterns. Corradi et al. (2004) and Ramos-Larios et al. (2016)
searched for the faint patterns in a systematic way by processing the HST
and Spizter archival imaging data, increasing the accumulated number of ob-
jects possessing the recurrent patterns to ∼ 60. Recent molecular line obser-
vations using e.g., Atacama Large Millimeter/submillimeter Array (ALMA)
and Karl G. Jansky Very Large Array (JVLA) have been discovering the
previously unknown spirals and shells. Table 1 shows some notable works in
observations and theories on the recurrent patterns.

The kinematic timescales of the pattern intervals (102 − 103 years) are
inconsistent with either stellar pulsation or thermal pulsation. Su (2004)
showed that the timescales show no distinguishable trend along the evo-
lutionary phase, implying that the ring/arc patterns are not a transient
phenomenon. This is in conflict with one-dimensional time-dependent hy-
drodynamics calculations with ionization taken into account, resulting in the
patterns disappearing within ∼ 3000 years after ionization starts (Meijerink
et al., 2003). With the relevant model development (see Section 2) and the
timescales consistent with the orbital periods of wide binaries, it is now com-
monly accepted that binary companions are responsible in modulating the
mass distribution of CSEs in the recurrent form.

A remaining puzzle is their coexistence with bipolar structures in many
pre-PNe (pPNe) and PNe. More than 80% of PNe are not spherical, but
show a variety of morphologies including highly bipolar or multipolar struc-
tures, and many of them also have outer faint ring-like patterns. The re-
current patterns have timescales of the order of a few hundred years, which
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Table 1: Research highlights on the concentric ring-/arc-like patterns in the
circumstellar envelopes of AGB stars and pPNe/PNe. In 1990s and 2000s,
the HST observations and theories were rather independently investigated.
In the current decade, thanks to the operations of high-sensitivity millime-
ter/submillimeter telescopes (e.g., ALMA, JVLA), the new detection of such
patterns and their theoretical understanding have led to significant and syn-
ergistic progress.

correspond to the periods of wide binary stars. In contrast, the bipolar
structures are the expected results of close binary interactions. I propose
that a model involving a binary star system in an eccentric orbit can pro-
vide a plausible interpretation for the coexistence of these two geometrically
distinct structures.

2 Binary-induced spiral-shell model

In a binary system, the orbital motion of the mass losing AGB star intro-
duces an anisotropy in the actual speeds of wind gusts (Soker, 1994). The
faster and slower wind gusts ejected over the orbit meet each other in the
circumstellar space, forming a spiral pattern in the direction following the
orbit. Mastrodemos & Morris (1999) showed, through smoothed-particle
hydrodynamics simulations, the three dimensional spiral-shell nature of the
circumstellar pattern induced by the binary orbital motion. The detailed
structures are described in separate theoretical investigations for the pat-
terns driven by the orbital motion of substellar-mass (e.g., planetary) com-
panions (Kim & Taam, 2012a) and by the reflex motion of a mass-losing star
in a comparable-mass binary system (Kim & Taam, 2012b). It is shown that
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Figure 2: Circumstellar spiral-shell pattern induced by a binary in a circu-
lar orbit viewed at (left) face-on and (right) edge-on. The hydrodynamic
simulation is performed using FLASH3.0 code. The density levels from blue
(low) to red (high). Notice that the edge-on pattern consists of bicentric
half-circles. Also notice the overall flattened morphology. Credit: Hsieh,
Kim, & Liu.

the resulting geometrical details can be used to constrain the stellar masses
and orbital properties (Kim & Taam, 2012c; Kim et al., 2013).

The spiral-shell model provides a framework for understanding the var-
ious recurrent patterns, which include not only a perfect spiral but also
circular rings depending on the orbit inclination angle (face-on vs. edge-on).
In the edge-on view, the pattern shape is bicentric half-circles, in general;
but when the orbital speed is sufficiently low compared to the wind speed,
it takes the form of nearly concentric rings (see e.g., Fig. 2). The projected
shape becomes an elongated spiral at intermediate inclination angles, from
which the inclination angle can be derived (Fig. 3; see Kim & Taam, 2012c,
for details).

Using a simple geometric model, which is completely defined by five
equations in Kim & Taam (2012c), a parameter space analysis for a projected
spiral image can be performed. With four observables, mostly measured
from the pattern shape, all binary orbital parameters can be derived. Once
the parameter space is constrained, hydrodynamic models can be explored
to fine tune the binary properties. Because the hydrodynamic modeling is
expensive and time consuming, this pre-simulation analysis is very useful.

When an elongated spiral is projected onto a two-dimensional image, it
could indicate an oblate ellipsoid halo viewed with a small inclination angle
or an almost spherical halo with a very large inclination angle. This de-
generacy is inherent in two-dimensional images such as that obtained from
the HST. In the current era, high-resolution high-sensitivity interferometric
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Figure 3: (a–b) AFGL 3068’s HST image (25.′′6×25.′′6) is compared with (b–
c) the density distribution in a hydrodynamic model (Kim & Taam, 2012c).
The arrows in (c) denotes the line of nodes of the binary orbital plane with
the plane of the sky. The orbital period is almost free from the projection
effect, and in this case, it’s about 800 years.

data of molecular line emissions can be obtained providing kinematic infor-
mation and, thus, the three-dimensional distribution of the pattern, lifting
the degeneracy (see e.g., Kim et al., 2013, for details).

3 Eccentric long-period binaries

ALMA observations now reveal the detailed three-dimensional structure of
the unambiguous and complete spiral pattern in AFGL 3068. In particular,
the molecular line emission shows the innermost winding of the spiral pat-
tern, which was absent in the HST dust scattered light image. It indicates
that the innermost region of the CSE of AFGL 3068 is indeed extremely
dense, thus, the penetration of interstellar UV photons required for scatter-
ing by the circumstellar dust is prohibited (see Fig. 1, leftmost panels). For
the remaining windings, the dust and gas are well coupled.

The most exciting finding from the ALMA map of AFGL 3068 is the bi-
furcation of the spiral pattern, which is well reproduced by a highly eccentric-
orbit binary model and cannot be mimicked by a circular-orbit model with
any inclination (Fig. 4; Kim et al., 2017). This is the first solid piece of evi-
dence for the existence of an eccentric binary system from a spiral pattern.
We note that it is surprising that even the nearly perfect spiral source is not
a circular-orbit binary. The similar and different patterns of various molec-
ular line emissions are subject to detailed study of the radiative transfer and
chemical compositional considerations to understand the physical conditions
across the spiral shock.

An eccentric binary has also been suggested for another carbon star,
CIT 6, based on the Submillimeter Array (SMA) observation (Fig. 5; Kim
et al., 2015): 1) the one-sided gaps of interarm emission, which can be
reproduced by an eccentric binary model (e.g. He, 2007; Raga et al., 2011);
2) inner double spiral feature, which can be found in a relatively slow wind
outflow (e.g., Mohamed & Podsiadlowski, 2012) – the speculation is that
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Figure 4: Bifurcation of the spiral pattern in AFGL 3068 revealing the eccen-
tric binary nature. (left) ALMA observation versus (right) a hydrodynamic
model of a binary with a large eccentricity of 0.8. The bifurcation is a dis-
tinctive characteristic of eccentric binary and cannot be reproduced by a
circular binary model (Kim et al., 2017).

a highly eccentric orbit leads to the penetration of the companion into the
wind acceleration zone; 3) nascent bipolar (or multipolar) structure at the
line edges, which would be a result of strong interaction between the binary
stars at periastron passages.

In Table 2, these two carbon stars proposed as members of long-period
eccentric binaries are compared to V Hydrae, a carbon star that is showing
bullet-like mass ejection every 8.5 years, which is the possible orbital period
of a binary (Sahai et al., 2016). Indeed, the derived orbital periods have
a relation with the presence and geometry of the bipolar structures. For a
binary in a circular orbit with these long periods, there is no mechanism
to produce to the bipolar structure. Perhaps, strong interactions at the
close periastron passages for a component in an eccentric binary can lead
to a gradual decrease in the orbital separation, eventually leading to the
formation of a disk around the companion star where bipolar outflows can be
launched. This remains as a hypothesis and more theoretical investigations
are needed. If true, the orbital eccentricity must be a key parameter linking
the observed spiral-shell patterns to the bipolar structures.

Is it reasonable to expect such high eccentric orbits for these objects?
Raghavan et al. (2010) showed that the distribution of orbital eccentricity
in the main-sequence binaries is random for systems with orbital periods
greater than 10 days. The recent results for the eccentricity distribution of
red giant binaries show a similar trend (van Winckel et al., in prep.). The
above three objects with orbital periods longer than several years are well
within the regime that the circularization does not occur.

A triple system is another possible scenario for explaining the coexis-
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Figure 5: Hints of eccentric binary in CIT 6 (Kim et al., 2015): (left) one-
sided gaps of interarm emission, (middle) inner double spiral feature, and
(right) nascent bipolar (or multipolar) structure. These features of CIT
6 revealed in the SMA observations are compared with the hydrodynamic
model for a highly eccentric-orbit binary by Raga et al. (2011) and the slow
wind model by Mohamed & Podsiadlowski (2012), respectively.

tence of outer long-period spiral-shell patterns and inner bipolar structures,
although it should be very fine-tuned. The primary and secondary objects
should be distant to explain the timescale of outer pattern spacing as ob-
served to be of the order of a few hundred years, while the third body
should be located near the companion star launching the bipolar structure.
Among possible triple system configurations, only such configuration works
to explain the coexistence of two distinguished structures. Since the main-
sequence fraction of triple and higher-order multiple systems is less than
10%, it would be difficult to understand all known pPNe and PNe having
recurrent patterns (> 60 objects, according to Ramos-Larios et al., 2016) by
triple systems.

4 Implications

Spiral patterns are now frequently detected in the CSEs of stars in the AGB
phase thanks to the high-sensitivity high-resolution submillimeter/millimeter
observations. This is a major step forward as many of them were not obvious
in the dust scattered light images (Fig. 1). The complex rose-window pat-
tern of IRC+10216 is understood in terms of a binary system, but requiring
a mass loss variation (Cernicharo et al., 2015). For R Scl, a star that has
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AFGL 3068 CIT 6 V Hydrae
∼ 800 years ∼ 300 years 8.5 years
no bipolar broadened bipolar bullet-like ejection

(Kim et al., 2017) (Kim et al., 2015) (Sahai et al., 2016)

Table 2: Comparison of three carbon stars AFGL 3068, CIT6, and V Hydrae
tends to show a relation between the presence (and geometry) of bipolar
structures and the orbital periods derived from either the spiral pattern or
the mass ejection.

a spiral and a thermal pulse shell, Maercker et al. (2012) used the spiral
property as a timer to estimate the thermal pulsation period. In the case
of Mira, the ALMA data reveal overall complex structures, but because it
has a confirmed white dwarf companion, the partial arcs could be connected
as a spiral (Ramstedt et al., 2014). Many of these objects have a secondary
point-like source as revealed in the near-infrared, optical, or radio continuum
with apparent projected separations greater than 50 AU.

These five, best-known spiral/shell/arc objects are all in the AGB phase
and are mostly carbon-rich. In order to determine whether the presence
and evolution of circumstellar patterns depend on the stellar evolutionary
phase and the chemical environment, molecular line surveys for AGB spirals
in post-AGB sources are needed. Given such surveys, we can contemplate
carrying out statistical studies of the known spiral/ring/arc sources. At the
same time, analysis of the simplest objects, coupled with theoretical stud-
ies, will enable parameter estimation for a statistically meaningful sample.
The golden era for studying the spiral-shell patterns is here, allowing us to
progress in unravelling the nature and evolution of these evolved stars as
encoded in their circumstellar patterns.
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It is nowadays recognized that binarity in an essential ingredient to un-
derstand many properties of planetary nebulae (PNe), such as their var-
ied morphologies, chemical composition, dynamical evolution, and per-
haps even their formation. The number of known binary central stars
in PNe has largely increased in the last decade, but the vast majority of
discoveries are binaries with periods smaller than few days, as they are
much more easily detected than longer period systems.
These close binaries, which went through a common envelope (CE) phase
during the red giant phase of their progenitors, experience a variety of
interactions with their companions. The presence of collimated outflows
and jets, and the detection of chemically polluted or inflated secondaries,
provide evidence for the occurrence of accretion at some stages of their
recent evolution. Some illustrative examples are presented.
Discussion on the similar phenomena observed in symbiotic stars and
their link with PNe is also included.

Key Words: jets – mass loss – accretion – planetary nebulae – symbiotic
stars

1 Binarity in planetary nebulae

During several decades, it has been proposed that evolution of interacting
binaries plays an important role to understand planetary nebulae (PNe).
However, it is only in the last ten years that this idea has been supported
by the discovery of a significant number of binary central stars.

Interacting binary stars can be divided in two main groups: those which
are separated enough to avoid a common-envelope (CE) phase during the
red-giant (RGB and AGB) phases of their progenitors (symbiotic-like), and
those which go through it (CV-like, herafter post-CE binaries).

The vast majority of known PN binary central stars belong to the second
group, mainly because discovering short period binaries is a much easier task
than for long-period systems, owing to their fast orbital motions and to the

1
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conspicuous irradiation or gravitational effects produced on the companions.
The number of PN post-CE binaries known today is around 50, still

only 2% of the total number of Galactic PNe, but enough to allow first
statistical analyses of their frequency. Surprisingly, the present data imply
that at least 15-20% of all PNe (Miszalski et al., 2009), and perhaps a much
larger fraction, have a post-CE central star, contrary to population synthesis
models that predict a fraction no larger than 2.5% (Maddapatt, De Marco
& Villaver, 2016). This excess of post-CE PNe, if confirmed by ongoing
observational programmes, would pose an important problem to understand
the formation of PNe in general. Another potential problem is the paucity
of PN binary central stars with orbital periods between one and several days
(Jones, 2017), which is likely to be a real effect as discovery surveys are
sensitive to this range of separations.

Very little information is instead available on long-period binaries (Van
Winckel et al., 2014), although the study of extended nebulae around sym-
biotic stars suggest that even at separations of tens or hundred of years the
gravitational interaction of binaries containing a red giant can significantly
affect mass ejection (Corradi, 2003), and therefore the PN properties.

2 Post-CE binaries in PNe

These PNe are assumed to be the envelope of their AGB progenitors ejected
at the end of the CE phase, when the orbital energy lost in the spiralling
in of the companion inside the AGB envelope is transferred to the envelope
that is eventually ejected. As the CE process is predicted to be very fast,
and PN have lifetimes of only few ten thousand years at most, these systems
are observed right after they leave the CE, and therefore provide unique
constraints on the CE physics and properties such as the post-CE period
distribution. The main general results obtained so far by studying post–CE
PN binaries are:

• the nebular symmetry follows the orbital orientation, in the sense that
the typical ”equatorial” density enhancements observed in many PNe
coincide with the orbital plane, and ”polar” outflows expand along the
orbital axis (Jones et al., 2017);

• in several cases (Corradi et al., 2015), the mass of the PN is too small
to have produced the observed orbital shrinking. This is an additional,
important problem that severely limits our understanding of the com-
plex physics of CE phase. It is possible that these are not the AGB
envelope ejected in the CE phase, but later mass outflow episodes from
the post-CE binaries;

• post-CE PNe provide clues to apparently unrelated issues such as the
abundance discrepancy problem (Corradi et al., 2015);

• there is growing evidence for pre-during-post CE accretion.
The first indicator is the presence of fast polar outflows (jets),

2
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which are expected to be launched by accretion discs that are formed
at some stages of the CE evolution. The second one is the detection
of chemically polluted secondaries, containing carbon or s-process
elements excesses that can only be explained by accretion from the
primary star when it was on the AGB. The third one is the evidence
for inflated secondaries (i.e. with radii larger than the correspond-
ing ones for main-sequence stars of the same spectral type), which is
explained to be a consequence of rapid CE mass accretion, to which
the star has not yet thermally adjusted. Some illustrative cases are
presented below.

2.1 Fleming 1

Fg 1 is the first PN in which the formation of precessing jets has been shown
to arise in a binary system (Boffin et al., 2012) as predicted since long time
ago by theory (Figure 1).

Figure 1: In colour, the image of Fg1 from Boffin et al. (2012). Below, in
grey-scale, the simulation of a precessing jets by Raga et al. (2009), which
produces a very similar morphology, but for orbital periods four of five orders
of magnitude longer than the one of Fg 1 (1.2 days).

2.2 The Necklace nebula

The Necklace PN is a textbook illustration of the kind of mass outflows
that are generally observed in interacting binary stars (Figure 2). From the
analysis of its morphology and dynamics, it is found that most of the stellar

3
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Figure 2: The Necklace nebula.

envelope was lost in the orbital plane, forming the slowly expanding inner
nebula and its remarkable knotty ring. Much less massive, faster outflows are
ejected in the polar directions. These short-lived, tenuous jets are expected
to be ejected by an accretion disc from one of the stars of the system. In
the Necklace nebula, it was also found that the kinematic age of the jet is
larger than the age of the inner nebula (Corradi et al., 2011). As the latter
is supposed to be the result of the CE ejection, it would imply that the jets
were formed before the very short CE phase. The same effect is found in
other objects, which further supports the idea that pre-CE accretion is
common.

Furthermore, in the case of the Necklace nebula it has been found that
the secondary star is carbon rich (Miszalski, Boffin & Corradi, 2013). As
carbon is not produced in main-sequence stars, the companion must have
accreted it from the primary when it was a carbon AGB star. In the same
process, the fast polar outflows may have been ejected.

4
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2.3 s-process enrichment and inflated secondaries

In addition to the case of carbon enrichment of the secondary star of the
Necklace nebula, other binary PNe have giant companions in a pre-AGB
phase which are enriched with s-process elements such as barium (Miszal-
ski et al., 2013). This is considered another indirect evidence of chemical
pollution by accretion of material from the PN progenitor.

Similarly, the fact that every well constrained main-sequence secondary
has a radius larger tan it would correspond to a main-sequence star of the
same spectral type (Jones, 2017), is likely to indicate that these stars have
been inflated as a consequence of rapid CE mass accretion, and have not yet
returned to thermal equilibrium.

Figure 3: Henize 2–428.

2.4 Double degenerates: SN Ia progenitors?

Henize 2–428 (Figure 3) is an evolved bipolar PN, with an unresolved, dense
nebular core where mass exchange within the central binary system may
still be going on. Santander-Garćıa et al. (2015) measured the light and
radial velocity curves of the system. This allowed to determine the orbital
and system parameters, indicating that He 2-428 contains a short-period,
double-degenerate binary with a total mass of 1.9 solar masses, well above
the Chandrasekhar limit. The two stars are predicted to merge within 700
million years exploding as a SN Ia, which makes He 2-428 one of the best
candidates of the elusive progenitors of this important class of supernovae.

5
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Double-degenerate PN central stars of PN might be quite common, up
to 25% of the PNe with close-binary nuclei according to Hillwig (2013).
Among them, another two systems may exceed the Chandrasekhar limit:
TS 01 (Tovmassian et al., 2010) and V458 Vul (Rodriguez-Gil et al., 2010).
For these reasons, post-CE PN central stars may provide a channel to SN Ia
much more common than previously thought.

3 Links with symbiotic stars

It is worth reminding the formal, physical distinction between these two
classes. PNe are the ejected AGB envelopes photoionized by the hot post-
AGB stellar remnants. Symbiotic stars are long-period binaries composed
of a hot white dwarf that is accreting and photoionizing the wind of a red
giant companion.

The copious mass loss that characterizes both systems, producing a dense
circumstellar environment, together with the action of a hot (pre)white dwarf
and its associated fast winds or nova-like explosions, result in extended ion-
ized nebulae that present strong morphological, dynamical and chemical
similarities. This makes it difficult to distinguish some PNe from nebulae
around symbiotic stars, and misclassification is likely to be present in the
literature.

Indeed, a large fraction of D-type symbiotic stars, i.e. those contain-
ing an AGB star, display extended nebulae, most of which with a marked
bipolar morphology (Corradi et al., 1999). The main difference with PNe is
the nebular mass, that is generally much smaller in symbiotic stars (∼10−3

solar masses). An exception is He 2–104, the Southern Crab, whose ionized
nebular mass is estimated to be 0.1 solar masses (Santander-Garćıa et al.,
2008), close to typical values for PNe.

Symbiotic nebulae show the ability of wind accretion to produce colli-
mated outflows such as bilobal/bipolar nebulae and prominent jets (see the
spectacular cases of R Aqr, or of the huge jet from the Sanduleak star in the
LMC, Angeloni et al. 2011), even at the very large separations of these bi-
nary systems, that correspond to orbital periods as large as several hundreds
of years.

3.1 Minkowsky 2-9: unique and puzzling

M 2–9 is an outstanding bipolar nebula whose binary (symbiotic?) nature,
suggested by the nebular morphology and the spectral characteristics of its
dense core, could not be proven yet. The unique property of M 2–9 is the
lighthouse effect (Figure 4) on the walls of its bipolar lobes, which is thought
to be produced by a bended jet that is rotating with a period of 90 years
(Corradi et al., 2011b).

6
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Figure 4: Minkowski 2–9, observed at different epochs.

4 Conclusion

The discovery of a significant number of close binary central stars in PNe has
brought a wealth of new information about the common-envelope phase, one
of the most important but also most uncertain processes in binary evolution.
As it usually happens, the new information also raises new problems that
makes understanding the CE and PN phases intricate. Among the most
relevant issues, we need to understand why there are so many post-CE PN
central stars, why most have periods shorter than one day, and why a number
of nebulae have such a low mass that cannot be produced following the
standard CE scenario.

Concerning accretion processes in these systems, it is clear that there
is a lot of new - albeit indirect- evidence provided by their collimated fast
outflows, or by the chemical or dynamical peculiarities of the secondary stars.
These phenomena are also highly relevant for other astrophysical topics, such
as the formation of the cosmologically important SNe Ia.

Symbiotic stars are a different class of interacting binaries, but produce
large scale outflows (rings, bipolar lobes, jets) very similar to those observed
in much closer binaries. Preferential mass ejection along the equatorial (or-
bital) plane seems to be a common property regardless of the binary sepa-
ration, the physics of the accretion (via a disc or wind), and the mechanism
of ejection (CE ejection, intrinsic stellar mass loss, nova-like phenomena).

These similarities are also cause of misclassification, and in some cases of
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recurrent misuse of the term ”symbiotic” to label all nebulae with a promi-
nent bipolar morphology and dense nebular core. Effort should be dedicated
to clean misclassification as much as possible, to better understand which
specific physical processes produce the fascinating properties observed in
PNe, symbiotic stars, and related objects.
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GHOST: The Gemini High-

Resolution Optical Spectrograph

Steve J. Margheim

Gemini Observatory, Southern Operations Center, Chile

Abstract: The Gemini High-Resolution Spectrograph (GHOST) is the
next facility instrument for Gemini Observatory. It is being developed
in collaboration with the Australian Astronomical Observatory (AAO),
NRC-Herzberg, and the Australian National University (ANU). GHOST
will provide R=50,000 and R=75,000 spectroscopy with simultaneous
wavelength coverage between 363 and 950 nm. GHOST supports simul-
taneous observation of two objects at R=50,000 and a single object at
R>75,000.

Key Words: instrumentation

1 GHOST Overview

The Gemini High-Resolution Optical Spectrograph (GHOST) is the next
facility instrument under development for Gemini Observatory. The instru-
ment project is a collaboration with the Australian Astronomical Observa-
tory (AAO), Canada’s National Research Council Herzberg (NRC-Herzberg),
and the Australian National University (ANU). GHOST is designed to serve
a broad scientific community as a workhorse high-resolution spectrograph.

GHOST is a fiber-fed echelle spectrograph with a single-object high-
resolution mode (R>75,000) and a two-object standard resolution mode
(R>50,000). The spectrograph is fed by micro-lens based integral field units,
which image slice a 1.2 arcsec object field-of-view. The spectrograph itself is
located in the pier lab of Gemini for stability. The spectrograph is a two arm
asymmetric white pupil design, utilizing Volume Phase Holographic Grat-
ings (VPHG) for cross dispersion. The blue camera uses a 4kx4k detector
and the red camera uses a 6kx6k detector. These large-format detectors
allow for the full continuous wavelength coverage of 363nm to 950nm in a
two arm design.

The spectrograph is expected to have a limiting magnitude of 18 at
450nm, defined as 30 sigma per resolution element in a single 3600s exposure.
The spectrograph will have a radial velocity of 600 m/s in standard resolution
mode. A simultaneous calibration source is available in the high-resolution
mode for precision radial velocity observations. The expected radial velocity
precision in this mode is 10 m/s.

As of February 2017, the GHOST instrument is currently in the build
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phase. Instrument commissioning is planned for the third quarter of 2018.
Full availability of GHOST to the Gemini Community is expected in 2019.
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The Accretion Column of AE Aqr

Claudia V. Rodrigues1, Karleyne M. G. Silva2, G. Juan M.
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1Instituto Nacional de Pesquisas Espaciais, Brazil
2Gemini Observatory
3Instituto de Astronomı́a y F́ısica del Espacio, Argentina

AE Aqr is a magnetic cataclysmic variable, whose white dwarf rotates at
the very fast rate of 33 s modulating the flux from high energies to opti-
cal wavelengths. There are many studies about the origin of its emission,
which consider emission from a rotating magnetic field or from an accre-
tion column. Recent observations have not found emission from AE Aqr
in gamma rays, putting difficulties for the pulsar-like model. Further-
more, X-ray data can be fit using thermal models. Here we present a
successful modeling of AE Aqr X-ray spectra and light curve considering
the emission of a magnetic accretion column using the cyclops code.
The model takes into consideration the 3D geometry of the system, al-
lowing to properly represent the white-dwarf auto eclipse, the pre-shock
column absorption, and the varying density and temperature of a tall ac-
cretion column. To our knowledge, we present the first physical modeling
of AE Aqr light curve in high energies.

Key Words: Accretion, accretion disks - Magnetic fields - Radiative
transfer - novae, cataclysmic variables - Stars: individual: AE Aqr - X-rays:
stars

1 Introduction

AE Aqr is classified as a magnetic cataclysmic variable (CV). Its orbital
period is 9.88 h and consistent with a K4-5V secondary star (Patterson et
al., 1980). In CVs, the secondary loses mass by Roche Lobe overflow, which
is accreted by the white-dwarf. If the white-dwarf magnetic field is intense
enough to influence the accretion dynamics, we have a magnetic CV. In these
systems, the main emitting region is the accretion column portion located
between the shock front and the white-dwarf surface, the so called post-shock
region.

The emission of AE Aqr from X rays to optical wavelengths is modulated
at 33 s. This is interpreted as the white-dwarf spin period (Patterson et
al., 1980), making the white dwarf in AE Aqr the fastest in a CV system.
There is only one faster white dwarf, RX J0648.04418, which is in a post
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common-envelope binary (Israel et al., 1997; Bisscheroux et al., 1997). This
fast rotation has led Wynn, King, & Horne (1997) to propose that AE Aqr
has a propeller regime, in which the centrifugal force of the white-dwarf
magnetosphere prevents the accretion. In this case, the 33 s flux modulation
would be associated with some kind of pulsar-like white-dwarf emission (e.g.,
Ikhsanov & Biermann, 2006). The existence of white-dwarf pulsars is a
compelling question and is associated with alternative models of magnetars
based on fast, massive, and magnetized WDs (e.g., Coelho & Malheiro, 2014;
Lobato, Malheiro, & Coelho, 2016).

The recent strong upper limits to the gamma-ray emission of AE Aqr
from MAGIC and Fermi (Aleksić et al., 2014; Li et al., 2016) puts strict
constraints to pulsar-like models. Moreover, some observational data have
been successfully explained by an accretion scenario. Eracleous et al. (1994)
used a polar-cap model (consistent with an accretion-induced hot spot) to
fit the optical and UV light curves of AE Aqr. Kitaguchi et al. (2014) fitted
the soft and hard X-ray emission of AE Aqr using a bremsstrahlung thermal
model, consistent with an accretion column.

In this proceedings, we present a preliminary fit of the X-ray emission of
AE Aqr using a magnetic accretion model. Complementing previous studies,
we propose a possible geometry that explains AE Aqr X-ray light curve.

2 Modeling the X-ray emission of AE Aqr

Our aim is to find a geometrical and physical model for the X-ray spectrum
and light curve of AE Aqr. We utilize NuSTAR and Swift data, which were
presented by Kitaguchi et al. (2014).

The fitting of AE Aqr data was done using the cyclops code (Costa
& Rodrigues, 2009; Silva et al., 2013). The cyclops code calculates the
continuum emission from post-shock regions in magnetic accretion geome-
tries. The code implements emission from cyclotron and bremsstrahlung
processes. It considers the photo absorption by material internal to the
binary and also by the interstellar medium. cyclops adopts a 3D represen-
tation. Hence phase-dependent internal binary absorption and occultation
are consistently considered from a geometrical perspective. The physical
parameters, as the density and temperature, can be set variable along the
emission region according to a shock structure. The code uses the convo-
lution routines of PINTofALE (Kashyap & Drake, 2000) to consider the
high-energy instrumental files in the data fitting procedure.

3 Preliminary results

The time-integrated spectrum of AE Aqr strongly constrains the tempera-
ture distribution. Figure 1 shows the X-ray spectra fit using a model with a
shock temperature of 4 keV, consistent with previous results (e.g., Kitaguchi
et al., 2014). Figure 2 presents the radial temperature and density distribu-
tion used in the fit. The region with E < 2 keV of the spectrum (shown
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in red in Figure 1) was not considered in the fitting procedure, because it
is dominated by emission lines and only free-free continuum emission was
presently included in the code.

Figure 1: Swift and NuSTAR spectra of AE Aqr (error bars) and the cy-
clops model for a shock structure having Tmax = 4 keV (solid line).

But whereas the X-ray spectrum of AE Aqr can be fit by many combi-
nations of geometrical parameters (as long as the temperature distribution
is kept similar), the same is not true for the light curve. Figure 3 shows a
preliminary fit of the light curve of AE Aqr from 3 to 20 keV. The flux modu-
lation is caused by partial eclipse of the accretion column by the white dwarf.
Figure 4 illustrates the view of the post-shock region along the white-dwarf
rotation. The main geometrical parameters are:

• inclination is 67 deg;

• the emission region is located 42 deg from the rotation pole and ex-
tended by 30 deg in longitude and has 0.12 white-dwarf radius in
height;

• the magnetic-field axis is parallel to the rotation axis.

The magnetic field is a necessary ingredient of our modeling because the
accretion column geometry is defined by the magnetic field lines. However,
our model does not depend on the magnetic field value because it is not a
parameter for the free-free emission. The model counts are normalized to
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Figure 2: Radial distributions of density (red) and temperature (black)
adopted in the model.

reproduce the observations at one point, hence the electron density is not
well constrained by the present modeling.

The spectrum and light curve represent the output of the same model.

4 Conclusions and perspectives

We present a preliminary physical and geometrical scenario for AE Aqr high
energy emission. It is based on a post-shock region near the white-dwarf
surface created by magnetic accretion. It explains X-ray AE Aqr spectrum
and rotational flux variation. As far as we know, this is the first model to
the X-ray light curve of AE Aqr.

To improve the fitting procedure, we plan to: (i) fit time resolved X-
ray spectra; (ii) adopt different shock structures, including other cooling
process; (iii) exploit properly the parameter space to understand the degen-
eracy of parameters. To verify the consistency of the physical and geomet-
rical description of AE Aqr, we plan to compare the model luminosity with
observations and extend the model to other wavelengths.

Acknowledgements This work was supported by CNPq (CVR:
306701/2015-4), Fapesp (IJL: 2015/24393-7 – CVR, JGC, ISL: 2013/26258-
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Figure 3: cyclops model to the light curve of AE Aqr from 3 to 20 keV
(blue line). The error bars are the data from Kitaguchi et al. (2014).

Figure 4: The post shock region of the AE Aqr model seen along the spin
cycle of the white dwarf.
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duleak’s Star
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Sanduleak’s star is a suspected symbiotic binary in the Large Magel-
lanic Cloud known to have a huge jet that extends a physical size of 14
pc. Located in the Large Magellanic Cloud, Sanduleak’s star shows two
strong emission bands at 6825 Å and 7082 Å. These bands are formed
through Raman scattering of O VI λλ 1032 and 1038 doublet by atomic
hydrogen and so far only unambiguously confirmed in symbiotic stars.
In this work, we present the high-resolution spectrum of Sanduleak’s star
obtained with the Magellan-Clay telescope to investigate the O VI emis-
sion region based on the profiles of the two Raman bands. The Raman
7082 Å band exhibits a clear triple-peak structure, whereas the Raman
6825 Å band shows a single-peak profile with an extended bump in the
red part. Based on our profile analysis we propose that the O VI emis-
sion region consists of three main emission parts: an accretion disk, a
bipolar outflow and an optically think, compact component surrounding
the white dwarf. Our Monte Carlo results indicate that the observed
flux ratio in the two Raman bands F (6825)/F (7082) ∼ 4.5 is consis-
tent with the representative column density of the H I scattering region
NHI ∼ 1 × 1023 cm−2.

Key Words: binaries: symbiotic line: profiles radiative transfer scat-
tering stars: individual (Sanduleak’s star)

1 Introduction

Sanduleak’s star resides in the Large Magellanic Cloud, whose symbiotic
activities were disclosed by Sanduleak (1977). In particular, Angeloni et
al. (2011) reported their discovery of the powerful jet in this object, whose
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physical extent is estimated to be ∼ 14 pc establishing itself as one of the
largest stellar jets reported thus far. In fact, bipolar outflows seem to be
associated with the binarity of their central source (Sahai et al. 2011).

Despite lack of evidence for the presence of a giant component in this
object, the symbiotic nature can be inferred from highly ionized emission
lines reminiscent of a dusty type symbiotic star (Munari & Zwitter 2002)
and a clear detection of Raman-scattered O VI bands at 6825 Å and 7082 Å
(Schmid 1989). So far these Raman-scattered O VI bands have been de-
tected only in bona fide symbiotic stars, and served as one of the criteria for
classifying a star as symbiotic (Belczyński et al. 2000).

According to Schmid (1989), an O VI λ 1032 photon that is incident on a
hydrogen atom in the ground 1s state may be scattered to become an optical
photon with wavelength 6825 Å leaving the scattering hydrogen atom in an
excited 2s state. An analogous process for O VI λ1038 photons resultis
in a Raman-scattered band at 7082 Å. The cross section being of order
10−22 cm2, the operation of Raman scattering requires a special condition
of the coexistence of a thick neutral component and a strong far-UV emission
source, which is ideally met in symbiotic stars (Nussbaumer et al. 1989).

The wavelength of a Raman scattered line photon is mainly determined
by the motion of the emitter relative to the scatterer, which is attributed to
the inelasticity of scattering. This unique property of Raman O VI bands
provides an edge-on view as seen from the donor star, allowing us to inves-
tigate the mass transfer process in symbiotic systems (Lee & Park 1999).
Adopting a Keplerian accretion flow around the white dwarf, Lee & Kang
(2007) provided a successful fit to the Raman 6825 Å bands in the two
symbiotic novae V1016 Cyg and HM Sge. They attributed the asymmetric
double-peak profiles exhibited in these two objects to the O VI emission
region taking the form of an accretion disk surrounding the white dwarf.

Another interesting feature of the two Raman O VI bands is that, in
many cases, they exhibit different profiles, in which the blue part of a Ra-
man 6825 Å band is stronger than the Raman 7082 Å counterpart, despite
the fact that they share the same place of formation (Harries & Howarth
1996; Schmid et al. 1999). Heo & Lee (2015) performed a quantitative
profile comparison of the two Raman O VI bands at 6825 Å and 7082 Å
of V1016 Cyg in the parent Doppler factor space. They suggested that the
local variation of the flux ratio F (1032)/F (1038) in the emission region leads
to the profile disparity in the two Raman bands.

In an optically thin nebula, the ratio tends to F (1032)/F (1038) = 2
because the 1032 transition has twice stronger oscillator strength than the
1038 transition. Thermalization becomes important in a nebula with a high
optical depth, resulting in the flux ratio F (1032)/F (1038) approaching 1
(Kang & Lee 2008; Schmid et al. 1999). If the O VI emission region is
inhomogeneous and is divided into a large number of small spots, then each
O VI emission spot is characterized by the Doppler factor with respect to
the H I region and the flux ratio F (1032)/F (1038) determined by the local
density. Therefore, the entire profile of two Raman bands reflects the in-
formation about the density distribution and the kinematics of the emission
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Figure 1: The Raman O VI bands at 6825 Å (left) and 7082 Å (right) in
Sanduleak’s star. The solid line shows the observation, while the dotted
lines represents the results of our Monte Carlo simulations for various NHI .

region. In this presentation, we show a detailed profile analysis of the Ra-
man O VI bands demonstrating that the O VI emission region is formed in
the accretion flow and bipolar outflowing regions in Sanduleak’s star.

2 Observation and Profile Decomposition

2.1 High Resolution Spectroscopy

Figure 2: Schematic model of Sanduleak’s star. The O VI emission region
is assumed to consist of an accretion disk, bipolar outflows and a further
optically thick compact component. The strong far UV radiation from the
hot component photoionizes partly the stellar wind from the giant forming
a neutral H I region in the vicinity of the giant companion. See text for
details.

High-resolution spectroscopy of Sanduleak’s star were carried out on 2010
November 21 using the Magellan Inamori Kyocera Echelle (MIKE) spectro-
graph mounted on the 6.5 m Magellan-Clay telescope, Las Campanas Ob-
servatory in Chile. We used the 0.7×5 arcsec slit with spectral resolution of
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∼ 32,000 and took a series of 3×900 sec exposures. More information can
be found in Heo et. al (2016). We present the Raman-scattered O VI λλ
bands at 6825 Å and 7082 Å of Sanduleak’s star in the left and right panels
in Fig. 1, respectively. The data are indicated by the solid lines. It is note-
worthy that these two Raman bands have very different profiles. In the case
of the Raman 6825 Å band, a single broad peak dominates the profile with
an extended bump in the red side, whereas the Raman 7082 Å band shows
a distinct triple-peak structure.

In order to reconstruct the O VI far-UV emission lines based on the
observed profiles of the Raman O VI bands, we divide the O VI emission
region into five emitting components: a) Blue Emission Part (BEP) and Red
Emission Part (REP) and b) Central Emission Part (CEP) of an accretion
disk, c) a bipolar outflow and d) an optically thick compact component. For
the sake of simplicity, each component is described by a Gaussian function
characterized by a central velocity ∆Vatm, a FWHM ∆v and a peak value
f , the latter normalized at the peak value of the 1032 line. A schematic
illustration of Sanduleak’s star is shown in Fig. 2.

2.2 Blue Emission Part (BEP) and Red Emission Part
(REP) from the Accretion Disk

We assume that the blue and red peaks of the Raman 7082 Å band are
associated with the accretion disk, and fit them with a FWHM of ∆v ∼
28 km s−1. Their peak separation (∼ 70 km s−1) implies a Keplerian motion
with 1 AU scale, which have been proposed for other symbiotic stars (Lee
& Kang 2007). By setting the average velocity of the two peaks as null-
velocity, we introduce the parameter ∆VOV I defined by the velocity of the
O VI emission region with respect to the H I scattering region and shown
by dotted lines in Fig. 3.

The two Gaussian components corresponding to the blue and red peaks
represent the approaching and the receding parts of the accretion disk with
respect to the scattering region, respectively. These parts correspond to to
the Blue Emission Part (BEP) and Red Emission Part (REP), respectively,
discussed in the previous subsection. Taking into account that the red-peak
is stronger than the blue-peak, we assign F (1032)/F (1038) = 2 to BEP and
1 to REP, which is consistent with a density inhomogeneity in the accretion
disk.

2.3 Central Emission Part (CEP) in the Accretion Disk

It should be noted that the null-velocity region apparent in the observed
spectrum is not covered by invoking only BEP and REP. Also considering
the triple-peak structure of the Raman 7082 Å band, an additional part at
∆VOV I ∼ 0 is needed. As in the previous section, we refer to this component
as the Central Emission Part (CEP). The contribution to the Raman 7082
band of the CEP should remain to a minimum in order to preserve the
triple-peak structure strongly implying that the CEP is characterized by
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Table 1: Line Profile Parameters - Doppler factors, corresponding central
wavelengths, FWHM (∆v), and peak values of the five Gaussian components
(see text for details).

Emission Region ∆Vatm ∆VOV I λ1032 λ1038 ∆v f1032 f1038
(km s−1) (km s−1) (Å) (Å) (km s−1)

Accretion Disk -20 -34 1031.859 1037.549 28.3 0.22 0.11
(BEP)

Accretion Disk 48 34 1032.093 1037.784 28.3 0.22 0.22
(REP)

Accretion Disk 20 6 1032.997 1037.687 41.6 0.8 0.4
(CEP)

Bipolar Outflow 71 57 1032.172 1037.864 66.6 0.24 0.12

Optically Thick 19 5 1032.993 1037.684 11.7 0.18 0.18
Compact Component

F (1032)/F (1038) = 2. The best fitting parameter is obtained with ∆VOV I =
6 km s−1, ∆v ∼ 42 km s−1, which implies an extended volume covering a
wide velocity range. The CEP may be identified with a coronal component
that is implied from various X-ray observations of symbiotic stars (e.g. Luna
et al. 2013)

2.4 Bipolar Outflow

Another notable feature in the Raman 6825 Å band is the extended red
bump with a representative velocity of ∆VOV I = +57 km s−1. However
there is no corresponding feature in the Raman 7082 Å band at the same
velocity. Considering the high radial velocity of this emitting component
and the presence of the huge jet in Sanduleak’s star, this component is most
plausibly attributed to the bipolar outflow region. The best fit is obtained
for a selection of the Gaussian function characterized by ∆v ∼ 67 km s−1

and the flux ratio F (1032)/F (1038) = 2.

2.5 Optically Thick Compact Component

The clear and sharp central peak of the Raman 7082 Å band requires the
introduction of a weak and narrow component with ∆VOV I ∼ 0. Our
fitting analysis indicates that the velocity with respect to the H I region
∆VOV I = +5 km s−1, the Gaussian width of ∆v ∼ 12 km s−1 and the flux
ratio of F (1032)/F (1038) = 1. This result shows that that the optically
thick component is nearly stationary or very slowly moving with respect to
the scattering region. One suggestion for this component is the outer region
on the red side of the accretion disk, where we expect that the accretion
flow is convergent. This component is also reminiscent of the hot spot of the
accretion disk in cataclysmic variables, where the material injected from the
inner Lagrangian point hits the outer part of the accretion disk.
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Figure 3: Profile synthesis of the far-UV O VI λλ 1032, 1038 doublet based
on the observed Raman bands in Sanduleak’s star. All parameters of Gaus-
sian functions can be found in Table 1.

3 Monte Carlo Simulations

Our high resolution spectroscopy yields the flux ratio F (6825)/F (7082) ∼
4.5. We perform Monte Carlo simulations to find the representative column
density of the H I scattering region NHI that is compatible with the observed
flux ratio of ∼ 4/5. In this work we assume a stationary neutral scattering
region with respect to the white dwarf so that we can deal with the relative
kinematics between the O VI emission region and the scattering region.

We vary NHI from 1 × 1022 cm−2 to 5 × 1023 cm−2 in order to find the
best fitting profile of the Raman 7082 Å band while the Raman 6825 Å
band is kept fixed. The results of our Monte Carlo simulations for various
NHI are shown by dotted lines in Fig. 1. The observed spectrum is fitted
satisfactorily with the choice of NHI = 1×1023 cm−2. However, the Raman
conversion efficiency is also dependent on the binary separation and mass
loss rate, which are highly uncertain for Sanduleak’s star.
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4 Summary and Discussion

The two Raman O VI bands at 6825 Å and 7082 Å show disparate profiles,
it appears that the triple peak structure of the 7082 band necessarily re-
quires the presence of the accretion disk with a few additional structures.
Furthermore, the observed huge jet feature in Sanduleak’s star invokes an
O VI emission region moving away from the binary system contributing the
red part of Raman O VI bands at both 6825 and 7082 Å. The clear dis-
parity of the two observed Raman O VI bands points out unambiguously
local variations of the flux ratio F (1032)/F (1038) ranging from one to two
depending on the O VI ion density. We expect that the red part contributed
from the O VI photons formed in the outflowing region along the jet direc-
tions will be polarized in the direction parallel to the orbital plane, whereas
the remaining major parts of the Raman O VI bands are polarized in the
direction parallel to the jet axis. Spectropolarimetry will shed much more
light on the accretion flow and bipolar outflowing structure in Sanduleak’s
star.
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Hunting Stellar-mass Black Holes in

X-ray Binaries

Jesús M. Corral-Santana1

1European Southern Observatory (ESO), Alonso de Córdova
3107, Vitacura, Casilla 19001, Santiago, Chile

Since the beginning of the X-ray astronomy era, we have detected nearly
60 Galactic stellar-mass black hole (BH) candidates in transient X-ray bi-
naries –a type of interacting X-ray binaries with low-mass companions–
and 2 other systems with high-mass companion stars. However, only
17 out of the ∼60 have been dynamically confirmed since 1966. Ac-
tually, during this decade, we have confirmed only one black hole
(XTEJ1859+226) and establish strong constrains in two more systems
(Swift J1357.2-0933 and KY TrA). The former has been established as
the most massive black hole transient ever measured in our Galaxy with
more than 9 M⊙. In BlackCAT: A catalogue of stellar-mass black holes
in X-ray binaries we present a thorough compilation of all the dynamical
parameters of the BH transients and show a statistical analysis of the
expected population of BH transients in our Galaxy based on observa-
tions. Thus, we estimate 1300 systems in the Milky Way, implying that
we have only detected the tip of the iceberg of a hidden population of
black hole transients. In this contribution, we will introduce the X-ray
binaries, summarise their status and present the latest discoveries in the
field.

Key Words: X-ray binaries – black holes – accretion

1 Introduction

X-ray binaries are systems formed by a compact object (either a neutron star
or a black hole) which is fed by an accompanying star, oftenly in the main-
sequence. According to the mass of the star, they classify in high-mass or
low-mass X-ray binaries, being completely different in their properties. Thus,
high-mass X-ray binaries are formed by early spectral type stars (O–B) which
usually transfer material to the compact object via the strong stellar winds.
Thus, the optical spectrum is dominated by the contribution of the hot star.
They have long orbital periods (i.e. days) and short lifetimes (105 − 107 yr).
On the other hand, low-mass X-ray binaries usually have late spectral type
stars (K–M) which transfer material through Roche lobe overflow forming
an accretion disc around the compact object. Unlike the high-mass type, the
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optical spectrum in low-mass binaries is a combination of both the accretion
disc and the cold star. The orbital periods in these systems are typically in
the range of hours with lifetimes between 107 and 109 years.

There are only 2 high-mass X-ray binaries in the Galaxy with confirmed
BHs whereas there are 18 dynamically confirmed BHs in low-mass X-ray
binaries (see e.g. Corral-Santana et al., 2016). Among the high-mass X-
ray binaries, Cyg X-1 is the most known one. It was discovered in 1964
(Giacconi et al., 1967) and was promptly appointed as a firm BH candidate
Bolton (1972); Webster & Murdin (1972). But it was not until recently
when there was a big improvement in the measurements of the dynamical
parameters finding a 15 ± 1 M⊙ BH with an O9.7Iab companion star of
19±2 M⊙ (Orosz et al., 2011). This does not fill the Roche lobe but transfer
the material through stellar winds at a ratio of 10−8 M⊙/yr. On the other
hand, MWC656 –the other BH confirmed in a high-mass X-ray binary– was
discovered as the γ-ray source AGLJ2241+4454 (Casares et al., 2012) but
later was identified as a BH with a Be-star companion due to the presence
of an HeII emission line produced in an accretion disc (Casares et al., 2014).
This is the first Be–BH X-ray binary system ever detected and has a low
mass transfer rate (10−11 M⊙/yr). The BH is supposed to be between 3.8
and 6.9 M⊙ fed by a B1.5–2III star of 10-15 M⊙ orbiting around the center
of masses every 60.4 d. From all the above, it seems clear that we should
focus on low-mass X-ray binaries to search for new BHs since the high-mass
X-ray binaries has not proven to be the ideal type.

2 Black hole transients

Most of the BHs have been found in a type of low-mass X-ray binaries
called transients. These are characterized by sporadic outburst episodes
produced by thermal-viscous instabilities in the accretion disc (which usu-
ally last months) followed by long quiescent states where the systems stays
more of their lifetimes (years to centuries). During the outburst state, they
increase the brightness in all wavelengths but it is due to the increase in
X-ray what allows the detection of the new source by the all-sky monitors
on-board the X-ray satellites. These systems follow a very characteristic hys-
teresis pattern in an hardness-intensity diagram in X-rays during outburst
(see e.g. Belloni et al., 2011). Due to this, all systems that follow the same
behaviour, are classified as BH candidates. However, to firmly confirm the
true nature of the compact object, we need to perform dynamical studies.
These must be done during the quiescence state, when the star dominates
the optical emission. As a matter of fact, during the 50 years of the X-ray
astronomy era, we have detected nearly 60 BH transients but we have only
confirmed the presence of BH in 18 out of them, i.e. only a third of the
detected population (see Fig. 1) which indicates the difficulty to obtain the
dynamical parameters. Although the rate of discoveries of new systems has
increased since the 1980’s with the improvement in the sensitivity of the
X-ray detectors, the way of discovery of new systems only through outburst
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Figure 1: Cumulative histogram of the detection of black hole transients
(BHT; red) and dynamically confirmed BHs (blue). Taken from Corral-
Santana et al. (2016)

episodes is clearly inefficient and we require new methods. On the other
hand, the dynamical confirmation of new systems is also problematic due to
the faintness and/or high extinction of these systems in quiescence. Several
studies using different approaches have established a Galactic population of
103−104 black hole transients. Recently, we have obtained an estimation of
1300 BH transients in the Galaxy (Corral-Santana et al., 2016) by analysing
the observed population and distribution of the systems. Therefore, we have
only detected the tip of the iceberg of a hidden population of BH transients.

Another open debate on these sources is the existence of a gap between
2 to 5 M⊙ in the mass distribution of the dynamically confirmed BHs (see
Fig. 2). It is expected that the mass distribution of compact objects is
smooth because of its correlation with the masses of the progenitor stars. In
Fig. 2 we see that the measurements in the masses of BHs suffer of 20-30%
uncertainties, mainly due to the low accuracy in the values of the binary
inclination. There is an open debate about the nature of this gap. Some
authors believe it is due to a selection effect (Özel et al., 2010; Farr et al.,
2011), others due to the errors in the inclination already mentioned (Krei-
dberg et al., 2012) and others believe that it is real i.e. due to physical
processes (Belczynski et al., 2012; Fryer et al., 2012). Actually, some studies
suggest that this gap might be related with the absence of supernovae type-
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Figure 2: Mass distribution of compact objects: neutron stars in open circles
and black holes in solid circles. Taken from Corral-Santana et al. (2016)

II progenitors between roughly 18 and 25 M⊙ (see e.g. Kochanek, 2014,
for more details about this).

One of the most exiting BHs confirmed is Swift J1357.2–0933. It was
discovered in 2011 during its only outburst episode reported so far. During
this phase, we discovered very unique properties (see e.g. Corral-Santana
et al., 2013) suggesting an edge-on inclination and we could measure an
orbital period of only 2.8 ± 0.3 h, the second shortest reported so far in an
X-ray binary. With data taken in quiescence, we could pinpoint the value
of the radial velocity of the secondary star to 967± 49 km/s and a distance
of at least 2.29 kpc, placing this system in the thick disc of the Milky Way
(Mata Sánchez et al., 2015). These values imply a mass of the BH of at
least 9.3 M⊙, being the most massive BH transient in the Galaxy. We must
note here that the companion star of this system has never been found.
Therefore, strictly speaking, it is not a dynamical confirmation. Thus, the
radial velocity measures were obtained i) in outburst, using an empirical
relation which scales the double-peak separation of the Hα line and the radial
velocity (Orosz et al., 1994; Orosz & Bailyn, 1995) and ii) in quiescence, using
a new empirical relation between the full-width at half-maximum of the Hα
line (Casares, 2015) and the radial velocity. In conclusion, all these values
present very robust evidences of the presence of a BH in the system.

Accretion Processes in Symbiotic Stars and Related Objects, La Serena, Chile, 4-7, Dec, 2016

68



3 Conclusions

In the last 50 years we have discovered nearly 60 BH transients in the Galaxy.
Of those, we have only confirmed the presence of BHs in 2 systems with
high-mass companions and in 18 systems with low-mass companions. The
last estimates, based on the observational properties of the systems already
detected, indicate that there should be around 1300 BH transients in the
Milky Way. Therefore, our understanding on these types of source is clearly
biassed by our poor statistics. Thus, new techniques to uncover them while
they are in quiescence and also to confirm the presence of BHs are urgently
needed.
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Casares J., Ribó M., Ribas I., Paredes J. M., Vilardell F., Negueruela I.,
2012, MNRAS, 421, 1103
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Özel F., Psaltis D., Narayan R., McClintock J. E., 2010, ApJ, 725, 1918

Webster B. L., Murdin P., 1972, Nat. Phys., 235, 37

Accretion Processes in Symbiotic Stars and Related Objects, La Serena, Chile, 4-7, Dec, 2016

70



Investigating Scattering Processes in

the Symbiotic Nova V1016 Cyg

Matej Sekeráš and Augustin Skopal

Astronomical Institute of Slovak Academy of Sciences

V1016 Cyg is a D-type symbiotic star. Environment of V1016 Cyg can
be investigated throughout the observed effects of the Thomson and Ra-
man scattering processes. Thomson scattering produces very broad and
shallow wings of most intense emission lines. Modeling the line profile of
O VI 1032, 1038Å resonance doublet, we determined the optical depth
and electron temperature of the nebula in V1016 Cyg. Investigating Ra-
man scattering of the He II 1025Å emission line into the emission feature
at 6545Å, we determined the efficiency of this process, and using a sim-
plified ionization model of symbiotic stars, we estimated the mass-loss
rate of the Mira-variable of ∼ 10−6 M⊙yr

−1. Using only the optical
spectrum represents a strong advantage of this method to determine the
mass-loss rate in D-type symbiotic stars.

Key Words: symbiotic star - line profile - scattering - mass loss

1 Introduction

Symbiotic star V1016 Cyg comprises a cool giant, which is the type of Mira
variable and a hot white dwarf embedded in a symbiotic nebula. In 1964,
V1016 Cyg underwent a nova-like outburst. Since then its brightness was
slowly fading from its peak V∼10.6 mag (1967 - 1970) to V∼11.4 mag (2016)
(McCuskey, 1965). V1016 Cyg belongs to a group of D-type symbiotics,
which means, that the emission of the dust dominates the near-infrared spec-
trum. Although we could expect complicated structure of the dust emission
in the symbiotic stars, the spectral energy distribution of the dust emission
in V1016 Cyg can be in first approximation fitted by the sum of two Planck
functions with different dust temperature: ∼ 1040 K and 340 K, heated by
both the hot component and the Mira-variable. (Fig. 1). According to Schild
et al. (2001), this implies a presence of the two dust shells heated by both
the hot component and the Mira-variable. However a more realistic model
of dust emission comprising the chemical composition should be applied to
fit also two broad silicate emission bands at ∼ 10 and 18 µm.

The symbiotic nebula represents a part of the circumstellar matter orig-
inated mostly in the stellar wind of the giant, ionized by the high energetic
photons from the white dwarf (Seaquist et al., 1984). A certain part of the
circumstellar matter around the giant is dense enough to remain neutral.
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Figure 1: The observed spectral energy distribution (the IUE & ISO spec-
tra and UBVJKLM photometry) with the models of individual sources of
radiation in V1016 Cyg. The curves with filled areas represent the Planck
functions corresponding to dust emission with temperature of ∼ 1040 and
340 K.

Such a environment of a symbiotic star is very suitable for observing the
scattering processes.

2 Thomson scattering

Thomson scattering by free electrons arises in the symbiotic nebula. Despite
of its very small cross section, σT = 6.652× 10−25cm−2, a large amount of
photons from emission lines of highly ionized elements in the vicinity of
the white dwarf and a lot of free electrons throughout the nebula allow to
observe the effect of electron scattering. This process is wavelength indepen-
dent and the scattered photon has practically the same wavelength as before
scattering (if neglecting the Compton wavelength ∼+0.024Å). A significant
Doppler effect, arising from thermal motion of free electrons, produces very
shallow and broad wings of the scattered emission line. To model the pro-
file of broad wings of O VI 1032, 1038Å doublet we followed a simplified
approach described by Castor et al. (1970). In this model a layer of free
electrons of optical thickness τe and temperature, Te, separated from line
formatting region (located in a vicinity of the hot star) and other opacity
sources, is irradiated by the line photons. The line profile after scattering
can be approximated by:

Ψ (x) = (1− τe)Φ (x) + τe

−∞∫

∞

Φ(x
′

)Re(x
′

, x)dx
′

, (1)

where Φ (x) is the line profile before scattering, Re is the redistribution
function for Thomson scattering, assuming Maxwellian distribution of free
electron velocities and isotropic scattering (Mihalas, 1970) and x or x

′

is the
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Figure 2: The model of broad O VI emission line wings (thick line) arising
from Thomson scattering in the symbiotic nebula.

frequency displaement from the line center in units of electron Doppler width
before and after the scattering, respectively. From the best model of O VI
1032, 1038Å line profile we determined τe = 0.038 and Te = 16 000 K of
the scattering layer of free electrons, i.e. the symbiotic nebula (Fig. 2). The
value of Te is consistent with temperatures observed in other symbiotic stars
during their quiescent phases. Modeling is described in detail by Sekeráš &
Skopal (2012).

3 Raman scattering

Unlike the Thomson scattering, the Raman scattering takes place in the
neutral part of the giant’s wind. It occurs when a photon excites an atom
from its ground state to an intermediate state and subsequently a photon of
different frequency is re-emitted. A diagnostic possibility of Raman scatter-
ing in astrophysics was first outlined by Nussbaumer et al. (1989). The most
famous example of Raman scattering in symbiotic stars are broad emission
features at 6825 and 7082Å, which are formed by scattering of O VI 1032
and 1038Å emission lines on the neutral hydrogen atoms (Schmid, 1989).
We can observe also Raman scattered emission of those spectral lines, which
are close lying to the hydrogen emission lines of Lyman series.

According to Lee et al. (2003) we analyzed the emission feature at 6545Å,
which is the Raman scattered He II 1025Å emission line, in two spectra of
V1016 Cyg observed in April, 2006 and July, 2007. We isolated Raman
6545Å feature from blending broad Hα line wings and N II 6548Å emission
line by approximating their composite profiles with sum of Gaussian func-
tions (Fig. 3). We compared the FWHM of Raman feature with He II 6527
and 6560Å emission lines in the radial velocity scale, assuming they are simi-
lar in the profile with the parental He II 1025Å line. The linewidth of 6545Å
feature is larger by ≈ 20 km s−1. This additional broadening can be caused
by the Doppler effect produced by the motion of neutral hydrogen atoms in
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Figure 3: Left: The Raman emission feature (filled area) blended with the
N II 6548Å emission line and broad Hα wings . Right: He II 6560Å emission
line blended in Hα line core. Dotted lines represent the Gaussian functions
approximating individual emission lines/features

the giants wind relative to He II region. Using theoretical line ratios of ob-
served He II 1025 and 6560Å emission lines relative to He II 4686Å line, we
determined the efficiency of 1025Å → 6545Å conversion (the ratio of Raman
scattered photons to all He II 1025Å line photons) to 10.2% and 14.8% for
2006 and 2007 spectrum respectively. The fact, that only 60% of He II 1025Å
photons entering the H I region around the giant are Raman scattered (Lee,
2000), allows us to estimate the covering factor of Raman scattering zone,
which is a fraction of the sky, seen from He II zone covered by the scattering
region. It can be expressed via a solid angle, corresponding to the plane
angle θR between the binary axis and the direction from the white dwarf, in
which the neutral hydrogen column density, NH = 1.24× 1021cm−2. Within
this angle the region of neutral hydrogen is optically thick for investigated
Raman scattering, i.e. the optical depth is greater or equal to unity (the
scattering cross section is ∼ 8× 10−22cm2 (Lee & Lee, 1997)).

In order to determine the mass loss rate, Ṁ , from the Mira-variable,
we used the simplified model of the ionization structure of a symbiotic star
(Seaquist et al., 1984). In this model the ionization boundary between the
neutral and ionized part of the circumstellar matter (we consider only hy-
drogen atoms), has cone-like shape and is defined by the parameter XH+ or
by the viewing angle θa from the hot star (Fig. 4). Since XH+ ∝ Ṁ−2, we
determined the relation between the parameter XH+ and the angle θR for
specific properties of V1016 Cyg to obtain XH+ . Then the angle θR from
the Raman scattering efficiency gives the parameter XH+ and hence Ṁ (for
detail see Sekeráš & Skopal (2015)). In this way we determined Ṁ=2.0
×10−6 M⊙yr

−1 and 2.7×10−6 M⊙yr
−1 from the spectrum observed in 2006

and 2007, respectively. The corresponding ionization structure is shown in
Fig. 4.
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Figure 4: The ionization structure of V1016 Cyg from Raman scattering
efficiency of 1025Å → 6545Å conversion. The distance is in units of binary
separation p and θa is the asymptotic angle to the ionization boundary.

4 Discussion

The used model of Thomson scattering was applied also to spectra of sym-
biotic stars Z And and AG Dra (Sekeráš & Skopal, 2012). The electron
temperature was consistent with results obtained with different methods
(e.g. Skopal, 2005). From analysis of broad wings of O VI 1032, 1038Å and
He II 1640Å emission lines in spectra of AG Dra it was shown, that both
parameters, Te and τe, reflects the activity phase of the star (Sekeráš &
Skopal, 2012; Skopal et al., 2009). The derived Te for V1016 Cyg is consis-
tent with the value of 17 000 K obtained from modeling the spectral energy
distribution (Fig. 1).

In our model of V1016 Cyg the difference ∆θ = θa − θR is very small
(< 0.5◦). This is valid for massive mass loss rates of ∼ 10−6 M⊙yr

−1 and
a large value of the Raman scattering cross section. Thus we could simply
assume θR = θa. However, e.g. for Raman scattering of O VI 1032 and
1038Å photons on neutral hydrogen atoms, the cross section is of two orders
smaller than for scattering of He II 1025Å photons (Lee & Lee, 1997) and
limiting NH for optically thick region for Raman scattering is ∼ 1023cm−2.
In this case ∆θ can be significantly higher and should be taken into account
in determining a correct value of Ṁ .

5 Conclusion

In the environment of the symbiotic star V1016 Cyg we can observe the
effects of scattering processes, resulting from the interaction between two
stars of very different nature. We introduced two of them that can help to
determine basic parameters of this symbiotic star. By modeling the broad
wings of O VI 1032 and 1038Å emission lines we determined Te and τe of
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the symbiotic nebula and by investigating Raman emission feature at 6545Å
we determined Ṁ of the Mira-variable. The used method of determining
the mass loss rate from the Raman scattering, although simplified, can be
helpful to inspect a possible dependence of Ṁ on the pulsation phase of the
Mira variable in V1016 Cyg. The great advantage is that the scattering
efficiency can be derived just from the optical spectrum.
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Properties of the Wind Outflow from

the Cool Components in Symbiotic

Binaries

Natalia Shagatova and Augustin Skopal
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Mass outflow from the majority of cool components in symbiotic bina-
ries is still not understood well mainly due to unknown mechanism of
the wind acceleration for the normal red giants. Here, we present the
wind velocity profiles derived from measured column densities of neutral
hydrogen for two S-type symbiotic systems, EG And and SY Mus. The
obtained velocity profiles represent an important restriction for the the-
oretical models of mass outflow from red giants in symbiotic binaries.
Moreover, our column density models provide an indication of the wind
focusing towards the orbital plane in S-type symbiotic binaries. Wind
velocity profiles can be used to investigate the origin of the asymmetric
UV light-curve profiles of the symbiotic stars. The asymmetric distribu-
tion of the absorption as indicated in the Hα line-profile along the orbital
phase, observed in the symbiotic star EG And, is the problem that can
be addressed with our column density model in future investigation.

Key Words: symbiotic stars - stellar wind - mass-loss - scattering

1 Introduction

With respect to the evolutionary stage of the cool companion, providing the
wind matter to be transferred onto the white dwarf accretor of a symbiotic
system, a particular mass-loss mechanism is driving the giant’s wind. In the
case of the Mira-type donor in D-type systems, the physical mechanism of
the wind outflow is quite well understood. As in the AGB stars generally,
the wind is driven by the radiative acceleration of dust grains that can be
formed by levitation of the wind matter through pulsations of the star (e.g.
Höfner, 2015). However, for the normal red giants (RGs) in S-type systems,
the mass-loss mechanism is unknown. Numerous models for the wind-driving
mechanism from RG stars were proposed, but non of them is in agreement
with observations (O’Gorman et al., 2013).

To make a progress in this direction, the knowledge of the wind velocity
profile is one of the basic requirements. While the canonical β-law can be
used to describe the winds of the hot stars, it is not appropriate in the case
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Figure 1: Example of the column density model (left) and resulting wind
velocity profiles for EG And (right) from Shagatova et al. (2016). RG is the
radius of RG.

of cool star winds with steeper measured velocity profiles (e.g. Crowley &
Espey, 2010; Decin et al., 2015). For RGs in symbiotic stars EG And and
SY Mus, we derived the wind velocity profiles at the near-orbital plane by
hydrogen column density modelling. We used them to model the asymmetric
light curves of SY Mus and to determine the orbital inclination of symbiotic
prototype Z And.

2 Velocity profiles of the wind

The wind velocity profile of a RG in symbiotic binary can be derived by
hydrogen column density modelling using the inversion method of Knill et
al. (1993). We improved the method by including the ionization structure
of the wind according to Seaquist et al. (1984). In this way, we were able
to separate the H0 column density nH0(b), from the total hydrogen column
density ñH(b),

ñH(b) =
n1

b
+

nK

bK
, (1)

where b is the impact parameter and n1, nK, K are fitting parameters.
Accordingly, we fitted the H0 column density values nobs

H0 , measured from
the Rayleigh attenuation around the Ly-α line in the International Ultra-
violet Explorer (IUE) and Hubble Space Telescope (HST) spectra, by the
nH0(b) function (see Fig. 1, left, and Eq. (13) of Shagatova et al., 2016). We
used the method of Knill et al. (1993) to derive the wind velocity profile v(r)
in the form:

v(r)

v∞
=

1

1 + ξr1−K
, (2)

where v∞ is the terminal velocity of the wind, ξ = (nKλ1)/(n1λK), λ1 and
λK are the eigenvalues of the Abel operator (see Knill et al., 1993). The
details of the method and resulting values of parameters in Eqs. (1), (2) and
of the ionization parameter for several values of the orbital inclination for
EG And and SY Mus can be found in Shagatova et al. (2016). Corresponding
velocity profiles show a very low wind velocity up to the distance of ≈ 1 RG
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plotted for different values of ionization parameter XH+

, terminal velocity
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are given by the intersection of the nH0(i) curves with the horizontal line
representing the measured value of H0 column density at ϕ = 0.961. The
horizontal strip corresponds to the uncertainty of the measured H0 column
density.

radius from the giant’s surface and then a very steep increase to the value
of the terminal velocity (see Fig. 1, right).

3 Wind focusing towards the orbital plane

Our column density model assumes spherical symmetry of the wind dis-
tribution. As our column densities correspond to the specific directions,
i.e. the line of sight is crossing the near-orbital plane for eclipsing bi-
naries, we actually derived the spherical equivalent of the mass-loss rate,
Ṁsp ≈ 10−6M⊙yr

−1. This approach revealed a discrepancy between our val-

ues of Ṁsp for appropriate terminal velocities of the wind from RGs in sym-
biotic stars, and the typical value of the total mass-loss rate ≈ 10−7M⊙yr

−1

obtained by the methods independent on the line of sight (e.g. Seaquist et
al., 1993; Skopal, 2005). This result indicates that the spherical symmetry of
the RG wind does not hold in S-type symbiotic binaries and the wind density
is enhanced at the near-orbital-plane region (Shagatova et al., 2016).

4 Orbital inclination of Z Andromedae

Z Andromedae is the prototype of symbiotic systems. However, the values
of its orbital inclination i that can be found in the literature are often con-
tradictory and vary from approximately 41◦ to 76◦ (e.g. Isogai et al., 2010;
Skopal, 2003). We used the H0 column density modelling at ϕ = 0.961 to
derive the orbital inclination of Z And. To match the value of i measured
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from Rayleigh attenuation around the Ly-α line, we calculated the nH0(i)

integral for a set of the values of ionization parameter XH+

, terminal veloc-
ity and orbital phase ϕ, within their uncertainties (Fig. 2). By including also
the uncertainty of the H0 column density, nobs

H0 = (3.9 ± 0.5) × 1022 cm−2,
measured from Rayleigh scattering, we obtained the resulting interval of
inclinations:

i = 66.3◦ − 12.2◦/+ 6.9◦. (3)

The method is described in detail in Skopal & Shagatova (2012). The
updated value of i (Eq. (3)) corresponds to the velocity profile (2) for
ξ = 1.81 × 104 and K = 13, as derived for the giant in SY Mus (model
O of Shagatova et al., 2016), which is of the same spectral type as that in
Z And.

5 Asymmetric light-curve modelling

The light curves of some symbiotic systems show an asymmetry of their
ingress and egress parts, and in the position of minima/maxima (see e.g.
Skopal et al., 2012). For SY Mus, Dumm et al. (1999) proposed that the
asymmetric distribution of the material from the RG wind is the cause of
the asymmetric UV eclipse profile of this system. We tried to justify this
assumption in a quantitative way.

For the purpose of modelling the UV light curves of SY Mus, we deter-
mined continuum fluxes at 10 wavelengths from 1280 to 3080 Å using IUE
spectra. We assumed two sources of radiation in the UV domain: the white
dwarf radiation that we approximated by a Planck function, and the nebu-
lar radiation, approximated by a scaled sine wave along the orbital motion,
with a minimum at ϕ = 0. As a sources of attenuation of the stellar ra-
diation, we assumed the Rayleigh scattering on neutral hydrogen and the
bound-free transitions of the negative hydrogen ion in neutral region. In the
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ionized region, we assumed the Thomson scattering on free electrons and
the bound-free and free-free transitions of neutral hydrogen.

To determine the column densities of attenuating atoms/ions, we used the
velocity profiles derived from ingress and egress data of SY Mus for i = 84◦

(i.e. the model M and O of Shagatova et al., 2016). We interconnected them
by a smooth function to obtain the united asymmetric model of ionization
structure and column densities of H0 in neutral region and H+ in ionized
region.

Overall, the model light curves reproduce successfully the asymmetry in
the observed profiles (see example for λ = 1950 Å in Fig. 3). Therefore, the
cause of the asymmetry in the light curves of SY Mus is the asymmetric
wind density distribution at the plane of observations.

6 Future outlook

Our velocity profiles (Sec. 2) can be used to solve various problems of S-type
symbiotic stars. One of them is the understanding of the orbital variations of
the Hα-line profile of EG And. Fig. 4 shows examples of Hα-line profiles at
ϕ = 0.63 and ϕ = 0.89. The model Hα-line profile is just a fit of the observed
profile by three Gaussian functions: one for the core emission, second one for
the broad wing emission and third one for the absorption. With the orbital
phase towards eclipse, the absorption component becomes stronger.

To model these orbital variations, we can use the spectra of EG And
obtained at Stará Lesná Observatory and those available at the Astronomical
Ring for Access to Spectroscopy (ARAS) database1, together with our wind
velocity profiles. Then, we can determine the amount of matter along the
line of sight that shapes the absorption component of the Hα line at each
orbital phase.

1http://www.astrosurf.com/aras/Aras DataBase/Symbiotics/EGAnd.htm
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7 Conclusion

By modelling the observed H0 column density distribution of symbiotic stars
EG And and SY Mus, we determined the corresponding total hydrogen
column densities in the form of Eq. (1) and their wind velocity profiles in
the form of Eq. (2). These results allowed us to indicate the focusing of the
RG wind towards the orbital plane and to justify that the asymmetry of the
UV continuum light curves of SY Mus is caused by the asymmetric wind
density distribution at the plane of observations. Further, using the column
density model, we obtained the orbital inclination of Z And. In future, our
approach can be used to model the orbital variations of the absorption and
emission component of the Hα line in symbiotic star EG And to probe the
distribution of circumstellar matter in the binary.
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We present a new updated catalogue of Galactic and extragalactic sym-
biotic stars (SySts). Since the last catalogue of SySts (Belczynski et
al. 2000), the number of known SySts has significantly increased. Our
new catalogue contains 316 known and 82 candidates SySts. Of the con-
firmed Systs 252 are located in our Galaxy and 64 in nearby galaxies.
This reflects an increase of ∼50% in the population of Galactic SySts
and ∼400% in the population of extragalactic SySts. The spectral en-
ergy distribution (SED) of 334 (known and candidates) SySts have been
constructed using the 2MASS and WISE data. These SEDs are used
to provide a robust reclassification in scheme of S- (74%), D- (15%)
and D’-types (2.5%). The SEDs of S- and D-type peak between 0.8 and
1.6 µm and between 1.6 and 4 µm, respectively, whereas those of D’-type
exhibit a plateau profile. Moreover, we provide the first compilation of
SySts that exhibit the OVI Raman-scattered line at 6830Å. Our analysis
shows that 55% of the Galactic SySts exhibit that line in their spectrum,
whereas this percentage is different from galaxy to galaxy.

Key Words: symbiotic stars - classification - catalogues

1 Introduction

Symbiotic stars (SySts) are interacting, long-period, binary systems consist-
ing of a cool red giant star that transfer matter to a much hotter companion,
usually a white dwarf but it is also possible to be a neutron star or black hole.
The atmosphere of the red giant or its wind are excited by the UV radiation
from the white dwarf resulting in the formation of a colourful nebula. Their
spectrum consists of both absorption features due to the photosphere of the
cool companion and a number of emission-lines from highly-excited ions due
to the surrounding nebula.

SySts represent ideal objects for investigating and studying several as-
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trophysical phenomena such as the formation of aspherical circumstellar en-
velopes and high-velocity jets, dust forming regions, colliding winds, the
interaction of binary components and their evolution, mass transfer pro-
cesses, accretion disks, soft and hard-X rays emission (e.g. Mikolajewska
2012; Luna et al. 2013, Skopal & Cariková 2015; Mukai et al. 2016). They
have also been proposed as potential progenitors of type Ia supernova (SN
Ia) due to the large amount of masses that the white dwarf accretes from
the cold companion resulting in exceeding the Chandrasekhar mass (1.4 M⊙)
and exploding as a SN Ia (e.g. Di Stefano 2010; Dilday et al. 2012). Hence,
the interest in SySts has been gradually increasing the last decates and many
attempts are being made to discover new SySts either in our Galaxy or other
galaxies in the Local Group.

Based on their near-IR 2MASS colours, SySts are divided into two main
categories near-infrared data: (i) those with a near-IR colour temperatures
of ∼3000-5000 K, which attributed to the temperature of a G-, K- or M-type
giant (stellar or S-type SySts), and (ii) those with a near-IR colour temper-
ature around 700-1000 K, indicating a warm dusty circumstellar envelope
(dusty or D-type SySts) (Webster & Allen 1975).

The identification of an object as SySts is made based on a number
of widely used criteria: (i) the presence of strong He II and H I emission
lines as well as emission lines from high-excitation ions (ionization potential,
I.P.≥35 eV), (ii) the presence of absorption features of TiO and VO associ-
ated with the photosphere of the cold companion and (iii) the presence of
the OVI Raman-scattered line centred at 6830 Å (e.g. Lee 2000; Belczyński
et al. 2000; Mikolajewska et al. 2014).

More effort has been invested in developing a more general way of dis-
tinguishing SySts from other strong Hα emitters (e.g. genuine PNe, H II
regions, WR stars, Be stars etc.). In the optical regime, Gutierrez-Moreno
et al.(1995) proposed a diagnostic diagram between [O III] 4363/Hγ vs. [O
III] 5007/Hβ emission line ratios, which reflects on the different densities
between PNe and SySts (see e.g. Clyne et al. 2015). Recently, Corradi et
al. (2008) proposed a new diagnostic diagram based on the IPHAS r-Hα vs.
r-i colour indices.

SySts are also important X-ray sources. Based on their X-ray spectrum,
they are divided into four types: (a) the supersoft X-ray sources with energies
≤0.4 kev probably emitted directly from the white dwarf (α-type), (b) the
objects that exhibit a peak at 0.8 kev in their X-ray spectrum and maximum
energies up to 2.4 keV, likely originate from a hot, shocked gas where the
stellar winds collide (β-type), (c) the objects with a non-thermal emission
and energies higher than 2.4 keV (γ-type) due to the accretion of mass
onto the hot companion (white dwarf or neutron stars) and (d) those with
very hard X-ray thermal emission and energies higher than 2.4 keV likely
originate from the inner regions of an accretion disk (δ-type; Muerset et al.
1997; Luna et al. 2013).
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Figure 1: The number of SySts discoveries per year between 2000 and 2016.

2 Sample selection

The most complete and comprehensive compilation of SySts was published
by Belczyński and collaborators 16 years ago (Belczyński et al. 2000). This
catalogue includes all the known Galactic and extragalactic SySts (188) as
well as a number of 30 candidates SySts. The histogram in Figure 1, shows
the number of new SySts discoveries per year the last 16 years. Of the 316
confirmed SySts, 252 are Galactic and 64 are extragalactic. This implies an
increase of ∼50% and ∼400% in the population of Galactic and extragalactic
SySts since the publication of Belczyński’s catalogue (2000). Besides new
discoveries, the total number of SySts still remains very low compared to the
expected number of SySts in our Galaxy, which varies between 3×103 (Allen
1984) and 4×105 (Magrini et al. 2003). Nevetheless, the number of SySts
is expected to significantly increase over the next years due to the on-going
surveys like VPHAS+ (Drew et al. 2014), J-PAS/J-PLUS (Benitez et al.
2014) and S-PLUS (Mendez de Oliveira et al. in prep.).

3 Spectral energy distribution

According to Ivison et al. (1995), spectral energy distribution of SySts peaks
between 1 and 2µm for the S-type, 5-15µm for the D-type and at longer
wavelengths between 20 and 30µm for the D’-type SySts. Therefore, it is
coherent to construct and study the SEDs of SySts using both the 2MASS
and WISE data providing a more robust classification.

In Figure 2, we display two examples for each type of SySts (S-, D-
and D’-type). The SED of S-type is dominated by the cool companion
and those of D-type by the emission of dust. We performed a statistical
analysis that shows the SED of the S-type peak between 0.8 and 1.6µm,
D-type 1.6 and 5µm, whereas those of D’-type SySts show a plateau profile
within the wavelength range covered by 2MASS and WISE. We also find
a statistically significant number of SySts with a clear S-type profile plus
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an infrared excess at 11.6 and/or 22.1µm (see Fig. 2). We, thus, propose
a fourth type of SySts, namely S+IR excess. A further study on this type
of SySts is required in order to understand whether it consists a new type
between the S- and D-type SySts. Figure 3 shows the percentages as well
as the population of known and candidate SySts for each type based on our
preliminary classification.

4 OVI Raman scattered line 6830Å

One of the criteria to classify an object as SySt is the detection of the line
features centred at 6830Å and 7088Å (Belczynski et al. 2000). These two
broad lines are interpreted as the result of Raman scattering of the ultraviolet
OVI λλ1032,1038 resonance lines by neutral hydrogen (Schmid 1989). Allen
(1980) pointed out that 50% or more of SySts exhibit these Raman lines
even before their identifications. However, this analysis should be further
explored since the sample contains only a few SySts.

Therefore, the first compilation of SySts that show the OVI Raman-
scattered line λ6830 in their spectrum is presented in the current catalogue.
We find that 55% of the Galactic SySts (119 out of 218 with available optical
spectra) show the OVI λ6830 line very close to what found by Allen (1980).
Examining the detection of the OVI Raman line in different type, we find
no difference between S- (58%) and D-types (54%), whereas only 8 out of 21
S+IR excess type (38%) and one out of four D’-type (25%) show the Raman
line.

Given that the number of confirmed extragactic SySts has increased,
we are able now to perform a similar analysis in four nearby galaxies. In
particular, we find that all eight known SySts in the SMC show the Raman
line (100%), whereas only four out of seven in the LMC (57%). As for the
M31 and M33 galaxies, 16 out of 31 SySts in the M31 (51%, Mikolajewska
et al. 2014) and 5 out of 12 SySts in the M33 (41%, Mikolajewska et al.
2017) show the Raman line in their spectra. This implies that galaxies have
different percentages probably due to different physical conditions such as
the metallicity parameter. However, these sample contains very few SySts
and this results has to be further explored in the future when the sample
have a statistically significant number of SySts.

Moreover, looking carefully at the spectra of the SySts in M31 and M33
(Mikolajewska et al. 2014,2017), we also find a clear trend between the OVI
λ6830 Raman line and He II λ4686. When the latter line is detected the
former is also detected, the opposite is not true and the flux ration between
the two line is FOV I/FHe 4686 ∼0.5.
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Figure 2: Examples of SEDs for two S- (first line), D- (second line), D’-(third
line) and S+IR-type (fourth line) SySts.
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Figure 3: Pie chart of the new classification of SySts. Numbers in parenthesis
give the exact population of known and candidate SySts in each type. The
12 new Systs discoveries in M33 are not included.
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Accretion in Young and Evolved

Stars
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A compact overview is presented of disk accretion among stars with
an emphasis on proto-planetary disks. Recent observational discoveries
related to the character of mass accretion in young high-mass stars are
highlighted. These discoveries are compared to disks and accretion in
main sequence stars and evolved stars, like post-AGB, classical Be, and
sgB[e] stars.

Key Words: young stars - evolved stars - accretion

1 Introduction

A general definition of accretion is the following (Myriam-Webster): ”a grad-
ual process in which layers of a material are formed as small amounts are
added over time”. In astrophysics, adding material to an object (a planet,
star or black hole) releases gravitational potential energy. This is the source
of many interesting astrophysical phenomena which are discussed in the con-
tributions to this first Chile-Korea-Gemini workshop on accretion in sym-
biotic stars and related objects. Our contribution focuses on accretion and
disks in young stars with an eye on disk bearing and accreting stars beyond
the formation stage. Mass exchange and accretion in compact binaries and
symbiotic stars are discussed elsewhere in these proceedings.

2 Accretion in young stars

The time of accretion in the formation of stars covers loosely a main accretion
phase and a residual accretion phase. The main accretion phase is earlier,
relatively short in time, and delivers the bulk of the star’s mass. This process
takes place when a molecular core has evolved a self-luminous, coherent
object at its centre and which continues to grow by accreting material from
a protostellar disk. The disk material is supplied by the in-falling core.
How the core collects its mass, or what the boundary conditions are for star
formation in a molecular cloud is still open to debate (André et al. 2014).
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During the main accretion phase, the infall of envelope material onto the
disk will likely influence the ability of the disk to transport angular momen-
tum and therefore the mass flux through the disk. Several disk processes
result in angular momentum transport. They depend on the mass, magnetic
field strength, and ionization fraction of the disk (viz. gravitational torques,
disk winds, MRI, see Hartmann et al. 2016). On the other hand, the enve-
lope’s infall rate is determined by the core’s angular momentum and mass.
The infall and accretion processes are related (continues infall secures con-
tinues disk accretion) but distinct. In the main accretion phase, the envelope
dominates the spectral energy distribution which renders the observational
access to the disk difficult in the near and mid-IR and impossible at shorter
wavelengths. Recent ALMA studies address the formation of the disk within
the core (Aso et al. 2015). Most of our understanding of disk accretion in
young stars comes therefore from the residual accretion phase during the
pre-main sequence (PMS).

3 Disks in different evolutionary phases

For low and intermediate mass PMS stars whose internal stellar structure
evolves relatively slow, the disk remains present and continues accreting dur-
ing the star’s contraction towards the main sequence. In detail, material is
lifted up from the disk and deposited onto the star by means of magnetic
funnels (e.g. Bessolaz et al. 2008). The field guides the material which sub-
sequently free-falls onto the star (Hartmann et al. 2016). This picture does
not necessarily apply to objects accreting at high rates. The evolution of the
disk towards depletion takes place on a 10Myr timescale as delineated from
the drop in dust emission in stars with different ages (Wyatt 2008). The ex-
act longevity of circumstellar disks and accretion is however debated, fed by
examples of long-lived, gaseous disks (Beccari et al. 2015) and the retention
and the transition to collisionally processed dusty material (e.g. de Wit et
al. 2013). For more massive stars (> 8M⊙), the star settles on the main se-
quence before accretion has terminated and before the envelope is dispersed.
The formation phase of a massive star will end by stellar feedback processes
rather than accretion/infall regulated processes. It is for this reason that
accretion processes in massive stars are comparatively difficult to observe
as the complete formation takes place behind closed curtains (Beltrán & de
Wit 2016).

Alternative information on the nature of disks around luminous stellar
objects can be gleaned from evolved objects, e.g. the rare supergiant B[e]
stars (de Wit et al. 2014). For the dusty sgB[e]s, interferometric observations
indicate that most disks are circumbinary. The densities in the disk are
sufficient for molecule and dust grain formation, providing kinematics and
spatially resolved geometries with optical interferometers. To the best of our
knowledge, no direct detection (emission lines, UV excess) of accretion in
sgB[e]s has been reported. Among the approximately fifteen known sgB[e]s
(Kraus 2009), one object exhibits indirect evidence of on-going accretion
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as traced by an extended and collimated 1.7pc jet advancing at projected
velocities up to 450 km s−1 (MWC 137, Mehner et al. 2016). The jet shows
knots and is strikingly similar to that of accreting low-mass stars. The
authors evaluate six scenarios explaining the presence of accretion in this
evolved object, e.g. due to binary mass exchange, or a merger event.

Classical Be stars are able to launch stellar material into orbit owing
to conspiring radial pulsation and rapid stellar rotation. The gaseous disk
is tenuous and largely ionized and evolves viscously (Rivinius et al. 2013).
Although no direct evidence for accretion in classical Be stars exist, once
the star stops losing mass the torque exerted at the inner rim of the disk
vanishes and disk material can be re-accreted. The radial flow of material
(in or out) can be traced photometrically thanks to the different wavelength
dependence between optically thin (large radii) and optically thick (small
radii) Bremsstrahlung (de Wit et al. 2006). No jets by the re-accretion of
gas in Be stars are reported.

Dusty disks are created in advanced evolutionary stages of about half
of the low and intermediate mass stars owing to mass-loss in wide binaries.
The disks in (post-)AGB stars are in Keplerian rotation, circumbinary and
compact (Hillen et al. 2016). The disk allows departure from spherical sym-
metry in the geometry of nascent Planetary Nebulae. Feeding circumstellar
disks, it also allows accretion activity producing jets in PNe (Reyes-Ruiz &
López 1999). Symbiotic stars, being wide giant-white dwarf binary systems
(P > 12 hours), have this feat in common with the disk bearing (post-)AGBs.
The jet in Sanduleak’s star lends itself for an analogy with on-going strong
wind-fed accretion (Perets & Kenyon 2013) in, at least some, symbiotic stars,
especially those for which the white dwarf is moving through the optically
thick and dusty envelope of a donor post-AGB star (Angeloni et al. 2011).

4 Accretion in high-mass star formation

4.1 Circumbinary and two circumstellar disks

In recent years, two important advances in high-mass star formation have
been established: (1) numerical simulations show that radiative pressure
does not impede disk accretion (Kuiper et al. 2010); (2) about 80% of the
O-type stars are multiple systems (Chini et al. 2012). Given that fact, proper
understanding of the high-mass star disk evolution involves envisaging the
accretion flow as part of a complex binary - disk - envelope system. In this
respect, we would like to make the rough comparison with the wind-fed disk
of the hot white dwarf companion experiencing the headwind of the red
giant wind that may or will distort the geometry of the ”accretion flow”,
depending on momenta involved (see e.g. Walder et al. 2008).

Spectro-interferometric observations with AMBER and Gravity at the
VLT Interferometer revealed that the massive YSO IRAS17216-3801 is a
compact high-mass protobinary. The binary has a separation of 57.9 ± 0.2
mas (170 au, see Fig. 1). The data allowed to reconstruct a synthesis image
at the spatial resolution of the interferometer of 3 mas. The masses of the
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Figure 1: Left: The K-band synthesis image reconstructed from VLTI obser-
vations with the Gravity instrument of the massive YSO system IRAS17216-
3801. Right: The cartoon detailing the interpretation of the image as two
high-mass stars each with a disk, while the protobinary system is surrounded
by a circumbinary disk. Figures from Kraus et al. (2017).

binary components was derived to be ∼ 20M⊙ and ∼ 18M⊙. The YSO
system is significantly more massive (∼ 3x) and compact than previously
known accreting massive binary systems. This is the first high-mass pro-
tobinary system where circumstellar and circumbinary dust disks could be
imaged (Kraus et al. 2017). Similar results will be forthcoming with the
full deployment of Gravity and the other 2nd generation VLTI instrument
MATISSE, operating in the mid-IR.

4.2 An accretion burst

With the reliability and technical advances of IR and mid-IR detectors over
the years, phenomena in the time domain at these wavelength bands become
now possible (e.g. Contreras Peña et al. 2017). That young low-mass
stars exhibit accretion driven bursts of continuum emission has been known
for many years. Such bursts are likely caused by disk fragmentation and
subsequent migration of dense clumps onto the protostar. The magnetic
funnel guiding the disk material onto the star probably breaks down because
of the increased pressure of the disk.

Yet, the existence of accretion bursts in higher mass, embedded objects
has only recently be established (Caratti o Garatti, 2017). In the case of the
massive YSO S255 − IRS3 (∼ 20M⊙), the burst was first detected owing
to increased emission in methanol maser lines. Near-IR imaging established
the brightening of the central source and the outflow lobes (Fig. 2). The
spectral fingerprint of the emission is comparable to that of a low-mass
source in outburst. The total energy release derived from the change in
the spectral energy distribution is four orders of magnitude larger than the
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Figure 2: K-band images of the S255 region. Left: Pre-outburst December
2009. Middle: Outburst (November 2015), showing the brightening of NIRS
3 and its outflow cavities. Right: Ratio image. The gradual increment of
brightness ratio towards the centre indicates a light echo. Concentric circles
mark light travel distances in the plane of the sky separated by one month.
Figures from Caratti o Garatti et al. (2017).

energy release in low-mass star bursts. The discovery allows the team to
estimate unambiguously a mass accretion rate larger than 6×10−3 M⊙ yr−1.
These observations show clearly that stars in this mass range grow by means
of disk accretion and that accretion is not a stable process (Caratti o Garatti
et al. 2017).

5 Summary and concluding remarks

We have provided a very brief overview of accretion during the protostellar
and pre-main sequence phases of young stars. Given the challenges in de-
termining the character of the wind-fed disk surrounding the white dwarf
in symbiotic systems, we highlighted observational diagnostics and physical
situations in star formation that might find analogies in such systems. In
particular, it could be investigated more thoroughly whether the observed
variability (photometric, spectroscopic) in symbiotics could be related to the
white dwarf disk rather than the inhomogeneities in the red giant mass-loss
and/or the orbital parameters.

Acknowledgements

The authors would like to thank the organizers for a splendid and informative
workshop.

Accretion Processes in Symbiotic Stars and Related Objects, La Serena, Chile, 4-7, Dec, 2016

93



References
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SDSS J122339.61−005631.1 (hereafter SDSS J1223−0056) is a detached
short period (P = 2.1 h) post-common envelope eclipsing binary, formed
by a white dwarf plus a main-sequence star. In this work, we present new
optical photometry of SDSS J1223−0056, obtained with the 2.15 m Jorge
Sahade telescope at the Complejo Astronómico El Leoncito (CASLEO,
Argentina). This system, as well as others containing a white dwarf
component, are being observed with the aim of detecting eclipsing time
variations (ETVs). In this contribution, we report a new initial analy-
sis of this binary system. In addition, we perform an ETV analysis
combining our time of eclipse with those previously reported.

Key Words: binaries: close - binaries: eclipsing - stars: white dwarfs -
stars: individual: SDSS J122339.61−005631.1

1 Introduction

Post-Common-Envelope-Binary (PCEB) systems have typical orbital peri-
ods between 2 hours and 2 days, although the great majority of them are
closer to the lower boundary. In recent years, the number of eclipsing binaries
with a white dwarf component has increased, mainly due to large surveys
such as the Sloan Digital Sky Survey (York et al., 2000, SDSS) and the
Catalina Sky Survey (Drake et al., 2009, CSS). SDSS J122339.61−005631.1
(hereafter SDSS J1223−0056) was identified as a binary system by Raymond
et al. (2003). Table 1 lists the stellar parameters determined by Rebassa-
Mansergas et al. (2007, 2010, 2012a) as well as the orbital ephemeris ob-
tained by Parsons et al. (2013). SDSS J1223−0056 is composed of a white
dwarf (WD) plus a main-sequence (MS) stars. In this contribution, we
present new observations and a preliminary analysis of this system.
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Figure 1: (Top panel) Light curve of SDSS J1223−0056 obtained at
CASLEO. (Bottom panel) Light curves of SDSS J1223−0056, from the CSS
database.

2 Observations

2.1 Light Curve

We present new optical photometry of SDSS J1223−0056, obtained the night
of March 8, 2016, with Roper 2048 × 2048 pixels CCD, attached to the
2.15 m Jorge Sahade telescope at the Complejo Astronómico El Leoncito
(CASLEO, Argentina). The field covered was 5.1′ × 5.1′. During the ob-
servation, the Johnson R filter was used and the exposure time was 5 min,
with a dead-time between exposures of 30 sec. To obtain differential mag-
nitudes with aperture photometry, we used an algorithm called FOTOMCC
(Petrucci et al., 2013, 2015), a quasi-automatic pipeline which uses the
DAOPHOT package, from the IRAF environment. We complemented ours
observations with the CSS light curves. In Figure 1, top panel, we present
the differential light curve obtained at CASLEO. Although it was possible to
detect a time of minimum, SDSS J1223−0056 has a partial eclipse that only
lasts a few minutes (Parsons et al., 2013; Pyrzas et al., 2015). For future
observations, we plan to reduce the exposure time to improve the cadence
of observations. In the bottom panel of Figure 1, we show the light curve
from the CSS, obtained with an exposure time between 5 and 40 sec.
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3 Analysis

3.1 Ephemeris and O−C diagram

Using the time of mid-eclipse from the CASLEO light curve, as well as
those from the CSS and those reported in the thesis of M. C. P. Bours
(2015), we calculated the orbital ephemeris of the system. A linear ephemeris
was derived using a least-squares approach to minimize the residuals: T =
T◦ + Porb × E, where Porb is the orbital period of the binary in days, T◦ is
the time at which the cycle number E=0, and T is the time of a given orbital
cycle E. Figure 2, upper panel, shows the O−C diagram for this system. We
detected no significant periodicity in the O−C values but found two points
that are outside the standard deviation. We re-calculated the ephemeris
discarding these points. Therefore, the best linear ephemeris obtained is
T[MJD] = 55707.0141(46)+0.09007811(49)E, where the numbers in brackets
indicate the error on the last two digits. As before, no significant periodicity
in the O−C diagram was apparent.

Figure 2: (Upper panel) Observed-Calculated (O−C) versus Cycle. Dashed
lines indicate ±3σ. CASLEO, CSS, and Bours data of SDSS J1223−0056
are shown as blue, red and green diamonds, respectively. (Middle panel)
synthetic light curve generated with the W-D code, using the parameters
listed in Table 1. (Bottom panel) g’ filter light curve of SDSS J1223−0056
obtained by Pyrzas et al. (2015). Insert panel: a zoom around the eclipse.

References: 1) Rebassa-Mansergas et al. (2010), 2) Parsons et al. (2013), 3) stellar parameters

used to generate the synthetic light curve of SDSS J1223−0056, shown in Figure 2 middle panel.

3.2 Synthetic light curve obtained with the W-D code

We generated a synthetic light curve with the LC subroutine of the Wilson-
Devinney (W-D) code (Wilson & Devinney, 1971), using the stellar parame-
ters of Table 1. We obtained a light curve (middle panel of Figure 2) that
is quite similar to that presented by Pyrzas et al. (2015), showed in the
bottom panel of Figure 2. We plan to continue the systematic monitoring
of SDSS J1223−0056, covering several orbital periods. This will allow us
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Table 1: Stellar parameters of SDSS J1223−0056 and the orbital ephemeris
of the system

Parameter Value References
MWD [M⊙] 0.45 ± 0.06 1
TWD [K] 11565 ± 59 1
RWD [R⊙] 0.01549 ± 0.00107 1
Spectral-TypeWD DA 1
Spectral-TypeMSstar M6 1
Orbital Period [hr] 2.1618720 ± 0.0000003 2
T◦ [MJD] 55707.0169865(72) 2
RWD [R⊙] 0.06 3
q 0.44 3
e 0 3
i [◦] 83.9 3
Orbital Period [hr] 2.1624 3
s-m axis [R⊙] 0.733 3

to derive a well-covered light curve to be adjusted with the DC subroutine
of the W-D code. The parameters listed in Table 1 should provide a good
starting solution to be refined with the DC subroutine.

4 Conclusions

In this contribution, we present new optical photometry of SDSS J1223−0056,
obtained at the CASLEO. We re-determined the orbital ephemeris of the sys-
tem, complementing our observations with the CSS light curves and the nine
mid-eclipse times presented in the thesis of M. C. P. Bours (2015). We did
not detect any significant periodicity in the O−C values (Figure 2).

Finally, we generated a synthetic light curve with the W-D code, quite
similar to that presented by Pyrzas et al. (2015), show in the bottom
panel of Figure 2. We plan to continue the systematic monitoring of SDSS
J1223−0056, covering several orbital periods. This will allow us to derive
a well covered light curve to be adjusted with the DC subroutine of the
W-D code. The parameters listed in Table 1 should provide a good starting
solution to be refined with the DC subroutine.
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OVI 6830Å Imaging Polarimetry of

Symbiotic Stars

Akras Stavros1

1Observatório Nacional/MCTIC, Rio de Janeiro, Brazil

I present here the first results from an ongoing pilot project with the
1.6 m telescope at the OPD, Brasil, aimed at the detection of the OVI
λ6830 line via linear polarization in symbiotic stars. The main goal is
to demonstrate that OVI imaging polarimetry is an efficient technique
for discovering new symbiotic stars. The OVI λ6830 line is found in
5 out of 9 known symbiotic stars, in which the OVI line has already
been spectroscopically confirmed, with at least 3σ detection. Three new
symbiotic star candidates have also been found.

Key Words: symbiotic stars - polarization

1 Introdution

Raman scattering is a well established mechanism in symbiotic stars (Schmid
1989; Nussbaumer et al. 1989). Generally, two broad lines are detected in
symbiotic stars (SySts) centred at 6830Å and 7088Å, with the latter being
approximately 4 times weaker. These two lines are attributed to Raman
scattering of the ultraviolet OVI λλ1032, 1038 resonance lines by neutral
hydrogen (Schmid 1989; Nussbaumer et al. 1989). Of the confirmed Galactic
SySts 252 or 55% (Akras et al. these proceedings) show the broad OVI λ6830
Raman-scattered line (Allen 1980; Schmid & Schild 1994).

The mechanism of Raman scattering is well known to produce strong po-
larization from a few percent up to 10-15% (Schmid & Schild 1994; Harries
& Howarth 1996,2000). Spectro-polarimetric observations are very impor-
tant for determining the orbital parameters for these systems as well as the
mass-loss rate of the cold giant by studying the O VI line profiles (Harries
& Howarth 1997). However, only a few of them have been systematically
observed. Hence, an OVI λ6830 imaging polarimetric survey of SySts is
required in order to unveil those with significant polarization.

In this paper, I present the first OVI 6830Å imaging polarimetric ob-
servations of SySts. This pilot project aims to pave the way for larger and
systematic OVI surveys (imaging photometry and/or polarimetry) searching
for new SySts without necessarily obtain follow-up observations.
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Figure 1: OVI λ6830 line image of RR Tel taken with the IAGPOL at
position angle of the prism of 0 degree. The two stars in the red circle refer
to the real and imaginary part of RR Tel. North is up, east to the left.

2 Observations

Linear imaging polarimetric observations were obtained with the 1.6 µm
Perkin-Elmer telescope at the Observatório do Pico dos Dias (OPD/LNA)
in Brasil. The data were taken using the imaging polarimeter Instituto
de Astronomı́a, Geof́ısica e Ciências Atmosféricas polarimeter (IAGPOL;
Magalhães et al. 1996). The polarimeter consists of a half-wave plate that
can be rotated in steps of 22.5 degrees and a Savart calcite prism (Ramı́rez
et al. 2015). The broad-band filter R and a narrowband filter centred at
6810Å (100Å bandwidth) were used with exposure times between 5 and
240 s. The field of view and image scale are 12 arcmin2 and 0.36 arcsec
pixel−1, respectively. During observations, the seeing varied between 1.5
and 2 arcsec. Fig. 1 shows an image of RR Tel obtained with the OVI λ
filter.

Separate images were obtained for both filters and at relative position
angles of the prism of 0, 22.5, 45, 67.5, 90, 112.5, 135, 157.5 and 180 degrees.
The instrumental polarization as well as the rotation angle of the polarimeter
were estimated by observing a number of unpolarized and polarized standard
stars during the campaign. The data reduction was performed by using the
IRAF package BEACON pipeline. The code applies a standard reduction
technique which includes, removal of cosmic rays, subtraction of the dark
current and bias, as well as flat-field normalization. It calculates the degree
of polarization (DoP) and position angle (PA) for several stars in the field.
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Table 1: Degree of linear polarization of SySts.
Name O VI† POVI PR PISM,OVI PISM,R

(6830Å) (%) (%) (%) (%)
RR Tel yes 3.09±0.13 0.58±0.02 0.42±0.03 0.45±0.02
Hen 2-106 yes 4.19±0.20 3.02±0.03 2.21±0.02 2.13±0.01
CD-43 14304 yes 0.65±0.03 0.22±0.01 0.53±0.02 0.28±0.01
AR PAV yes 1.30±0.03 1.16±0.02 0.61±0.01 0.61±0.01
2MASS16422739 yes 9.32±3.07 4.79±0.06 1.91±0.01 1.71±0.01
BI Cru no 1.04±0.03 1.07±0.06 1.33±0.02 1.26±0.02
HD 330036 no 2.79±0.06 2.66±0.02 2.06±0.02 2.01±0.01
Hen 3-1213 no 2.82±0.20 3.04±0.14 2.01±0.01 2.10±0.01
Hen 3-1761 no 1.00±0.02 1.01±0.02 0.97±0.01 0.98±0.01
V4018 no 0.35±0.03 0.40±0.02 0.50±0.01 0.51±0.01
V4074 yes 1.15±0.07 1.05±0.33 1.18±0.02 1.25±0.01
Hen 3-1341 yes 1.89±0.05 1.75±0.14 2.01±0.01 2.04±0.01
StHa 164 yes 2.47±0.13 2.58±0.17 2.58±0.01 2.66±0.02
PN K 3-12 yes 0.95±0.17 0.75±0.13 0.92±0.02 0.93±0.01

† Spectroscopic detection of the OVI λ 6830 Raman-scattered line.

3 Results

In narrowband polarization imaging there are three components that have to
been taken into account, (i) the polarization in spectral line, (ii) the polar-
ization in the continuum and (iii) the interstellar medium polarization (ISP).
For a positive detection of the spectral line via polarization imaging, the con-
tinuum and ISP components have to be measured and properly subtracted.
For the continuum polarization, the broadband filter R was used.

Regarding the ISP, the field star method was used (e.g. Akras et al.
2017). Assuming that the field stars are unpolarized, the average DoP from
all the stars in the field gives a rough estimate of the ISP.

Table 1 presents the DoP in the OVI and R filters for 14 known SySts
(Belczyński et al. 2000, Akras et al. these proceedings) as well as the
ISP in the direction of each object (5th and 6th columns). Two criteria
were used in order to get a positive detection of the OVI Raman line, (i)
POVI >PISM,OVI+3×σPOVI , which implies the star is intrinsically polarized in
the OVI line and (ii) POVI >PR+3×σPOVI

, which implies that the observed
polarization is due to the spectral line and not the continuum. In some cases,
the target can be highly polarized in the continuum (R) but not necessarily
in the spectral line (e.g. Hen 3-1213).

In my sample, there are nine SySts in which the presence of OVI λ6830
Raman line had been confirmed spectroscopically before and five SySts with-
out a confirmed detection. I get a 3σ detection for 5 (italic in Table 1) out
of 9 SySts with previous OVI detection. The non detection of the OVI line
from the last four SySts may be due to the variation of the line (very faint
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OVI line at the time of my observations). As for the five SySts, without a
confirmed detection, I get no detection for all of them (100% success).

Besides the SySts, I have also found three stars that pass the aforemen-
tioned criteria and I have considered them as candidate SySts. Since this is a
pilot project, follow-up spectroscopic observations of these three candidates
are required in order to unveil their nature and confirm the power of this
technique.

4 Conclusion

OVI 6830Å imaging polarimetry seems to be very promising technique for
searching new SySts. 5 out of 9 SySts (56%) show a 3 σ detection of the OVI
Raman line. The detection of the OVI Raman line via polarimetry assures
the symbiotic nature of the object without following-up observations. More
observation of SySts, with or without a confirmed detection of the OVI line,
are planned to be obtained this year.
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as for their financial support. I also acknowledge support of CNPq, Con-
selho Nacional de Desenvolvimento Cient́ıfico e Tecnológico - Brazil (grant
300336/2016-0). This work is based upon observations carried out at the
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thanks also to Nikos Nanouris for reviewing this paper.
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Flux Ratios of Raman Scattered O VI

Features in Symbiotic Stars

Young-Min Lee and Hee-Won Lee

Department of Physics and Astronomy, Sejong University
Seoul, Korea

Being a wide binary system of an accreting white dwarf and a mass losing
giant, symbiotic stars are an important stellar system to study the late
stage of sellar evolution. The giant component suffers a heavy mass loss
in the form of a slow stellar wind resulting in accretion onto the white
dwarf through gravitational capture. Broad spectral emission features
at 6825 and 7082 are known to be unique to symbiotic stars, formed
from O VIλλ 1032 and 1038 through Raman scattering with atomic
hydrogen. These Raman features are an excellent tool to probe the wind
accretion in symbiotic stars. We perform Monte Carlo simulations to
compute the flux ratio of 6825 and 7082 formed in a neutral region with
a geometric shape of a slab, cylinder and sphere by varying the neutral
H I column density along a specified direction. In the optically thin
limit NHI ≤ 1022 cm−2 the flux ratio F6825/F7082 reflects the ratio of
cross sections, which is around 3 when we inject the same number of
OVI 1032 and 1038 photons. The ratio tends to converge to unity the
optically thick limit NHI ≥ 1024 cm−2. In the column density around
1023 cm−2 where Raman scattering optical depth approaches unity, flux
ratio changes in a complicated way due to nonlinear dependence of the
scattering number on NHI . In the case of a neutral slab illuminated
by an O VI source outside, the flux ratio in the optically thick limit is
less than unity, implying a significant fraction of O VI photons escape
through Rayleigh scattering near the boundary. We compare our high
resolution CFHT data of HM Sge and AG Dra with the data simulated
with finite cylinder models confirming that S type symbiotic tend to be
characterized by a thicker HI region that D type counterparts.

Key Words: symbiotic star - radiative transfer - scattering - stars:
individual (HM Sagittae, AG Draconis)

1 Introduction

Symbiotic stars consist of a compact star, mostly a white dwarf, and a giant
star losing a large amount of mass in the form of a slow stellar wind. Typical
values of mass loss rate exhibited by giant components in symbiotic stars
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range Ṁ ∼ 10−8−10−7 M⊙ yr−1. A nonnegligible fraction of the slow stellar
wind from the giant companion is gravitationally captured by the white
dwarf because the velocity scale of the slow stellar wind is comparable to the
Keplerian velocity at several AU from the white dwarf (e.g. Miko lajewska
2012). A number of hydrodynamical studies show the plausibility of an
accretion disk and also some symbiotic stars are known to exhibit optical
flickering indicating the presence of an accretion disk (e.g., Sokoloski et al.
2001; Sokoloski & Bildsten 2010). The size of a giant simply implies that
the dynamical time scales associated with symbiotic activities may be found
up to several decades.

One useful classification of symbiotic stars involves the IR spectral char-
acteristic. Many IR studies of symbiotic stars reveal that there are two
major classes depending on the presence of an IR excess. Symbiotic stars
showing an IR excess are classified into a D type, where the IR excess is
proposed to be indicative of a dust component with a temperature ∼ 103 K
(e.g. Whitelock 1987; Angeloni et al. 2010). No such IR excess is apparent
in ’S’ type symbiotics. The orbital periods of ’D’ type symbiotics are poorly
known and are presumed to exceed several decades. This implies that the
giant companion is separated from the white dwarf by tens of AU. This is
in high contrast in that many ’S’ type symbiotics are known to have orbital
periods of several hundreds of days, which points out that the giant com-
panion is much closer to the white dwarf than their ’D’ type counterparts.
It is also notable that the giant component of a ’D’ type symbiotic star is
usually a Mira variable.

A significant fraction of symbiotic stars exhibit unique broad emission
features at 6825 and 7082 Åwith a width 20−30 Å. These mysterious spec-
tral features known as ’symbiotic bands’ were finally identified by Schmid
(1989), who proposed that they are formed through Raman scattering of
O VI λλ 1032 and 1038 with atomic hydrogen. Raman scattering proceeds
with a hydrogen atom in the ground state upon which an O VI line photon
in incident. The incident photon is annihilated with the excitation of the
hydrogen atom in one of infinitely many p states, which will subsequently
de-excite into 2s state with a creation of an optical photon redward of Hα.
Also allowed process is a creation of an outgoing optical photon with an
excitation into a p state from the ground 1s state followed by an annihila-
tion of the incident photon with a de-excitation into the 2s state. The cross
section of this process is σRam,1032 = 6.6 and σRam,1038 = 2.5.

These Raman O VI features are known to exhibit multiple peak profiles,
which can be explained by associating the O VI emission region with the
accretion flow around the white dwarf in a physical size of ∼ 1 AU. The
enhanced red peak shows that the accretion flow around the white dwarf
has an asymmetric matter distribution in a way that the enterng side is of
higer density than the opposite side. Considering the role played by the
Raman O VI features as a diagnostic of the accretion flow in symbiotic
stars, studies of fundamental properties on the conversion efficiency are of
importance for the proper interpretation of spectroscopic data.
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2 Result: Slab, Cylinder and Sphere

We developed a Monte Carlo code to produce Raman O VI photons that
are formed in a neutral region with a simple geometric figure such as slab,
cylinder and sphere. In particular, we inject the same number of O VI 1032
and 1038 photons into the neutral region and collect the emergent Raman
O VI photons to compute the flux ratio F6825/F7082. Fig. ?? summarizes
our work where the top 6 panels, middle 6 panels and bottom 6 panels are
for slab, cylinder and sphere geometry. The left three panels correspond to
the cases where the emission source is embedded at the center of the neutral
region, and the right three panels are for the case where the emission source is
outside the neutral region. The horizontal axis is the logarithm of NHI ,where
neutral column density is measured along the normal direction in the case
of a slab and radial direction in the cases of a cylinder and a sphere.

In each top two panel, the horizontal dashed line indicates the ratio of
Raman scattering cross sections for O VIλλ 1032 and 1038, which is 3.04.
This is the flux ratio expected in a very optically thin scattering region
that completely surrounds the O VI emission source. In each middle two
panels, we plot the Raman conversion efficiency, where the solid and dotted
curves are for Raman O VI features at 6825 and 7082 Å, respectively. Each
bottom two panels show the mean scattering number. It should be noted
that the minimum number of scatterings is one for Raman scattered photons
due to the inelastic nature of Raman scattering. In the slab cases, the flux
ratio in the optically thin limit is not convergent to the ratio of Raman
scattering cross sections but remains significantly below it. It appears that
the flux ratio converges to a value 2.3 for both cases. In these cases, escape
through a single Rayleigh scattering can be made more readily by O VIλ1032
photons than O VIλ1038 ones due to the larger branching ratio into Rayleigh
scattering of O VIλ1032.

Also notable point is the flux ratio forms a broad hump peaking at 2.5
near NHI = 1022.5 cm−2 in the case where the O VI source is embedded in
a neutral slab. At this H I column density, the total scattering optical depth
for O VIλ 1032 is near unity, whereas O VIλ1038 remains RayleighRaman
optically thin. A nonlinear behavior between the mean scattering number
and NH I becomes significant for O VIλ1032, while a linear relation prevails
for O VIλ1038.

The flux ratio approaches the ratio of Raman scattering cross sections
in the low NHI limit in the cylindrical neutral region shown in the middle
top panelsl. It is noted that escape through Rayleigh scattering is almost
negligible in the cylindrical neutral region. As in the case of the slab geom-
etry with the emission source embedded, there is also a broad hump near
NHI ∼ 1022.5 cm−2 with a peak value of 3.2. As NHI increases, the flux ratio
approaches unity, which implies full conversion into Raman optical photons.
In the right three panels, we show our Monte Carlo result for a cylindrical
neutral region illuminated by an O VI emission source. As shown in the
top right panel, the flux ratio monotonically decreases from the expected
optically thin limit of 3.05 to a value 0.87 as NHI increases. Again in this
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Figure 1: Flux ratio F6825/F7082, Raman conversion efficiency and mean
scattering number of Raman scattered O VI emergent from a slab, cylinder
and sphere with a embedded and illuminated cases. In this Monte Carlo
calculation we inject the same number of O VI 1032 and 1038 photons.
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case Rayleigh reflection occurs near the boundary region facing the O VI
source, which lowers the flux ratio to 0.87 in the optically thick limit.

The last panel of Fig. ?? shows our Monte Carlo result for Raman scat-
tered O VI formed in a spherical neutral region. In the optically thin limit,
the flux ratio is convergent to the ratio of Raman scattering cross sections.
In the opposite case of an extremely high optical depth, the flux ratio ap-
proaches unity, which indicates complete Raman conversion. In this fig-
ure, a particularly notable feature is the broad bump appearing at around
NHI = 1022.7 cm−2. The peak value is approximately 3.5, a value signifi-
cantly in excess of the ratio of Raman scattering cross sections. The value
of 3.5 is also the maximum flux ratio obtained in this work.

3 Comparison with CFHT spectra

Lee & Kang (2007) and Heo & Lee (2015) showed that the disparity of
Raman O VI 6825 and 7082 profiles can be explained assuming an O VI
emission region coinciding with a Keplerian accretion disk of velocity scale
∼ 30 km/s with the entering side of enhanced density. We assume that O
VI emission region is asymmetric in such a way that the entering side is
significantly denser than the opposite side. We adopt a highly simplified H
I region delineated by a finite cylinder specified by radius R and height H.
The diameter of the neutral cylinder is set to equal the binary separation.
We set R/H = 5.

In the bottom panels of Fig. ?? for HM Sge, simulated profiles are ob-
tained adopting the same finite cylinder model with NHI = 1022 cm−2 con-
sidered in the previous subsection. In the bottom panels, a finite cylinder
model with NHI = 1023.3 cm−2 is used with the other conditions the same
as in the top panels. We obtain a relatively poor fit of the Monte Carlo sim-
ulated profiles to the CFHT spectra. However, the purpose of the current
profile comparison is not a detailed profile fit but a simple estimate of the
representative neutral column density of the scattering region from the ratio
F6825/F7082. From this comparison, it is clear that AG Dra is characterized
by a neutral region with NHI an order of magnitude larger than that of
HM Sge. We suggest that this is attributed to the closeness of the giant
component to the white dwarf in S type symbiotic stars.
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by Korea Astronomy and Space Science Institute. This research was also
supported by the Korea Astronomy and Space Science Institute under the
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Figure 2: The top panel is a schematic illustration of Raman scattering
geometry adopted in this work for a symbiotic star. We adopt a highly
simplified neutral region delineated by a finite cylinder with R/H = 5 in
front of the giant component. The bottom penels are CFHT spectra of
Raman scattered O VI λλ 1032 and 1038 near 6825 Åand 7082 Åof a ’D’ type
symbiotic star HM Sge (top panels) and an ’S’ type symbiotic star AG Dra
(bottom panels). Profiles obtained from our Monte Carlo simulations are
overplotted to the CFHT data.
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Polarization of far UV Radiation near

Lyα Rayleigh Scattered in Active

Galactic Nuclei

Seok-Jun Chang, Hee-Won Lee

Department of Physics and Astronomy, Sejong University
Seoul, Korea

The AGN unification model asserts that all ANGs have both broad and
narrow line regions with an optically thick molecular torus outside the
broad line region hiding it from view of low latitude observers. Assuming
the presence of a high column neutral region in the molecular torus re-
gion, we propose that far UV radiation around Lyα will be significantly
polarized through Rayleigh scattering. Adopting a Monte Carlo tech-
nique we compute fluxes and degrees of linear polarization of Rayleigh
scattered Lyα in a neutral slab region and a torus region. Due to the
enormous range of scattering optical thickness dependent on the wave-
length polarization flip may occur as the wavelength varies from the line
center to the far wing regions. We conclude that Rayleigh scattering
may induce uniquely polarized Lyα distinguishable from other emission
lines, which will shed much light on the unification models of AGNs.

Key Words: active galaxy - radiative transfer - scattering

1 Introduction

The unification model of active galactic nuclei (AGNs) introduces a Compton
thick molecular torus outside of the broad line region (BLR) so that the BLR
is invisible to observers in the direction of low latitude, unifying the type I
and type II AGNs. The presence of the thick molecular torus also provides
the tendency of larger X-ray hardness exhibited by type 2 AGNs than type 1
counterparts. Spectropolarimetry of AGNs has shown that polarized broad
lines appear in type 2 AGNs, lending strong support to the unification model
of AGNs (e.g. Miller & Goodrich 1990).

In the presence of a high column neutral region, broad Lyα can be
Rayleigh scattered by atomic hydrogen to be strongly polarized, which dis-
tinguishes Lyα from other broad metal lines. We may define the Rayleigh
scattering band for a neutral slab with NHI by the range of wavelength for
which the Rayleigh scattering optical depth exceeds unity. The cross section
of Rayleigh scattering near Lyα is excellently approximated by a Lorentzian
function due to the resonance behavior (e.g. Isliker et al. 1989). from which

Accretion Processes in Symbiotic Stars and Related Objects, La Serena, Chile, 4-7, Dec, 2016

115



−24

−23

−22

−21

−20

−19

−18

−17

−16

 1160  1180  1200  1220  1240  1260  1280

lo
g(

σ
to

ta
l) 

[c
m

2 ]

Wavelength (Å)

σtotal

Figure 1: Cross section for Rayleigh scattering by atomic hydrogen. Due to
resonance the cross section peaks sharply near Lyα and well approximated
by a Lorentzian in the vicinity of the Lyα line center.

the Rayleigh scattering band of Lyα for a neutral slab with NHI is given by

∆V

104 km s−1
'

[
NHI

3× 1022 cm−2

]1/2
. (1)

This relation implies that a neutral region with logNHI > 22.5 will provide
sufficiently broad Rayleigh scattering band for a typical broad Lyα of an
AGN characterized by a velocity width ∼ 104 km s−1 (e.g. Netzer 2015)

2 Monte Carlo Approach

A Monte Carlo technique is adopted to compute the polarization of broad
Lyα of an AGN (e.g. Chang et al. 2015, Chang et al. 2017). In this
work, the neutral region is approximated by a cylindrical shell and the Lyα
emission source is located at the center. The torus or cylindrical shell is
characterized by the inner radius R, height H and the H I column density
NHI along the lateral direction.

Fig. 3 shows the Monte Carlo results of the flux and polarization of far
UV flat continuum near Lyα Rayleigh scattered in a torus with H/R = 2
for 2 different values of NHI . The top, middle and bottom panels show the
spectra and degree of polarization emerging along the symmetry axis, along
the direction making an angle θ = cos−1 0.5 and along the grazing direction,
respectively.

The axial symmetry forces the emergent radiation shown in the top pan-
els to be negligibly polarized. The flux profile exhibits local blue and red
maxima. As is seen in the left middle panel, there appears a main central dip
due to the blocking of the emission source by the neutral cylindrical shell.
However, a close investigation shows that a slight enhancement of Rayleigh
scattered flux is found, separating the two flux minima redward and blue-
ward of the line center. The central enhancement is formed through a large
number of bouncings on the inner cylinder surface as those photons with
huge scattering optical depth τs. struggle to escape from the region.
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Figure 2: Illustration of polarization development for optically thin and thick
cases in the torus model.
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Figure 3: Polarization of Lyα Rayleigh scattered in a neutral cylindrical
shell.
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The escape process of these photons is analogous to diffusion in physical
space in the direction parallel to the cylinder axis. This results in develop-
ment of linear polarization in the direction perpendicular to the symmetry
axis. Chandrasekhar (1960) showed that optically thick photons emergent
in a slab geometry can be polarized with a degree of polarization up to 0.117
in the direction perpendicular to the slab normal. However, in the far wing
regions, photons are optically thin and escape is made dominantly by single
scattering. These optically thin photons are polarized in the direction par-
allel to the cylinder axis because neutral atoms are distributed equatorially.

In the bottom panels for grazingly emergent radiation, no central en-
hancement is formed simply because a negligible portion of the upper part
of the cylindrical shell is available to the observer. Polarization near the
line center is hardly noticeable and only the far wing regions are significant
polarized along the symmetry axis.

To sum up, for a neutral torus geometry with H/R = 2 polarization
near the line center develops in the direction perpendicular to the symmetry
axis whereas the wing parts are polarized in the parallel direction. Another
interesting possible application of this work can be sought in Lyα emitting
objects found in the early universe (e.g. Yang et al. 2010).
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