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Chapter 1

Introduction

Symbiotic stars are long-period interacting binaries consisting of a cool visual
primary and a hot compact secondary component accreting matter from the
atmosphere of its companion. Their photometric and spectral variability is
determined on one hand from the orbital motion, eclipses and heating/reflec-
tion effects and on the other hand from the outburst events of the hot com-
ponent. The outburst are often accompanied by intensive loss of mass in
the form of optically thick shells, stellar wind outflow and bipolar collimated
jets.

1.1 Observed properties

Multiple criteria and quantitative requirements for classification of the symbi-
otic stars were appeared through the history of their observations (Boyarchuk
1969; Allen 1979; Nussbaumer 1982; Kenyon 1986). Because of the variety
of their behaviour (Kenyon 1986) writes that “every known symbiotic star
has, at one time or another, violated all the classification criteria invented
in the past 50 years”. The last classification criteria are of Belczynski et al.
(2000). According to these authors the observed properties of the symbiotic
stars can be summarized as:

1. The presence of absorption features of a late-type giant; in practice,
these include (among others) TiO, H2O, CO, and VO bands, as well as CaI,
CaII, FeI and NaI absorption lines.

2. The presence of strong emission lines of HI and HeI and either
- emission lines of ions with an ionization potential of at least 35 eV (e.g.

[OIII]), or
- an A- or F-type continuum with additional shell absorption lines from

HI, HeI and singly ionized metals.
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The latter corresponds to the appearance of a symbiotic star in outburst.
3. The presence of the λ 6825 Å emission feature, even if no features of

the cool star (e.g. TiO bands) are found.

1.2 Symbiotic stars as binary systems

Symbiotic stars are commonly accepted as binary systems, in which a red
giant star transfers material to its hotter companion. The binarity has been
proved in four different ways. The first one is based on optical photometric
data, which showed eclipses in some systems like AR Pav (Mayall 1937)
and CI Cyg (Hofleit 1968; Belyakina 1991). By now about 30 symbiotics
have known orbital periods and > 50 per cent of them are eclipsing systems
(Mikolajewska 1997; Belczynski et al. 2000). The second way is related to
obtaining the elements of the spectroscopic orbit. The orbital periods are of
several hundred days of the vast majority of the symbiotics. For the rest of
them they are of several thousands days. In most cases the cool giant is the
more massive component having mass of ∼ 1 − 3 M⊙ and the mass of its
compact companion in the most systems is ∼ 0.3−0.7 M⊙. The separations
of the most systems are of 1÷3 AU, but there are, also, some groups of
objects whose separations are close to 10 AU or more. About 20 systems
have spectroscopic orbits (Belczynski et al. 2000).

Very important argument in favour of binarity of the symbiotics is the
availability of the orbital parameters of few systems obtained by means of
spectropolarimetric observations of the Raman scattered λλ 6825, 7082 ÅÅ
emission lines. One result is that the orbital period of 80 years and inclination
of about 60◦ of V1016 Cyg were obtained which is the first direct estimate
for orbital parameters of symbiotic Mira (Schild & Schmid 1996).

The presence of a hot secondary component in the symbiotic binaries was
directly established for the first time by the IUE satellite. Its data revealed
a strong UV continuum in practically every observed star.

1.3 Cool component, infrared properties and

space distribution

Symbiotic systems divide into two major types, s- and d-type, according to
the infrared spectrum, emitted by their cool components (Webster & Allen
1975). Belczynski et al. (2000) composed a catalogue of 188 objects. This
catalogue contains objects divided into three types: s-, d- and d′-types. The
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majority of the systems (132) are related to s-type, 30 systems are related
to d-type, 7 of them – to d′-type and 36 objects have no IR classification.

S-type systems have near-IR colours consistent with those ones of the
normal cool giants, or with a stellar photosphere with a temperature of about
3000 – 4000 K. The IR continuum of these systems is emitted by their cool
components and is practically invariable.

The near-IR colours of d-type systems are greater than of normal late-
type stars and indicate a presence of warm dust shells with Td ∼ 1000 K.
Moreover, IR photometric data show that d-type systems contain long-
period, P∼ 300d – 600d, Mira variables (Whitelock 1987; Belczynski et al.
2000).

The systems of d′-type in the catalogue of Mürset & Schmid (1999) have
several special characteristics. One of the most important is the presence
of a F, G or K giant instead of a cooler star. The systems containing cool
components of these spectral types are included in the small group of yellow
symbiotics. These yellow symbiotics divide into s- and d′-type systems.

As far as the orbital periods of the d-type systems R Aqr and V1016
Cyg are known only and these periods are long – about 10 000d and 29 000d

respectively (Schild & Schmid 1996) – it is supposed that all d-type systems
have long orbital periods. On this basis the symbiotics are divided into two
classes:

• Short period s-type systems (Porb ∼ 500 ÷ 1000d)

• Long period d-type systems (Porb ∼ 10 000d).

According to Whitelock (1987) and Kenyon et al. (1988) the mass-loss
rate of s-type systems is of ∼ 10−7 M⊙ yr−1 and of d-type systems – of
∼ 10−5 M⊙ yr−1.

Most galactic symbiotics belong to the intermediate or old disk population
(Allen 1980). From the other hand most s-type yellow systems belong to the
old metal-poor (halo) population.

1.4 Hot component

1.4.1 Classification, based on the intrinsic variability

The UV/optical light of many symbiotic stars shows that their basic charac-
teristics is the alteration of quiescent periods and active phases. The light
curve during the active phases is determined by the intrinsic variability of
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the hot component. Kenyon (1986) supposes that symbiotic systems are nat-
urally divided into three distinct groups on the basis of the number and the
duration of their outbursts during the active phases:

1. Recurrent novae (SyRNe). This group has prototypes T CrB and
RS Oph.

2. Classical symbiotic stars (ClSS). The prototypes of this group are
CI Cyg and Z And.

3. Symbiotic novae (SyNe), with a prototype AG Peg.

The recurrent novae undergo eruptions of several magnitudes with recur-
rence time of tens of years. The active phases of the classical symbiotic stars
are realized on time scale of a few years when they undergo occasional 1 –
3 mag eruptions. The time between active phases is 15 – 20 years. The
symbiotic novae undergo a single slow outburst of several magnitudes and
duration of one or several decades.

According to Kenyon (1986) the symbiotic novae are divided into two sub-
groups depending on the appearance of their spectrum at maximum visual
light:

(a) systems, whose spectrum reminds A – F supergiant;

(b) systems, whose spectrum reminds planetary nebula.

There are seven known symbiotic novae. AG Peg (the beginning of the
outburst was around 1850), RT Ser (1909), RR Tel (1944) and PU Vul (1978)
are from the first type. V1329 Cyg (1964), V1016 Cyg (1964) and HM
Sge (1975) are from the second type. After the initial increase of the light all
symbiotic novae evolve at roughly constant luminosity (L ∼ 103÷104 L⊙) to-
wards very high temperatures of about 105 K. The spectroscopic data show
that the hot components of all of them experienced a wind mass-loss, ob-
served in some lines of HI, HeI, HeII, CIV, NIV and NV at phase after the
maximum visual light. However, there is a marked difference in the wind ve-
locities υ∞ between type (a) (with giant phase) and type (b) (without giant
phase) symbiotic novae. The lines of the stars of type (a) show velocities of
υ∞ ∼ 500÷1000 km s−1 whereas these ones of the type (b) show much greater
velocities υ∞ ∼ 2000 ÷ 3000 km s−1 (Schmid 2000). The AG Peg system is
the brightest one and the literature provides many wind line observations.
It has been concluded that its hot component has ejected ∼ (1 − 2) × 10−4

M⊙ throughout the eruption (Kenyon et al. 1993).
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During the outbursts of some classical symbiotic stars (Z And or FG Ser
type) an early-type spectrum develops and progressively dominates over the
TiO bands of the cool giant at longer wavelengths (Munari 1997). The high
ionization permitted lines progressively decrease in integrated absolute flux.
These are indications of expanding of the hot component whose continuum
contributes to the UV and visual region. The expanding in this way leads to
both an increase of the bolometric luminosity and continuum energy redis-
tribution. Expanding shells and mass outflow are often observed.

There is, also, another type of behaviour of the classical symbiotic stars
(YY Her type, Munari 1997) during the active phase. In this case an increase
of the integrated absolute flux of the high-ionization and forbidden lines dur-
ing the rise to maximum is observed. Moreover, a blue continuum develops.
These characteristics are not indication of a cooling of the outbursting star.

The optical light curve of the recurrent novae has two (type T CrB) or one
(type RS Oph) peaks. When the curve is double-peaked the first brightening
is of a greater amplitude and the whole active phase lasts less than one year.
Hachisu & Kato (1999) have reproduced theoretically the second peak of the
T CrB outbursts with a radiation induced instability of an accretion disc
around the white dwarf in the system. Such an instability develops if the
condition

Ṁacc

3 × 10−8 M⊙ yr−1
≤

(

Rdisc

R⊙

)1/2(

Lbol

2 × 1038 erg s−1

)(

Rwd

0.004 R⊙

)1/2(

Mwd

1.35 M⊙

)

−1/2

(1.1)

is satisfied (Southwell et al. 1997). If this condition is not satisfied, the
second peak is absent – the case of RS Oph. In this case the decline of the
optical light after its maximum is explained with decrease of the emission of
the outbursting white dwarf and irradiation of the accretion disc and the red
giant in the system (Hachisu & Kato 2000).

The recurrent novae have rapid decline (∼ 0.3 mag day−1) after the max-
imum and high initial ejection velocities > 4000 km s−1 (Bode 2010).

1.4.2 Mechanisms of increase of the accretion rate

The eruptive activity of the compact object is induced by accretion or a
change of the accretion rate. A mechanism of an increase of the accretion
rate in the symbiotic binary systems was proposed by Bisikalo et al. (2002)
and Mitsumoto et al. (2005). These authors have modeled the evolution of
the gas flow in the vicinity of the hot component which accretes matter of
the wind of the cool giant. They have considered the dependence of the
accretion rate from the wind velocity. According to these considerations an
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accretion disc surrounding the compact component exists when the velocity
takes some lower values. When the velocity takes higher, but close values,
the disc is destroyed and some part of its mass accretes in a typical time less
than 0.1 of the orbital period after the epoch of the velocity increase. This
results in a growth of the accretion rate.

1.4.3 Mechanisms of outburst

Thermonuclear outbursts

Most models for symbiotic eruptions are related to hydrogen burning of ma-
terial accreted by a white dwarf – compact companion in one symbiotic bi-
nary. An accreting white dwarf has three possible configurations (regimes),
depending on the mass accretion rate Ṁacc (Kenyon 1988; Mikolajewska &
Kenyon 1992). For a small range of Ṁacc hydrogen burns in a steady state in
a shell at the surface of a white dwarf when physical conditions in this shell
have become appropriate for its ignition. In this range the accretion rate is
equal to the burning rate and material burns completely as it is accreted and
does not accumulate on the surface of the white dwarf (Paczynski & Zytkow
1978; Fujimoto 1982). According to Iben (1982) the minimum accretion rate
for steady burning (the lower limit of this range) is

Ṁsteady,min ≈ 1.32 × 10−7 M⊙ yr−1 Mwd
3.57 , (1.2)

where Mwd is the white dwarf mass in M⊙. The luminosity of the white
dwarf (the minimum luminosity) is

Lsteady,min ≈ 104 L⊙ Mwd
3.57 . (1.3)

According to Paczynski (1970) and Üüs (1970) the maximum accretion
rate for steady burning (the upper limit of the range) is

Ṁsteady,max ≈ 8 × 10−7 M⊙ yr−1 (Mwd − 0.522 M⊙) . (1.4)

The luminosity corresponding to this accretion rate (the maximum lumi-
nosity) is given by the core mass-luminosity relation (Paczynski 1970; Üüs
1970):

Lplateau ≈ 59.250 L⊙ (Mwd − 0.52 M⊙) . (1.5)

A white dwarf burning hydrogen in this range of accretion rates has a
large luminosity of ∼ (1−50)×103 L⊙ and a very high effective temperature
of ∼ (1 − 2) × 105 K. It is supposed that the members of the group of
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classical symbiotic stars with a very high temperature and luminosity in their
quiescent state are in regime of steady burning of hydrogen at the surface of
an accreting white dwarf.

If the accretion rate exceeds the maximum rate Ṁacc > Ṁsteady,max , the
accreting material accumulates above the burning shell. The unburnt ma-
terial forms an extended envelope which can have dimensions of a red giant
(Kenyon 1988; Mikolajewska & Kenyon 1992). Since the burning regime at
the base of the envelope is not changed, such an object evolves at constant
bolometric luminosity. The effective temperature of the expanding object
decreases from ∼ (1− 2) × 105 K to ∼ 104 K which leades to strong contin-
uum energy redistribution and an increase of the optical flux. According to
the theory the optical eruption occurs on a thermal time scale

τth ∼ 0.1 yr

(

Menv

10−4 M⊙

)(

L

104 L⊙

)−1

, (1.6)

where L is the total luminosity and Menv is the mass of the accreted envelope
(Paczynski & Rudak 1980; Fujimoto 1982; Iben 1982). Both L and Menv

depend on the mass of the white dwarf: Menv decreases when the mass of
the white dwarf increases, and L increases with the mass of the white dwarf.
τth ≤ 1 yr for Mwd > 1 M⊙ (Mikolajewska & Kenyon 1992), which means

that an increase in Ṁacc above the upper limit of steady burning can cause
eruption only in systems with massive white dwarfs.

There is the next relation between the velocity of the expansion and the
accretion rate

dR

dt
= 8 m s−1

(

Ṁacc − Ṁsteady,max

10−6 M⊙ yr−1

)(

Menv

10−5 M⊙

)−1

. (1.7)

Observations, however, show that in a number of cases photometric and
spectral characteristics of the outbursting classical symbiotic stars do not
follow the theoretical prediction. Some systems do not evolve at constant
bolometric luminosity during their active phases but the luminosity increases
(Gonzalez-Riestra et al. 1999; Tomov et al. 2003a; Skopal et al. 2006; Sokoloski
et al. 2006; Skopal et al. 2009a,b) and, moreover, the expansion of the out-
bursting compact object is accompanied by spectral indication of loss of mass
(stellar wind), which means that it is due not to accumulation of mass re-
sulted from an increase of the accretion rate, but rather to mass outflow
(Skopal et al. 2006; Sitko et al. 2006; Iijima 2006; Tomov et al. 2008, 2010b;
Mc Keever et al. 2011; Skopal, Tomov et al. 2013). That is why a combined
model was proposed to explain the eruptive activity of the prototype of the
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classical symbiotic stars Z And where different mechanisms operate at differ-
ent stages of the increase of the optical light (Sokoloski et al. 2006; Bisikalo et
al. 2006). In the framework of this model the increased accretion rate leads
not to accumulation of mass not included in the burning, but to change of
regime of hydrogen burning. This model provides possibility to interpret
both the increase of the bolometric luminosity and the mass outflow from
the outbursting compact object.

According to some more recent hydrodynamic simulations of accretion
of solar material onto white dwarfs steady burning regime does not occur
(Starrfield et al. 2012).

If the accretion rate falls below its minimal value Ṁacc < Ṁsteady,min ,
hydrogen burning exhausts the envelope faster than accretion can restore it.
The absence of material in the envelope leads to cessation of the burning.
Accretion, however, leads to accumulation of material on the surface of the
white dwarf again and the next configuration originates: CO or ON white
dwarf and hydrogen rich envelope onto it with a mass of ∼ 10−5 ÷ 10−4

M⊙ (Kenyon & Truran 1983; Mikolajewska & Kenyon 1992; Starrfield et al.
2012). Because of gravitation the density and temperature at the base of the
envelope increase. The pressure at the base of the envelope is

Pss =
GMwdṀacc t

4πR4
wd

, (1.8)

where Rwd is the radius of the white dwarf and t – the time of accretion
between the outbursts. When the temperature and the pressure at the base
of the envelope reach some critical values of T ∼ 107 K and p ∼ 1019 dyn cm−2

hydrogen burning begins and a shell source of energy forms. Initially energy
is generated solely by p -p reactions, but after some time CNO reactions
realize too.

Depending on the accretion rate Ṁacc, luminosity L and mass of the white
dwarf Mwd the next possibilities can be realized:

– degenerate outburst (thermonuclear runaway, TNR), when Ṁacc is fairly
low, Ṁacc ∼ 10−10 ÷ 10−9 M⊙ yr−1 or

– non-degenerate outburst, when Ṁacc ∼ 10−8
⊙ yr−1.

When the accretion rate and the luminosity of the white dwarf are low
(L ≤ 0.1 L⊙) the accreting material can cools efficiently and forms degener-
ate envelope (Kenyon 1988). In this envelope the accreted hydrogen is com-
pressed up to degenerate conditions, thus leading to thermonuclear burning
without control (explosive burning) (Hernanz & José 2000). The hydrogen
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burning in the framework of CNO reactions cycle produces some β+ unsta-
ble nuclei of relatively short timescales (13N, 14O, 15O and 17F), which are
transported by convection to the outer parts of the envelope, where they are
preserved from destruction until they decay. Their subsequent decay leads
to large liberation of energy, which provokes expansion of the envelope, in-
crease in luminosity and mass ejection – processes observed in classical novae,
symbiotic novae and recurrent novae.

When Ṁacc > 10−9 M⊙ yr−1 the accreting material is not cooling before
falling in the white dwarf atmosphere. This causes heating of the white
dwarf by newly arrived hydrogen-rich material and leads to appearance of
non-degenerate envelope. The hydrogen outburst in this case is relatively
weak (Kenyon 1988).

When during one degenerate outburst the temperature and the pressure
at the base of the envelope have reached their critical values of T ∼ 107 K
and p ∼ 1019 dyn cm−2 , CNO reactions are actually the source of energy
and convection and electron conductivity are the basic mechanisms of en-
ergy transfer from the shell source through the envelope to its surface. The
outburst itself is realised at two stages: rapid increase in bolometric lumi-
nosity at nearly constant radius followed by a slow expansion at constant
bolometric luminosity.

At the first of these stages when the energy generation rate ǫnuc (the
energy released by unit mass in the burning material per unit time) and the
temperature at the base of the envelope reach values of ∼ 107−109 erg g−1 s−1

and ∼ 3×107 K a small convective zone appears above the shell source, which
zone feeds fresh 12C nuclei into it (Kenyon & Truran 1983). This accelerates
the burning (runaway), ǫnuc and T increase more and reach their maximal
values of ∼ 1013 − 1014 erg g−1 s−1 and ∼ 1.3 × 108 K and the envelope
becomes fully convective. Soon after, the large energy flux generated by
the shell source reaches the surface and the luminosity increases rapidly.
Convection, however, is not able to transport the energy generated by the
shell source and since the material is degenerate (i.e. pressure does not
increase together with the temperature and the envelope does not expand),
such object explodes. The velocity of the ejected particles is greater than the
escape velocity of the white dwarf, so one gravitationally not connected shell
appears, which gradually dissipates in the interstellar medium. The energy
released from decay of the β+ unstable nuclei of 13N, 14O, 15O and 17F play
an essential role in the expansion of the envelope. The explosion causes rapid
ejection of the outer envelope and the top of the convective zone begins to
return to the surface of the white dwarf. So the convective zone shrinks,
which leads ǫnuc and T to decrease rapidly to approximately constant values
of ∼ 109 erg g−1 s−1 and ∼ 5×107 K. When ǫnuc and T reach their maximum,
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the luminosity increases very rapidly – the bolometric magnitude decreases
from +11m to −5m for about 100s.

Maximum luminosity of ∼ 104 L⊙ occurs from ∼ 1 hour to ∼ 1 month
depending on the parameters of the model.

When ǫnuc ∼ 109 erg g−1 s−1 and T ∼ 5 × 107 K the bolometric luminos-
ity and magnitude have reached their maximal values and the second stage
of the outburst – expansion at constant luminosity begins. As a result of
the expansion the effective temperature of the outbursting object decreases,
which, from its side, leads to strong continuum energy redistribution and
an increase of the optical flux (optical flux can begin to increase during the
previous stage, that of growth of the bolometric luminosity, too). After the
ejection of the envelope, some part of it remains unejected and the nuclear
reactions in the underlying shell source continue to act. The effective tem-
perature of such an object is ∼ (1 − 2) × 105 K. It begins to decrease when
the energy generation rate begins to decrease or when the nuclear reactions
stop.

During the stage of constant bolometric luminosity the star loses mass
at two phases. The first one is that of ejection of the envelope. The mean
mass-loss rate during this phase reaches Ṁ ∼ 10−4 M⊙ yr−1 (Shara et al.
1993). During the second phase the star loses mass via stellar wind. The
loss of mass stops when Menv becomes too small to support its own pressure,
a period of dynamical contraction follows. The bolometric luminosity and
the energy generation rate ǫnuc decrease.

According to some models, the total mass lost during both phases is of
3.75 × 10−4 M⊙ , a little more than the total mass accreted of about 3.7 ×

10−4 M⊙. The difference is related to small amount of core material of the
white dwarf, which has been mixed in the envelope. The white dwarf loses
some amount of its mass in every outburst cycle (accretion – burning –
explosion) (Shara et al. 1993). According to some other models, the mass of
the evolving white dwarf increases with every outburst cycle. If the mass of
this white dwarf (component of a symbiotic system) is close to Chandrasekhar
limit, such system is regarded as progenitor of supernova of Type I (Bode
2010 and references therein; Starrfield et al. 2012). The scenario of the
non-degenerate outburst is similar. Symbiotic systems, whose white dwarf
component experiences strong, degenerate outburst, have spectral features
of A–F supergiant at the time of the optical maximum and thus resemble
classical novae. The spectrum of the symbiotic systems, whose white dwarf
component experiences weak, non-degenerate outburst, resembles spectrum
of planetary nebula at the time of the optical maximum (Paczynski & Rudak
1980; Iben 1982; Kenyon & Truran 1983).

The evolutionary cycle and the recurrence time scale of the eruptions
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in regime of TNR depend on the mass of the white dwarf, the mass of the
accreted envelope, the accretion rate and the luminosity at maximum L. The
evolutionary cycle is determined from the time spent at quiescence ∆toff and
the upper limit of the time spent in eruption ∆ton (Kenyon 1988):

∆toff ≈ 104 yr

(

Menv

10−5 M⊙

)(

10−9 M⊙ yr−1

Ṁacc

)

(1.9)

and

∆ton ∼ 40 yr

(

Menv

10−5 M⊙

)(

2 × 104 L⊙
L

)

. (1.10)

Short recurrence time scales are possible for massive white dwarfs ac-
creting matter at very high rates (low mass white dwarfs can be in regime
of TNR only at comparatively low accretion rates). According to Kovetz &
Prialnik (1994) a CO 1.4 M⊙ white dwarf accreting at a rate of 10−8 M⊙ yr−1

undergoes outbursts typical of recurrent novae: the recurrence time is less
than 20 yr, velocities are ∼ 1500 km s−1 , and the ejected mass – larger than
the accreted mass, of about 2 × 10−7 M⊙.

Accretion powered outbursts

An other mechanism which is used to explain the eruptive activity of sym-
biotic stars is related to accretion powered outbursts. Accretion is source
of energy in this case and luminosity variations result from changes in the
accretion rate.

Disc instability is a physical mechanism which can change the accretion
rate through an accretion disc. Disc instability appears as a result of libera-
tion of angular momentum in the disc and its transport outward. It can be
happened, for example, when the mass transfer rate into the disc is larger
than the mass flow rate through the disc (Duschl 1986a,b; and references
therein). Disc instability appears as a result of thermal instability in the
disc too (Abramowicz et al. 1995). The liberation of angular momentum,
on its side, contributes to the growth of the density in the disc. When the
density grows, the surface density in the disc grows too and the efficiency of
liberation of angular momentum increases. This leads to sharp increase of
the accretion rate and growth of the luminosity of the disc.

Accretion powered outbursts can be distinguished observationally from
thermonuclear events by an increase in the emitted flux at all wavelengths,
rather, than the continuum flux redistribution (Mikolajewska & Kenyon
1992).
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Ionization eruptions

An other mechanism suggested to explain the activity of the symbiotic stars
is that known as “ionization eruptions” (Nussbaumer & Vogel 1987, 1988).
It is supposed to act in a detashed system consisting of a red giant and an
accreting very luminous white dwarf which ionizes the gas in the wind of the
giant to form a density bounded nebula in the quiescent state of the system.
One optical eruption begins when the mass-loss rate of the giant increases,
leading to growth of the nebular emission and consequently to growth of the
optical flux of the whole system. The components of this model system are
as follows: a hot compact object with a radius of 9 × 108 cm radiates as
a blackbody with temperature 1.5 × 105 K and ionizes the wind of a giant
with a radius of 50 R⊙, mass-loss rate of ≤ 10−7 M⊙ yr−1 and velocity of its
wind of 80 km s−1. The components separation is 5 × 1013 cm. An increase
of the mass-loss rate of the giant to ∼ 10−5 M⊙ yr−1 causes a growth of the
optical flux of the system of several magnitudes for a typical time of about
one year – a time, need one wind particle to travel the distance between the
components.

1.4.4 Collimated ejection

Symbiotic stars have observational indication of collimated outflows which
appear in most cases during phase of activity. There are five systems with op-
tical indication related to additional high velocity satellite emission/absorption
components of the spectral lines (Tomov T. et al. 1990, 2000; Munari et al.
2001; Tomov et al. 2007; Skopal, Tomov et al. 2013). Some other symbiotic
systems have radio indication of jets (Burgarella & Paresce 1992; Taylor et
al. 1986, 1989; Sokoloski et al. 2008; Leedjarv 2004). The origin and nature
of the collimated ejection are controversial. According to Sokoloski et al.
(2008) the proposed mechanisms for its generating include (1) intrinsically
asymmetric explosions, (2) ejecta that move into an inhomogeneous environ-
ment, and (3) mechanisms providing high degree of collimation. The third
group is related to action of magnetic field. The view that presence of mag-
netized accretion disc surrounding the compact object is the most probable
reason for the collimated ejection by symbiotic stars and the magnetic field
is responsible for the acceleration and collimation of the ejected material is
widely accepted. The magnetic field extracts energy and angular momentum
from the accretion disc and transfers them to the outflow which is magneto-
centrifugally accelerated.

According to Livio (2011; and references therein) the basic idea is that the
lines of the magnetic field are open and form some angle with the disc surface.
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These lines are corotating with their foot points in the disc and disc material
is accelerated by the centrifugal force. The acceleration in this model can
occur for an inclination larger than 30◦. In the magneto-centrifugal model the
acceleration stops at the Alfven surface, where the kinetic energy density is
comparable to the magnetic energy density. The collimation, however, occurs
outside the Alfven surface too. Outside the Alfven surface the field generates
loops which are carried by the outflow to form a spiral field. This spiral
field can collimate the ejected material. According to this theory collimated
outflows in the symbiotic stars should be observed during both of their states
– the quiescent and active ones. Observations, however, show that in most of
these stars indication of collimated outflow appears only during their active
phase when is accompanied by indication of noncollimated one. That is why
an other model was suggested to interpret their line profiles – the model of
collimated stellar wind (Tomov et al. 2014).

1.5 Nebula

The symbiotic nebula appears as a result of the loss of mass of both stellar
components. It gives rise to the emission spectrum which is characterized by
the simultaneous presence of lines requiring different excitation conditions.
However the symbiotic nebulae distinguish themselves from the planetary
nebulae by higher densities resulting in appearance of very prominent per-
mitted and intercombination (HI, HeI, HeII, OIII], CIV, NV) emission lines
and relatively weak forbidden lines ([OIII], [NeIII]). The data for the emission
line fluxes are used to obtain physical conditions within the nebula. These
data indicate densities of ne ∼ 108 ÷ 1010 cm−3 in s-type and much lower
ne ∼ 106 cm−3 in d-type symbiotics (Kenyon 1986). The more detailed study
of the nebula in some systems (e.g. Kenyon et al. 1993; Mikolajewska et al.
1995; Skopal 2005) showed that the electron temperature is 15 000 – 40 000
K. This means that radiation and not collisions are in general responsible
for its ionization. The symbiotic nebulae can be also radio sources (Seaquist
& Taylor 1990). Free-free radio continuum has been detected from about 25
per cent of all symbiotic systems. The radio emission is correlated with the
IR properties. This correlation is expressed essentially in the fact that all
d-type systems are radio sources. Moreover, the systems with the greatest
mass-loss have the greatest radio luminosity.

The symbiotic nebula gives rise to the emission features at λλ 6825 Å
and 7082 Å which appear as a result of Raman scattering of the photons
with wavelengths λλ 1032 Å and 1038 Å of the OVI resonance transitions
(Schmid 1997). In symbiotic systems the OVI emission appears near the
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hot component and is converted by neutral hydrogen into Raman photons
in the extended atmosphere and wind of the cool giant. In this process an
OVI photon excites atomic hydrogen from its ground state 1s2S to an exited
state, followed by the emission of a photon leaving the atom in the lower
2s2S state and the emission of a Ly photon. Between the wavelengths of
these photons exists the next relation 1/λRaman = 1/λOVI − 1/λLyα. It can
be derived the scattering efficiency NRaman/NOVI from the measured fluxes of
the OVI lines and the Raman lines if there are simultaneous UV and optical
spectral data. That parameter provides information about the extent of the
scattering region with respect to the region emitting the OVI lines.

In a number of cases the symbiotic nebulae are X-ray sources as well.
Some of these cases are related to the eruptive phases of the symbiotics when
their hot stellar components generate a wind outflow with a high velocity.
This wind interacts with the wind of the cool giant, modifying significantly
the structure of the nebula and creating a shock region which gives rise to
X-ray emission of ∼ 1 L⊙ (Wilson et al. 1984; Nussbaumer & Walder 1993).

1.6 Main aims of the investigation

As a result of accretion onto the compact object processes of heating and
eruption develop, observed as optical outbursts and often accompanied by
intensive loss of mass. Heating and ejection of mass lead to change of the
bolometric luminosity and continuum energy redistribution of the outburst-
ing object and have thus pronounced photometric manifestation. Accretion
and ejection of mass manifest themselves in change of the spectrum when
line profiles with a complex morphology form.

Investigation of the components interaction is of fundamental importance
to study the nature and evolution of the interacting binary stars. The basic
factor determining the interaction of the components is the loss of mass.
In symbiotic stars the cool component (donor) loses mass all the time and
during phase of activity the hot compact object (accretor) loses mass too.The
combination of different rates of loss of mass with the other parameters of
the system leads to possibility a great diversity of regimes of interaction
and observational behaviour to appear. The existing accretion structures
contribute to this diversity too. That is why the view the behaviour of every
particular system during active phase is unique is widely accepted among
the investigators of symbiotic stars and the approach every system to be
studied individually and a specific model to interpret its light and spectrum
to be searched for is applied for this reason. In this way the next question
arises: are symbiotic stars such class of objects where the behaviour of each
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of them requires one particular model or their behaviour can be explained
in the framework of more common models, since the diversity from object
to object is due only to difference of some individual parameters? This
question determines the main aims of the present investigation. We treated
several symbiotic systems during their active phases. These are the systems
EG And, AG Peg, AG Dra, Z And, Hen 3-1341, StHα 190 and BF Cyg.
EG And is of interest to us because of the fact that on one hand optical
eruptions were not observed up to now in this system and of the other one
the lines C iv 1548 – 1550 had profiles of the type P Cyg indicating stellar
wind. AG Peg is a prototype of the class “symbiotic novae” and underwent
the most prolonged outburst among symbiotics ever recorded. The eruptive
activity of AG Dra is of type Z And, but in contrast to it, AG Dra has
never had indication of collimated ejection. It is no accident that the system
Z And is included in this group. On one hand it is a prototype of the
classical symbiotic stars and whole class of symbiotics. On the other hand
it has a complicated line spectrum indicating an unusual variety of physical
conditions: densities, temperatures and velocity regimes. Moreover, only five
of more than 200 known symbiotic systems have optical indication of bipolar
ejection and Z And is one of them. Other three systems of this group are
Hen 3-1341, StHα 190 and BF Cyg. They showed simultaneous presence of
spectral indication of bipolar ejection and stellar wind like Z And.

The main aims of our research are as follows:

1. To suggest:

• a model to interpret the behaviour of the optical light;

• a model to interpret the behaviour of the line spectrum.

2. To investigate the process of loss of mass and to obtain quantitative
estimate of the mass-loss rate of the outbursting compact object.

1.7 Structure of the dissertation

The dissertation contains six chapters and conclusion.
The first chapter contains an introduction to the topic of symbiotic

stars, a treatment of their observed properties, some of the basic items of
theory of their eruptive activity, motivation of the study, undertaken by us,
and its main aims. The orbital variability of the line spectrum of the system
EG And is considered in the second chapter, where a model for its inter-
pretation is suggested. The third chapter is devoted to the prototype of
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the symbiotic novae AG Peg where its photometric and spectral behaviour
at the final stage of the outburst is considered. A model for interpretation
of its light curve is suggested. The fourth chapter is devoted to the yellow
symbiotic AG Dra during its 1994–1998 active phase and in some time of
quiescence before it. Some of the basic parameters of the system are de-
termined. A scenario for interpretation of the growth of the optical light
is suggested. The prototype of the classical symbiotic stars and the whole
class of symbiotics Z And during its last and most prolonged 2000–2013 ac-
tive phase is investigated in the fifth chapter. A mechanism of increase
of the optical light and a model for interpretation of the line spectrum are
suggested. All symbiotic systems with spectral indication of bipolar ejection
and stellar wind are considered in the sixth chapter. The line profiles of all
of them are interpreted in the framework of the model of collimated stellar
wind. The light curve of one of them, BF Cyg, during its last 2006–2015
outburst is interpreted in the framework of this model. The conclusion

contains the basic results of the investigation. A list of author’s papers

used in this dissertation is presented at its end.
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Chapter 2

The symbiotic binary EG And

2.1 Introduction

The symbiotic binary EG And (HD 4174, SAO 36618, Boss 880, BD +39◦167)
consists of a normal M3 giant (Mürset & Schmid 1999) and a hot compact
object with a low luminosity (Mürset et al. 1991). The variability of its line
spectrum and its interpretation is considered in the works of Tomov (1995)
and Tomov & Tomova (1995a,b). For the need of this consideration the
spectroscopic elements of Munari et al. (1988), JD= 2439251+481.2×E are
used, where zero phase corresponds to the epoch of ascending node.

Smith (1980) has investigated the variations in the profile, radial velocity
and equivalent width of the Ha emission line during the orbital period. The
variations in the radial velocity and equivalent width are close to sinusoidal,
and are opposite in phase. The profile is also variable. It is single at the time
of maximum equivalent width, and double at the time of minimum equivalent
width. A pronounced asymmetry is observed when single. The line variations
have been compared with the visual brightness, which probably varies with
the same period. The line is most intense at maximum light and least intense
at minimum. The variations of the Hα equivalent width and the light of the
star (Hric et al. 1991, 1993; Skopal et al. 1995; Tomov & Tomova 1996) as
well as the correlation of these parameters with the profile variations, are
highly reminiscent of the situation in another symbiotic system, AG Peg
(Boyarchuk 1966, 1967a; Hutchings & Redman 1972; Hatchings et al. 1975;
Boyarchuk et al. 1987; Tomov & Tomova 1992).

IUE spectra, taken in the 1150–3200 Å region (Stencel 1984), show flux
variations in some emission lines, as well as continuum flux variations near
to these lines. The fluxes decrease remarkably near phase 0.72, where there
is a minimum in the Ha equivalent width according to Smith (1980). The
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He ii 1640 line disappears entirely at phase 0.64. The continuum flux at
wavelengths less than 1630 Å also decreases to zero at the same phase. It
has been concluded that the sharp decrease in flux is an indication of an
eclipse.

Oliversen et al. (1985) have determined the orbit of the cool component
from their Reticon spectra, taken in the Hα region. According to them, the
orbit is circular and the barycentric velocity is equal to −94.8 km s−1. In view
of the result of Kenyon’s (1983) diagnostics – the secondary in this system is a
hot subdwarf, similar to the central star of a planetary nebula – Oliversen et
al. supposed its mass to be of the order of 0.7 M⊙. Assuming a mass ratio of
∼ 3.5, they obtained a primary mass of ∼ 2.5 M⊙, and a separation of ∼ 1.7
au. For the radius of the primary Roche lobe, they obtained about 180 R⊙ .
On the other hand, Oliversen et al. supposed the radius of the primary to
be about 100 R⊙, in agreement with Kenyon & Gallagher (1983). They
therefore came to the conclusion that the cool component does not fill its
Roche lobe, and consequently an outflow via the inner Lagrangian point L1,
is not possible.

Oliversen et al. (1985) also considered the profiles, fluxes and radial ve-
locity data of some emission lines in the 1150–2000 Å region from two IUE
spectra. The first of these was taken at phase 0.72 and the second one at
phase 0.00. In general, the emission-line fluxes are weaker at phase 0.72 than
at phase 0.00, and the lines of O i and O iv, as well as He ii 1640, at phase
0.72 disappear entirely. This observational result was interpreted as being
due to an eclipse. The profiles of the C iv resonance lines λλ 1548, 1550 Å at
phase 0.00 are P Cygni in form, which indicates the existence of a hot wind in
the system. The difference between the barycentric velocity and the central
reversal velocity is equal to the wind velocity, and amounts to 74 km s−1. As
the P Cyg profile disappears during the time of the eclipse, Oliversen et al.
(1985) associated this wind with the hot component.

The He ii 1640 emission line at phase 0.00 consists of a central narrow
component with FWHM equal to 180 km s−1 , and a broad component with
FWZI (full width at zero intensity) equal to 960 km s−1. Oliversen et al.
(1985) supposed that the broad component originates in a rapidly rotating
disc surrounding the hot component of the system. The emission profile
suggests that it is optically thin. In well separated symbiotic systems such a
disc is formed as a result of wind accretion from the giant.

The existence of an accretion disc surrounding the hot component is also
assumed by Pesce et al. (1987). According to them, mass transfer in the
system is helped by the expansion of the red giant atmosphere. This ex-
pansion is caused by the radiative heating by the companion star. The cool
component of the EG And system is unlikely to be heated, however, as it
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would then behave observationally like its counterpart in the AG Peg system
(Boyarchuk 1966, 1967a; Hatchings et al. 1975; Tomov & Tomova 1992).

The C ivλλ 1548, 1550 Å profiles of the EG And system have also been
examined by Sion & Ready (1992). In their opinion, the profiles are P Cygni
in form, and the absorption components are perhaps the most pronounced
seen in any symbiotic system. According to Sion & Ready, the wind observed
in these lines belongs to the secondary, since the profiles do not reveal asym-
metry in their blue wings; asymmetry implies a gradual increase in velocity,
which is typical of the profiles of cataclysmic variable disc winds.

The wind velocity measured by Sion & Ready (1992) is 124 km s−1. The
average of this value and the one obtained by Oliversen et al. (1985) is about
100 km s−1, considerably lower than the hot wind velocity in symbiotic novae,
which is of the order of 1000 km s−1. Sion & Ready (1992) have also discussed
a sequence of models describing the outburst behaviour of an accreting low-
mass white dwarf – a component of a binary symbiotic system. An essential
fact is that the absorption velocity of the C iv 1548–1550 P Cyg profiles is
240 km s−1 (Sion & Ready 1992), i.e. very close to the C iv outflow velocity
of the EG And system. Sion & Ready (1992) considered their low-mass
white dwarf accretion model to be probably applicable to both BF Cyg and
EG And, as well as to any symbiotic system that has features attributable
to a hot moderate-velocity wind.

The C ivλλ 1548, 1550 Å profiles of EG And were examined by Vogel
(1993) too. This author used four IUE spectra with identification numbers
SWP 20269, 23692, 26268 and 46021. The first three of them, however, are
those used by Oliversen et al. (1985) and Pesce et al. (1987). The last one
was taken on 20 Oct. 1992 (JD 2448915.5) at orbital phase 0.08, which shows
the same P Cyg profile and velocity of the wind.

The complex Hα profile of EG And, displaying features of self-absorption,
argues for gaseous structure with complicated geometry and various physi-
cal conditions. It was not explained in the framework of any of the models
proposed for this system. Model in which both components have a stellar
wind have been considered in some theoretical works (Girard & Willson 1987;
Luo et al. 1990). According to it, gaseous structures possessing density and
temperature inhomogeneities arise as a result of colliding winds. The line ra-
diation from these structures in many cases is influenced by self-absorption.
We believe that, in carrying out a treatment of the observational data of
EG And in the light of this model, we will be successful in both resolving
the difficulties of the accretion disc model and explaining the Hα profile vari-
ations. The basic aim of our research is to suggest a model for explanation
of the line spectrum of the system during the orbital cycle.
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Figure 2.1: Hα profile variations during the orbital period. The average con-
tinuum level is one ordinate unit above zero intensity. The phases are ac-
cording to Munari et al. (1988).

2.2 Observations

Four spectra in the Hα region have been taken between February 1993 and
August 1994 by means of ISTA CCD array, mounted at the Coudé focus
of the 2m RCC telescope of the National Astronomical Observatory Rozhen
(Fig 2.1). The spectral resolution at orbital phases 0.47 and 0.98 is equal to
0.2 Å px−1 , and at phases 0.31 and 0.74 – 0.1 Å px−1 The material derived
was processed by means of the pcIPS program (Smirnov et al. 1992). The
ReWiA package was used for obtaining dispersion curve (Borkowsky 1988).

2.3 Model

The most plausible supposition is the observed low-velocity P Cyg wind (Oli-
versen et al. 1985; Sion & Ready 1992) to be associated with the secondary
component, which according to Kenyon (1983, 1986) is a hot, compact object
similar to the central star of a planetary nebula.
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Girard & Willson (1987) have developed a theoretical model of a nebular
region, formed as a result of a collisional shock between the winds of the two
components in a symbiotic system. This region is in the shape of a shell.
The authors distinguish two parts of the shell: a conical part and a spherical
one. The conical part surrounds the area behind the cool component, and the
apex of the cone is between the two components. The geometry of the conical
part, as well as its mass distribution and velocity profile, depends on the wind
parameters – the mass-loss rate Ṁ and the velocity υ. Possible mechanisms
for line excitation in this region include shocks and photoionization.

For a consideration of the available data on the EG And system within
the framework of such a model, estimates of the wind parameters of its
components are need. We adopt the value of 10−7 M⊙ yr−1 for the mass-loss
rate of the cool component, which is an average value for the cool components
of S-type symbiotics (Kenyon et al. 1988; Mürset et al. 1991). According to
Hagen (1978), typical wind velocities of M giants are in the range 5–10 km s−1.
For the purpose of our investigation we will use a value of 10 km s−1.

Mass-loss rate estimates for the hot components of symbiotic systems are
considerably more uncertain. The central stars of planetary nebulae have
mass-loss rates of 10−10 to 10−7 M⊙ yr−1 (Pottasch 1984). The absence of
a mass-loss indication in the line profiles in the visual region (Smith 1980;
Oliversen et al. 1985), the availability of mass-loss evidence only in the C iv

resonance line profiles in the UV region, and the low wind velocity measured
from these lines (Oliversen et al. 1985; Sion & Ready 1992) all imply that the
mass-loss rate of the hot component in the EG And system is comparatively
low. We assume that it is about 10−9 M⊙ yr−1 , which is less than average
for the central stars of planetary nebulae.

To summarize, the adopted parameters for the cool component wind (cool
wind) are approximately Ṁ0 ∼ 10−7 M⊙ yr−1 and υ0 ∼ 10 km s−1 and
those of the hot component wind (hot wind) – Ṁi ∼ 10−9 M⊙ yr−1 and
υi ∼ 100 km s−1. Then the product of the wind parameters, lw (Girard
& Willson 1987), where l = Ṁi/Ṁ0 and w = υi/υ0 is equal to 0.1. This
product gives information about the wind momentum ratio and determines
in a simple way the asymptotic cone angle and the cone position with respect
to the centres of the components. The fact that lw < 1 means that the cool
wind predominates over the hot wind and the conical surface envelops the
area behind the hot component. Following on from the assumptions on which
the dynamical shell model is based (Girard & Willson 1987), we conclude that
the spherical part of that shell will not be formed in the case of the EG And
system, and we therefore consider only the nebular conical region. For the
asymptotic cone half-angle, according to the steady-state region model, we
obtain a value of ∼ 52◦. In reality, however, because of the orbital motion,
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Figure 2.2: A schematic diagram of the EG And system in the orbital plane.
The phases of quadratures and spectral conjunctions are marked. The phases
have been calculated by means of the elements of Munari et al. (1988).

the value will be smaller according to the dynamical shell model. For the
distance between the nebular region and the centre of the hot component,
normalized with respect to the binary separation, we obtain r1 = 0.24, which
for a separation of ∼ 1.7 au is equal to 0.41 au or 88 R⊙ (Fig. 2.2).

The emission-line spectrum of the EG And system can be understood if,
together with the nebular region formed as a result of the wind interaction,
we take into account all regions in the system where ionization of the gas is
possible. Such regions probably include a portion of the wind of the giant.
A function, defining the form and the specific size of the ionized portion of
this wind (the H II zone) for the case of a system without a hot wind, has
been derived by Taylor & Seaquist (1984). The boundary of the H II zone is
determined by the recombination-ionization balance and the flow of neutral
hydrogen atoms across the boundary surface. Since the recombination time
is a small fraction (10−3) of the orbital period, the orbital motion is ignored
in the treatment of this zone. An H II zone, calculated for the case of the
EG And system [X ∼ 0.10, where X is the ionization parameter (Taylor &
Seaquist 1984)] assuming the absence of a hot wind, is shown in Fig. 2.3. A
value of 10 L⊙ has been used for the hot-component luminosity – approxi-
mately an arithmetical mean of the luminosities derived by Boyarchuk (1985)
and Mürset et al. (1991). In reality, however, a hot wind is observed in this
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Figure 2.3: The neutral and ionized portions of the giant’s wind in the
EG And system, calculated assuming absence of a wind from the hot com-
ponent. The phases marked are the same as in Fig. 2.2.

system. Its absorption beyond the limit of the Lyman series( i.e. wavelengths
less than 912 Å) is negligible in comparison with that by the giant’s wind, as
a result of the lower density, and for this reason an H II zone will probably
form in the giant’s wind. The method of Taylor & Seaquist (1984) cannot
be used to calculate the size of this zone, as their approach does not consider
the case when a hot wind is present in addition to the hot secondary. In
this case, the form and the specific size of the H II zone will depend on the
position of the conical nebular region with respect to the components. Its
calculation is a problem of a theoretical nature, and needs to be considered
in detail. The aim of the present work is to carry out a qualitative inter-
pretation of the observational data on the EG And system, which is why we
confine ourselves to the intuitive supposition that the H II zone will surround
the conical nebular region.

According to Schwank et al. (1997) the maximal optical depth in the
Balmer lines of the symbiotic stars is at orbital phases close to the inferior
conjunction of the giant component and is determined by the increasing
density in the transition region between the H II and H I zones.
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Figure 2.4: A radial velocity curve for the EG And cool component (Munari
et al. 1988) and Hα radial velocity data, taken from Smith (1980, dots). The
mean velocities of the Balmer members, from the same work, are marked
with circles.

2.4 Hα line

The primary radial velocity curve, derived by Munari et al. (1988), is shown
in Fig. 2.4. The elements of the orbit are listed in Table 2.1. The Hα radial ve-
locity variations from Smith’s (1980) observations are also shown in Fig. 2.4.
It can be seen that the radial velocity variations in the Hα emission line are
not in phase with those of the cool component, implying that the motion of
the emitting gas differs from the stellar orbital motion. We suppose that the
Hα radial velocity is related to the gas flowing in the nebular region from the
innermost area to the outer parts. As the orbit is an ellipse and the orbital
velocity varies with the phase, the angle between the cone axis and the direc-
tion of the orbital motion varies too. The Hα radial velocity variations appear
not to be sinusoidal, and they have been assumed to have a steep slope be-
tween phases 0.8 and 1.1 (Smith 1980). Using these incomplete data, it is
difficult to derive a definite phase shift between the curves, but, estimating
the approximate shifts between the maxima and the minima respectively, we
obtain 0.10–0.15 for the average value. This phase shift depends upon the
average angle between the cone axis and the direction of the orbital motion
shown in Fig. 2.2.

Figure 2.5 shows the Hα profile variations from the observations of Oliv-
ersen et al. (1985). When the line is purely in emission, its FWHM is about
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Figure 2.5: Hα profile variations during the orbital period, taken from Oliv-
ersen et al. (1985). The average continuum level is one ordinate unit above
zero intensity. The phases are according to Munari et al. (1988).
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Table 2.1: Orbital elements of EG And (Munari et al. 1988).

Period = 481.2 ± 0.7 d
Periastron passage T0 = JD 2 439 367 ± 31
Eccentricity e = 0.24 ± 0.15
Periastron angle ω = 112◦± 27◦

a sini = (47 ± 6)×106 km
Semi-amplitude K = 7 ± 1 km s−1

Barycentric velocity V0 = −94 ± 1 km s−1

Mass function f(m) = 0.018 ± 0.005M⊙

Standard deviation from the curve = ± 3 km s−1

100 km s−1. This width is caused first of all by significant gas turbulence,
which is due (Girard & Willson 1987) to the large velocity gradients perpen-
dicular to the mean flow in the nebular region. The line also has wings with
an average full width to zero intensity (FWZI) of 300 km s−1. It is seen that
its central part varies, whereas the intensity in the wings remains practically
constant. The Hα profile of the AG Peg system, as published by Boyarchuk
et al. (1987), is similar. In analysing their data these authors come to the
conclusion that the intensity in the wings is determined by radiation damp-
ing. In our opinion, the same factor determines the wing behaviour of this
line in the EG And spectrum also.

In the phase interval 0.65–0.78, the profile consists of two weak emission
components both blueward and redward of an absorption line going below
the continuum. At other phases, an emission profile only is observed, with
pronounced asymmetry. The Balmer line profiles of many symbiotics have a
similar structure (Kenyon 1986). Obviously, the profile variations are deter-
mined by variations of absorption of neutral hydrogen (self-absorption) with
orbital phase, as is also concluded by (Stencel 1984).

ln accordance with the radial velocity curve of the giant (Fig. 2.4), the
spectral conjunctions are at phases 0.19 and 0.67, and the epochs of spectral
quadratures are at phases 0.0 and 0.36 respectively. These phases are marked
in Fig. 2.2. At phases 0.74, 0.77 and 0.78 the density in all regions of ioniza-
tion increases towards the observer. For these reason, maximum absorption
is observed (Fig. 2.5). The line intensity is minimal around phase 0.75, as
can be seen in Fig.6 2.7, where the equivalent width variations as a function
of phase are shown. The absorption line observed in the profile, however,
goes considerably below the continuum. In our opinion, the reason for this is
as follows. Since the direction of gas flow in the nebular region differs slightly
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from the direction of the giant’s orbital motion, and the velocity of the flow
(Girard & Willson 1987) is not much greater than the orbital velocity, the
photospheric absorption is superimposed on the emission. As the emission
is greatly weakened by self-absorption, it is particularly influenced by the
absorption line. The profile observed at phases 0.74, 0.77 and 0.78 (Fig. 2.5)
is therefore formed.

At phases 0.35 and 0.38 when the nebular region is observed through
the inside of the cone, the line is completely in emission with minimal self-
absorption. At these phases the density in all regions of ionization decreases
towards the observer. At the other phases, for example 0.08, a borderline
case is observed.

On considering line profiles at phases 0.74, 0.77 and 0.78 we noted that the
velocity in the nebular region is of the order of the orbital velocity of the giant.
In the area of excitation of the Balmer lines, the gas flow velocity probably
varies (Girard & Willson 1987), and an effective value will be observed. It
is possible to show that it is close to the giant’s orbital velocity. Figure 2.4
shows that the amplitude of the Hα radial velocity is comparatively large: 7
or 8 times that of the stellar velocities. At the time of maximum Hα radial
velocity according to Smith (1980) the line profile is double, and the velocity
data have been derived by measuring the redward component. If the whole
of the profile was measured, the corresponding points would be shifted and
the amplitude would be decreased considerably. The curve would be situated
more symmetrically about the barycentric velocity.

The Hα data obtained by us (Fig 2.1) can be interpreted in the same way.
Figure 2.6 shows variations of the Hα profile of EG And with the orbital

phase based on the observations of Burmeister (2010). These data show that
in the period 2001 – 2006 the line has had the same behaviour like in 1979
– 1982 (Oliversen et al. 1985) and 1993 – 1994 (Tomov & Tomova 1995a,b).
Based on these data we conclude that this behaviour has not changed in a
long time of 26 – 27 years and can be interpreted in the framework of the
model of colliding winds, suggested by us.

The interpretation of the Hα line variability, however, will be better if the
observed flux is found to be comparable with the calculated one emitted by
the areas of ionization in the system. The total Hα flux will consist of two
parts: one determined by shock excitation of the nebular region, and the
other by radiative excitation of the nebular region together with the H II
zone of the giant’s wind.

On shock heating the emitted energy is taken from the wind kinetic
energy. The sum of kinetic energies of the two winds is calculated to be
6.3 × 1030 erg s−1 or 1.7 × 10−3 L⊙ . This is an upper limit, since the wind
velocity components normal to the nebular region surface are less than the
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Figure 2.6: Hα profile variation during the orbital period, taken from
Burmeister (2010).

velocities themselves. The distance to the EG And system is 320 pc (Vogel
1991) and the flux at that distance is calculated to be 5.2×10−13 erg cm−2 s−1.

The line flux emitted by a spherical hydrogen nebula with a high degree
of ionization is given by

F =
zAhν

d2

∫

n2r2dr , (2.1)

where n is the gas number density, r is the nebular radius, d is the distance
and A is the spontaneous transition probability. This formula, however, does
not account for self-absorption. On comparing the calculated flux with the
observed one, the data at phases where the self-absorption is minimal will
be used. Moreover, the shape of the gas component emitting as a result of
radiative heating differs greatly from spherical, and is not known. With the
aim of reducing the error, the flux will be divided by a factor of 2, i.e. it will
be considered as being emitted by a hemisphere with the same radius.

Our interpretation of the Hα radial velocity is related to the flow in the
nebular region. The nebular region can exist at a distance from the system
of up to

b = Pυneb/2 , (2.2)

where P is the orbital period and υneb is the gas flow velocity (Zamanov,
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Figure 2.7: The equivalent width of Hα as a function of phase from Smith’s
(1980) observations.

private communication). This distance only sometimes exceeds the separa-
tion D. Moreover, the process of self-absorption is realized at high densities
(n > 106 cm−3). For these reasons we have integrated the Hα flux analyt-
ically over the r−2 density distribution from an inner radius of D/2 to an
outer one of 10 au. The temperature is assumed to be 20 000 K. Then, in the
Menzel case B the parameter z is calculated to be 1.34× 10−21 cm3 (Sobolev
1975). Using these data for half of the flux we obtain a value of 6 × 10−10

erg cm−2 s−1. The real flux is probably smaller, as the emitting volume is
less than that of the hemisphere adopted, it can be considered to be about
10−10 erg cm−2 s−1. For the flux emitted via shock heating of the nebular
region we obtained an upper limit of 5.2×10−13 erg cm−2 s−1 and will accept
the value ∼ 10−13 erg cm−2 s−1. Then it is negligible compared with the flux
from radiative heating.

The observed flux can be obtained by means of multicolour photometry.
The monochromatic continuum flux at the position of Hα is equal to the R
photometric flux. We do not however have R photometric data for the star
EG And, leaving us with one possible course of action: extrapolation of B
and V data. The error from this method will not be greater than 50 per
cent.

Unfortunately, there are no UBV data at the time of a maximum Hα in-
tensity among the observations of Oliversen et al. (1985). According to the
data from the work of Luthardt (1990) no trend of the optical light in the in-
terval JD 2 446 000 – 2 448 000 is seen. A phase plot of the UBV observations
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taken in the same interval is displayed by Hric et al. (1991). Their values at
maximum are in good agreement with our unpublished measurements, B =
8.m69 and V = 7.m07. Our observations were carried out on JD 2 448 582.35
at phase 0.39. Using these values to calculate the monochromatic continuum
flux at the position of Hα , we obtained 9.1 × 10−12 erg cm−2 s−1 Å−1. The
Hα equivalent widths at phases 0.35 and 0.38 (Oliversen et al. 1985) are equal
to 6.35 and 5.24 Å. Multiplying these equivalent widths by the monochro-
matic continuum flux, for the observed Hα fluxes at phases 0.35 and 0.38
we obtained 5.8 × 10−11 and 4.8 × 10−11 erg cm−2 s−1, or about 5 × 10−11

erg cm−2 s−1. It is seen that the calculated Hα flux of the gas component of
the system is consistent with this result and the difference is due primarily
to self-absorption.

2.5 UV lines

The fluxes and radial velocity data for the ultraviolet lines, obtained with the
IUE, are unfortunately insufficient for plotting velocity curves. These data
are poorly sampled with respect to phase, and will be considered together
with the profiles.

2.5.1 C iv lines

The resonance lines of C ivλλ 1548, 1550 Å have a P Cyg profile at some
phases (Oliversen et al. 1985; Vogel 1993) and the blueshifted absorption
component is observed only when a broad component of the line is present.
When the broad component is weak, the absorption is also weak and does
not go below the continuum. This is the case at phase 0.53 (spectrum SWP
26268 from the work of Pesce et al. (1987). The observation on 1982 October
29 (Stencel 1984) shows that the continuum is not eclipsed at this phase,
which does not remove the possibility an absorption feature to appear. This
means that the broad component and the absorption are probably connected,
indicating the same wind, and this wind has natural variability.

The C iv lines are shown in Fig. 2.8, taken from the work of Oliversen
et al. (1985). If the narrow component of these lines was related to the hot
compact secondary, as a result of the orbital motion, the velocity difference
of this component at quadratures would be several times greater than the
radial velocity amplitude of the giant. The observations at phases 0.00,
0.72 (Oliversen et al. 1985), 0.53 and 0.88 (Pesce et al. 1987) show that this
difference is too small. These data propose that the broad component and the
blueshifted P Cyg absorption are related to stellar wind which belongs most
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Figure 2.8: The C iv line profiles taken from Oliversen et al. (1985). The
phases are according to Munari et al. (1988).

probably to the hot compact secondary. The narrow emission component is
probably emitted in an area unconnected gravitationally with the secondary.
A similar view is expressed by Penston & Allen (1985) about the profiles of
these lines in the spectrum of the AG Peg system.

According to Oliversen et al. (1985) the broad component is evidence
of an accretion disc surrounding the hot compact object. In our view, the
broad component is radiated in the wind region, which is eclipsed by the cool
component of the system. As the orbit is elliptical, the eclipse precedes the
spectral conjunction and is at phase 0.65. (This is not seen clearly enough in
Fig. 2.2, where the spectral conjunction phases are indicated). Consequently,
an absence of the broad component should be observed at the phases near to
0.65. This is seen in the lower part of Fig. 2.8, at phase 0.72. At this phase,
the blue wing is entirely absent, and the red one has been greatly weakened.
The reason can be of a geometrical nature, as will be demonstrated in the
following argument. The wind region between the hot component and the
observer, where the blue wing forms, is small and entirely eclipsed by the
cool component. The wind region behind the hot component, where the
red wing forms, is not bounded by the nebular region, and some portion
remains uneclipsed. The supposition of eclipse of the C iv broad component
is also confirmed by observations at phase 0.53 described by Pesce et al.
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(1987). The profile at phase 0.88 from the same work, however, does not
support the conclusion of an eclipse. The broad component at phase 0.88
is considerably weaker than at phase 0.00, but the eclipse should not be
observed with adopted radius of the giant. This fact, however, has little
influence on the plausibility of the interpretation of EG And in the framework
of the colliding-winds model, as the P Cyg C iv profile is clearly seen.

The narrow emission component is probably radiated in both the nebular
region and the H II zone of the giant’s wind. This component is, however,
saturated in nearly all observations. For this reason, it is difficult to conclude
whether its flux varies during the orbital period. Since an evidence of an
eclipse, such as that observed in the He iiλ 1640 line, is definitely absent,
it seems that the area of this emission is large compared with the size of
the giant. Figure 2.8 shows that the wavelength positions of the C ivnarrow
components at both phases are almost the same, which means that their
velocities are practically the same. The velocities at phases 0.53 and 0.88
(Pesce et al. 1987) are close to these values too. This means that the possible
radial velocity amplitude of the lines is less than the typical velocity in the
nebular region. The reason can be that both the nebular region and the H II
zone of the giant wind contribute to the radiation.

2.5.2 He ii λ 1640 line

In contrast to the C iv lines, this line varies greatly in intensity during the
orbital cycle and its flux decreases to zero at some phases, which is clearly
seen in Fig. 2.9, taken from the work of Oliversen et al. (1985). The view that
this observational fact is an indication of an eclipse is commonly accepted.

The line flux has been obtained at different phases in the interval 0.5–1.0
by Stencel & Sahade (1980); Stencel (1984); Oliversen et al. (1985); Pesce et
al. (1987) and Mürset et al. (1991). It has been calculated for the whole line,
however, without separating the two components, which are comparable in
intensity. The search for the location of their appearance would be helped to a
great extent if their fluxes were available separately. The distinction between
their profiles unambiguously shows that they appear in different parts of the
system, as is also supposed by Oliversen et al. (1985) and Pesce et al. (1987).
The FWHM of the broad component is in the interval 600–700 km s−1. If its
profile is assumed to be determined by electron scattering in the vicinity of
the hot component of the system, at a temperature of 104 K the width must
be equal to 900 km s−1. It is difficult now for us to find a more acceptable
idea for the explanation of the process determining the profile and the width
of this line. The narrow component probably forms in the nebular region,
comparatively near to the apex of the cone, rather than in the H II zone of
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Figure 2.9: The He iiλ 1640 line profile, taken from Oliversen et al. (1985).
The phases are according to Munari et al. (1988). The emission feature on
the long-wavelength wing is probably [OI]λ 1641 (Oliversen et al. 1985).

the giant’s wind. The absence of the line at phase 0.72 (Fig. 2.9) shows that
its area is eclipsed entirely.

2.5.3 O iv λ 1401, Si iv λ 1403 and O iv λ 1405 lines

The O iv lines disappear entirely at phase 0.72 like the He iiλ 1640 line,
which is seen in Fig. 2.10, taken from the work of Oliversen et al. (1985).
They probably form in the same area which is eclipsed by the giant. Another
aspect of the behaviour is shown by the line Si ivλ 1403. Figure 2.10 shows
that it is present at both phases.

Pesce et al. (1987) compared the radial velocities of the lines at phases
near to the orbital quadratures and came to the conclusion that the area
of their excitation has approximately the same sign and amplitude of the
velocity as those of the red giant primary. This conclusion can be understood
in the light of the suggested model (Fig. 2.2).

Oliversen et al. (1985) have obtained the electron density in the region
where the O iv lines are excited by using their intensity ratio. It amounts to
1.6 × 109 cm−3. The electron density is of the same order according to the
work of Stencel & Sahade (1980) also, in which different ultraviolet lines of
the elements O III, O IV, C III, N IV, Si III and Si IV were used. We suppose
that the density obtained is related to the areas located comparatively close
to the apex of the cone.
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Figure 2.10: The O iv and Si iv line profiles, taken from Oliversen et al.
(1985). The phases are according to Munari et al. (1988).

2.6 Conclusion

A P Cyg wind was observed in the C iv resonance lines of the EG And
symbiotic system which was associated with the hot compact component
(Oliversen et al. 1985; Sion & Ready 1992). We suggest that the spectral
variability of this system can be explained in the light of the colliding winds
model (Girard & Willson 1987). A nebular region, having the form of a cone,
occurs on the collision boundary between the two winds. As the hot wind has
low velocity and mass-loss rate, its momentum is smaller than that of the cool
wind, and the conical surface surrounds the area behind the hot component.
As a consequence of the orbital motion, the cone axis probably deviates
from the straight line, determined via the centres of the two components,
in a direction opposite to the motion. Beyond the nebular region, the hot
component also ionizes a portion of the giant’s wind. We suppose that the
electron density amounts to ne ∼ 109 cm−3 in the areas comparatively close
to the apex of the cone. This value was derived by Stencel & Sahade (1980)
as well as by Oliversen et al. (1985), using some ultraviolet emission lines.

On the basis of the elements of the orbit, as well as profiles, fluxes and
radial velocities of Hα and ultraviolet lines, we conclude that some of these
lines are radiated in the ionization areas under consideration.

We have not succeeded in providing a sufficiently plausible interpretation
of the He iiλ 1640 broad component. On one hand, the radiation in the
atmosphere of hot objects like the secondary in this system is influenced by
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electron scattering. On the other hand, the line is not broad enough to be
explained by this mechanism.
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Chapter 3

The symbiotic novae prototype

AG Peg

3.1 Introduction

The symbiotic system AG Peg (HD 207 757) is the oldest known symbiotic
nova. It has undergone a single outburst (Lundmark 1921; Boyarchuk 1967a),
which is the most prolonged one among the outbursts of symbiotics. Its visual
light was 9m before the middle of the 19-th century. Between the years 1841
and 1855 it has begun to increase, reaching a maximum of approximately 6m

around 1885. Then it has gradually decreased and now it is practically equal
to its value before the outburst.

The symbiotic system AG Peg consists of a normal cool giant of spectral
type M 3–4 (Kenyon & Fernandez-Castro 1987; Mürset & Schmid 1999), a
hot compact object with a temperature of about 90 000 K (Mürset et al. 1991;
Kenyon et al. 1993; Altamore & Cassatella 1997) and a circumbinary nebula,
partly photoionized by the compact object. The visual light shows two kinds
of variation. It gradually fades, which is caused by the decreasing emission
of the nebula. Moreover the visual light displays also an 800d periodicity
whose amplitude increases to shorter wavelengths (Belyakina 1992). This
periodicity is related to the orbital motion as confirmed by the radial velocity
curves of different elements (Hutchings et al. 1975). The V and B orbital
variations are explained mainly with a heating of this hemisphere of the
cool giant which faces the hot companion. The spectrum in the U band
is mainly emitted by the circumbinary nebula whose continuum becomes
more important at shorter wavelengths. The amplitude of the U orbital
modulation changes, but is always close to about one magnitude (Belyakina
1992; Belyakina & Prokofieva 1992; Skopal et al. 2004, 2007, 2012). It was

36



proposed (Kenyon et al. 1993) that the UV and the radio continua, which
vary in phase with the optical light, are emitted mainly by a bright area
located close to the photosphere of the giant. Its occultation determines the
variations of these continua during the orbital cycle.

The analysis of the spectral observations carried out in different ranges
during the past years, imply one and the same model of this system – a stage
of colliding winds. For the first time this model was proposed by Penston &
Allen (1985) on the basis of three IUE high resolution spectra, where a high
velocity P Cyg wind was detected in the lines of Nv, N iv, C iv and He ii.
Since the cool giant also loses mass through a stellar wind, it was concluded
that the two winds probably interact.

Later the UV spectrum of AG Peg was studied by Kenyon et al. (1993);
Vogel & Nussbaumer (1994) and Altamore & Cassatella (1997). Each of
these analyses showed that a hot high velocity wind is observed in the lines
of Nv, C iv and He ii and in every one of them a conclusion about colliding
winds was made.

A model of winds in collision was proposed also by Tomov (1993b) on the
basis of profiles, fluxes and radial velocities, derived from homogeneous high
dispersion spectral observations in the visual during two consecutive orbital
cycles (Tomov & Tomova 1992; Tomov 1993a). The broad components of
the first Balmer lines and the line He ii 4686 were caused by radial flow of
gas with high velocity.

Supposing a regime of colliding winds in the AG Peg system Vogel &
Nussbaumer (1994) theoretically calculated the radio image of its nebula
being in good agreement with the observed one. A proof for existence of
a shock region of the winds was obtained on the basis of ROSAT data by
Mürset et al. (1995). They created a hydrodynamical model whose X-ray
energy distribution was in agreement with the observations.

There are also observational data showing that some parameters of the
wind of the hot companion are changed. According to both UV (Kenyon
et al. 1993; Vogel & Nussbaumer 1994; Altamore & Cassatella 1997) and
visual (Hutchings & Redman 1972; Ilmas 1987; Tomov & Tomova 1992)
observations, the lines, appearing in this wind, began to weaken after the
year 1978. The decrease of their intensities is determined by decreasing
mass-loss rate (Kenyon et al. 1993; Vogel & Nussbaumer 1994; Altamore &
Cassatella 1997). Having in mind their behaviour Zamanov & Tomov (1995)
prognosticated that in the near future the change of the mass-loss at the
observed rates will cause its decreasing below a given minimal value. At
that time the momentum of the hot wind will not be sufficient to realize a
collision and the system will move to a regime of a wind accretion. This
transformation will be the final stage of the outburst begun in the first half
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of the last century.
The change of the mass-loss rate of the hot companion causes changes

in the dynamics and the physical parameters of the nebular envelope and
consequently of its spectrum.

The basic aims of our research are as follows:

1. To suggest a model for explanation of the U orbital variation and the
fading of the U light on a long timescale of decades;

2. To investigate the process of loss of mass and to obtain quantitative
estimate of the mass-loss rate of the outbursting compact object.

For our consideration we adopted a distance to the system d = 650 pc,
which is mostly used in the current analyses (Mürset et al. 1991; Vogel &
Nussbaumer 1994; Mürset et al. 1995; Altamore & Cassatella 1997).

3.2 Photometric investigation

3.2.1 Observations

The photometric behaviour of AG Peg was described and interpreted in the
works of Tomov & Tomova (1998) and Tomov & Tomova (2001). Most of the
observational data used are from the literature. One part of them (190) was
obtained by Belyakina (1992) in the period JD 2 444 514 – 2 447 825 (October
1980 –October 1989). These data range over four orbital cycles. An other
part of the data was obtained by Skopal et al. (2004, 2007, 2012) in the period
2001 – 2011. They range over four orbital cycles too and are actually the
best sample of photoelectric U data of the system AG Peg. The last part of
the data includes 33 U estimates obtained by us in an extensive UBV obser-
vational campaign during JD 2 449 974 – 2 451 557 (September 1995 – January
2000) with the photoelectric photometer, mounted at the Cassegrain focus
of the 0.6 m telescope of the National Astronomical Observatory Rozhen.
The star BD +11◦4681 having V = 8.m18, B − V = 1.m03 and U − B = 0.m81
(Belyakina 1992) was used as a comparison star. The m.s. errors are not
larger than 0.m01 in V and B, and 0.m02 in U.

3.2.2 Description and analysis of the data

The eclipsing binaries have typical light curves, where the eclipses cover small
phase intervals. The system AG Peg is not an eclipsing binary. We suppose
that the decrease of its U light during the orbital period is caused by an
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Figure 3.1: Photoelectric U observations of AG Peg. The data taken in
1980 – 1989 are of Belyakina (1992), the data taken in 1995 – 2000 are from
our works (Tomov & Tomova 1998, 2001) and the data taken in 2001 – 2011
are of Skopal et al. (2004, 2007, 2012).

occultation of a bright nebular region by the giant in the system (Fig. 3.1).
From its side this means that the region is not partially occulted at the
time of the orbital maximum only. Then there is only possibility the bright
region to be located around this hemisphere of the giant, which faces the hot
companion.

Figure 3.1 shows that besides the gradual fading, other characteristics of
the light of AG Peg are seen as well. Some of them are related to irregu-
lar variations of the minimum flux from cycle to cycle together with data
scattering. These characteristics indicate variations of the number of the re-
combinating ions which from its side can be due to dynamical motions in the
ionized region where different masses of gas appear from behind the stellar
disk of the giant.

We considered the U flux of AG Peg at the epoch JD 2 450 059 of the or-
bital maximum of its light, obtained with the elements of the light of Fernie
(1985) and at the epoch of the next minimum (Fig. 3.1) because the photo-
metric data at the time of the last orbital minimum are not complete due to
the visibility of the star. We used the U magnitudes of 9.m02 and 10.m32 taken
at the epochs JD 2 450 049 and JD 2 450 398 which are close to the times of
the orbital maximum and minimum. They were transformed into continuum
fluxes without correcting for the emission lines included in the region of the
U photometric system as we were not provided with spectral data during
the time of the photometric observations. The fluxes were corrected for the
energy distribution of AG Peg in the U spectral region and the interstellar
reddening. The first of these corrections was made by means of the spectrum
in Fig. 1 of Kenyon et al. (1993). The continuum on the long wavelengths-
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side of the position 3660 Å is weaker which causes reducing the real flux at
this position by 50%. This amount was added to the observed flux. The sec-
ond correction was made using the value E(B − V) = 0.12 (Penston & Allen
1985) and the extinction law by Seaton (1979). The corrected fluxes are
equal to 2.737× 10−12 erg cm−2 s−1 Å−1 and 0.826× 10−12 erg cm−2 s−1 Å−1.
Their difference of 1.911× 10−12 erg cm−2 s−1 Å−1 corresponds to the orbital
amplitude.

Having the orbital amplitude, which actually is the emitted flux by the
occulted region we can calculate its mean density if its volume is available.
The giant occults a region with a shape of a cylinder. The light curve indi-
cates, however, that the effective emission of this region appears in a place
close to the giant which is not occulted at the epoch of the orbital maxi-
mum only. If this emission appeared in the whole volume of the cylinder,
the form of the light curve would be different. The form of the light curve
meets its explanation in the framework of the colliding-winds model, which
is currently accepted for the AG Peg system (Penston & Allen 1985; Kenyon
et al. 1993; Tomov 1993b; Vogel & Nussbaumer 1994; Mürset et al. 1995;
Altamore & Cassatella 1997; Contini 1997). As the mass-loss rate of the
hot companion gradually decreases (Vogel & Nussbaumer 1994; Altamore &
Cassatella 1997), we will consider the geometry of the stellar winds at the
time close to the epoch of the light maximum under consideration. We will
use a binary separation of 505 R⊙ obtained from the orbital period of Fernie
(1985) and the masses of the stellar components based on the orbital solution
of Fekel et al. (2000). The wind of the giant is supposed not to be variable
(Kenyon et al. 1993). For its mass-loss rate we will adopt an arithmetical
mean of 1.5× 10−7 M⊙ yr−1 of the values of Vogel & Nussbaumer (1994) and
Proga et al. (1998) and for the velocity of the wind 20 km s−1 (Vogel & Nuss-
baumer 1994). For the mass-loss rate of the hot companion we will adopt
8.75 × 10−8 M⊙ yr−1, which is an arithmetical mean of the data of Vogel
& Nussbaumer (1994) and Altamore & Cassatella (1997). This amount was
calculated using the value of Vogel & Nussbaumer for the year 1993, whose
middle epoch was at JD 2 449 169, as the observations of these authors were
up to this year. The wind velocity of the companion does not change and we
will use a value of 1000 km s−1 (Tomov et al. 1998). In this case basing of
the supposition that the collision region of the two winds has zero thickness
(Girard & Willson 1987) we derived its distance to the center of the giant on
the line joining the two stars of 80 R⊙. Kenyon et al. (1993) propose a radius
of the giant of 85 R⊙ supposing a distance to the system AG Peg of 800 pc.
We adopted a distance of 650 pc. The radius in this case is reduced to about
70 R⊙ and the distance between the collision region and the photosphere is
obtained to be 10 R⊙. According to the simplified approximation of Girard
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& Willson (1987) the collision region is a thin shell. In that case we will con-
sider the wind of the hot companion extends to about 10 R⊙ from the giant’s
photosphere. The emission of the occulted part of this wind can be regarded
as negligible, since the flux of the whole wind is ∼ 2% from the observed U
flux of the system (Tomov & Tomova 1998). Consequently the emission of
the occulted part of the nebula of AG Peg, equal to the orbital amplitude,
originates in a thin shell around the photosphere of the giant, including some
parts of the collision region and the giant’s wind. If the radius of the giant is
about 70 R⊙, the thin shell will probably have a typical thickness of 10 – 20
R⊙.

The volume of this shell is probably close to the volume of a hemispheri-
cal layer around the giant. Taking a flux, equal to the orbital amplitude we
calculated its mean density. The emitted flux depends on the state of ioniza-
tion of helium. The ratio of the helium quantities in the different states of its
ionization can be obtained as a ratio of the emission measures. We derived
the emission measure of Heo, allowing that its lines are pure recombination
lines as the electron temperature was proposed to be 15 000 K (Kenyon et
al. 1993). We used visual line fluxes of Heo and the flux of the He ii 4686
line from the paper of Tomov et al. (1998) at time, close to the epoch of the
light maximum under consideration. Only the flux of the narrow component
of the line He ii 4686 was used as its broad component appears in the wind
of the hot companion. We obtained a ratio He++/He+ of about 0.1. This
result shows that the singly ionized helium is dominant in the nebula and
we assume that its flux is formed mostly by the continuum emission from Ho

and Heo. For the flux of its occulted part we have

F occ =
1 + a(He)

4πd2
[γν(H

o, Te) + a(He)γν(Heo, Te)] n
2V ×

c

λ2
10−8 , (3.1)

where n is the mean density, V is the volume and d – the distance to the
star. The quantities γν are related to the emission coefficients of hydrogen
and neutral helium and are determined by recombinations and free-free tran-
sitions. The value of γν(H

o, Te) was adopted in the next way. The position of
the U photometric system is close to the Balmer limit. The blending of the
Balmer lines with high numbers of AG Peg (Tomov et al. 1998) causes ab-
sence of Balmer discontinuity, i.e. it produces an apparent continuum which
on the long wavelengths-side of the Balmer limit in the range 3650 – 3660 Å
has the same flux as on the short wavelengths-side. That is why we used the
value of this emission coefficient on the short wavelengths-side (Osterbrock
1974; Pottasch 1984). We adopted also helium abundance of a(He) = 0.1
(Vogel & Nussbaumer 1994). Realizing our calculations we obtained a mean
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density of the occulted region of (2 – 4)×1010 cm−3.
The same geometry of the occulted region of the system AG Peg was

concluded by Kenyon et al. (1993) considering the optical depth of its cir-
cumbinary nebula at 60 µm in the radio continuum. They stated the emission
measure required to produce this optical depth cannot be related to the wind
of the hot companion because of its low density and can be supported only
by the red giant’s wind at small distances outside the photosphere where
the density of this wind is high enough. According to the same authors the
dominant part of the UV and radio continuum emission as well as the narrow
permitted lines of low ionization appear just in this region.

The photometric data, however, indicate also pronounced irregular vari-
ations of the flux in the orbital maximum (see Fig. 3.1). In our view an
idea for interpretation of this observational characteristic can be given in
the framework of the colliding-winds model. The ionized part of the whole
nebula is seen at the phase of the orbital maximum. Consequently the flux
variations at this phase are determined from variations of the density. In our
opinion these variations are rather due to motions of the nebular environ-
ment than to variations of the mass-loss rate of the giant. It can be possible
for example, if a winds interaction zone with a higher density than that of
the giant’s wind exists in the system. This interaction zone is warping in
a direction, opposite to the orbital motion (Girard & Willson 1987; Walder
& Folini 2000). Being dynamically unstable (Walder & Folini 2000) it prob-
ably changes its geometry, leading to veiling different masses of gas by the
stellar disk of the giant. The emission of the nebula in the orbital maximum
decreases when more dense parts of the interaction zone are veiled.

3.2.3 Discussion

The system AG Peg has undergone a single outburst, which has led to mass
outflow of its hot component. The bolometric luminosity of this star has been
constant from the time of the visual maximum around 1885 to about 1980
(Kenyon et al. 1993) and after that it has begun to decrease in step with its
mass-loss rate (Vogel & Nussbaumer 1994; Altamore & Cassatella 1997). The
wind of the companion will exist while its local momentum is equal to this
one of the giant’s wind and is able to prevent accretion (Zamanov & Tomov
1995). The observational data in both spectral regions the UV (Kenyon et
al. 1993; Vogel & Nussbaumer 1994; Altamore & Cassatella 1997) and the
visual one (Boyarchuk 1966; Tomov & Tomova 1992; Tomov et al. 1998)
show that the velocity of this wind is invariable. Then according to the
approach of Zamanov (1993) the accretion in this system will be restored
again, when the decreasing mass-loss rate of its hot component reaches some
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limit. Our calculations led to a value of 5×10−10 M⊙ yr−1. When this limit is
reached only the wind of the giant should exist in the system and the bright
shell created by the winds interaction will disappear. The nebular U orbital
variation, however, will probably not disappear, since the decreasing Lyman
photon luminosity of the companion produces decrease of the H iiregion in
the system (Nussbaumer & Vogel 1987), which, from its side, leads only to
decrease of the orbital amplitude.

3.3 Spectral investigation

3.3.1 Observations and reduction

The spectral behaviour of AG Peg was described and interpreted in the work
of Tomov et al. (1998). This work is based on two spectrograms, taken with
the Coudé spectrograph of the 2m RCC telescope of the National Astronom-
ical Observatory Rozhen (NAO) on September 8, 1995 (JD 2 449 969.38) and
September 13, 1995 (JD 2 449 974.38). The observations were performed in
the region from 3600 Å to 5000 Å on ORWO ZU emulsion, with a resolution
of 0.5 Å. (The reciprocal linear dispersion was 18 Åmm−1.) Both exposures
were comparatively deep, each of 240 minutes, in order to bring out the wings
of the bright emission lines and to detect the fainter features. The spectra
were digitized with the Joyce Loeble microdensitometer of NAO and ReWiA
package was used for wavelength and density calibration as well as for cal-
culation of the radial velocities and the equivalent widths. Sections of the
spectrum taken on JD 2 449 969.38 are displayed in Fig. 3.2 where the lines
with measured radial velocities have been marked. As the strongest lines are
not seen in this figure, the profile of one of them is displayed separately in
Fig. 3.3. The profiles of the others are similar. The radial velocity of each
group of lines is listed in Table 3.1.

We obtained the line fluxes using only the spectrogram of JD 2 449 969.38
as it turned out that the sensitivity of the other one was decreased in the
long wavelengths region. Only fluxes of comparatively stronger lines were
measured such that their equivalent width errors should be less than 30%.
We consider the intensities of the same emission lines investigated in the
work of Tomov (1993a) to have possibility for comparison. Some of these
lines are the members of Pickering series of He ii having wavelengths λλ 4200
and 4542 Å. They are unresolved blends. At the phases of our observations
the line He ii 4542 is blending with the line Fe ii 4542, but the latter of them
has considerably lower intensity. The line He ii 4200 is blending with the line
N iii 4200 which has also lower intensity. In our opinion the blending of these
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Table 3.1: Radial velocities in units of km s−1

Elem. JD 2 449 000d+ Elem. JD 2 449 000d+

969.
d38 974.

d38 969.
d38 974.

d38

Abs. lines −18.1 ± 2.9 −19.5 ± 1.8 He II, N III, C III −20.8 ± 2.4 −20.3 ± 0.9

H I −22.2 ± 1.0 −20.1 ± 1.4 He II 4686 (N) −13.7 −6.5

He1 I −14.2 ± 1.0 −14.4 ± 1.8 [O III] 4363 −16.1 −18.7

He3 I −14.1 ± 1.6 −17.0 ± 0.3 Fe II, Ti II −18.7 ± 0.6 −18.2 ± 0.5

Table 3.2: Emission line fluxes in units of 10−11 erg cm−2 s−1

Line 1986 1995 Line 1986 1995 Line 1986 1995

N III 4097 0.43 0.19 Fe II 4296 0.06 0.03 Fe II 4584 0.14 0.14

Hδ 4103 4.95 1.52 Hγ 4340 (N) 8.07 2.00 Fe II 4629 0.15 0.10

He3 I 4121 0.32 0.16 [O III] 4363 0.34 0.07 N III 4634 0.19 0.15

He1 I 4144 0.49 0.17 He1 I 4388 0.59 0.36 N III 4640 0.35 0.21

Fe II 4173 0.11 0.07 He3 I 4471 0.71 0.38 He II 4686 (N) 5.20 1.74

Fe II 4179 0.12 0.09 Fe II 4508 0.09 0.04 He3 I 4713 0.53 0.29

He II 4200 0.10 0.08 Fe II 4520 0.09 Hβ 4861 (N) 14.71 6.02

Fe II 4233 0.23 0.11 He II 4542 0.12 0.12 He1 I 4922 1.18 0.65

lines works unessentially on the measurement of their equivalent widths.
The line fluxes have been obtained by means of our unpublished B=

9.m76 and V= 8.m56 photometric estimates, taken on JD 2 449 974.34. The
monochromatic continuum fluxes at the positions of emission lines considered
were calculated via linear interpolation of the fluxes at the positions of the
sensitivity maxima of the B and V photometric systems. The error of the
monochromatic continuum fluxes, obtained in this way, is due first of all to
the presence of the bands of titanium oxide. This error is approximately
equal to the error of the level of the local continuum (∼10%), as titanium
oxide bands of the AG Peg system are shallow because of an overwhelming
by the hot continuum (Boyarchuk 1966; Tomov & Tomova 1992). The line
fluxes were corrected for interstellar reddening as described above and are
listed in Table 3.2.
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Figure 3.2: Sections of the spectrum, taken on JD 2 449 969.38. The ordinate
scale is in arbitrary units.
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Figure 3.2: continued
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Figure 3.2: continued
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Table 3.3: Radial velocity data of AG Peg in units of km s−1 (Tomov & Tomova 1992)

JD⊙ Phase Abs.lines He II 4686 H I He1 I He II, N III, He II 4686 [O III] 4363

2 446 000+ (B) O III, C III (N)

221.50 0.300 −19.8 ± 0.7 −0.6 −9.2 ± 2.0 −12.4 ± 0.9 −12.6 ± 2.3 −6.8 −21.1

244.55 0.329 −21.0 ± 2.0 −20.2 ± 1.0 −17.4 ± 1.1 −23.5 ± 2.0 −22.3 −31.4

252.52 0.338 −18.3 ± 1.4 −17.0 ± 0.2 −14.4 ± 0.3 −14.6 ± 2.2 −11.8 −29.5

252.57 0.339 −22.0 ± 3.4 −6.7 −14.2 ± 0.4 −13.7 ± 1.5 −20.2 ± 1.3 −21.7 −29.9

273.52 0.364 −18.7 ± 1.0 3.0 −31.2 ± 1.6 −19.3 ± 0.4 −21.7 ± 1.6 −25.3 −36.6

277.40 0.369 −22.0 ± 1.8 −35.6 ± 1.6 −19.1 ± 0.9 −23.4 ± 1.8 −19.5 −33.7

301.39 0.398 −21.3 ± 1.7 −38.4 ± 2.4 −20.0 ± 1.5 −29.0 ± 4.1 −29.3 −35.0

330.23 0.434 −16.7 ± 0.7 −35.8 −41.0 ± 6.8 −29.1 ± 2.7 −32.7 ± 0.1 −34.6 −40.2

370.30 0.483 −19.1 ± 1.3 −32.7 −53.6 ± 5.6 −30.4 ± 0.6 −35.4 ± 0.9 −43.1 −42.3

452.21 0.583 −64.9 ± 1.4 −31.1 ± 0.4 −41.9 ± 2.9 −53.9 −45.5

603.53 0.768 −12.8 ± 1.7 −36.8 −20.5 ± 1.2 −19.4 ± 1.9 −20.0 ± 1.7 −26.3 −25.7

603.57 0.768 −14.9 ± 0.9 −47.4 −16.5 ± 1.2 −21.3 −16.6 ± 1.6 −22.6 −30.1

605.49 0.771 −16.5 ± 0.7 −24.2 ± 1.1 −19.1 ± 0.5 −19.9 ± 1.4 −27.8 −20.2

627.53 0.798 −12.7 ± 1.4 −41.7 −16.4 ± 0.7 −15.4 ± 0.5 −17.4 ± 0.3 −24.1 −22.7

630.19 0.801 −12.8 ± 0.9 −50.4 −17.3 ± 1.2 −14.1 ± 0.4 −16.3 ± 0.5 −20.2 −16.2

638.49 0.811 −13.8 ± 1.2 −43.3 −14.2 ± 0.3 −16.2 ± 0.8 −19.3 ± 2.3 −25.0 −19.8

638.59 0.811 −16.3 ± 1.1 −16.9 ± 0.6 −17.6 ± 1.3 −15.6 ± 0.5 −16.7 −17.7

660.53 0.838 −14.8 ± 1.0 −15.8 ± 0.6 −14.4 ± 1.2 −15.9 ± 1.8 −21.0 −14.1

752.18 0.950 −21.1 ± 0.9 −2.9 ± 0.4 −11.1 ± 0.4 −7.8 ± 1.0 0.9 7.6

755.27 0.954 −19.2 ± 1.0 −30.9 −7.8 ± 0.3 −14.7 ± 0.5 −8.4 ± 1.4 −2.8 2.1

775.15 0.979 −19.2 ± 1.9 −28.6 −11.0 ± 0.8 −8.6 ± 0.4 −6.6 ± 1.0 5.8 14.8

928.50 0.166 −26.2 ± 1.4 32.3 −7.8 ± 3.7 −15.5 ± 0.4 −8.4 ± 0.9 −3.1 −4.0

990.52 0.242 −22.0 ± 1.2 10.5 −14.0 ± 0.7 −20.2 ± 1.2 −15.3 ± 2.4 2.8 −37.6

991.51 0.244 −24.2 ± 1.3 −13.1 ± 1.8 −18.1 ± 1.0 −15.7 ± 0.4 −9.4 −31.7

1023.53 0.283 −22.7 ± 2.0 −18.8 ± 0.9 −16.4 ± 0.8 −13.6 ± 0.4 −14.0 −33.3

1025.48 0.285 −21.6 ± 1.1 −17.0 ± 1.0 −15.8 ± 1.1 −14.8 ± 0.6 −22.3 −33.2

1047.26 0.312 −22.0 ± 1.9 13.8 −15.5 ± 0.3 −14.2 ± 0.7 −15.5 ± 0.4 −16.7 −34.9

1346.50 0.678 −34.6 ± 3.6 −18.1 ± 0.2 −26.3 ± 2.0 −40.7 −31.8
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For the aims of our consideration the ephemeris of Fernie (1985)

Max(V) = JD 2 442 710.1 + 816.5 × E

will be used. The epoch of the photometric maximum when the hot compan-
ion is before the giant is used as a start epoch. In this case our observations
are at phases 0.891 and 0.897.

The data obtained will be compared with the results of our previous
observations (Tomov & Tomova 1992) and that is why some of these results
are listed in Table 3.3 and displayed in Fig. 3.4 as well. These are radial
velocities data derived also on the basis of photographic observations in the
blue spectral region. 40% of these spectrograms were taken with the Coudé
spectrograph of the 6m telescope of the Special Astrophysical Observatory
of Russian Academy of Sciences and have dispersion of 9 Åmm−1 and the
rest – with the Coudé spectrograph of the 2m RCC telescope of NAO, with
dispersion of 18 Åmm−1. All these spectrograms were processed with the
oscilloscopic comparator of NAO, whose positioning error is equal to 0.5 µm.

The radial velocity curves of all groups of emission lines (Fig. 3.4) were
plotted by means of the same program, used for obtaining the orbital solu-
tion. The lines in this figure plot the best-fitting circular orbits for the data
in Table 3.3. The phase shift of each curve with respect to the absorption
lines velocity curve, determined by the orbital motion of the cool component,
is presented in the second column of Table 3.4. The parameters correspond-
ing to the baricentric velocity V0 and the semiamplitude K for each curve
are presented in the third and fourth columns of this table. The standard
deviation s is in the last column.

3.3.2 Description and analysis of the emission line spec-

trum

Balmer lines

The lines of Balmer series are visible as far as H31. The profiles of the first of
them consist of two components: a central narrow component with FWHM
equal to about 95 km s−1 and a broad component, indicating stellar wind
and having FWZI (full width of zero intensity) of about 2000 km s−1. Only
the broad component of Hβ is confidently seen. The profiles of the rest of the
Balmer members consist of one component, i.e. they are ordinary nebular
lines. Some of the Balmer profiles have asimmetry.

The line H8 is badly blending with the line He i 3889 and is inappropriate
for investigation.
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Figure 3.3: The profile of the He II 4686 line, observed on JD 2 449 969.38
and normalized with respect to the local continuum. It consists of two com-
ponents – a narrow and a broad one.

We obtained radial velocities, measuring only the narrow components
(Table 3.1). The radial velocities of all lines were the same within the range
of the error, i.e. we didn’t ascertain the existence of Balmer progression. The
velocities of both spectra differ appreciably from the values of the radial ve-
locity curve of the hydrogen lines at our phases in Fig. 3.4. These differences
exceed the level of our error and that is why we consider they are due to a
change of dynamics of the nebula.

The line fluxes (Table 3.2) obtained at the present time are compared with
the fluxes obtained in 1986 (Tomov 1993a). Each of the latter of them is an
arithmetical mean of three spectra taken at the moments JD 2 446 660.53,
2 446 752.18 and 2 446 755.27, which are at phases 0.838, 0.950 and 0.954. We
compare spectra taken approximately at the same phases since the intensity
of most of the emission lines vary during the orbital cycle. The line fluxes
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Figure 3.4: The orbital radial velocity curves of the visual lines of AG Peg
from the work of Tomov & Tomova (1992). The elements of each curve as
well as the designation of the M3 giant and the barycentric velocity have
been marked.
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Table 3.4: Parameters of the radial velocities curves of AG Peg

Group of lines Phase V0 K s
shift (km s−1) (km s−1) (km s−1)

Abs. lines −18.37 5.22 1.60
He II 4686 (B) 0.50 −20.69 31.77 9.88
H I 0.38 −18.56 27.94 6.88
He1 I 0.38 −16.96 9.01 3.91
He II, N III, O III, C III 0.38 −16.74 19.18 3.14
He II 4686 (N) 0.40 −18.00 27.36 5.12
[O III] 4363 0.34 −22.81 24.08 6.83

in the work of Tomov (1993a) have been systematically reduced by a factor
of about 1.5. The data used in the present work have been improved and
then deredened in the way described in the last section. The data from the
table show that the fluxes of the Balmer lines have decreased on average by
a factor of 3.2.

Helium lines

The FWHM of the singlets is 45 – 50 km s−1 and those of the triplets – about
60 km s−1. Some of the lines of both groups have asymmetry in their profiles.
The two groups have the same velocity (Table 3.1) practically equal to the
value at our phases of the radial velocity curve of the helium lines in Fig. 3.4.
The line fluxes of the singlets have decreased on average by a factor of 2.1
and those ones of the triplets – by a factor of 1.9 (Table 3.2).

Lines of elements of high degree of ionization

Lines of different highly ionized elements namely He ii, N iii, O iii and C iii

are present in the blue region of the spectrum of AG Peg.
Like the Balmer lines the line of He ii 4686 consist of two components:

a central nebular component with FWHM equal to 80 km s−1 and a broad
component, indicating stellar wind. The profile of the broad component,
observed at the moment JD 2 446 755.27 when the line was more intensive is
compared with the one, observed at JD 2 449 969.38 in Fig. 3.5. The error of
the local continuum in the first case is equal to ±5% as Kodak IIaO emulsion
having a lower noise was used. This error in the second case is about ±10%.
The observed spectrum in the region of the He ii 4686 broad component was
corrected through removing the strongest absorption lines of the red giant
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Figure 3.5: The broad component of the He II 4686 line, observed at the
moments JD 2 446 755.27 (more intensive one) and JD 2 449 969.38. The level
of the local continuum is marked with a dashed line. The radial velocities
are in units km s−1.

spectrum. Then the individual profiles were analysed by fitting with a sum
of two gaussian components. The FWHM of the broad component in the
first case is equal to 1210 ± 50 km s−1 and in the second one – 1310 ± 200
km s−1. Taking into account the observational errors we have no reason to
suppose that the line width has changed. This procedure allows us to obtain
the equivalent width and the line flux with errors equal to about 30% in the
first case, and about 50% in the second one. These errors are due first of all
to the errors of the local continuum. If we take a velocity of the wind at a
distance 2σ from the center of the line this velocity is obtained to be 1030
km s−1 and 1110 km s−1 in the two cases. We are inclined to adopt the first
one of these values made up to 1000 km s−1, as it is based on emulsion with
better quality.

The velocity of the narrow component of He ii 4686 (Table 3.1) is in
agreement with the radial velocity curve of this line in Fig. 3.4. In a period
of nine years its flux has decreased by a factor of 3.0 (Table 3.2).

We considered only the lines He ii 4200 and He ii 4542 of the Pickering
series as the rest of them are badly blended with Balmer lines. The profiles
of the lines He ii 4200 and He ii 4542 are asymmetric and their FWHM are
equal to 55 km s−1 and 48 km s−1 respectively. The FWHM of the N iii lines
are about 45 – 50 km s−1.

Since there was a great difference between the velocities of the O iii lines of
the two spectrograms, their values were excluded from further consideration.
The lines of the rest of the elements have practically the same velocities
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whose arithmetical mean is shown in Table 3.1. However, they differ from
the values of the radial velocity curve of the ionized elements at the some
phases in Fig. 3.4.

The fluxes of the Pickering lines of He ii have decreased on average by a
factor of 1.1 and those of N iii – by a factor of 1.7.

Forbidden lines

Only the lines of the elements [O iii] and [Ne iii] are included in this group.
In contrast to the middle of eighties (Tomov & Tomova 1992), now the lines
of [O iii] λλ 4959 and 5007 have disappeared entirely and [O iii] 4363 has con-
siderably weakened – its flux has been reduced by a factor of 4.9 (Table 3.2).
Its FWHM is equal to 73 km s−1.

There was a great difference between the [Ne iii] 3868 line radial velocities
in the two spectrograms and that is why they were excluded from further
consideration. Like H i, He ii, N iii and C iv lines, the velocity of the [O iii]
4363 line (Table 3.1) differs considerably from the one obtained previously
at the same phases (Fig. 3.4).

Lines of ionized metals

Besides all groups of lines examined up to now, emission lines of singly ionized
and neutral metals as Fe ii, Ti ii, Si ii, Ca ii, Cr ii, Mg ii, V ii, Ni ii, Al ii, Fe i,
Si i, Ca i and [Fe ii] present in the visual spectrum of AG Peg. Only the Fe ii

and Ti ii lines are intensive enough to make investigation possible. Their
FWHM is equal to 45 km s−1. The K and H lines of Ca ii are inappropriate
for investigation because of blending with the lines N iii 3934 and He ii 3968,
[Ne iii] 3968 respectively.

The radial velocity of the Fe ii and Ti ii lines (Table 3.1) was obtained to
be equal to the velocity of the lines of the singly ionized metals (Tomov &
Tomova 1992) which doesn’t vary with the orbital phase and is equal to −18.1
km s−1. These facts are probably due to the following reason: in contrast to
the rest of nebular lines the lines of the singly ionized metals are excited in a
part of the giant chromosphere, which faces the hot companion (Boyarchuk
1966; Kenyon et al. 1993) and is located very close to the mass center of the
system, whose velocity is derived in the interval 16–18 km s−1 (Hutchings et
al. 1975; Tomov & Tomova 1992; Kenyon et al. 1993).

The line fluxes of Fe ii have decreased on average by a factor of 1.7 (Ta-
ble 3.2).
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3.3.3 Broad components and mass-loss rate

The evolution of the hot component of the AG Peg system has been con-
sidered by Mürset et al. (1991); Kenyon et al. (1993); Vogel & Nussbaumer
(1994) and Altamore & Cassatella (1997). Their analyses show that after the
year 1978 the radius, the luminosity and the mass-loss rate of this star have
been decreased at nearly constant temperature. We will examine if the vari-
ations of the line intensities, observed by us, are in line with the variations
of these parameters. Only the broad components of the lines Hβ , Hγ and
He ii 4686 will be considered since only they appear in the wind of the hot
companion (see Sect. 5) and depend solely on its parameters. The fluxes of
these lines will be calculated and compared with the observed ones.

The mass-loss rate has been derived by Vogel & Nussbaumer (1994) and
Altamore & Cassatella (1997) with the same methods using UV spectra ob-
tained during approximately one and the same period of time. The first of
these methods is based on the dependence of the equivalent width of the
He ii 1640 line on the mass-loss rate of the Wolf-Rayet stars (Schmutz et
al. 1989) and is related to the case when the line is optically thick. This
dependence has been extrapolated to the atmosphere of the hot companion
of AG Peg. The second method is based on the relation between the en-
ergy emitted in the He ii 1640 line and the mass-loss rate when the wind has
spherical symmetry and a constant velocity. It is related to the case when
the line is optically thin. The results obtained with the two methods are in
good agreement.

In our study we will consider the hot wind in the nebular approach, i.e.
we will follow the second of these methods and that is why the value of the
mass-loss rate, derived in this case will be used. The arithmetical means of
the data of Vogel & Nussbaumer (1994) and Altamore & Cassatella (1997) for
the years 1986 and 1995 are 1.55× 10−7 M⊙ yr−1 and 8.75× 10−8 M⊙ yr−1

respectively. The second of them was calculated using the value of Vogel &
Nussbaumer for the year 1993, as their observations were up to this moment.

The line flux determined by recombinations is given by

F =
hν

4πd2

∫

V
nionneαeff(Te, ne) dV, (3.2)

where nion is the density of the ion treated; ne, the electron density; αeff(Te, ne),
the effective recombination coefficient of this line and V, the emitting vol-
ume. If helium is ionized twice in this volume, the electron density will be
ne = (1 + 2a(He))n and the density of the given ion nion = a(X)n, where
a(X) is the abundance by number of the element X relative to hydrogen.
Then for the line flux we obtain
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Table 3.5: The line fluxes of the broad components in units of 10−11

erg cm−2 s−1

Line 1986 1995
Fcalc Fobs Fcalc Fobs

Hβ (B) 2.86 2.43 1.12 1.61
Hγ (B) 1.36 1.95 0.53 <0.70
He II 4686 (B) 3.12 4.35 1.22 1.65

F =
hνa(X) (1 + 2a(He))αeff

4πd2

∫

V
n2 dV . (3.3)

The abundance by number of He relative to H, a(He), is adopted to be 0.1
(Vogel 1993; Vogel & Nussbaumer 1994). The recombination coefficient αeff

corresponds to an electron temperature of Te = 20 000 K (Pottasch 1984).
The density in the hot wind is a function of the distance to the center and
can be expressed via the continuity equation

n(r) =
Ṁ

4πr2µmHυ
, (3.4)

where Ṁ is the mass-loss rate; υ, the wind velocity equal to 1000 km s−1 and
µmH, the mean molecular weight in the hot wind, µ = 1.4 (Nussbaumer &
Vogel 1987). Using Eq(s). 3.2 and 3.3 we can calculate the line flux emitted by
a nebula formed by a wind with spherical symmetry and a constant velocity.

We will consider that the temperature of the hot companion of the AG Peg
system in both moments has been equal to 90 000 K, which is approximately
an average of the results of Mürset et al. (1991); Kenyon et al. (1993) and
Altamore & Cassatella (1997). In this case the photon fluxes beyond the
limits of the ground series of hydrogen and ionized helium (Nussbaumer &
Vogel 1987) are fully sufficient for ionizing these elements in the hot wind to
infinity.

It is necessary for the calculation of the line fluxes to determine the region
of integration. We treat the wind in the nebular approach Vogel (1993); Vogel
& Nussbaumer (1994) and that is why the inner radius is thought to be the
radius of the star. We will use for its value the arithmetical means of Vogel
& Nussbaumer (1994) and Altamore & Cassatella (1997), which are 0.11 R⊙
and 0.09 R⊙ in the two moments respectively. Let’s consider the outer radius
of integration. Since both components have stellar wind, for the outer radius
we will use 300 R⊙, which is about a half of the binary separation.
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The calculated fluxes are listed in Tabl. 3.5 where they are compared with
the observed ones. It is seen that their difference ranges up to about 45%.
One of the reasons for this difference is the equivalent width error, which is
due to the error of the local continuum. The equivalent width error of the
broad components reaches 50%.

3.3.4 Discussion

The analisis of the emission line spectrum showed that the intensity of all
lines has decreased. The excitation mechanisms in the nebular region are
photoionization and shock. Then the total flux of the emission lines appear-
ing in this region will consist of two parts: one determined by recombination
and the other – by shock excitation. Moreover the hot star is possible to ion-
ize one additional region of the wind of the giant, which will contribute to the
line flux too. The mass-loss rate of the giant and the velocity of its wind are
considered to be constant having values 1.5 × 10−7 M⊙ yr−1 and 20 km s−1

(Vogel & Nussbaumer 1994; Proga et al. 1998). The wind parameters of the
hot companion are presented in the last section. Then the sum of the kinetic
energies of the winds in the two times considered by us is 4.91× 1034 erg s−1

and 2.77× 1034 erg s−1, which is of the order of 10 L⊙ and is small compared
to the luminosity of the circumbinary nebula. Moreover the sum of the ki-
netic energies is an upper limit of the luminosity determined by shock, since
the wind velocity component normal to the surface of the winds interaction is
less than the velocity itself. Then the shock excitation has small contribution
in the line flux.

The bulk of the flux of the emission lines results from photoionization
of the circumbinary nebula by the hot star and the decrease of the flux will
depend mainly from the change of its Lyman luminosity. The ratio of the
luminosities at the two times considered by us is 1.5 and the arithmetical
mean of the decrease factor of the lines of different elements is 2.5. These
quantities are in agreement, since the uncertainty of the luminosity is 50%.

3.4 Conclusion and results

We present results of photometric observations of the symbiotic binary AG Peg
at the final stage of its outburst. Based on the shape of the light curve we
propose that the orbital U variations of the symbiotic star AG Peg are de-
termined from the visibility of a thin bright region located around this hemi-
sphere of its cool giant which faces the hot companion. The bright region
exists probably because the interaction zone of the stellar winds of the two
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components is situated very close to the cool giant. The irregular changes
of the U flux in the orbital minima and maxima are most probably due to
dynamical instability of the interaction zone. We suppose that clouds of gas
having different densities appear from behind the disk of the giant in the
orbital minima, and clouds with different densities of the winds interaction
zone are veiled by it in the orbital maxima. A flux equal to the orbital am-
plitude between two particular photometric maximum and minimum leads
to a mean density of the bright region of (2 – 4)×1010 cm−3. This region will
disappear when the decreasing mass-loss rate of the hot companion drops
below a value of about 5 × 10−10 M⊙ yr−1 and only the wind of the giant
remains in the system. The U flux at the orbital phase of the photomet-
ric maximum decreased by a mean factor of 1.6 in the period 1986 – 1995,
which is in good agreement with the decrease of the Lyman luminosity of the
outbursted compact object.

Moreover we present results of observations of the blue range of the spec-
trum of the system AG Peg at the final stage of its outburst when the lu-
minosity and the mass-loss rate of its hot component decrease. The radial
velocity data and the line fluxes have been obtained.

The radial velocities of the emission lines are compared with the radial
velocity curves of the same elements during the orbital cycle, based on earlier
observations, realized nine years ago (Tomov & Tomova 1992). It turns out
that some of them differ considerably from the corresponding values of the
curves, which in our opinion, is determined by change of dynamics of the
nebular environment. Balmer progression was not established.

The profile of the lines Hβ , Hγ and He ii 4686 consists of two components:
a central narrow component and a broad component indicating stellar wind.
The comparison with earlier spectra (Tomov & Tomova 1992) shows the
width of the broad component has not changed, which means that the wind
velocity has had a constant value. The line fluxes of the broad components
have been calculated by means of the mass-loss rate, obtained on the basis of
contemporaneous UV observations. They are in agreement with the observed
fluxes which confirms this mass-loss rate and its decreasing by a factor of 1.8
during this period of nine years.

The line fluxes of the more intensive among the narrow lines have also
been obtained. A decrease of these fluxes by a mean factor of about 2 for all
elements has been derived during this period.
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Chapter 4

Investigation of the symbiotic

binary AG Dra during

quiescence and its phase of

activity in 1994 – 1998

4.1 Introduction

The star AG Dra is a known symbiotic system with a low metal abundance,
large barycentric velocity (γ = −148 km s−1) and high galactic latitude
(b = 41◦) belonging thus to the old halo population (Smith et al. 1996).
It belongs to the group of yellow symbiotics and consists of a cool primary of
the spectral type K, probably more luminous than a normal class III giant
(Huang et al. 1994; Mikolajewska et al. 1995; Greiner et al. 1997), a hot com-
pact object with a high luminosity and temperature of 1.0×105 – 1.7×105 K
(Mikolajewska et al. 1995; Greiner et al. 1997) and an ionized circumbinary
nebula. Its photometric period is about 550d (Meinunger 1979; Skopal 1994).
The consistency of this period with the orbital period of the binary is con-
firmed by radial velocity variations of the cool primary component, measured
by Garcia & Kenyon (1988); Mikolajewska et al. (1995); Smith et al. (1996)
and Fekel et al. (2000) as well as by polarization variations as measured by
Schmid & Schild (1997). AG Dra binary is enriched in the heavy s-process
elements and situated in the galactic halo (Smith et al. 1996).

The quiescent B and V light variations of AG Dra with a period of about
360d and an amplitude of 0.m10 ÷ 0.m15 are probably caused by an intrinsic
variability of the cool giant, whose radiation becomes more important at
longer wavelengths (Bastian 1998; Friedjung et al. 1998). The continuum of
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the giant also contributes to the U flux, but its variations at the time of the
orbital maximum are determined primarily by changes of the emissivity of
the nebula, since they are significantly larger than 0.m15 up to about 0.m30.

AG Dra belongs to the group of symbiotics that show “classical” or Z And
type outburst. It has undergone several active phases (after 1936, 1951, 1966,
1980, 1994 and 2001), characterised by one or more light maxima. The reason
for this activity is probably related to the nature of its cool component,
which drives the eruptions of the hot companion (Friedjung 1997; Greiner
et al. 1997; Galis et al. 1999). These eruptions are induced by variations of
the accretion rate which are due to variations of the mass-loss rate of the
giant rather than to an elliptical motion, since its radial velocity curve shows
no sign of a measurable eccentricity (Mikolajewska et al. 1995; Smith et al.
1996; Galis et al. 1999). Consequently the investigation of the reasons for
the brightenings of AG Dra is related to the study of the nature of its cool
component. One task is to estimate its absolute size, which from its side is
related to obtaining the distance to the system.

In 1994 AG Dra entered new active phase characterized by several consec-
utive outbursts having intervals of about one year between the times of their
light maxima and U amplitudes up to more than 3 mag. In this way AG Dra
underwent five optical brightenings, the last of them being in 1998. Analysis
of the photometric data (Montagni et al. 1996; Greiner et al. 1997; Skopal
1998; Petrik et al. 1998; Tomova & Tomov 1998; Tomov & Tomova 2000)
showed that the growth of the visual light is due to the increased radiation
of the circumbinary nebula. Different models about the outburst activity of
AG Dra have been proposed.

Leibowitz & Formiggini (1992) supposed the 1980 – 1983 and 1985 – 1986
optical outbursts of AG Dra to be associated with the liberation of mechani-
cal energy in the atmosphere of the giant. Mikolajewska et al. (1995) came to
the conclusion that these outbursts are most probably due to thermonuclear
events on the surface of a white dwarf. Greiner et al. (1997) assumed the
1994 and 1995 outbursts to be determined by an expansion and cooling of
the compact secondary, since their ROSAT data anticorelate with the op-
tical photometry. They proposed this star to be in a steady-state burning
of hydrogen at its surface, which provides its high X-ray luminosity during
the quiescent state of the system. The accretion rate increases during the
outburst and causes accumulation of matter, which is not included in the
burning process. As a result of the expanding and cooling, the star decreases
its X-ray emission. One possibility for the expansion to be restricted, ac-
cording to the authors, is the appearance of a high velocity wind from the
hot photosphere. The cooling of the star in principle provides a possibility
for growth of its optical continuum but the visual brightenings of the system
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are caused by variation of its nebular spectrum. That is why the authors are
forced to search for an additional emission mechanism in the surrounding
nebula.

Gonzalez-Riestra et al. (1999) identified cool and hot outbursts of the
AG Dra system determining the Zanstra temperature of its hot component.
During the cool 1980 – 1983 and 1994 – 1995 outbursts the temperature of
this component decreased compared to its quiescent value and during the
hot 1985 – 1986 outbursts it increased. Viotti et al. (2007) suggested that
during all outbursts the system first passes through a hot phase and during
only the strongest outbursts it evolves towards a cool phase.

Galis et al. (1999) proposed a mechanism for increase of the accretion rate
related to resonance of the pulsations of the cool giant and its orientation to
the companion. They supposed that the pulsations are probably nonradial,
leading to an appearance of an asymmetric stellar wind. The ratio of the
orbital to the pulsation period was found to be very close to 14/9. It is
possible for the mass loss of the giant to reach its maximal value when the
most dense part of the wind is orientated towards the companion. This would
provide a great increase of the accretion rate causing the observed outbursts.

One approach to test any single outburst model is to investigate the possi-
bility the behaviour of the nebular emission to be explained in its framework.
We obtained indications of high-velocity stellar wind from the compact com-
ponent of the system during several of the outbursts. On one hand the
frequency of appearance of this wind and the mass-loss rate obtained by
us cannot be explained in the framework of the thermonuclear model. On
the other hand the mechanism proposed for the interpretation of the X-ray
data (Greiner et al. 1997) meets difficulties with the increase of the nebular
emission. We suppose that the hot companion has a luminosity high enough
to ionize the greatest part of the nebula with the exception only of the re-
gion behind the cool giant. That is why it may be able to ionize additional
amount of gas in the wind of the giant when its mass-loss rate increases dur-
ing outburst phase. This would be a natural explanation of the growth of
the nebular emission.

The basic aims of our research are as follows:

i) to suggest a mechanism providing a growth of the nebular emission and
a scenario for interpretation of the light curve during active phases;

ii) to investigate the process of loss of mass and to obtain quantitative
estimate of the mass-loss rate of the outbursting compact object.

We used the Skopal (1994) ephemeris JD(Umin) = 2 442 514.4 + 552.4×E
since its derivation is based on the greatest number of photometric data.
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The zero epoch is that of the photometric minimum, when the system’s cool
component is in front of the hot component.

4.2 Luminosity and distance

4.2.1 Photometric data analysis

At the present time there is no good knowledge of some of the fundamental
parameters of the system AG Dra like the distance, radius and luminosity of
the cool component (Friedjung et al. 1998; Gonzalez-Riestra et al. 1999; Galis
et al. 1999). To derive the radius and the distance we used the radiation at
the wavelength of the U photometric system, as the continuum fluxes of the
circumbinary nebula and the giant are close at this wavelength. We compose
one system of two equations with two unknown quantities – the distance to
the system and the radius of the cool giant using the nebular and the giant’s
emission (Tomov et al. 2000).

During quiescence the U light of AG Dra displays a 550d periodicity with
an amplitude of about one magnitude. This periodicity is related to the
orbital motion of the binary as confirmed by the radial velocity curve of its
cool component (Garcia & Kenyon 1988; Mikolajewska et al. 1995; Smith
et al. 1996). Important characteristics of the U light curve are the changes
in the phases and shapes of the orbital maxima as well as the variations by
more than 20% of their fluxes (Hric et al. 1993, 1994; Friedjung et al. 1998).
The decrease of the flux at the time of the orbital minimum is supposed to be
caused by an occultation of a bright region that surrounds the hot companion
(Mikolajewska et al. 1995; Friedjung et al. 1998). It was proposed as well
(Friedjung et al. 1998; Gonzalez-Riestra et al. 1999) that the flux variations
of the orbital maxima are due to variation of the giant’s wind.

For our investigation we used the photoelectric data obtained in the pe-
riod JD 2 446 700 ÷ 2 449 200 after the time of activity of AG Dra in 1985–86,
since these data actually are the best sample of U photometry, taken dur-
ing quiescent state of the system. These data were obtained during four
orbital cycles (Fig. 4.1) in the framework of the international campaign for
symbiotic stars launched by Hric & Skopal (1989), and are presented in the
papers of Hric et al. (1993, 1994). For our calculations we used the U mag-
nitudes of 11.m1 and 11.m9 giving the mean value of the light at the times
of the orbital maximum and minimum on JD 2 447 700 and JD 2 448 000.
They were selected because the data set is complete around these times and
can be used for a reasonable estimate of the maximum and minimum fluxes.
The magnitudes were converted into continuum fluxes without correcting for
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Figure 4.1: Photoelectric U observations of AG Dra during quiescent state.

the emission lines included in the wavelength region of the U photometric
system as we were not provided with spectral data during the time of these
photometric observations.

The fluxes were corrected for the energy distribution of AG Dra in the
U spectral region. The continuum of this star on the long wavelengths-side
of the Balmer jump is considerably weaker, which leads to a reduction of
the flux at 3650 Å. The corrections were made by means of the spectrum in
Fig. 3 of Mikolajewska et al. (1995). It turned out that the observed U flux
is 20% smaller than the real flux at 3650 Å. This amount was added to the
observed flux.

Finally the fluxes were corrected for the interstellar reddening. We used
the value E(B − V ) = 0.06 (Mikolajewska et al. 1995; Greiner et al. 1997;
Gonzalez-Riestra et al. 1999) and the extinction law by Seaton (1979). So the
U magnitudes used by us led to dereddened continuum fluxes of 0.257×10−12

erg cm−2 s−1 Å−1 and 0.122×10−12 erg cm−2 s−1 Å−1 for the considered times
of the orbital maximum and minimum, respectively. In this case the flux
difference of 0.135× 10−12 erg cm−2 s−1 Å−1 corresponds to the amplitude of
the light variations.

The next step of our consideration is to estimate the contribution of the
stellar components of the system. The flux of the hot companion was de-
termined supposing that it radiates as a blackbody and using the ratio of
the fluxes at 1340 Å and 3650 Å of a blackbody with the same tempera-
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ture and the observed flux at wavelength λ 1340 Å. Gonzalez-Riestra et al.
(1999) have obtained a mean value of the dereddened quiescent flux at this
wavelength of about 0.28× 10−12 erg cm−2 s−1 Å−1 and Zanstra temperature
of the companion of 110 000 K. On the basis of these data we derived an U
band flux of F hot = 0.007 × 10−12 erg cm−2 s−1 Å−1.

Let us consider the contribution of the cool component. The dereddened
optical spectrum of AG Dra was fitted with that of a K giant and Ho con-
tinuum emission with electron temperature Te = 15 000 K (Mikolajewska et
al. 1995). We obtained the flux of this component supposing that it has the
same continuum energy distribution like α Boo and the rest of the observed
U flux is a nebular emission. We calculated the 3650 Å / 5500 Å flux ratio
of α Boo and scaled it to the dereddened visual flux of AG Dra. Using the
visual flux of AG Dra in its orbital minimum, when the nebular emission can
be supposed to be negligible, we obtained for the flux of its cool component
F cool = 0.075 × 10−12 erg cm−2 s−1 Å−1.

After subtraction of the fluxes of the two stellar components from the
observed flux at the orbital maximum the nebular continuum turned out to
be F neb = 0.175 × 10−12 erg cm−2 s−1 Å−1. The contribution of the nebula
near orbital minimum is 0.040 × 10−12 erg cm−2 s−1 Å−1, close to that of the
red giant.

The shape of the U light curve indicates that the region emitting a flux,
corresponding to the orbital amplitude is not occulted at the time of the
orbital maximum only. This means that it is located close to the hemisphere
of the giant facing the hot companion. The density of this small region is
probably much higher than the mean density of the unocculted part of the
nebula, since its radiation of 0.135 × 10−12 erg cm−2 s−1 Å−1 is by a factor
of about 3 greater than the radiation of the unocculted part. One cause
for the appearance of this small high density region was suggested by Galis
et al. (1999), who assumed that the strong radiation pressure from the hot
component tends to stop the matter of the giant’s wind approaching the
hot component and photoionization creates an ionized region with a higher
density and emissivity.

4.2.2 Mass-loss rate

Besides the U photometric data, for our calculations the mass-loss rate of
the giant is needed as well. The mass-loss rate of the cool components of the
symbiotic stars is not an observed quantity and is difficult to determine. This
quantity for AG Dra was estimated by Mikolajewska et al. (1995) using the
radio flux at 4.9 GHz from Seaquist & Taylor (1990) and adopting a wind
velocity of 30 km s−1. This estimate, however, depends on their assumed
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system distance of 2.5 kpc, and cannot, therefore, be used for our purposes.
Van Winckel et al. (1993) suggested that the Hα emission profile of the

symbiotic stars affected by self-absorption can be an indicator for the mass-
loss rate of their cool components, whose atmospheres are ionized by a hot
source. They created a classification system of the symbiotic stars, based on
their Hα profiles. Later this idea was quantitatively considered by Schwank et
al. (1997). They calculated a variety of models of an expanding atmosphere
of a cool giant of s-type symbiotic system. The atmosphere of the giant
is irradiated and ionized from the outside by the hot stellar component.
Schwank et al. also calculated the Hα emission profile at phase when this
component is in front of the giant, taking into account the optical depth of
the atmosphere and supposing that the line is mainly due to recombination.
The profile includes an absorption which moves from the center of the line to
its short wavelength-side depending on the velocity of the absorbing particles.
When the mass-loss rate of the giant increases, the ionized portion decreases
and the transition zone between the ionized and the neutral volumes shifts
outwards approaching the hot component. An outward shift of this zone in
a region with higher velocity gradient leads to an increase of the difference
between the velocity of the absorbing particles and that of the underlying
recombination region, and, consequently, to a blue shift of the absorption.
So the position of the absorption can be an indicator of the mass-loss rate.

Taking into account the relation between the Hα profile of the symbiotic
stars and the mass-loss rate of their cool components we decided to search
another star having Balmer emission characteristics close to that of AG Dra
and a known mass-loss rate of its cool component.

A good comparison object seems to be AG Peg whose cool component
loses mass at a rate of (1 − 2) × 10−7 M⊙ yr−1 (Vogel & Nussbaumer 1994;
Mürset et al. 1995; Proga et al. 1998). Let us compare the Balmer emission
spectrum of the two systems. The characteristics and the orbital variations of
the Hα profile of AG Peg were studied by Boyarchuk et al. (1987), and those of
AG Dra during its quiescent state – by Tomova & Tomov (1999). Hα profiles
of these stars can be also found in other works (e.g. Ivison et al. 1994; Viotti et
al. 1998). In both symbiotic systems the intensity of Hα emission varies with
the orbital phase as a result of both changes of the optical depth and of the
giant’s occultation. The maximum intensity is around the phase of the light
maximum, when the hot component is closer to the observer. The orbital
variations of the profile of this line in the two systems are also similar, being
due also to optical depth changes. At the phases of the maximal intensity
it is single-peaked with a blue shifted absorption producing a small shoulder
or a general asymmetry only.

The profiles of the two stars are shown in Fig. 4.2. They are different
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Figure 4.2: Upper panel: Hα profiles of AG Dra (solid line) taken on 2 Febru-
ary 1994 (Tomova & Tomov 1999), and of AG Peg of 30 June 1986 (from
Ivison et al. 1994). Lower panel: AG Dra over AG Peg profile ratio.

from the theoretical profiles of Schwank et al. (1997), as the absorption is
far away from the center of the line. This is due to the peculiar structure of
the circumbinary nebulae of these stars. We used the Hα profile of AG Peg
observed on 30 June 1986 before the photometric maximum, instead of that
of 29 July 1991 which is nearer to the maximum but after it (Ivison et al.
1994). These data indicate that the Hα line reaches its maximum intensity
probably a somewhat earlier than the light maximum, being more intense on
30 June 1986. The wings of the two lines in Fig. 4.2 are symmetric. As for
comparison, we have divided the profiles of the two stars, as illustrated in
the lower panel of the figure.

Let us now compare some other characteristics of the two systems in the
light of the theoretical treatment of Schwank et al. (1997). These authors
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have shown that the Hα profile affected by the optical depth depends on the
luminosity of the hot stellar component, the separation, the mass-loss rate
of the cool giant and the velocity law of its wind. The AG Peg system
(Boyarchuk 1966; Kenyon et al. 1993) as well as the AG Dra system (Mikola-
jewska et al. 1995; Greiner et al. 1997) have high luminosity hot companion,
whose ionizing radiation probably reaches the innermost layers of the giant’s
wind where its density is the highest and where the bulk of the energy of the
line is emitted. Then it will not be necessary to compare the companion’s
luminosities and the separations but only the velocity laws and the mass-loss
rates. The velocity laws are different, but since the energy is emitted mostly
from the layers near the giant’s surface, the velocities and their gradients in
these layers are low having probably close values. On the other hand there
is similarity of the profiles morphology and according to the treatment of
Schwank et al. (1997) the mass-loss rates must be probably close as well.
Supposing that the mass-loss rate of the giant of AG Peg is 1 ÷ 2 × 10−7

M⊙ yr−1, for its counterpart in the AG Dra system we adopt 2.0÷2.5×10−7

M⊙ yr−1. As it will be shown in the next section, the mass-loss rates smaller
than the lower limit lead to stellar radii below 28 R⊙. So small values are
probably not plausible, as the cool component of the AG Dra system is sup-
posed not to be a normal giant, but K-type bright giant (Huang et al. 1994;
Mikolajewska et al. 1995; Smith et al. 1996).

4.2.3 Method of calculation and results

Having the fluxes of the components of the binary AG Dra we can compose
a system of two equations with two unknown quantities – its distance and
the radius of its primary. The effective temperature of this component was
estimated by Smith et al. (1996) and amounts to be 4300 K. The cool giant’s
continuum can be fitted with a function giving the energy distribution of α
Boo, since, according to Griffin & Lynas-Gray (1999) the effective tempera-
ture of this star is 4290 ± 30 K the same as that of AG Dra. This function
consists of two parts, the first part is related to the radiation of a blackbody
with a temperature of 4300 K and the second one to the energy distribution
of α Boo. At the wavelength of the U band the second part has a value of
Cα = 0.788. Then the first equation is:

F cool =
2πhc2R2

d2λ5

1

ehc/λkT − 1
Cα × 10−8 , (4.1)

where R is the cool giant’s radius and d – the distance.
Let us now consider the second equation. We suppose that the emitting

circumbinary nebula is formed by a wind with spherical symmetry and a
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constant velocity and has an inner boundary the radius of the giant, as only
a small portion occulted by it is not an ionized region (see below). To give
an expression to the flux of the nebula the state of ionization of helium
is need to be known. We calculated the ratio of the emission measures of
the neutral and ionized helium, allowing that the lines of the Heo are pure
recombination lines. That is really the case when the electron temperature
is 15 000 K (Mikolajewska et al. 1995). We used visual line fluxes of Heo

and the flux of the He ii 4686 line from the paper of Gonzalez-Riestra et al.
(1999) at a phase, close to the maximum light. Since these data are related
to quiescence of the system, we used the sum of the fluxes of the narrow and
broad emission components of the line He ii 4686. In this way we obtained
a ratio He++/He+ of about 0.5. This result shows that the singly ionized
helium is dominant in the nebula and we assume that the nebular emission
mostly is continuum emission of hydrogen and neutral helium. For this flux
we have

F neb =
1 + a(He)

4πd2

c

λ2
10−8

×

[
∫

V
n2γν(H

o, Te) dV + a(He)
∫

V
n2γν(Heo, Te) dV

]

, (4.2)

where V is the volume of the nebula. We treate the nebula as spherical
region whose center coincides with the center of the giant and suppose that
the whole nebula is ionized. The ionizing radiation of the hot compact com-
ponent penetrates close to the giant (see the previous section) and in this
case according to Nussbaumer & Vogel (1987) the greater part of the neb-
ula should be ionized region. The quantities γν are related to the emission
coefficients of hydrogen and neutral helium and are determined by recombi-
nations and free-free transitions. The particle density in the giant’s wind is a
function of the distance to the center and can be expressed via the continuity
equation

n(r) = Ṁ/4πr2µmHυ ,

where Ṁ is the mass-loss rate, υ – the wind velocity, υ = 30 kms−1 (Miko-
lajewska et al. 1995) and µmH – the mean molecular weight, µ = 1.4 (Nuss-
baumer & Vogel 1987). The inner boundary of the region of integration is
the radius of the star and the outer one – infinity. It is also necessary to
have the quantities γν . The position of the U photometric system is close to
the Balmer limit, and the spectral observations in this region of (Tomova &
Tomov 1999) show another characteristic feature of the emission of AG Dra:
the blending of the Balmer lines with high numbers produces an apparent
continuum longward of the Balmer limit near 3650 – 3660 Å which has the
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same flux as the Balmer continuum excess shortward of 3650 Å. For this rea-
son we used the values of the emission coefficients on the short wavelength
side (Osterbrock 1974; Pottasch 1984). We adopt an electron temperature of
15 000 K as proposed by Mikolajewska et al. (1995) and helium abundance
of 0.1 (Vogel & Nussbaumer 1994). Solving the system of equations, with
the adopted values of the mass-loss rate the distance is obtained to be in the
range 1560÷1810 pc, and the stellar radius – in the range 28÷32 R⊙. This
result shows that the size of the giant star is small compared with its Roche
lobe.

Our estimates can be compared with the estimates, based on other meth-
ods. For example Smith et al. (1996) studying the IR absorption spectrum
and performing an abundance analysis of the giant, concluded that its bolo-
metric magnitude and radius are in the intervals Mbol ∼ −1.1 ÷ −2.5 and
R = 26÷50 R⊙. Mikolajewska et al. (1995) came to the conclusion that the
distance is ∼ 2.5 kpc. On the other hand the observational data of HIPPAR-
COS satellite provided a lower limit to the distance of about 1 kpc (Viotti
et al. 1997).

4.2.4 Discussion

The availability of an estimate of the radius of the primary of AG Dra gives us
the chance to calculate some other parameters too. The abundance analysis
of this star performed by Smith et al. (1996) provided an estimate of the
surface gravity of log g = 1.6. Using this estimate and a radius of 28−32 R⊙
we derive a mass of 1.1−1.5 M⊙ which is in agreement with the result of the
analysis of this component by Mikolajewska et al. (1995). Having the radius
and the effective temperature of the star, we found its bolometric luminosity,
which turned out to be in the interval 242 ÷ 316 L⊙.

The values for the distance to the system lead to the reduction of some
of the parameters of its hot companion obtained by Greiner et al. (1997)
which are based on a distance of 2.5 kpc. Since a very hot star was observed,
these authors proposed that it is in a steady state hydrogen burning near its
surface allowing its luminosity to be due only to nuclear processes. A steady
state burning can be realized when the burning rate is equal to the accretion
rate. Greiner et al. found that if the hot companion of the AG Dra system
had such an accretion rate, it will be in the range of steady burning at the
surface of a white dwarf with a mass of 0.3 M⊙. This mass was calculated
using the core mass–luminosity relation L/L⊙ ≈ 4.6×104(Mcore/M⊙−0.26)
(Yungelson et al. 1996). Making corrections of their parameters we obtained
that the bolometric luminosity and the accretion rate are in the intervals
967 ÷ 1302 L⊙ and 1.2 ÷ 1.7 × 10−8 M⊙ yr−1. The mass of the companion
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was calculated to be about 0.3 M⊙, which leads to a minimum accretion rate
for steady burning of 1.8× 10−9 M⊙ yr−1. So it can be concluded that these
new values are also in agreement with the model of a steady state burning
at the surface of a white dwarf.

4.3 Photometric investigation

The photometric data of AG Dra taken by us during its 1994 – 1998 active
phase were described and interpreted in the works of Montagni et al. (1996);
Tomova & Tomov (1998) and Tomov & Tomova (2000).

4.3.1 Observations

Broad-band BVRI photometry of AG Dra was obtained during July 1994–
January 1996 with the 30 cm, F/4.5 telescope at Greve (Firenze), and with
the 50 cm, F/4.5 telescope at Vallinfreda (Roma). Both telescopes are
equipped with a SBIG ST6 CCD detector. The photometric accuracy was
excellent during most nights, the m.s. errors being of 0.m03 in B, 0.m02 in
V, 0.m03 in R, and 0.m02 in I. As for the photometric sequence we have used
the secondary standards listed in Table 4.1, whose photometric data were
obtained using stars from the Landolt’s (1992) catalogue.

Three colour UBV photometry was obtained during December 1993–
February 1996, July 1996–October 1997 and January 1998–June 2000 with
a single channel photoelectric photometer, mounted at the Cassegrain focus
of the 60 cm, F/12.5 telescope of the National Astronomical Observatory
“Rozhen”. The star BD +67◦925 having V = 9.m88, B − V = 0.m56 and
U − B = −0.m04 (Skopal & Chochol 1994) was used as a comparison star,
checked by the star BD +67◦926. We estimated the accuracy using the obser-
vational data of the check star. The m.s. errors are not larger than 0.m02 in
U and B, and 0.m01 in V for the data taken during December 1993 – February
1996 and not larger than 0.m01 in all bands for the other data. The brightness
data in the period JD 2 450 317÷2 450 324 were obtained with the similar tele-
scope and equipment of the Astronomical Observatory Belogradtchik. The
observational data are listed in Tables 4.2 and 4.3.

4.3.2 Analysis of the data

Figure 4.3 gives the five-colour light curve of AG Dra during its 1994–1995
active phase. The observations cover mainly the declining phases following
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Figure 4.3: The five–colour light curve of AG Dra from December 1993
to February 1996. For comparison, the AAVSO visual light curve (10-day
means, Mattei 1995) is shown as a dotted line.
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Table 4.1: The BVRI photometric sequence

Star α(2000) δ(2000) B σ V σ R σ I σ
h m s ◦ ′ ′′

a 16 03 25 +66 37 31 11.93 .02 11.13 .02 10.74 .03 10.34 .01
b 02 54 41 34 11.83 .02 11.12 .02 10.75 .03 10.37 .02
c 03 27 45 16 10.99 .02 10.43 .02 10.10 .03 9.82 .01
d 04 09 40 02 11.67 .03 11.04 .02 10.71 .03 10.39 .01
e 00 41 39 33 12.45 .03 12.00 .01 11.66 .03 11.39 .01
f 01 41 38 50 12.22 .02 11.72 .01 11.37 .03 11.05 .03
g 00 56 42 57 13.20 .09 12.27 .02 11.78 .03 11.32 .01

the primary (June 1994) and secondary (July 1995) light maxima. No U-
band observations were obtained during the 1994 maximum, but that phase
was also covered by the UBV observations of Skopal & Chochol (1994). The
figure shows that AG Dra varied in all the colours, but the amplitude of the
variation was larger (and the decline steeper) for the shorter wavelengths.
This behaviour is opposite to that “typical” of symbiotic stars (and of some
other types of variable stars) which are generally redder at maximum light. In
particular, the variation of the U magnitude during the 1995 outburst – when
compared to its value during quiescence – indicates an increase by a factor
greater than 5 of the radiation near the Balmer jump. The variation was
quite large also in B, with a flux increase (with respect to quiescence) of more
than 2.1 and 1.3 magnitudes for the 1994 and 1995 outbursts, respectively.
It should be noted that during the minimum phase in between the two light
maxima, the U and B fluxes were well above their quiescent values. Finally,
we remark that unexpectedly during the light maxima AG Dra significantly
varied also in the I-band which is near the maximum of the energy spectrum
of the cool stellar component.

These results can be interpreted in the light of a three spectral component
model of AG Dra, in which the red–near IR is dominated by the cool star
spectrum, while the blue–near UV radiation arises from the circumstellar
nebula ionized by the radiation of the hot star (whose contribution to the
near-UV is thought to be negligible).

In this model the optical outbursts should be associated with the increase
of the size of the nebula, which from its side is the result of the increased
flux of UV photons from the outbursting hot source. The U-band excess
of AG Dra is therefore due to the nebular Balmer continuum, which has
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Table 4.2: Photometric observations of AG Dra in 1993 – 1996

Date JD-2400000 n U B V R I

19 Dec 93 49341.2 3 10.92 10.99 9.73 — —
10 Apr 94 49452.5 2 10.93 10.99 9.73 — —
31 Jul 94 49565.4 1 — 9.17 8.41 7.82 7.63
2 Aug 94 49567.4 1 — 9.05 8.51 8.07 7.64

21 Aug 94 49586.4 1 — 9.34 8.67 8.14 7.70
7 Oct 94 49633.4 1 — 9.98 9.09 8.44 7.86

24 Feb 95 49772.6 2 9.94 10.54 9.56 — —
18 Mar 95 49794.6 4 9.91 10.49 9.53 — —
23 Aug 95 49953.4 1 — 9.70 9.08 8.39 7.89
29 Aug 95 49959.5 1 — 9.90 9.14 8.45 —
10 Sep 95 49971.3 2 9.16 10.01 9.28 — —
12 Sep 95 49973.3 3 9.23 10.05 9.28 — —
27 Sep 95 49988.4 2 9.40 10.11 9.30 — —
2 Oct 95 49993.2 3 9.39 10.16 9.35 — —
5 Oct 95 49996.4 3 9.44 10.19 9.38 — —

21 Oct 95 50012.2 2 9.62 10.41 9.49 — —
23 Oct 95 50014.3 2 — 10.44 9.44 8.64 8.10
24 Oct 95 50015.3 1 — 10.44 9.44 8.65 8.12
25 Oct 95 50016.3 4 — 10.47 9.46 8.66 8.11
2 Nov 95 50024.3 3 9.84 10.48 9.56 — —

27 Nov 95 50049.3 2 10.16 10.62 9.59 — —
11 Dec 95 50063.3 4 — 10.67 9.58 8.80 8.18
29 Jan 96 50112.3 1 — 10.72 9.56 8.81 8.14
27 Feb 96 50141.6 3 10.39 10.69 9.63 — —

largely increased during the outbursts. The nebular emission appears also
to contribute to the longer wavelengths, and the amplitude of the variation
at different wavelengths can be used to determine the relative contribution
of the nebular and cool star components. In this regard, it is of particular
interest the fact that during the light maxima AG Dra largely varied also in
the I-band (900 nm). This implies that at the light maximum the “nebular
spectrum” should have contributed to at least 40% of the red/near-IR radia-
tion of AG Dra. This contribution rises to more than 70% in V, and to more
than ∼ 85% in B. We also argue that the contribution of the nebular emission
to the red might possibly be not negligible also during the quiescent phase of
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Table 4.3: Photometric observations of AG Dra in 1996 – 2000

JD-2450000 n V B U JD-2450000 n V B U

267.3 3 9.24 10.12 9.15 739.2 5 9.65 10.78 10.46
268.3 3 9.26 10.14 9.21 741.2 2 9.71 10.83 10.60
293.6 2 9.48 10.46 9.73 742.2 3 9.69 10.83 10.58
294.6 3 9.43 10.37 9.60 828.7 2 9.79 11.18 11.57
295.4 3 9.41 10.35 9.47 865.7 3 9.71 11.10 11.43
296.4 3 9.38 10.32 9.45 866.6 3 9.71 11.09 11.43
297.3 3 9.41 10.31 9.42 867.6 4 9.73 11.10 11.42
303.4 2 9.34 10.27 9.36 877.6 3 9.72 11.09 11.40
317.3 3 9.48 10.50 9.47 1007.5 2 9.66 10.83 10.20
321.3 3 9.58 10.68 9.83 1015.4 3 9.62 10.68 10.02
322.3 3 9.60 10.68 9.84 1027.3 2 9.41 10.33 9.39
324.3 2 9.60 10.69 9.85 1087.2 2 9.64 10.76 10.18
390.2 2 9.77 11.05 11.08 1088.2 2 9.63 10.78 10.22
391.2 3 9.74 11.02 11.10 1226.6 3 9.75 11.15 11.40
398.2 3 9.69 10.98 11.06 1239.6 3 9.75 11.14 11.41
431.2 2 9.72 11.04 11.14 1293.4 3 9.82 11.22 11.51
466.3 2 9.72 11.01 — 1298.4 4 9.80 11.22 11.52
476.7 2 9.75 11.05 11.00 1332.4 3 9.79 11.19 11.53
477.7 2 9.76 11.04 11.00 1357.3 3 9.73 11.10 11.52
478.7 2 9.75 11.06 10.99 1401.3 3 9.70 11.09 11.46
504.6 3 9.72 11.01 10.96 1404.3 3 9.71 11.06 11.44
520.5 3 9.78 11.07 10.95 1408.3 2 9.72 11.10 11.47
628.5 3 9.17 9.99 8.96 1437.3 3 9.77 11.15 11.42
629.4 3 9.21 10.05 9.05 1509.2 1 9.71 11.10 11.34
643.5 2 9.14 10.00 8.92 1510.2 1 9.70 11.09 11.32
651.3 2 9.26 10.10 9.11 1581.6 3 9.76 11.12 11.11
652.3 2 9.25 10.08 9.07 1626.5 4 9.75 11.09 11.03
698.3 3 9.28 10.18 9.19 1627.5 4 9.74 11.09 11.01
699.3 4 9.32 10.18 9.25 1715.4 3 9.82 11.22 11.32
701.3 3 9.30 10.17 9.20 1716.5 2 9.83 11.24 11.34
702.3 3 9.28 10.17 9.19 1718.5 2 9.82 11.22 11.36
704.3 2 9.32 10.21 9.22 1721.4 3 9.83 11.24 11.38
729.2 3 9.64 10.70 10.17
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Figure 4.4: The UBV data of AG Dra during its 1996, 1997 outbursts

AG Dra. Therefore, some care should be taken when using the VRI colours
(and the photospheric spectral line depth as well) for the determination of
the red star’s spectral type and luminosity class.

The three colour light curve of AG Dra during its 1996, 1997 outbursts
is shown in Fig. 4.4. Our data cover mainly the declining phases and the
quiescent period between the two outbursts. It can be noted the fact that the
light monotonically increases in JD ∼ 2450290÷2450310, which is included in
the first declining phase. The brightness of AG Dra varied in all the colours,
but the amplitude of these variations was largest in U and decreased with the
wavelength. In the time between the outbursts it reached the typical values
of the quiescent state. The variation of the U magnitude indicates a mean
increase for the two light maxima by a factor of about 5.3 of the continuum
flux compared with the quiescent period before the 1994 outburst. The B
and V increase factors are equal to 2.3 and 1.6. In our view the reason for
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Figure 4.5: The UBV data of AG Dra during 1998 outburst

the visual brightening of AG Dra is the increased radiation of its nebula.
It is directly seen from the energy distribution of the star in the interval

from IR to X-ray wavelengths, obtained during quiescence and outburst and
displayed in the work of Greiner et al. (1997). According to these data the
radiation of the hot component of the system in the visual U region is small
compared with the observed magnitude. The spectrum in the optical/near-
UV region is dominated by a nebular continuum which increases strongly
during the outburst phase. That is why we conclude the growth of the UBV
fluxes is determined by the increase of the size of the nebula, which from its
side is due to the increased flux of Lyman photons from the outbursting hot
companion. Then we can determine the lower limit of the contribution of
the nebula for the maximal values of the B and V light on the basis of the
approach used in the work of Montagni et al. (1996), using the amplitudes
of the variation. It turns out this lower limit is about 55% in B and 35% in
V.
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Figure 4.5 gives the three-colour light curve of AG Dra during its 1998
outburst and after it. It is seen that the brightening of the star in 1998 is
followed by a period of quiescence when the light in the B and V spectral
regions reached its typical values during quiescent state. At that time the
variations of the U light were probably determined by the orbital motion,
since its smallest and greatest values are at the epochs of the orbital pho-
tometric minimum and maximum. Our data are not complete during the
eruption, but they show that the light varied in all the colours and the am-
plitude of the variation was larger for the shorter wavelengths. The variation
of the U magnitude indicates an increase by a factor of 4.8 of the light com-
pared with the quiescent period before the 1994 – 1998 active phase. The B
and V increase factors are 2.0 and 1.3.

4.3.3 Emission measure

The optical brightenings of AG Dra are caused by an increase in its nebular
emission (Greiner et al. 1997) and in Sect. 4.6 we will consider the possibility
to explain this behaviour. We will investigate the changes of the emission
measure. Quantitative analysis of the emission measure can be carried out
using the Balmer continuum emission, which can be derived from U-band
photometric data. During the active phase a good sample of optical photom-
etry (Fig. 4.6) was collected which gives us the possibility to calculate the
emission measure at a number of typical epochs of variability of the light.
We considered the emission measure at all epochs of maxima and minima
of the light during 1994–1998 (Table 4.4). To compare these data with the
quiescent ones we took the U fluxes of the circumbinary nebula at the or-
bital maximum and minimum F neb

max = 0.175 × 10−12 erg cm−2 s−1 Å−1 and
F neb

min = 0.040 × 10−12 erg cm−2 s−1 Å−1, obtained by Tomov et al. (2000).
The magnitudes were converted into continuum fluxes without correcting

for the emission lines included in the wavelength region of the U photometric
system as we were not provided with spectral data in this region. The fluxes
were corrected for the energy distribution of AG Dra. The continuum of this
star on the long wavelength-side of the Balmer jump is considerably weaker,
which leads to a reduction of the flux at 3650 Å. The corrections were made
as described in Sect. 4.2. The fluxes were also corrected for the interstellar
reddening. Finally we obtained the U fluxes of the circumbinary nebula of
AG Dra in its quiescent state subtracting the quiescent fluxes of the stellar
components derived in Sect. 4.2. We made also approximate estimates of the
fluxes of the hot component for the considered epochs of the active phase
using the approach in the same section and data from the paper of Gonzalez-
Riestra et al. (1999). These fluxes were also subtracted from the dereddened
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Figure 4.6: The U light curve of AG Dra during its active phase based on
observations of (Skopal et al. 1995; Hric et al. 1996; Montagni et al. 1996;
Skopal 1998; Petrik et al. 1998; Tomova & Tomov 1998; Tomov & Tomova
2000). The vertical lines indicate the local extrema under consideration,
which are numbered from 1 to 10 and whose times are listed in Table 4.4.

fluxes of AG Dra.
To calculate the emission measure we need to know the state of ionization

of helium. Mikolajewska et al. (1995) obtained an electron temperature for
the nebula of AG Dra of about 15 000 K. In our calculations we assumed
the same temperature in both the quiescent and the outburst states of the
system. The helium ionization state in quiescence was determined in Sect. 4.2
by calculation of the ratio of the emission measures of the neutral and ionized
helium. It was allowed that the lines of Heo are pure recombination lines since
the same temperature of 15 000 K was adopted. A ratio He++/He+ of about
0.5 was obtained, indicating that the singly ionized helium is dominant in
the nebula.

During the 1994 – 1998 stage of activity we found data at the same epochs
for some visual lines of Heo and the line He ii 4686. These data were at
orbital phases, close to the quiescent light maximum and were taken from
the papers of Gonzalez-Riestra et al. (1999) and Tomova & Tomov (1999).
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Only the flux of the narrow emission component of the line He ii 4686 was
used since its broad component indicates a high velocity stellar wind from
the hot companion of the system (see Sect. 4.5). In this case we obtained
a ratio He++/He+ of about 0.4, which means that the singly ionized helium
is dominant in the nebula during outburst too. Such a result was expected
since the temperature of the companion was decreased. In our calculations we
assumed that the nebular emission is mostly continuum emission of hydrogen
and neutral helium. The quantities γ, related to the emission coefficients
of these atoms and determined by recombinations and free-free transitions,
were selected as explained in Sect. 4.2. A helium abundance of 0.1 (Vogel &
Nussbaumer 1994) was also adopted.

The broad component of the He ii 4686 line (Sect. 4.5) shows a region
of high velocity stellar wind is present in the nebula of AG Dra during
the active phase. The temperature of this region is probably higher than
15 000 K. Using the wind parameters and supposing an electron temperature
of 20 000 K, we obtain the U continuum flux of this region to be 2.4× 10−14

erg cm−2 s−1 Å−1, which is negligible compared with the observed U flux (see
below). Therefore the observed U flux is emitted practically by the rest of
the ionized region(s) of the nebula and that is why we use the values of the
emission coefficients of H and He ii for an electron temperature of 15 000 K.

We adopted a distance of 1.7 kpc. So for the quiescent emission measures
we derived n2

eV = 1.59× 1059(d/1.7kpc)2 cm−3 at the orbital maximum and
n2

eV = 0.36 × 1059(d/1.7kpc)2 cm−3 at the orbital minimum.
The results of the calculations of the data taken during the active phase

are presented in Table 4.4. The observed U magnitude is listed in the fifth
column, the flux of the nebula in the sixth column and its emission measure
in the seventh column. The ratio m of the emission measure at some epoch
during the active phase and the emission measure at the quiescent orbital
maximum is listed in the eighth column. The data show that during the
active phase the emission measure changes by factors from 0.5 to 36 compared
to its maximal value at the quiescent state. The phase of the light minimum
after the 1997 outburst is very close to the orbital minimum, but the emission
measure is by a factor of about 2 greater than this one at the quiescent orbital
minimum, indicating greater number of recombinating ions. In our opinion
this is most probably a result of the increased loss of mass of the two stellar
components during the outburst (see Sect. 4.6).
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Table 4.4: The U flux and the emission measure of the circumbinary nebula.

No Date JD Phase U F neb a EMb m
2 449 000+ mag

1 1994 Jul 16 550 0.736 7.60 6.319 57.56 36.2
2 1995 Mar 23 800 0.189 9.90 0.687 6.26 3.9
3 1995 Jul 22 921 0.408 8.70 2.249 20.49 12.9
4 1996 Feb 6 1120 0.768 10.40 0.406 3.70 2.3
5 1996 May 22 1226 0.960 11.26 0.139 1.27 0.8
6 1996 Jul 2 1267 0.034 9.15 1.455 13.26 8.3
7 1996 Nov 12 1400 0.275 11.10 0.175 1.59 1.0
8 1997 Aug 19 1680 0.782 8.55 2.595 23.64 14.9
9 1998 Jan 16 1830 0.054 11.56 0.086 0.78 0.5
10 1998 Aug 1 2027 0.410 9.39 1.148 10.45 6.6

a Continuum fluxes in units 10−12 erg cm−2 s−1 Å−1.

b EM = n2
eV × 1059(d/1.7 kpc)2 cm−3.

4.4 The line spectrum in quiescence and

during the 1994 and 1995 outbursts

The line spectrum of AG Dra in quiescence and during its 1994 and 1995
brightenings was described and interpreted in the works of Tomov & Tomova
(1997) and Tomova & Tomov (1999).

4.4.1 Observations and reduction

We acquired five photographic spectra in 1993 and 1995 with the Coudé
spectrograph of the 2m RCC telescope of the National Astronomical Obser-
vatory Rozhen (Table 4.5). The observations were performed in the region
from 3600 Å to 5000 Å, with a reciprocal linear dispersion of 18 Åmm−1.
The first two spectrograms were taken on Kodak IIaO emulsion sensitized
with hydrogen with a resolution of 0.4 Å. The rest of the spectrograms are
on ORWO ZU emulsion whose resolution is 0.5 Å. All exposures were com-
paratively deep but the continuum could be detected only in two cases when
the star was the brightest and the atmospheric conditions were very good.
The spectra were digitized with the Joyce Loeble microdensitometer and a
ReWiA package was used for wavelength and density calibration, as well as
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Table 4.5: List of the observations in the quiescent state of the system and
during the 1994 – 1995 outbursts

Date JD Phase Detector; Exposure State of
2 449 000+ obs. regiona (minutes) the systemb

1993 Feb 6 024.51 0.785 CCD; Hα 60 Q
1993 Mar 16 062.51 0.854 Phot. IIaO 205 Q
1993 Apr 11 089.38 0.902 Phot. IIaO 255 Q
1994 Jan 2 354.59 0.383 CCD; Hα 2×20 Q
1994 Jan 24 376.60 0.422 CCD; Hα 30 Q
1994 Jan 24 376.64 0.422 CCD He ii 4686 30 Q
1994 Feb 2 385.52 0.439 CCD; Hα 30 Q
1994 May 19 492.47 0.632 CCD; Hα 2×20 Q
1994 Jun 24 528.32 0.697 CCD; Hα 2×20 A
1994 Jun 24 528.38 0.697 CCD; Hβ 20 A
1994 Jun 25 529.35 0.699 CCD; λ 4500 Å 10+20 A
1994 Jun 25 529.45 0.699 CCD; Hγ 10+20 A
1994 Aug 17 582.27 0.795 CCD; Hα 20 A
1994 Aug 17 582.29 0.795 CCD; Hβ 20 A
1994 Aug 17 582.32 0.795 CCD; λ 4500 Å 2×20 A
1994 Aug 17 582.35 0.795 CCD; Hγ 20 A
1995 Oct 3 994.42 0.541 Phot. ZU 272 A
1995 Oct 4 995.36 0.543 Phot. ZU 360 A
1995 Nov 2 1024.33 0.595 Phot. ZU 345 A

a All photographic observations were made in the region λ 3600÷5000 Å.

b Q = quiescent, A = active

for calculation of the radial velocities and the equivalent widths. Sections
of the spectrum taken on JD 2 449 995.36 where the fainter line features are
most clearly seen are displayed in Fig. 4.7. The lines with measured radial
velocities are marked. At this time the star was in a declining phase follow-
ing the secondary (July 1995) light maximum. The strongest lines are not
seen in this figure, but the upper part of their profiles is similar to those in
Fig. 4.11.

81



Figure 4.7: Sections of the spectrum, taken on JD 2 449 995.36. The ordinate
scale is in arbitrary units.
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Figure 4.7: continued
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Figure 4.7: continued
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Table 4.6: Radial velocity data in units of km s−1

JD Phase H I He1 I He3 I He II O III [O III] Abs. State of
2 449 000+ All lines Hα (core) 4363 lines the systema

024.51 0.785 −146.69 −106.45 −150.39 Q
±0.08

062.51 0.854 −146.73 −144.30 −138.29 −144.51 Q
±3.16 ±1.88 ±3.59 ±1.56

089.38 0.902 −149.07 −166.64 −145.09 −150.72 Q
±1.45 ±1.20 ±1.48 ±1.76

354.59 0.383 −137.18 −98.75 −141.12 Q
±0.44

376.6 0.422 −128.08 −86.81 −140.18 −138.62 Q
±0.50

385.52 0.439 −137.18 −99.77 −144.79 Q
±0.50

492.47 0.632 −146.28 −111.12 −152.71 Q
±0.52

528.3 0.697 −151.14 −125.98 −153.00 A
±4.13 ±0.97

529.4 0.699 −214.73 −188.22 −191.51 −169.32 A
582.3 0.795 −149.01 −110.23 −162.80 −176.27 −165.60 −151.25 A

±8.27 ±0.95
994.42 0.541 −140.68 −150.52 −149.56 −156.68 −162.67 −174.01 A

±1.18 ±2.68 ±0.30 ±0.25
995.36 0.543 −145.73 −149.61 −146.78 −160.40 −169.22 −157.64 A

±1.08 ±3.77 ±3.10 ±1.59 ±2.14
1024.33 0.595 −137.69 −144.38 −149.00 A

±0.33 ±9.09

a Q = quiescent, A = active
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In our work we consider the intensity of the relatively strong lines whose
equivalent width errors are not greater than 30%. Unfortunately it turned
out that the spectrogram of JD 2 449 995.36 has had decreased sensitivity of
its photographic emulsion in the wavelength region λ > 4470 Å and that
is why the intensities only of these lines whose wavelengths are less than
this limit were investigated. Among the other spectrograms only that of
JD 2 449 994.42 was used for the intensity investigation, as the continuum in
the other cases was not well detected. The error of the level of the local con-
tinuum for both of these spectrograms was not greater than 10%. The line
fluxes were obtained by means of the B and V photometric estimates of Mon-
tagni et al. (1996) taken during this time. The monochromatic continuum
fluxes at the positions of the emission lines considered were calculated via
linear interpolation of the fluxes at the positions of the sensitivity maxima
of the B and V photometric systems.

In addition some CCD frames were obtained with the same spectrograph
mainly in the period January – August 1994. The Hα region was observed
on almost all nights. The regions of the Hβ , Hγ and He ii 4686 and a region
centered at 4500 Å and containing the He i 4471 and He ii 4542 lines were
observed on a few occasions. The spectral range of 110 Å gave us the pos-
sibility of observing the [O iii] 4363 and He i 4388 lines together with Hγ .
The resolving power was generally 15 000, and only for the spectra taken on
JD 2 449 024.51 and JD 2 449 376.64 it was 30 000 (Table 4.5). The data were
processed with the pcIPS program of Smirnov et al. (1992). As in the case
of the photographic spectra, the ReWiA package was used for obtaining the
dispersion curve and for calculating the radial velocities and the equivalent
widths. Some absorption lines of the K star spectrum in the Hα region were
used for measuring the radial velocity of the cool component (Table 4.6).

The line fluxes were obtained by means of the B, V and R photometric
data of Hric et al. (1994); Skopal et al. (1995); Skopal (1996) and Montagni
et al. (1996). Since there are no R data during the time when the initial five
of our Hα spectra were obtained while the system was at the quiescent stage,
we used the data of Montagni et al. (1996) taken at the end of 1995 and the
beginning of 1996, when the visual light of the system had practically reached
its value before the 1994 outburst (Mattei 1995). The Hα flux on August 17
was also obtained using the R photometry of Montagni et al. (1996). The
spectrum on June 24 was taken during the time of increasing light, when
R data are also absent in the literature, and only the equivalent width was
obtained for this time.

The line fluxes were corrected for interstellar reddening. We used the
value E(B − V ) = 0.06 (Mikolajewska et al. 1995; Greiner et al. 1997) and
the extinction law by Seaton (1979).
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Figure 4.8: Hα profile of AG Dra normalized with respect to the local con-
tinuum.

Since we did not find systematic differences between the velocities of
the lines of a given element in our observational data, the velocities of all
elements have been obtained as arithmetical means of the velocities of all
lines detected. The radial velocity data are listed in Table 4.6 and the line
fluxes in Tables 4.7, 4.8 and 4.9.

4.4.2 Description and analysis of the emission line spec-

trum

Balmer lines

Hα line

In our spectra the Hα profile is single-peaked, with a shoulder on the short
wavelengths-side at all phases (Fig. 4.8). In some cases this shoulder is
highly pronounced and in the rest of them, where scarcely visible, it pro-
duces a general asymmetry only. In contrast to some other symbiotic sys-
tems like EG And and AG Peg (Oliversen & Anderson 1982; Oliversen et al.
1985; Boyarchuk et al. 1987) the Hα line of AG Dra during the period of our
observations had unusually extended low intensity wings which practically
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Table 4.7: Equivalent widths and fluxes of Hα

JD Phase Wλ (Å) F×10−12 State of
2 449 000+ erg cm−2 s−1 the systema

024.51 0.785 84 50.84 Q
354.59 0.383 174 106.04 Q
376.60 0.422 184 112.12 Q
385.52 0.439 159 96.86 Q
492.47 0.632 117 71.27 Q
528.32 0.697 98 A
582.27 0.795 104 130.94 A

a Q = quiescent, A = active

Table 4.8: Fluxes of the lines displaying two components – a narrow (N) and
a broad (B) one in units of 10−12 erg cm−2 s−1

JD Phase Hβ Hγ He II 4686 State of
2 449 000+ N N B N the systema

376.64 0.422 11.00 Q
528.38 0.697 44.56 A
529.45 0.699 37.54 A
582.32 0.795 31.92 18.13 A
994.42 0.541 33.08 10.08 17.50 A
995.36 0.543 7.51 2.38 A

a Q = quiescent, A = active

Table 4.9: Fluxes of one component lines during the active phase in units of
10−12 erg cm−2 s−1

JD Phase He I He I He I Hδ He I He I He II [O III] He I He I He II He I

2 449 000+ 3965 4009 4026 4102 4121 4144 4200 4363 4388 4471 4542 4713

529.4 0.699 4.66 3.97 3.19

582.3 0.795 2.24 2.56 0.92

994.42 0.541 0.95 0.58 1.32 7.36 0.53 0.75 0.46 0.33 1.14 1.25 0.63 0.76

995.36 0.543 0.97 0.51 1.25 7.32 0.49 0.52 0.43 0.38 0.82 1.20
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reached the continuum level at about 2000 km s−1 from the center of the line.
It should be emphasized that the asymmetry was related to the upper part
of the profile and the wings were always symmetrical.

Robinson et al. (1994) investigated double-peaked profiles of AG Dra and
found an acceptable fit for an accretion disk with inner radius of 1.1×108 cm
and outer radius of 1.3 × 1010 cm. If we suppose the existence of a disk
having such a small size, it would have appeared most probably as a result
of accretion of a stellar wind. But in this case, the wind of the giant will give
rise to a circumbinary nebula, as well as the accretion disk. This nebula will
also contribute to the emission lines, which will not due to the accretion disk
alone.

The initial five of our Hα spectra (Table 4.5) are related to the quiescent
stage and the spectra of June and August 1994 were taken immediately
before and after the moment of the first light maximum (July 1994), when
the V light increased by more than one magnitude (Skopal & Chochol 1994;
Montagni et al. 1996). The width (FWHM) of the line was 90–100 km s−1

during the quiescent stage and the shoulder was below the level of the half
maximum. The intensity of the wings varied during this period (Fig. 4.9),
which led us to suppose that different numbers of emitting hydrogen atoms
were observed at different phases. The variation in the number of emitting
atoms could be due to an occultation of a bright region around the hot
component of the system, as was supposed by Mikolajewska et al. (1995).

The fact that the wings are symmetrical and the features leading to an
asymmetry are located in the upper part of the profile give reason to suppose
these features are a sign of self-absorption. Similar features are present in
the Hα profile of the AG Peg system where they signal the same process. Our
supposition is based also on the established fact that in both systems AG Peg
(Boyarchuk 1967a) and AG Dra (Boyarchuk 1967b) the Balmer decrement
differs greatly from the theoretical one because of self-absorption. In the final
analysis we consider the profile variations are due to two factors during the
period of our observations. The first of them is a variation in the emitting-
atom number. It determines the intensity of the wings and is probably due
to an occultation of the emitting region. The second one is a variation of the
optical depth, which causes the changes of the upper part of the profile and
is related to the orbital motion, too.

During the outburst the appearance of the profile remained the same,
but the shoulder was above the level of the half maximum. The width of the
line increased to about 150 km s−1. The intensity of the wings also increased
considerably (Fig. 4.9).

The behaviour of the flux at the phases of observation is displayed in
Fig. 4.10. It decreased by a factor of 2.2 in the phase interval of 0.4. The
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Figure 4.9: Variations of the wings intensity of the Hα line during quiescence
and outburst. For a direct comparison of the intensities the ratio of the
ordinate scales has been chosen to be equal to the ratio of the continuum
fluxes at the position of Hα .

spectra taken on JD 2 449 024.51 and JD 2 449 582.27 are approximately at
the same phase, one coming from the quiescent stage and the other from the
outburst. Comparison of the fluxes in those moments indicates an increase
by a factor of 2.5.

The wavelength position of Hα was measured at two places on its profile –
in the upper part of the core of the line, where it is practically symmet-
rical, and in wing area. The radial velocity data of the core are scattered
(Fig. 4.10), which is easily explained by assuming that this part of the line is
influenced by self-absorption. The behaviour of the velocity of the wings is
different and is identical to that of the other Balmer lines within the range
of error. It turned out this velocity is very close to that of the mass center
of the system at most phases of observation.

Table 4.6 shows that the lines of H i on JD 2 449 529.40 have a large
negative radial velocity, which differs from the rest of the velocities, but is
close to those of the lines of the other elements at this particular time. In
our opinion the values of these velocities are not due to random error and
seems to be emission observed from an area of the nebula whose movement
is towards the observer, caused probably by an expanding envelope.

Let us compare our continuum emission measure with those calculated
using our Hα data and assuming Menzel case B. At phases close to the photo-
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Figure 4.10: Left: Hα flux in units of 10−11 erg cm−2 s−1 as a function of phase.
The flux during the outburst is marked with a cross. Right: Balmer radial
velocities as a function of phase. The value of −214.73 km s−1 (Table 4.6) is
not displayed in the figure.

metric maximum during quiescence, the values of the Hα flux produce values
of the emission measure in the interval from 1.1 × 1059(d/1.7kpc)2 cm−3

to 1.2×1059(d/1.7kpc)2 cm−3. The emission measure of the nebula increased
during the outburst phase, as is seen from its quantity of n2

eV = 1.4 ×

1059(d/1.7kpc)2 cm−3, determined by the Hα flux obtained on JD 2 449 582.27.
These values were calculated with an effective recombination coefficient cor-
responding to an electron temperature of 15 000 K (Pottasch 1984).

Other hydrogen lines

On the spectra taken in 1993 when the AG Dra system was at the quiescent
stage, the lines of Balmer series were visible as far as H13, but the absence
of those having higher numbers was probably due to the low density of the
spectrograms. The profiles of many lines had asymmetry. Using a CCD
camera in June and August 1994 we were only able to observe the lines
Hβ and Hγ (Fig. 4.11). All of these data revealed single peaked profiles of the
Balmer members, i.e. they were ordinary nebular lines. On JD 2 449 529 the
widths of Hβ and Hγ were about 170 km s−1 and on JD 2 449 582 about 125
km s−1. In October 1995, when the light of the star was decreasing after its
second maximum (July 1995), the lines of Balmer series were visible as far
as H30 (Fig. 4.7). The profiles of Hβ and Hγ consisted of two components: a
central narrow component with width (FWHM) equal to about 100 km s−1

and a broad component, whose width was much greater (Fig. 4.11). The rest
of the Balmer members had one component profile, which in most cases had
asymmetry. Their width was approximately the same. The line H8 is badly
blended with the line He i 3889 and is inappropriate for investigation. The
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Figure 4.11: a The profile of Hβ (left) and Hγ (right), based on photographic
data on JD 2 449 995.36. b The area of the wings of these lines, compared
with the case when a broad component is present (the thick line). The level
of the local continuum is marked with a dashed line. The line [O III] 4363 is
seen as well.

line Hǫ was also not investigated because of blending, most probably with
the corresponding Pickering line and the H line of Ca ii. Unfortunately it
was not possible in this time to observe the line Hα , which in the other cases
always had only one component. The line fluxes of Hβ and Hγ are listed in
Table 4.8.

The profile of the broad component of Hγ observed on JD 2 449 995.36 is
displayed in Fig. 4.11, while the profile of Hβ was not analysed because of
the decreased sensitivity of the spectrogram in its region (see Sect. 4.4.1).
Moreover we could not investigate the broad components of these lines using
the spectrogram of JD 2 449 994.42 because of its higher noise. The error of
the local continuum in the Hγ region of the spectrum taken on JD 2 449 995.36
is not greater than ±5%. The observed spectrum in the region of the broad
component was corrected through removing some weak emission lines of O ii

as well as the strongest absorption lines of the giant. Then it was analysed
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by fitting with a Gaussian function and its FWHM turned out to be equal
to 1080±330 km s−1.This procedure allows us to obtain its equivalent width
and the line flux with an error of about 60%, explained first of all by the
error of the local continuum. In this way we consider the FWZI of the line
to be determined from that distance from its center where the fit reaches the
level of the noise – 780 km s−1. Taking into account the error of the local
continuum again, we are inclined to increase this value to 800 km s−1.

There are different mechanisms of emission line broadening and one of
them is the electron (Thomson) scattering. Let us consider the possibility
that the broad components of the lines Hβ and Hγ are determined by elec-
tron scattering. The Hγ total flux, which is a sum of the fluxes of the two
components, is equal to 9.89 × 10−12 erg cm−2 s−1. With the parameters of
the nebula adopted by us in Sect. 3.3 this yields an emission measure of
n2

eV = 6.5× 1058(d/1.7 kpc)2 cm−3. Assuming a constant electron density of
1010 cm−3 (Mikolajewska et al. 1995) we obtain a radius of 5.4 × 1012 cm of
the spherical volume with this emission measure. If the broad component was
produced by Thomson scattering it would appear in a region with an optical
thickness of about 0.3. Using this optical thickness and an electron density
of 1010 cm−3, we obtain 4.5 × 1013 cm for the radius of this region, which
corresponds to an enormous emission measure of 3.8× 1061 cm−3. Since this
result is in disagreement with the previous one, we conclude that the broad
component is probably not produced only by Thomson scattering. Thom-
son scattering, though, should have contribution in the broad component
during phase of activity (see below). Another possible interpretation of this
component will be given in Sect. 3.

Helium lines

During the time of our observations the lines of He i had one component pro-
file (Fig. 4.7). In June and August 1994 using a CCD camera we observed
only the lines with wavelengths λλ 4388 Å and 4471 Å. On JD 2 449 529.40
they were fairly broad and their widths were equal to 96 km s−1 and 130
km s−1. On JD 2 449 582.33 the widths were 74 km s−1 and 96 km s−1 respec-
tively. In the beginning of October 1995 the arithmetical mean value of the
singlets widths was about 85 km s−1 and of the triplets about 90 km s−1.

The fluxes of all of the helium lines observed by us are listed in Table 4.9.
It is seen that those of He i 4388 and He i 4471 have decreased by a factor of
about 2 during the period JD 2 449 529 – 2 449 582.

The radial velocity data of each group of the helium lines, both singlets
and triplets, are listed in Table 4.6. The radial velocities are close to the
velocity of the mass center of the system at most phases of observation.
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Lines of elements of high degree of ionization

Only the lines of the elements He ii and O iii are included in this group,
which are present in the spectrum of the star in both its quiescent and active
phases.

The observation in the quiescent phase (see Table 4.5) revealed a single-
peaked profile of the line He ii 4686. Its width was equal to about 65 km s−1.
Unfortunately it was missed in our observations during the 1994 outburst. In
October 1995 a broad component was observed in the profile of this line, as
for Hβ and Hγ but more uncertainly. At this time its width was 115 km s−1.
Data of the flux of the He ii 4686 line are listed in Table 4.8. It increased by
a factor of 1.6.

The spectrum on JD 2 449 376.64 is at phase 0.422, which is close to
the maximal light phase. Then we can compare the emission measure de-
rived from the He ii 4686 line with this one of hydrogen based on Balmer
continuum emission. The quiescent hydrogen emission measure is n2

eV =
1.59 1059(d/1.7 kpc)2 cm−3 at the phase of the photometric maximum. The
photometric data of Montagni et al. (1996) on JD 2 449 994.42 provide a
value of n2

eV = 6.5 × 1059(d/1.7 kpc)2 cm−3. The flux data of the He ii

4686 line in Table 4.8 indicate n2
eV = 2.9 × 1058(d/1.7 kpc)2 cm−3 and

n2
eV = 4.6 × 1058(d/1.7 kpc)2 cm−3 for He/H = 0.1. The comparison shows

that the helium emission measure is in better agreement with the hydrogen
one during outburst, as their ratio in this case is 0.07. In quiescence this
ratio is 0.18.

Besides the line with wavelength λλ 4686 Å , the Pickering He ii lines
are also present in the emission spectrum of AG Dra (Fig. 4.7). We took
data only for the lines with wavelengths λλ 4200 and 4542 Å of this series,
as the rest of them are badly blended with Balmer lines. During the 1994
outburst we observed only the line He ii 4542 with the CCD camera. On
JD 2 449 529.35 its width was fairly broad of about 140 km s−1. After this
time it decreased to 100 km s−1 on JD 2 449 582.32. In the beginning of
October 1995 the width of this line was the same. Its flux decreased by a
factor of 3.5 during the period JD 2 449 529 – 2 449 582 (Table 4.9).

All lines of He ii investigated by us had the same velocities within the
range of the error, which were close to the barycentric velocity at most of
the observation phases (Table 4.6).

The lines of O iii with wavelengths λλ 3755 Å and 3760 Å were so weak
that their radial velocities could be measured only on the spectra taken in
October 1995 (Table 4.6).
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Forbidden lines

Among the visual forbidden lines we observed only [O iii] 4363, which is
present in the spectrum of AG Dra only during the outburst phase. In 1994
it was scarcely visible, so that radial velocity and flux data for it could be
obtained using only the spectrograms taken in October 1995 (Tables 4.6 and
4.9). At that time it had a symmetric profile, and, like the other lines, its
width was also appreciable – 80 km s−1.

4.4.3 Broad components and mass-loss rate

Emission lines similar to the broad components of the Hβ , Hγ and He ii 4686
lines can be radiated by a small accretion disk around the compact object,
rotating with Keplerian velocity. Let us consider this possibility. For the
radius of the secondary component we adopt a value of 0.10 R⊙ (see below).
The mass of this component is assumed by Mikolajewska et al. (1995) to be
about 0.6 M⊙ and by Greiner et al. (1997) to be no more than 0.6 M⊙.
We will perform our calculation for masses 0.3 – 0.6 M⊙ (Gonzalez-Riestra
et al. 1999). Using these data a Keplerian velocity of 760 – 1070 km s−1 is
obtained. This velocity is comparable to the velocity of 800 km s−1, which
corresponds to the HWZI of the broad component of Hγ and is related to a
small disk located close to the hot secondary. Then our supposition for a
disc origin of this component can not be thus rejected.

Another possibility is the broad component of the lines Hβ , Hγ and He ii

4686 to be emitted by a high-velocity stellar wind. According to Gonzalez-
Riestra et al. (1999) the hot compact object in the AG Dra system expands
during active phases and in this case we can expect the mass outflow to emit
in spectral lines. Moreover the broad components are very similar to the
components of the same lines of AG Peg which are emitted by high-velocity
wind (Hutchings & Redman 1972; Ilmas 1987; Tomov et al. 1998). Then
we should accept all three possibilities – notably that a scattering by free
electrons as well as emission of Keplerian accretion disc and optically thin
stellar wind give rise to a broad component.

From the flux of the broad component of Hγ we determined the upper
limit of the mass-loss rate of the hot secondary during the 1995 outburst using
one of the two methods described by Vogel (1993) and Vogel & Nussbaumer
(1994). This method is based on the relation between the energy emitted
in the He ii 1640 line and the mass-loss rate when the wind has spherical
symmetry and a constant velocity. The line is assumed to be dominated
by recombination and to be optically thin. We performed our calculations
assuming the broad component of Hγ to be an optically thin line. The particle
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density is a function of the distance to the center and is expressed via the
continuity equation. In the last section the wind velocity was obtained to
be 800 km s−1. The electron temperature was adopted to be Te = 20 000
K and the state of helium ionization was supposed to be He iii. We used
a recombination coefficient of 1.233 × 10−14 cm3 s for case B, corresponding
to this temperature and a density of 1013 cm−3 (Storey & Hummer 1995)
and a parameter µ of 1.4 (Nussbaumer & Vogel 1987), determining the mean
molecular weight µmH in the hot wind. As the line flux is considered to be
emitted by a spherical region, the radii of integration must be determined.
Since we treat the wind in the nebular approach, the inner radius is thought
to be the radius of the star. We used the value of this parameter based on
the analysis of Greiner et al. (1997). An appearance of a stellar wind from
the compact object is considered by these authors to be possible when its
photosphere has expanded as a result of the increasing accretion rate. In this
case the radius is assumed to be about 0.14 R⊙ at a distance to the system
of 2.5 kpc. Since we used a distance of 1.7 kpc the radius was reduced to
0.10 R⊙ . Let now determine the outer radius of integration. The numerical
calculations of the evolution of the nebular environment in symbiotic systems
(Nussbaumer & Walder 1993) show that six months after the appearance of
the wind of the hot secondary its region has a size comparable with the
binary separation. We could not determine this region during the last active
phase of AG Dra as the variation of the mass-loss rate of its cool giant is not
known. On the other hand it is easy to show that regions of high velocity
wind far from its base have a negligible contribution. Thus, we will use an
outer radius of integration equal to half of the binary separation, 166 R⊙ .
We obtain mass-loss rate of less than 0.97 × 10−7 (d/1.7 kpc)3/2 M⊙ yr−1.

The secondary component of the AG Dra system is a hot compact star
and the radiation in its atmosphere could be considerably influenced by elec-
tron scattering, which can be assessed by calculating the optical thickness of
the hot wind for electron scattering. When the wind has spherical symmetry
and a constant velocity, the optical thickness can be analytically integrated
over the r−2 density distribution from the radius of the star to infinity, us-
ing the velocity of the wind and the mass-loss rate. The optical thickness
obtained is about 0.5. Then the electron scattering affects the radiation of
the hot component’s atmosphere which means that the wind lines will also
be broadened. This leads to overestimating the wind velocity from the line
width at the level of the local continuum, so that the value of 800 km s−1,
obtained by us, can be considered as an upper limit.
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4.4.4 Discussion

Our study showed that the hot component of the AG Dra system does not
produce a wind permanently, but only at times, most probably in its active
periods. The cool component of this system is a late-type giant (Smith et al.
1996) with a stellar wind. Then during the period of this hot wind, the two
winds should collide head-on as presented in the simplified approximation by
Girard & Willson (1987). Supposing their collision region to have zero thick-
ness, the location of the shock zone can be determined from the condition
for equality of local momenta, which is Ṁhotυhot/Ṁcoolυcool = r2

hot/r
2
cool on

the line joining the two stars. The quantities rhot and rcool are the distances
from the two components. The wind parameters of the hot companion are
presented in the last subsection. For the mass-loss rate of the cool compo-
nent we obtained a mean value of 2.2×10−7 M⊙ yr−1. We adopted a velocity
of its wind of 30 km s−1 according to Mikolajewska et al. (1995). Using the
orbital period of Skopal (1994) and a total mass of the system of 1.5 M⊙,
based on our estimates of the masses of the components in the last section,
and the estimates of Mikolajewska et al. (1995) and Schmid & Schild (1997)
as well, for the separation we obtain 324 R⊙. Then the distance between the
center of the giant and the collision region is derived to be 73 R⊙ i.e. the
collision region is located very close to the giant.

The total kinetic energy of the winds is thus 5 L⊙, providing an order of
magnitude estimate for the X-ray luminosity of the collision region.

Accretion is realized during the multiple quiescent periods of the AG Dra
system. The wind of its hot component, observed by us during the 1995
outburst, has probably existed up to the time when its momentum has de-
creased to some lower limit being no longer able to prevent accretion. (Our
unpublished spectral data of April 1996 do not show a presence of broad
emission components.) If we suppose the wind velocity has been invariable,
follow Zamanov’s approach (1993) and adopting a circular orbit (Mikolajew-
ska et al. 1995), we will obtain the next result: when the mass-loss rate of the
hot component decreases to about 2 × 10−9 M⊙ yr−1, the accretion regime
will be restored. In this case it would be useful to roughly evaluate the total
mass lost by this component. We know neither the duration of the hot wind
with good accuracy nor its possible variations. If we suppose that the hot
component had a mass-loss rate of 0.97 × 10−7(d/1.7 kpc)3/2 M⊙ yr−1 for
a typical time of about 100d÷ 200d, the total mass lost amounts to about
2.6 × 10−8 ÷ 5.3 × 10−8 M⊙.
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4.5 The line spectrum during the 1996 and

1997 outbursts

The line spectrum of AG Dra during its 1996 and 1997 brightenings was
described and discussed in the work of Tomov & Tomova (2002).

4.5.1 Observations and reduction

Nineteen CCD frames were acquired on sixteen nights during 1996 and 1997
with the Coudé spectrograph of the 2-m RCC telescope of the National Astro-
nomical Observatory Rozhen. Two spectral regions were detected: one near
Hα and the other near the He ii 4686 line (Table 4.10). The spectral window
of 110 Å gave us the possibility of observing the He i 4713 line together with
He ii 4686. The resolving power was 15 000. The IRAF package was used for
data reduction as well as for obtaining the dispersion curve and calculating
the radial velocities and the equivalent widths. The fluxes of the He i 4713
and He ii 4686 lines were obtained by means of the equivalent widths and the
monochromatic continuum fluxes at their positions. The continuum fluxes
were calculated via linear interpolation of the fluxes at the positions of the
sensitivity maxima of the B and V photometric systems. The flux of the line
Hα can be obtained in the same way using V and R photometric data. How-
ever we did not have R photometric data and determined the monochromatic
continuum flux at its position as follows.

Two components of the AG Dra system have contributions to its contin-
uum at the position of Hα – the cool giant and the circumbinary nebula. We
obtained the flux of the cool giant supposing that it has the same continuum
energy distribution as α Boo, since the temperatures of these stars are equal,
amounting to 4300 K (Smith et al. 1996; Griffin & Lynas-Gray 1999). We
calculated the 6563 Å/5500 Å flux ratio of α Boo and scaled it to the dered-
dened visual flux of AG Dra taken in its quiescent orbital minimum, when
the nebular emission can be supposed to be negligible.

Both groups of variations of the optical continuum of AG Dra, the qui-
escent and the active ones, are caused by the nebular emission (Montagni et
al. 1996; Greiner et al. 1997; Tomova & Tomov 1998; Tomov et al. 2000).
That is why the contribution of the circumbinary nebula at the wavelength
position λ 6563 Å must be found at each epoch of H alpha observation.
We calculated the fluxes at λ 5500 Å and λ 6563 Å of a continuum of gas
emitted by recombinations and free-free transitions taking into account the
temperature in the nebula of AG Dra and found that the flux at λ 5500 Å is
greater by 8% than at λ 6563 Å. It was also supposed that the singly ionized
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Table 4.10: List of the observations during the 1996 – 1997 outbursts

Date JD Phase Spectral
2 450 000+ region

1996 Jul. 28 293.321 0.082 Hα

1996 Jul. 28 293.394 0.082 He ii 4686
1996 Jul. 30 295.489 0.086 Hα

1996 Aug. 2 298.396 0.091 Hα

1996 Aug. 25 321.383 0.133 Hα

1996 Aug. 26 322.282 0.134 He ii 4686
1997 Jan. 27 475.523 0.412 Hα

1997 Mar. 28 536.333 0.522 Hα

1997 Apr. 26 565.383 0.574 Hα

1997 Jun. 18 618.419 0.670 Hα

1997 Jun. 19 619.369 0.672 He ii 4686
1997 Jul. 12 641.515 0.712 Hα

1997 Aug. 13 674.340 0.772 Hα

1997 Aug. 16 677.283 0.777 He ii 4686
1997 Sep. 11 703.243 0.824 Hα

1997 Sep. 11 703.307 0.824 He ii 4686
1997 Sep. 13 705.332 0.828 Hα

1997 Oct. 10 732.274 0.877 He ii 4686
1997 Oct. 10 732.356 0.877 Hα

helium is dominant. A spherical nebula with a density distribution of 1/r2

in the region 106 – 1010 cm−3, typical of the densities of the symbiotic nebu-
lae, was considered. Carrying out this calculation, we used the mean values
for the radius of the cool giant and its mass-loss rate of 30 R⊙ and 2.3 10−7

M/yr according to the paper of Tomov et al. (2000) and a wind velocity of
30 km s−1(Mikolajewska et al. 1995).

Having the ratio of the fluxes of the nebula at λ 5500 Å and λ 6563 Å,
we subtracted from the observed V flux at the epochs of the Hα data the
contribution of the giant. The difference is a nebular continuum, which was
decreased by 8% and added to the flux of the giant at λ 6563 A. In this way
we obtained the continuum flux of the AG Dra system at this wavelength.
For calculation of all line fluxes the photometric data of Skopal (1998); Petrik
et al. (1998) and Tomova & Tomov (1998) were used.

All the fluxes were corrected for an interstellar extinction of E(B −V ) =
0.06 (Mikolajewska et al. 1995; Greiner et al. 1997; Gonzalez-Riestra et al.
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1999) using the extinction law of Seaton (1979).

4.5.2 Description and analysis of the emission line spec-

trum

Hα line

We continue our analysis of the line Hα using data derived during the 1996
and 1997 brightenings and the lower state of the light between them (Ta-
ble 4.10). All of our data reveal a single-peaked profile (Fig. 4.12) with
unusually extended low intensity wings, reaching the level of the local con-
tinuum at a distance not less than 2000 km s−1 from the center of the line
during all the time of observation. The wings were always symmetrical but
an asymmetry in the upper part of the line was present. This asymmetric
part was confined by a small shoulder that was hardly visible and located
below the level of the half maximum on the short wavelengthside. Since the
wings were symmetrical and the feature causing asymmetry was at the up-
per part of the line, as in our previous analysis (Tomova & Tomov 1999), we
conclude that this feature is probably due to absorption of some part of the
Hα photons. The profile varied during the time of our observations, which,
in this case, is due to change of the optical depth.

The intensity of the wings also correlated with the optical light (Fig. 4.6).
It was higher at the times of the two brightenings compared with its value
in the lower state of the light between them (Fig. 4.13). This behaviour
shows that greater number of emitting atoms was observed at the times of
the increased light. We suppose (Sect. 4.6) that the increased number of
emitting Hα line atoms in the circumbinary nebula of AG Dra during its
active 1994 – 1998 phase is probably determined by an increase of both the
mass-loss rate of its cool giant and Lyman photon luminosity of the hot
companion.

The changes of the width (FWHM) of the line correlated with the light
too. During the time of the increased light it was greater, reaching values of
about 160 km s−1 at the 1996 maximum and about 140 – 150 km s−1 at the
1997 one. During the lower state of the light it was about 110 km s−1. These
data indicate a more pronounced turbulence in the nebula during the times
of increased light.

The behaviour of the Hα flux is shown in Fig. 4.14 and its data are listed
in Table 4.11. It varied with the light too. The wavelength position of the
line was measured in the area of the wings as its other part was influenced by
selfabsorption (Table 4.11). Its radial velocity shows pronounced variation
with the orbital phase during this stage of activity (Fig. 4.14). In our view
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Figure 4.12: Hα profile of AG Dra normalized with respect to the local con-
tinuum.

Table 4.11: The Hα line data

JD Phase RV F × 10−12

2 450 000+ kms−1 erg cm−2 s−1

293.321 0.082 −129.41 136.203
295.489 0.086 −125.98 148.174
298.396 0.091 −125.22 146.124
321.383 0.133 −150.06 126.058
475.523 0.412 −153.90 83.090
536.333 0.522 −142.80 85.192
565.383 0.574 −138.32 82.028
618.419 0.670 −136.49 137.474
641.515 0.712 −138.91 154.769
674.340 0.772 −146.27 175.268
703.243 0.824 −142.20 202.230
705.332 0.828 −142.62 204.238
732.356 0.877 −151.37 173.298
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Figure 4.13: Variations of the wings intensity of the Hα line. For a direct
comparison the ratio of the ordinate scales was chosen to be equal to the
ratio of the continuum fluxes at the position of Hα.

Figure 4.14: Left: Hα flux in units 10−12 erg cm−2 s−1; Right: Hα radial ve-
locity during the time of observation.

these data can be analysed only when the quiescent orbital behaviour of the
line is known.
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Table 4.12: The He i 4713 line data

JD Phase RV F × 10−12

2 450 000+ kms−1 erg cm−2 s−1

293.394 0.082 −134.785 0.926
322.282 0.134 −164.299 0.565
677.283 0.777 −146.807 2.158
703.307 0.824 −150.814 1.561
732.274 0.877 −167.798 0.651

Helium lines

He i 4713 line

During the time of all observations this line had a nebular profile and a width
(FWHM) of about 70 km s−1. The data of its flux and radial velocity are
listed in Table 4.12. The radial velocity varied with the orbital phase. As in
the case of the Hα line we will consider this variation only when result of an
analysis of its quiescent data is available.

He ii 4686 line

In July and August 1996 as well as in June – September 1997 the He ii 4686
line consisted of two emission components – a central narrow component with
width (FWHM) equal to about 90 km s−1 and a broad one whose width was
much greater (Fig. 4.15). Only the last spectrum, taken in October 1997,
revealed one component profile of this line when only a narrow emission
component was present. We measured the intensity of the broad component
in the following way. The observed spectrum in its region was corrected
through removing some weak emission lines of O ii and N ii as well as the
strongest absorption lines of the giant. Then it was analysed by fitting with
Gaussian function. The parameters obtained with this procedure are listed
in Table 4.13. The equivalent width and the flux of the line were derived with
an error ranging from 10 to 26 per cent depending on the error of the local
continuum of the individual spectra. The wide of the line at the continuum
level (FWZI) was determined from that distance from its center where the
fit reaches the level of the noise. The velocity of the stellar wind (see below)
of the hot companion υhot (Table 4.13) is equal to the half of the FWZI of
the line. The values of this velocity in the table were determined taking also
into account the error of the line width (FWHM). It was not possible to fit
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Figure 4.15: Upper panel: the profile of the He ii 4686 line, based on a CCD
frame on 16.08.97. Lower panel: the area of the wings where the broad
component is seen. The level of the local continuum is marked with a dashed
line.

the broad component with good accuracy on the spectrum taken on June 19,
1997 (JD 2 450 619) because of cosmic rays on its red wing. However taking
into account the data based on the other spectra, we consider that the hot
companion of the system has also had a stellar wind with a velocity of about
1000 km s−1 and a mass-loss rate of 10−7 M⊙ yr−1 at that time.

In the previous section we considered different mechanisms of line broad-
ening and came to the conclusion that three processes, namely electron scat-
tering, disc’s emission and wind’s emission can give rise to the broad compo-
nent of the lines Hβ , Hγ and He ii 4686 of AG Dra during its 1995 outburst,
but the stellar wind has probably basic contribution. Now we will check if
the broad component of the He ii 4686 line during the 1996 and 1997 outburst
of the system is determined by the same mechanisms.

We first consider the possibility that this component is determined only by
electron scattering. The total flux of the line, which is a sum of the fluxes of
the two components ranges from 23.218×10−12 erg cm−2 s−1 to 49.548×10−12

104



Table 4.13: The He ii 4686 line data

JD Phase RV(N) F (N)×10−12 FWHM(B) FWZI(B) υhot F (B)×10−12
Ṁhot

2 450 000+ kms−1 erg cm−2 s−1 km s−1 km s−1 kms−1 erg cm−2 s−1

293.394 0.082 −139.67 28.318 1223 ± 82 2404 1200 3.221 1.18

322.282 0.134 −157.54 20.722 1188 ± 154 2212 1100 2.496 0.96

619.369 0.672 −167.72 33.273

677.283 0.777 −154.19 42.559 1213 ± 56 2556 1300 6.989 1.89

703.307 0.824 −149.74 42.444 1055 ± 58 2252 1100 5.147 1.38

732.274 0.877 −161.65 25.900

N – narrow component, B – broad component;

Ṁhot is in units of 10−7 (d/1.7 kpc)3/2 M⊙ yr−1.

erg cm−2 s−1 (Table 4.13). With the parameters of the nebula adopted in
Sect. 4.3.3 this gives emission measures of (0.59 ÷ 1.25) × 1059 (d/1.7 kpc)2

cm−3. Assuming a constant electron density of 1010 cm−3 (Mikolajewska et
al. 1995) we obtain a radius of (5.19 ÷ 6.69) × 1012 (d/1.7 kpc)2/3 cm of the
spherical emitting volumes. If the broad component was produced only by
electron scattering it would appear in regions with optical thickness of about
0.11–0.15. Using these optical thicknesses and an electron density of 1010

cm−3, we obtain (1.71÷2.29)×1013 (d/1.7 kpc)2/3 cm for the radius of these
regions, corresponding to enormous emission measures of (2.094 ÷ 5.004) ×
1060 (d/1.7 kpc)2 cm−3. Since this result is in disagreement with the previous
one, we conclude that the broad component is probably not produced only
by electron scattering.

This point will be more clear if we analyze the data of Gonzalez-Riestra
et al. (1999) for this line as well. They revealed the presence of two emission
components too, which were present at the two stages of the evolution of
the system – the quiescent one before 1994 and the active phase after this
time. The broad emission component was absent at some epochs during
quiescence, for instance on 10 Jan. 1993. On 5 Jan. 1994, however, it was
present and if supposed to be due to electron scattering, the optical thickness
of its emitting region will be equal to 0.08. In this case the radius and the
emission measure are found to have values close to those ones calculated with
the total flux of the line and our assumption of electron scattering only can
not be rejected. A broad component was observed on 19 Aug. 1995 too
and when supposed to be a result of electron scattering the optical thickness
is derived to be 0.14. In this case the radius of the emitting region and its
emission measure are found to be considerably greater than those determined
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by the total line flux. This means that the broad component was not due only
to electron scattering. Thus, when the intensity of the broad component of
the He ii 4686 line is low it can be due only to electron scattering. However
at the times July–August 1996 and June–September 1997 another process
contributes to its appearance.

An emission line similar to the He ii 4686 broad component can be ra-
diated by a small accretion disk around the compact object, rotating with
Keplerian velocity. Let us consider whether this was the case in July–August
1996 and June–September 1997 when the intensity of this component was
high. For the radius of the secondary component of the system we adopt a
value of 0.10 R⊙ (see below). The mass of this component was assumed by
Mikolajewska et al. (1995) to be about 0.6 M⊙ and by Gonzalez-Riestra et
al. (1999) to be about 0.3 M⊙ . We supposed it is in the range 0.3÷ 0.6 M⊙ .
In this case a Keplerian velocity of 757 ÷ 1070 km s−1is obtained, which is
comparable to the velocity of about 1100 ÷ 1300 km s−1, corresponding to
the FWZI of the broad component (Table 4.13). A small disk rotating with
this velocity and located close to the hot secondary appears as a result of
accretion of a stellar wind.

Another possibility is the broad component to be emitted by a high-
velocity stellar wind. We considered this possibility in the last section. Then
as in the case of the 1995 outburst we suppose that electron scattering and an
optically thin accretion disc have some contribution in the broad component,
but this component is formed mainly by emission of a stellar wind. As in the
case of the 1995 outburst we will calculate the upper limit of the mass-loss
rate of the outbursting object.

To determine the mass-loss rate of the hot compact object of the AG Dra
system, as in the case of the 1995 eruption, we applied the nebular approach,
described in the work of Vogel & Nussbaumer (1994), based on the relation
of this parameter with the line flux.

The particle density in the wind is a function of the distance to the
center and is expressed via the continuity equation. The electron temperature
was adopted to be Te = 20 000 K and the state of the helium ionisation
was supposed to be He++ as in the case of 1995 eruption. We also used a
recombination coefficient of 2.689 × 10−13 cm3 s−1 for case B, corresponding
to this temperature and a density of 1013 cm−3 (Storey & Hummer 1995)
and a parameter µ of 1.4 (Nussbaumer & Vogel 1987) determining the mean
molecular weight µmH in the hot wind. As the line flux is thought to be
emitted by a spherical region, the radii of integration must be determined.
Since we treat the wind in the nebular approach, the inner radius is thought
to be the radius of the star. We used the same inner and outer radii as in the
case of 1995 eruption. The mass-loss rates obtained are listed in Table 4.13.

106



4.5.3 Discussion

The active 1994–1998 phase of the symbiotic star AG Dra is characterized by
several increases of the optical light and the amplitude of the greater of them
was more than three magnitudes in the U-band photometric system. Broad
emission components indicating high velocity stellar wind from the compact
companion are present in the spectrum after the 1995 (Tomova & Tomov
1999), 1996 and 1997 light maxima. According to the evolutionary models of
an accreting white dwarf (Shara et al. 1993; Kato & Hachisu 1994; Yungelson
et al. 1995) the total mass lost by it is approximately equal to the mass of the
accumulated hydrogen envelope. If we suppose that the whole envelope has
been lost during the time of an individual outburst, the accretion must be
realized at a mean rate close to that of the loss of mass 10−8– 10−7 M⊙ yr−1,
since these two processes had approximately the same duration. However,
when the accretion rate is 10−8– 10−7 M⊙ yr−1 a steady burning of hydrogen
is realized which excludes the possibility of a thermonuclear runaway (Miko-
lajewska & Kenyon 1992). Consequently the optical brightenings of AG Dra
after 1994 most probably are not determined by thermonuclear runaway at
the surface of a white dwarf.

4.6 Mechanism of increase of the light

For an explanation of the X-ray spectrum, Greiner et al. (1997) proposed a
model where the accretion rate is increased, leading to an expansion of the
compact secondary at constant bolometric luminosity. The growth of the U
light, however, is caused by an enhancement of the nebular continuum, which
is determined by increase in the number of the recombining ions. During the
1994 and 1995 light maxima the U flux of the circumbinary nebula and its
emission measure increased by factors of 36.2 and 12.9 compared to their qui-
escent maximal values. At 1996, 1997 and 1998 light maxima they increased
by factors of 8.3, 14.9 and 6.6 respectively. The intensity of the nebular con-
tinuum is proportional to the ion density. There is also a linear dependence
between the ion density and the density of the radiation field of the ionizing
star. Then if the compact companion is supposed to be this source, which
heats the circumbinary nebula, the nebular U flux and the emission measure
should increase proportionally to the companion’s Lyman photon luminos-
ity. Supposing a black body energy distribution and using a distance to the
system of 1.7 kpc, the data of Greiner et al. (1997) for the luminosity and
the temperature of the hot component as well as the velocity of its expansion
calculated by them, we find that the Lyman photon luminosity of this star
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increases by a factor of 1.5, which is not greater than the observational error.
This result means that the Lyman luminosity does not change during the
active phase. According to other authors, however, (Gonzalez-Riestra et al.
1999) the Lyman luminosity increases. Our supposition for a black body was
based on the UV data analysis of Gonzalez-Riestra et al. (1999) as well as
on the generally accepted view for the continuum energy distribution of the
hot stellar components of the symbiotic binaries (Mürset et al. 1991). Then,
to explain the growth of the U flux and the emission measure of the nebula
additional mechanism of ionization is need.

Let us consider the increase of the amount of the emitting gas following
the scenario proposed by Greiner et al. (1997), since an appearance of a
stellar wind from the compact companion, such as observed, is supposed in
the framework of this scenario. We suppose that the hot companion has a
luminosity high enough, which makes it able to ionize the whole circumbinary
nebula, except some region behind the giant. In this case the growth of the
companion’s luminosity by itself will not lead to an increase in the number of
ions recombining in the nebula during the active phase. This can be caused
by an increase in the mass-loss rate of the giant star. Such a mechanism
was initially suggested by Nussbaumer & Vogel (1988) to explain the optical
outbursts of symbiotic stars. Moreover the analysis of the radial velocities
by Galis et al. (1999) suggests that the cool giant pulsates, which probably
leads to changes in its mass-loss rate.

We propose the following sequence when an outburst takes place:

1. The U light begins to increase because of appearance of a shell in the
wind of the giant and rises while the hot companion is able to maintain
ionization in the same region of the nebula as in quiescence;

2. When the ionized region begins to shrink as a result of the increase of
the mass-loss, the light stops its rise and remains constant, while the
shell reaches the companion and its accretion rate begins to increase;

3. The increased accretion rate leads to creation of an envelope and gives
rise to the Lyman luminosity, the companion ionizes an additional part
of the nebula and the light rises for a longer time. It reaches a maximal
value together with the Lyman luminosity when a high velocity wind
appears. So the time of rise of the light is more than 80d − 90d, the
time needed for a particle of the giant’s wind to travel the distance
between the two stars. The wind velocity is not supposed to change
during the active phase and remains approximately the same, 30 km s−1

(Mikolajewska et al. 1995). The mass-loss rate of the giant declines to
its quiescent value before the epoch of the light maximum;
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4. The wind of the companion stops the accretion and contributes to the
expansion of the ejected shell. At the same time the accreted envelope
burns out and the Lyman luminosity decreases to its quiescent value.
The two processes determine the return of the U light to its quiescent
level.

This scenario gives a possibility to explain some details of the curve
(Fig. 4.6) – for example, that the light after its 1994 maximum dropped
to a level considerably higher than its quiescent value. The reason can be an
early increase of the mass-loss rate of the giant.

4.7 Conclusion and results

In 1994 – 1998 the symbiotic binary AG Dra underwent an active phase con-
sisting of five optical brightenings. We present results based on multicolour
photometric observations and high-resolution spectral data derived in the
regions of several optical lines in the quiescent state before the active phase
and during activity.

The results of the photometric observations are as follows. The shape
of the U quiescent light curve shows that the flux corresponding to the or-
bital amplitude is emitted by a small high-density region located around
the hemisphere of the giant which faces the hot companion and undergoing
occultation.

Using the mass-loss rate of the cool giant and the U fluxes of the different
components of the system we calculated its distance and the radius of the
giant to be in the ranges 1560÷1810 pc and 28÷32 R⊙, respectively.

The photometric data give us the possibility to obtain the emission mea-
sure of the circumbinary nebula adopting a distance to the system of 1.7
kpc and using the nebular contribution to the observed U flux. Emission
measures of n2V = 1.59 × 1059 (d/1.7 kpc)2 cm−3 and n2V = 0.36 × 1059

(d/1.7 kpc)2 cm−3 at the orbital photometric maximum and minimum were
obtained on the basis of the quiescent U flux. At the times of the five max-
ima of the U light during the 1994 – 1998 active phase the emission measure
was increased by factors of 36, 13, 8, 15 and 7 compared with its quiescent
maximal value.

The results of optical spectral observations carried out in the blue region
as well as in the region of the line Hα of the symbiotic binary AG Dra at qui-
escence and during its 1994 and 1995 outbursts are as follows. Profiles, fluxes
and radial velocity data of a number of emission lines were derived. Their
basic characteristic was the comparatively large width (FWHM) especially
in June 1994 immediately before the light maximum.
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Two kinds of variations of the Hα profile were detected during the quies-
cent stage. The first were in the area of the wings, determined by variations
of the emitting-atoms number. We consider they are due to an occultation
of the ionized region(s) of the surrounding nebula, which occultation was
supposed to exist in this system by Mikolajewska et al. (1995). The second
kind of variations are related to the upper part of the profile, determined by
the variations in the optical depth. The wing intensity and the line width
increased considerably during outburst.

The He ii 4686 line flux was observed to have increased at one time after
the light maximum during the 1995 outburst by a factor of 1.6 compared
with its quiescent value at a phase close to maximal light.

Radial velocities of the emission lines were close to the system’s mass
center velocity at most observation phases. No Balmer progression was as-
certained. The radial velocity of the cool primary was measured using some
absorption lines of the K spectrum in the region of Hα .

After the visual light maximum in 1995, the profile of the lines Hβ and
Hγ consisted of two emission components: a central narrow component and
a broad component. There is possibility the broad component to be due to
scattering by free electrons, emission of Keplerian accretion disc and emis-
sion of optically thin stellar wind produced by the compact companion. We
suppose that the contribution of the stellar wind predominates. The velocity
of this wind was equal to 800 km s−1. The upper limit of the mass-loss rate
of the companion was estimated of 0.97 × 10−7(d/1.7 kpc)3/2 M⊙ yr−1.

We conclude also that at the time of existence of the broad emission
components the symbiotic binary AG Dra has been at a stage of colliding
stellar winds. The ratio of their momentum rates allows the possibility the
hot wind to reach the close vicinity of the giant. The mechanical energy of
the winds is 5 L⊙, which is an upper limit of the X-ray luminosity of the
collision region.

Variations of the width (FWHM), the flux and the intensity of the wings
of the line Hα were observed during the time 1996 – 1997 correlating with
the light. The behaviour of the wings showed an increase of the number of
emitting atoms in the nebula during the outbursts in agreement with the
increase of the emission measure. The FWHM showed a more pronounced
gas turbulence during the times of activity.

After the visual light maxima in 1996 and 1997 the profile of the He ii 4868
line consisted of two emission components: a central narrow component and
a broad component indicating mainly stellar wind. This wind had a velocity
of 1100–1300 km s−1 and was probably produced by the compact companion,
which was supposed to lose mass at a rate of about (1−2)×10−7(d/1.7 kpc)3/2

M⊙ yr−1. Based on these data we concluded that the outbursts of the system
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during its 1994 – 1998 active phase most probably are not thermonuclear,
since the accretion rate in this case should be close to this one of the loss
of mass. The mass-loss rate, obtained by observation, has a high value and
accretion at a rate close to it falls into the region of a steady-state burning
of hydrogen at the surface of a white dwarf.

The growth of the Lyman photon luminosity of the companion is less
than the growth of the emission measure of the nebula and is not sufficient
to explain the optical outbursts that are caused by variation of the nebular
emission. Supposing high luminosity of the companion we suggest that the
optical outbursts of the system could be mainly due to a growth of the mass-
loss rate of the giant. According to this idea the optical outbursts can result
from both an increase in the mass-loss rate of its cool giant and an increase
of the Lyman photon luminosity of the hot companion.
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Chapter 5

Investigation of the symbiotic

prototype Z And during its last

active phase in 2000 – 2013

5.1 Introduction

Z And is considered as a prototype of the classical symbiotic stars and of the
group of symbiotic stars as a whole. It consists of a normal cool giant of
spectral type M4.5 (Mürset & Schmid 1999) and a hot compact object with
temperature higher than 105 K (Fernandez-Castro et al. 1988; Sokoloski et al.
2006). The third component of the system is an extended nebula formed by
the wind of both components and partly photoionized by the hot companion.
The orbital period of this binary is 758.d8, which is based on both photometric
(Formiggini & Leibowitz 1994) and radial velocity (Mikolajewska & Kenyon
1996) data.

The light curve of Z And is characterized by phases of activity alternating
with periods of quiescence. The quiescent optical light displays an orbital
modulation with amplitudes of about 0.5 mag in the BV region and 1 mag in
U . A 28-minute oscillation of the B light was also detected during quiescence
and the small 1997 outburst as well with an amplitude of 2–5 mmag, which
is supposed to arise from the rotation of an accreting magnetic white dwarf
(Sokoloski & Bildsten 1999). The quiescent spectrum resembles a typical
symbiotic star with TiO absorption bands and numerous emission lines of
HI, HeI, HeII, NIII, CIII, FeII, [OIII], [NeIII], [NeV] and [FeVII].

The Z And system has spent much of its time in phases of increased activ-
ity (after 1915, 1939, 1960, 1984 and 2000) characterized by several brighten-
ings, whose amplitudes reach up to 2–3 mag. During the major outburst in
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Figure 5.1: Light curve of Z Andduring the 2000 – 2013 active phase from
Skopal et al. (2012).

1939 its visual magnitude reached about 8m and the only spectrum which was
observed was that of the P Cyg type expanding shell with lines corresponding
to an A star. The profiles of hydrogen, helium and the ionized metal lines
contained blueshifted absorption components, indicating a massflow with a
velocity of about 100 km s−1. The spectrum of the M giant and the circumbi-
nary nebula were not visible (Swings & Struve 1941). The optical spectrum
of Z And during its time of activity after 1960 was observed by Boyarchuk
(1967b). The data suggest continuum flux redistribution caused by expan-
sion and cooling of the hot component when the light rises. Fernandez-Castro
et al. (1995) analysed radio and UV low and high resolution spectral data of
Z And taken during its 1984–1985 active phase. They obtained that the rise
in the visual emission coincides closely with a minimum in the UV and radio.
The anticorrelation between visual and UV was explained as extinction of
the hot star radiation by a false photosphere produced by the ejection of a
shell of dense material.

Z And entered its last active phase at the end of August 2000 (Skopal et
al. 2000) and reached the first maximum of its optical light in December,
when the V magnitude was about 8.m9 (Fig. 5.1). During the time of the
light maximum the 28-minute oscillation disappeared, indicating probably a
blocking of the flux from the white dwarf by an optically thick shell (Sokoloski
et al. 2002).

Based on spectra taken with the Far Ultraviolet Spectroscopic Explorer
(FUSE) Sokoloski et al. (2002, 2006) reported P Cyg profiles of some UV
lines, which evolved on a time-scale of weeks during the rise to maximum
light. The first observation revealed such profiles of lines of lower ionization
degree (singly and doubly ionized C, Fe and Si) whereas the next observa-
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tions showed a hotter gas moving at hundreds of km s−1, emitting in the Pv

λ 1117 line. Some lines evolved from absorption to emission. Skopal et al.
(2006) reported the existence of the P Cyg type profile of the UV line Ovi

λ 1032 throughout the whole active phase. They noted, in addition, the ap-
pearance of a P Cyg type profile of the He i λ 5876 line at the time of the
maximal light, whose absorption component indicated an outflow velocity of
about 100 km s−1. The authors came to the conclusion that the outbursting
component has had an optically thick slowly expanding shell with a disc-like
structure. The line He ii λ 4686 had broad emission component indicating op-
tically thin stellar wind with a velocity of about 500 km s−1 (Tomova, Tomov
et al. 2008).

In August 2002 the optical light was in a deep minimum (Skopal 2003).
After that time it increased again and reached maximum in November, but
the UBV amplitudes were not great ∼ 1m (Fig. 5.1). At the same time,
however, the IR emission was heavily enhanced – to the level close to that
in December 2000. The star underwent an outburst again, but it was dif-
ferent to the first outburst when the visual emission of the hot companion
predominated over the other components in its typical energy distribution
– a weak UBV emission and relatively strong JHKLM one (Tomov et al.
2004). During the growth of the light in the period September – November
2002 the emission line spectrum of the system had various features. The
Hα and Hγ lines had double-peaked profile. The Hα line had broad wings ex-
tended to not less than ±2000 km s−1 from its center. The lines Hγ and He ii

λ 4686 had a broad emission component with a low intensity which indicated
velocities up to more than 1000 km s−1 (Tomov et al. 2010a).

During the historical 2006 eruption optical collimated bipolar outflow
was well observed along with other regimes of loss of mass (Burmeister &
Leedjärv 2007; Tomov et al. 2007; Skopal et al. 2009a; Tomov et al. 2010b).
At that time the line Hα had an absorption component with a high velocity of
about 1400 km s−1 (Tomov et al. 2007). This component went into emission
in the middle of July (Tomov et al. 2007) and thus the main central peak of
the line during the period July – December had additional emission satellites
with velocities of 1100–1400 km s−1, located on its either side (Burmeister
& Leedjärv 2007; Tomov et al. 2007; Skopal et al. 2009a). The appearance
of the line Hβ was similar (Tomov et al. 2007; Skopal et al. 2009a). Both
kinds of the high velocity components – the absorption and emission ones
were assumed to appear in bipolar collimated outflow (Tomov et al. 2007).

In the middle of July 2006 the line Hγ and the He i lines had multicompo-
nent P Cyg absorption reaching velocity of up to about 1500 kms−1. After
the end of July till the beginning of October 2006 the line Hγ had absorption
P Cyg component with low velocity of about 100 km s−1 only. The behaviour
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of the He i lines was similar but their P Cyg absorption was visible till the be-
ginning of December 2006. This behaviour resembles that of the He i triplet
lines during the 2000 outburst (Skopal et al. 2006; Tomov et al. 2008).

After the optical maximum the emission profile of the lines Hγ and He ii

4686 was two component one consisting of a central narrow component and
a broad component with full width at zero intensity of 1000 kms−1 similar
to that during the 2000 outburst (Tomov et al. 2008).

The optical brightenings included in the 2000 – 2013 active phase have dif-
ferent photometric amplitudes. The bolometric luminosity of the outbursting
compact component, however, increased during all of the investigated bright-
enings reaching its typical value of about 10 000 L⊙ (Tomov et al. 2003a, 2004;
Sokoloski et al. 2006; Skopal et al. 2006, 2009a).

The basic aims of our research are as follows:

1. To suggest a scenario for explanation of the multistage pattern of the
light curve during the first (2000 – 2002) brightening of the system and
a mechanism providing a growth of the bolometric luminosity of the
outbursting compact object during the first and the other brightenings
of the active phase;

2. To investigate the process of loss of mass and to obtain quantitative
estimate of the mass-loss rate of the outbursting compact object;

3. To suggest a model for interpretation of the line spectrum of the system
during its whole active phase.

For our consideration we used the ephemeris Min(vis) = JD 2 442 666d +
758.d8×E, where the orbital period is based on both photometric and spectral
data and the epoch of the orbital photometric minimum coincides with that
of the spectral conjunction (Formiggini & Leibowitz 1994; Mikolajewska &
Kenyon 1996; Fekel et al. 2000). We adopted also a distance to the system
d = 1.12 kpc according to Fernandez-Castro et al. (1988, 1995).

5.2 The optical light during the 2000 – 2002

outburst

5.2.1 The peculiar character of the rise of the light

During the 2000 – 2002 brightening of Z Andwere obtained detailed optical
light curves which clearly show that the rise of the light to its maximum
occurs in a multistage mode. The light curves obtained during the previous
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brightenings were not detailed enough to detect this effect. Moreover, only for
the two last active phases observational data in different wavelength regions
are available (obtained by instruments on spacecraft).

The UBV light curves for the 2000 – 2002 brightening are shown in
Fig. 5.2. The first stage of the rise of the light started in the end of August
2000 and continued for about 60 days. During that time the light increased
by 1.9m. Further it remained constant one and even slightly decreased over
about 25–30 days. The light began to rise again after November 13, 2000,
and reached a second maximum (in fact, the overall maximum of the out-
burst) after approximately 25 days (near December 6, 2000). The times of
the first and second maxima are marked in Fig. 5.2 with dashed lines.

The most detailed light curve, published by Sokoloski et al. (2006) is
shown in Fig. 5.3. According to these data, there is one feature more on the
curve – a kink that appears about 2.5 weeks after the onset of the outburst.
This led Sokoloski et al. to distinguish three stages of the rise of the light,
separated by two plateaus. The rise stages last 2.5, 2.5 – 3, and slightly more
than 3 weeks respectively, while the first and the second plateaus last one
week and about one month.

The existence of the first maximum is explained in the works of Sokoloski
et al. (2005) and Sokoloski et al. (2006) as being due to clearing of the
ejected shell and the future rise of the light is related to the revealing the
white dwarf. However, the UV and the optical spectral data presented in the
works of Sokoloski et al. (2002) and Tomov et al. (2003b) contain P Cyg lines
indicating mass outflow from the dwarf at the time of the light maximum.
Thus, these observational data cast some doubt on the suggestion made by
Sokoloski et al. (2005) and Sokoloski et al. (2006).

In the framework of our investigation we make an attempt to explain the
behavior of the light of Z And using the colliding-winds model (Bisikalo et
al. 2006).

5.2.2 Mechanism of development of the outburst

Thermonuclear burning at the surface of the accretor is considered to be the
most probable origin for the observed features of symbiotic stars (Kenyon
1986; Iben & Tutukov 1996). The burning of hydrogen at the white-dwarf’s
surface depends substantially on the accretion rate (Paczynski & Rudak
1980). For a narrow range of accretion rates stable hydrogen burning is pos-
sible (Paczynski & Zytkow 1978; Fujimoto 1982). For the mass of the white
dwarf in Z And M = 0.6M⊙ this range is 2.1 × 10−8 M⊙ yr−1 ≤ Ṁacc ≤

4.7 × 10−8 M⊙ yr−1.
In the commonly accepted picture the outbursts of classical symbiotic
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Figure 5.2: UBV light curve of Z And during the 2000 outburst. Data from
Skopal et al. (2002, 2004) (points) and our own observations (crosses) are
shown. The first and second brightness maxima are marked by dashed lines
and the moments for which the ratio of ionizations and recombinations µ were
calculated—by arrows. The inserts show the behaviour near the maximum
on a larger scale.
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Figure 5.3: Light curve of Z And during the 2000 outburst from Sokoloski et
al. (2006).

stars realize when the accretion rate exceeds the upper limit for stable hy-
drogen burning. If this occurs, the accreted matter accumulates above the
hydrogen-burning shell and the star expands to giant dimensions. However,
the luminosity scale of some observed outbursts casts doubt on the possibil-
ity that they are associated purely with accretion processes. The estimates
show that the energetics of the 2000 – 2002 event requires an accretion rate
exceeding 10−5M⊙ yr−1 (Sokoloski et al. 2006), in contradiction with both ob-
servations and computational results (Mitsumoto et al. 2005). We considered
a “combined” mechanism of the outburst where the increase of the accretion
rate due to disruption of the disk results in variations of the burning rate
(Tutukov & Yungelson 1976; Bisikalo et al. 2002; Kilpio et al. 2005a,b). In
this case the amount of the accreted matter 10−8−10−7M⊙ yr−1 (Mitsumoto
et al. 2005) is sufficient to explain the observed luminosity variations (accord-
ing to the estimates given in Sokoloski et al. (2006), it is necessary to accrete
∼ 10−7M⊙). A similar model was suggested by Sokoloski et al. (2006), who
supposed that the disk instability leads to an increase of the accretion rate,
which, from its side, causes an increase of the rate of the nuclear burning.

The transition from quiescence to active phase requires a sufficient in-
crease in the accretion rate. According to the observational data, the mass-
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loss rate of the donor in Z And is ∼ 2 × 10−7M⊙ yr−1. Since the amount of
matter accumulated in the disk during the inter outburst period 1997–2000
should not exceed ∼ 5 × 10−7M⊙, the development of the outburst requires
the accretion of at least an appreciable part of the mass of the disk even in the
framework of the combined model where the increase of the nuclear-burning
rate is taking into account. As a rule, accretion-disk instabilities result in
the infall of ∼ 10% of the total mass of the disk, which is clearly not enough.

The required increase of the accretion rate can be provided in the frame-
work of the mechanism suggested in Bisikalo et al. (2002), based on the re-
sults of two-dimensional gas-dynamical modeling and confirmed by the three
dimensional computations of Mitsumoto et al. (2005). According to that
mechanism even a small increase of the velocity of the donor’s wind is suffi-
cient to change the accretion regime. At the time of the transition from disk
acretion regime to wind one, the disk disrupts and the wind with increased
velocity causes the infalling its material onto the surface of the accretor. The
theoretical considerations, however, show that it is possible the whole mass
of the disc not to accrete and some part of it to remain in the disc. The anal-
ysis of the results of these computations has shown the following important
points:

1. Variation of 5 km s−1 of the donor’s wind velocity of 25 km s−1 (Ferna-
ndez-Castro et al. 1988) is sufficient to change significantly the flow
pattern as well as the accretion regime – from disk accretion to wind
one. When the wind velocity amounts to 30 km s−1, a conical shock
forms. When it is equal to 20 km s−1, an accretion disk appears in the
system.

2. In the quiescence the accretion rate is ∼ (4.5− 5) × 10−8 M⊙ yr−1 (for
a mass-loss rate of the donor of ∼ 2×10−7 M⊙ yr−1 (Fernandez-Castro
et al. 1988)) which corresponds to the range of stable hydrogen burning
for the adopted mass of the white dwarf in Z And .

3. The disruption of the disk is accompanied by a jump in the accretion
rate (Fig. 5.4). A growth of the accretion rate by a factor of ∼ 2.0−2.2
relative to its initial value provides exceeding the upper limit of the
region of stable hydrogen burning. According to the computations the
disk is disrupted in not more than 0.1 orbital period of Z And and a
mass of several units of 10−8 − 10−7 M⊙ accretes during that time.

This amount of matter turns out to be sufficient to increase the pressure
and the temperature providing an increase of the nuclear-burning rate. Ac-
cording to Sokoloski et al. (2006) the typical time scale for the response of
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Figure 5.4: Variation of the accretion rate for the solution with an increase
of the wind velocity from 20 to 30 km s−1. The vertical dashed line marks
the moment when the wind velocity changes.

the nuclear-burning shell after the accretion of a sufficient amount of mat-
ter is about one month, which is in good agreement with the observed time
of the formation of a kink of the light curve. This time is 2.5 weeks after
the onset of the outburst. The growth of the luminosity during the time
interval before the increase of the burning rate is due to rise of the accretion
rate. If we suppose that the amount of matter accreted during that time
is sufficient to initiate an enhanced burning rate, the further increase of the
luminosity will be due to the enhanced burning rate. According to Sokoloski
et al. (2006) after the appearance of the first kink of the light curve associ-
ated with the enhancement of the burning rate, an expanding envelope – a
pseudophotosphere and/or optically thick wind forms in the system.

It is commonly accepted that the increase of the visual light is due to the
energy redistribution towards the longer wavelengths during the expansion
of the envelope of the compact component (Sokoloski et al. 2006; Tomov
et al. 2003a; Fernandez-Castro et al. 1995). However, an expansion of the
envelope on its own is unable to explain the above features of the light curve.
Moreover, the presence of the wind in the system should influence its light.
If the wind of the white dwarf arises as the outburst progresses (after 2.5
weeks after the beginning of the outburst according to the data in Sokoloski
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et al. (2006)), it will seem that its influence will begin to manifest itself not
at the very beginning of the outburst, but at its later stages.

Since the hot wind arises during the outburst, the shape of the optical
curve will be determined from three processes:

1) an increase of the accretor’s luminosity causing expansion of its pseu-
dophotosphere;

2) wind propagation in the nebula resulting in the formation of a high-
temperature region;

3) formation of shock structure appeared as a result of the winds collision.

If the effects related to the wind are strong enough, they should be visible
in the light curve. It is evident that the increase of the luminosity of the
hot component and the expansion of its pseudophotosphere have the main
contribution in the variation of the visual light (Tomov et al. 2003a). If at
some time the component determined by the wind propagation in the nebula
is added, followed by the formation of shocks providing further increase, the
resulting light curve will have two variations of its slope related to the hot
wind.

The shape of the light curve will be more complex if the flux of the
expanding photosphere has time variations. It is obviously that, at some
time, the expansion of the photosphere can be replaced by a contraction.
This time will correspond to a peak in the light curve. Its final shape depends
on the time of the hot wind appearance (the second term), the time when
the shocks form (the third term) and the position of the peak.

The velocity of the wind is about 50 km s−1 (Tomov et al. 2003a). Then,
assuming the shock is located between the components of the system (at a
distance of 1/3 A − 2/3 A from the accretor, where A is the component’s
separation), we can estimate the time that elapses before the contribution
of the shock to become substantial. This time turns out to be 26 – 52 days
after the onset of the wind. The peak determined by the contribution of the
shock will be attained after some time in addition.

To estimate the time scale of the shock’s development a set of compu-
tations with parameters close to the conditions for the Z Andoutburst were
carried out. The results show that after the change of the conditions at the
accretor’s surface an S-shaped shock structure and contact discontinuity form
in the space between the components.

Figure 5.5 shows the development of the events after the change of con-
ditions at the accretor’s surface. In the model presented the wind velocity
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Figure 5.5: Contours of equal density and velocity vectors for six moments
during the outburst’s development: (a) 12, (b) 42, (c) 70, (d) 103, (e) 125
and (f) 150 days after the start of computations. The hollow circle denotes
the donor (the radius corresponds to the donor radius).
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at the accretor’s surface is 50 km s−1. The density distribution and the ve-
locity vectors for the entire computational domain are shown for six times
corresponding to 12, 42, 70, 103, 125, and 150 days after the start of the com-
putations (the change of the conditions at the accretor’s surface). Shocks are
seen as concentrations of the density contours. The orbital motion of the
accretor is counterclockwise. The dashed lines show the contours of the
standard Roche potential. It is seen that the system of shocks forms fairly
quickly – the shock occupies its final location on the X axis between the
components already after about 70 days (Fig. 5.5 (c)). The analysis of the
results shows that the shock is established first between the components and
in the regions above and below the line of their centers it forms 20 – 30
days later (Fig. 5.5 (d)). Further the parameters of the shock do not change
substantially (Figs. 5.5 (d)– 5.5 (f)).

Summarizing the results of the numerical modeling it must be expected
that the contribution of the wind will begin to be significant on the time scale
of tens of days. The third process, formation of shock structures, will begin
to manifest in the light of the system 70 days after the wind’s appearance.
It will reach its maximum after 20 – 30 days in addition.

In our analysis of the light curve of the 2000 – 2002 brightening of Z And we
can assume that the first maximum, when the light rose by 1.9m in ∼ 60 days,
is determined only by the expansion of the optically thick pseudophotosphere
(the first process). It is known from observations (Sokoloski et al. 2006) that
the first kink of the light curve appeared close to September 15, 2000, and is
related to the onset of the wind of the hot component. Assuming that the
time of the wind appearance is close to September 15, 2000, it can be ex-
pected , according to the computations, that for a wind velocity of 50 km s−1

the shock will begin to form 70 days after the rise of the first kink, i.e. after
the appearance of the wind. The analysis of the light curve shows that the
second change of its slope realizes on November 13, 2000, i. e. after 60 days.
The peak associated with the formation of the shock should be shifted at 20 –
30 days (according to the computations), while the observational data show
that it forms after 25 days (December 6, 2000). Thus, the comparison of the
results of the computations with the observations shows all main stages of
the change of the light are in good agreement with the model.

To be sure that the presence of the wind (the second process) and the
shock (the third process) really provide the observed light variations we must
estimate their contributions.

The contribution of the hot wind to the light of the system can be esti-
mated assuming that the location of the shock – the boundary of the areas
of the two winds, is determined by the condition for equality of the ram pres-
sures: ρ1v

2
1 = ρ2v

2
2. We can estimate the density of the hot wind assuming
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Table 5.1: Emission of the hot wind.

that the boundary is located in the middle of the components’ separation
(Fig. 5.5). Using the known parameters of the donor’s wind (a mass-loss rate
of ∼ 2 × 10−7M⊙ yr−1, a velocity of 30 km s−1) and the velocity of the hot
wind (50 km s−1), we can estimate the mass-loss rate of the hot component.
It turned out to be ∼ 1.2 × 10−7M⊙ yr−1.

Assuming that the hot wind is spherically symmetric we can calculate its
UBV fluxes emitted by a spherical layer. The inner boundary of this layer is
equal to 2.2 R⊙ and is close to the observed radius of the pseudophotosphere
on November 22, 2000 and the outer one of 240.5 R⊙ is equal to the half of
the component separation. The emission of the region beyond the outer edge
can be neglected. It was supposed in our calculations that the gas consists of
hydrogen and ionized helium (the wind region is hot), the helium abundance
is 0.1, and the distance to the system is 1.12 kpc. The contribution of the
wind in the UBV bands is shown in Table 5.1. It is seen that it is fairly large
being on average ∼ 20% on November 22, 2000. However, as we will see
in the Section 6 of this chapter, a model without spherical symmetry of the
wind is need to explain the line spectrum of Z And . The emission of such
a wind was calculated in the work of Tomova (2014) with use of a mass-loss
rate based on high-resolution spectral data from the paper of Tomov et al.
(2008). This emission is very close, but greater than that, calculated by us.

In regard to the contribution of the shock, according to the computations
we can present the following view. A calculated structure of the wind collision
is presented in Fig. 5.6. The notation is similar to that in Fig. 5.5. The region
in the vicinity of the shocks is shown in Fig. 5.7 in more detail.

Our analysis shows that the region between the shocks has a consider-
ably higher temperature than the surrounding medium: on the X axis passing
through the component centers, it is higher by a factor of 50 than in the sur-
rounding regions of the nebula and reaches 106 K. This is in agreement with
the results of Nussbaumer & Walder (1993) for their model of a symbiotic
binary with colliding winds. It was suggested in their work that just the high-
temperature region between these shocks is the source of the X-ray emission
observed from some symbiotic stars. Our estimates based on the method
described in Girard & Willson (1987) show that for the assumed parameters
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Figure 5.6: Contours of equal density and velocity vectors for the two-
dimensional computations. The hollow circle denotes the donor (the radius
corresponds to the donor radius). The distances are in solar radii.

of the winds and the computed area of the shock the X-ray luminosity is
1031 − 1032 erg. This result is in very good agreement with the observed
X-ray luminosity during the 2000 outburst of Z And (Sokoloski et al. 2006).

Summarizing our results we conclude that both the propagation of the
wind (the second process) and the development of shock structure (the third
process) can significantly determine the light behaviour of the system. Since
the appearance of these phenomena in the framework of the model is at the
same time as observed, we suggest that precisely they are responsible for the
observed behavior.

During the 2000 – 2002 brightening of Z And a very good set of data de-
scribing one too detailed curve of the rise of the optical light, which shows its
multistage pattern, was obtained (Sokoloski et al. 2006). This set of data pro-
vides possibility the light to be interpreted in detail and we proposed a model
where a number of mechanisms to explain both the consecutive stages of the
rise and the details of the curve are taken into consideration. To explain the
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Figure 5.7: Contours of equal density and velocity vectors in the region of
the shocks.

increase of the bolometric luminosity we suggested “combined” mechanism
of the outburst where the increased accretion rate leads to change of the
burning rate. To explain all details of the change of the light an appearance
of stellar wind (massoutflow) from the outbursting accretor and development
of shock structure was secured in the framework of our model.

The observational data (photometric and spectral ones) obtained during
the next brightenings of Z And revealed again both the increase of the bolo-
metric luminosity and the expansion of (massoutflow from) the outbursting
accretor. The set of these data, however, was not so full to reveal all details
of the change of the optical light. Nevertheless, the “combined” mechanism,
proposed by us, including an appearance of stellar wind and system of shock
waves should be used for interpretation of the light behaviour during these
brightenings too.
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5.2.3 Comparison with observations and contribution

of the shock to the total light of the system

In the previous section we showed that the proposed scenario of the outburst
based on our modeling is in good agreement with the observed temporal
behavior of the light. If this model is correct, the presence of the shock will
also result in other observed effects, for example, such as existence of shock
ionization in the nebula. Let us consider some results of the observations of
the Z Andbrightening.

According to the observational data (Sokoloski et al. 2006; Tomov et
al. 2003a), the last stage of the rise of the light started on November 13,
2000 (JD 2 451 862) and lasted for about 25 days. In the proposed scenario
this stage is provided by formation of a system of shocks resulting from the
collision of the winds. To estimate the influence of these shocks on the light of
the system we used the results from the work of Tomov et al. (2003a), where
the basic parameters of the system’s components (the cool component, the
hot component, and the nebula) and their continuum fluxes were estimated
from observational data.

The continuum fluxes of the components of Z And for November 22 and
December 6, 2000 (Tomov et al. 2003a) are listed in Table 5.2. These data
show that the emission of both the nebula and the hot component increased
during this time interval. We used the difference between the total (model)
and the observed fluxes as a percentage of the observed flux as a criterion
for the agreement between the model continuum and the observed one. On
the other hand, the UV continuum fluxes at wavelengths 1059 and 1103 Å
where only the hot component emits, taken from the work of Sokoloski et
al. (2006), show that its emission increased during the period November 16
– November 27, 2000, and was constant after that, till December 15, 2000.
The result of the continuum analysis is in qualitative agreement with the
UV data, as far as the time interval November 22 – December 6 covers the
interval November 22 – 27 when the emission of the hot component was
rising. However, since this emission was not changing between November
27 and December 15, we propose a second case of the continuum analysis
for December 6 too in Table 5.2, with a smaller growth of the radius of the
hot component. When we calculate the emission due to shock ionization we
shall consider this second variant too, since it is in better agreement with
the observed behavior of the hot component in the UV, although the total
and the observed fluxes in the infrared are in better agreement in the first
variant.
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Table 5.2: The continuum fluxes of the system’s components in units 10−12 erg cm−2 s−1 Å−1. The uncertainties of
the observed values are in the same units. Adapted from Tomov et al. (2003a).

Date SCa U B V R I J H K L M

2000 Nov. 22 Cool 0.020 0.160 0.376 0.710 1.755 1.343 0.856 0.439 0.113 0.034
Active Hot 5.537 2.934 1.336 0.730 0.340 0.063 0.022 0.007

Neb. 1.983 0.717 0.631 0.547 0.432 0.147 0.081 0.051 0.020
TF 7.540 3.811 2.343 1.987 2.527 1.553 0.959 0.497 0.133 0.034

Rhot = 2.22 R⊙ OF 7.205 3.848 2.492 1.591 0.927 0.461 0.117 0.024
EM= 17.4 × 1059 cm−3 ±0.054 ±0.036 ±0.022 ±0.002 ±0.001 ±0.001 ±0.001 ±0.001

r 5 −1 −6 −2 3 8 14 42
2000 Dec. 06 Cool 0.020 0.160 0.376 0.710 1.755 1.343 0.856 0.439 0.113 0.034
Active Hot 6.257 3.315 1.510 0.826 0.384 0.071 0.024 0.008

Neb. 2.382 0.861 0.758 0.657 0.519 0.176 0.098 0.061 0.024
Case 1: TF 8.659 4.336 2.644 2.192 2.658 1.590 0.978 0.508 0.137 0.034
Rhot = 2.36 R⊙ OF 8.662 4.257 2.682 1.635 0.944 0.478 0.120 0.024
EM= 20.9 × 1059 cm−3 ±0.064 ±0.039 ±0.023 ±0.001 ±0.001 ±0.001 ±0.001 ±0.001

r 0 2 −1 −4 4 6 14 42
2000 Dec. 06 Cool 0.020 0.160 0.376 0.710 1.755 1.343 0.856 0.439 0.113 0.034
Active Hot 5.841 3.094 1.410 0.770 0.358 0.066 0.023 0.007

Neb. 2.737 0.989 0.871 0.754 0.600 0.202 0.114 0.074 0.030
Case 2: TF 8.598 4.243 2.657 2.234 2.713 1.611 0.993 0.520 0.143 0.034
Rhot = 2.28 R⊙ OF 8.662 4.257 2.682 1.635 0.944 0.478 0.120 0.024
EM= 24.0 × 1059 cm−3 ±0.064 ±0.039 ±0.023 ±0.001 ±0.001 ±0.001 ±0.001 ±0.001

r −1 0 −1 −1 5 9 19 42

a The system’s components, TF=Cool+Hot+Nebular – total flux, OF – observed flux, r=(TF−OF)/OF in %.
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According to the proposed model three processes contribute to the light
curve: the rise of luminosity causing an expansion of the envelope, the rise
and development of the high temperature region in the nebula formed by the
white dwarf’s hot wind, and the shock structure formed by the collision of
the winds.

The most correct approach to determine the contribution of the shock is
to estimate the shock ionization. Let us consider the ratio of the number
of ionizing photons and the number of recombinations in the nebula µ in
the quiescence and on November 22 and December 6, 2000. This ratio is
estimated as

µ =
L

nen+αV
, (5.1)

where L is the Lyman photon luminosity of the hot component, ne and n+

are the number densities of the electrons and ions respectively, α is the total
(to all levels) recombination coefficient, and V is the volume of the nebula.
The Lyman luminosity is

L = 4πR2Hλ<912 = 8π2R2

c2

(

kT

h

)3

G(T ) , (5.2)

where R and T are the radius and effective temperature, G(T ) is a function
related to the number of the ionizing photons (given in numerical form in the
book of Pottasch (1984)), and the remaining quantities have their commonly
accepted meaning. The number of recombinations is

nen+αV = [1 + a(He)] αn2V , (5.3)

where a(He) is the number abundance of helium relative to hydrogen. If
we obtain from observations the radius and the effective temperature of the
hot component and the emission measure of the nebula in addition, we will
calculate the ratio µ.

In the state of ionization equilibrium when only radiative ionization is
realized in the nebula µ ≥ 1. The equality is satisfied when all photons
are absorbed in the nebula. When µ < 1 the number of recombinations is
greater, which means that shock ionization is realized in the nebula along
with radiative one. The ratio of the continuum fluxes due to shock and
radiative ionization is (1−µ)/µ when all photons are absorbed in the nebula.
In some cases of the distribution of the circumstellar gas some fraction of the
photons can leave the nebula. Then (1− µ)/µ is a lower limit of the ratio of
the continua corresponding to shock and radiative ionization.
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Table 5.3: Ratio of the numbers of ionizing photons and of recombinations
at various times.

The ratio µ was calculated with use of the parameters of the system’s
components determined for different times during the outburst in the work
of Tomov et al. (2003a). It was found in this work that the dominant ion-
ization state of helium in the nebula in quiescence is He++ and during the
outburst – He+. It was assumed that the nebular continuum in quiescence
is emitted by hydrogen and ionized helium and during the outburst – by
hydrogen and neutral helium. These assumptions were taken into account
when computing µ. For this purpose the value of a(He) was doubled for
quiescence. The helium abundance was taken to be 0.1, in accordance with
the results of Nussbaumer & Vogel (1989). It was assumed that the average
number density in the Z And nebula is 108−1010 cm−3 (Fernandez-Castro et
al. 1988; Proga et al. 1994; Mikolajewska & Kenyon 1996; Birriel et al. 1998).
The recombination coefficients were taken from Storey & Hummer (1995) for
Menzel case B.

The computational results and their rms errors are presented in Table 5.3.
The errors were derived from the uncertainties of the parameters of the sys-
tem given in Tomov et al. (2003a). We did not present the error for the
quiescence, since in this case the Lyman luminosity was calculated using the
average temperature from the results of other authors, based on UV data.
We present both variants for December 6, 2000.

The data in Table 5.3 show that µ > 1 in quiescence (September 15, 1999).
It is known that the Z And nebula is partially ionized in quiescence (Ferna-
ndez-Castro et al. 1988; Mikolajewska & Kenyon 1996; Schmid & Schild
1997; Birriel et al. 1998) and our result (within the errors) indicates that
some fraction of the photons leave the ionized region. The ratio µ is equal
to unity for November 22, 2000 (less than in quiescence) and less than unity
for December 6, 2000. Thus it decreases with time, which means that the
role of the shock ionization increases.

The second case for the time of the light maximum proposes µ = 0.76.
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Table 5.4: Fluxes from various regions of the nebula in units of 10−12

erg cm−2 s−1 Å−1.

This means there is no doubt that the shock ionization takes place and its
contribution to the emission of the nebula is not less than 0.24 (since some
fraction of the photons can leave the nebula). This contribution can be as
high as 0.44 when we take into account the observational uncertainties. The
UBV fluxes determined by the shock ionization in the case of (1−µ) = 0.24
are presented in Table 5.4. The contribution of the wind is presented also
in this table. This contribution is the same for the two epochs since the
parameters of the wind are considered to be constant and, according to the
model (Fig. 5.5), the boundary between the winds does not change after
some time. Subtracting the contribution of the hot wind and the shock
from the total emission of the nebula, we find that the flux of its cool part
changes because of the increase of the radiative ionization during the period
November 22 – 27, 2000 resulting from the growth of the hot component’s
luminosity. This change, however, is insignificant.

Thus, our analysis of the observational data shows that the light varia-
tions at the last stage of the outburst’s development are well explained by
means of the proposed scenario and consequently can be interpreted in the
framework of the model of the colliding winds.

5.3 The line spectrum during the 2000 – 2002

outburst

The line spectrum of Z And during its 2000 – 2002 brightening was described
and interpreted in the works of Tomov et al. (2003a, 2008, 2010b, 2011a,b);
Tomova, Tomov et al. (2008); Kilpio et al. (2011).
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Table 5.5: List of the observations in 2000 – 2002.

Date JD− Orb. Spectral
2 450 000 phase region

1999 Jan. 7 1186.50 0.228 He ii λ 4686, Hγ

1999 Sept. 17 1439.48 0.562 He ii λ 4686, Hγ

1999 Nov. 27 1510.24 0.656 He ii λ 4686, Hγ

2000 Nov. 17 1866.36 0.125 He ii λ 4686, Hγ

2000 Dec. 5 1884.35 0.148 He ii λ 4686, Hγ

2000 Dec. 6 1885.38 0.150 He ii λ 4686, Hγ

2001 July 8 2098.54 0.432 He ii λ 4686, Hγ

2001 Sept. 7 2160.44 0.512 He ii λ 4686
2001 Oct. 3 2186.47 0.547 He ii λ 4686, Hγ

2002 Jan. 23 2298.25 0.694 He ii λ 4686, Hγ

5.3.1 Observations and reduction

The regions of the lines He ii λ4686 and Hγ of the spectrum of Z And were
observed on ten nights with the Photometrics CCD camera mounted on the
Coudé spectrograph of the 2m RCC telescope of the National Astronomical
Observatory Rozhen. The spectral resolution was 0.2 Å px−1. Ever when we
made more than one exposure per night, the spectra were added with the
aim to improve the signal to noise ratio. Three of the nights were in 1999
when the star was at the quiescent state and the other ones – during the time
of its 2000 – 2002 outburst (Table 5.5). The IRAF package1 was used for
data reduction as well as for obtaining the dispersion curve and calculating
the radial velocities and equivalent widths.

The absolute fluxes of some selected lines in the observed regions were
calculated with use of their equivalent widths and the continuum fluxes at
their positions based on BV photometric data.

The BV fluxes were corrected for the strong emission lines of Z And. The
quiescent data and those, obtained after February 2001 were corrected in the
same way as the quiescent data in the paper of Tomov et al. (2003a). The
fluxes, related to the other epochs were not corrected because of the strong
increase of the stellar and nebular continua and the relative decrease of the
emission lines (Tomov et al. 2003a).

All the fluxes were corrected for an interstellar reddening of E(B − V ) =

1The IRAF package is distributed by the National Optical Astronomy Observatories,
which is operated by the Association of Universities for Research in Astronomy, Inc., under
contract with the National Science Foundation.
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0.30 using the extinction law of Seaton (1979).

5.3.2 Analysis of the spectrum

He i lines
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Figure 5.8: The profiles of the He i triplet lines during the quiescent and
active phase.

The triplet lines of helium He i λ 4471 and He i λ 4713 had purely emission
profile and FWHM = 45 ÷ 50 km s−1 in the quiescent state of the system.
A blue-shifted absorption appeared in November and December 2000 during
the time of the maximal light (Fig. 5.8). In November this absorption had a
two- component structure. The He i λ 4471 line reached a residual intensity
of 0.46 in November and 0.60 in December. As the cool giant’s continuum
at the same time amounted to about 0.07 – 0.08 of the total continuum
of the system at the wavelengths of these lines (Tomov et al. 2003b), their
appearance can be related to the hot companion. We observed the system at
orbital phases close to the spectral conjunction, where the radial velocity of
the companion is close to 0 km s−1 (Mikolajewska & Kenyon 1996). Then the
velocity of the absorption components of about −60 km s−1 is related to the
outflowing material from the companion. In this case, we can only suppose
that the companion’s photosphere has been expanded and we have observed
a P Cyg stellar wind. The fluxes of the helium lines are listed in Table 5.6.
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Table 5.6: The fluxes of the He i lines of Z And during its 2000 – 2002 outburst
in units 10−12 erg cm−2 s−1.

Date Orb. He i He i He i

phase λ 4388 λ 4471 λ 4713

1999 Jan. 7 0.228 0.736 0.861 0.627
1999 Sept. 17 0.562 0.987 2.459 1.050
1999 Nov. 27 0.656 0.772 1.729 0.697
2000 Nov. 17 0.125 2.202
2000 Dec. 5 0.148 2.308
2000 Dec. 6 0.150 2.265
2001 July 8 0.432 2.215 3.160 1.937
2001 Sept. 7 0.512 1.717
2001 Oct. 3 0.547 2.093 1.648
2002 Jan. 23 0.694 1.339 2.156 1.215

He ii λ 4686 line

All of our spectra showed the He ii λ 4686 line has single-peaked core and
extended low intensity variable wings, indicating velocity of several hundreds
km s−1. The intensity of the wings reached its maximum at the time of the
maximal light, whereas the intensity of the core had a minimal value at that
time. Moreover the wings displayed rapid variability on a timescale of about
one day and the core did not (see below). These facts gave us a reason to
suppose that the core and the wings were two different components of the
line. We called these a narrow central component and a broad component
with a low intensity.

The behaviour of the radial velocity of the narrow component during the
outburst differed greatly from that in the quiescent state. In quiescence, this
velocity was close to the velocity of the centre of mass of the system. Dur-
ing the active phase, however, its behaviour resembled the orbital velocity
of a secondary stellar component (Fig. 5.9). This behaviour, as well as the
increased width of the line, suggests that it was emitted probably in the ex-
panding shell of the companion. The emission region of the line was probably
decreased and was related only to the close vicinity of the companion since
its flux became smaller.

In the quiescent state the broad component of the He ii λ 4686 line was
very weak. Its existence was concluded on the basis of the presence in its
wavelength region of an emission exceeding the level of the local continuum.
This emission is associated with a number of details, which are related neither
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Figure 5.9: The variations of the radial velocity of the He ii λ 4686 line. The
uncertainty of the measurement reaches up to 3 km s−1. For comparison the
behaviour of the velocity of the cool giant in the system is shown as well,
according to the orbital solution of Formiggini & Leibowitz (1994).

to the noise of the detector nor to nebular spectral lines. However, as this
emission is too weak, it cannot be measured with adequate accuracy. With
regard to its possible origin, we cannot exclude the possibility of electron
scattering in the surroundings of the compact companion in so far it is a hot
high-luminosity object.

During the active phase the broad emission increased and its height above
the level of the local continuum reached up to 0.2. We analyzed this emission
by fitting with a Gaussian function (Fig. 5.10). Its FWHM obtained with
this procedure is listed in Table 5.7. The equivalent width was obtained with
an error reaching up to 25 per cent, which depends mainly on the level of
the local continuum. However, as the broad emission is not clearly visible
because of blending with the central narrow component and its profile is
actually not Gaussian, the error of the equivalent width is greater than this
value.

The broad component of the He ii λ 4686 line indicate a high velocity
and, as it is emitted in close vicinity of the hot companion, most probably
the high velocity is related to nebular material ejected by the companion.
The Gaussian fit shows that the centre of the broad emission is close to the
laboratory wavelength and its blue wing is less visible than the red wing
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Figure 5.10: The area of the wings of the He ii λ4686 line where the Gaussian
fit of its broad component is seen. The spectra show the rapid variability
of the broad component. The level of the local continuum is marked with a
dashed line.

because of blending with the blueshifted narrow component of the line.
In some cases, the broad component underwent strong variations on a

time-scale of about one day. For example, its red wing was much weaker
on 2000 December 6 than on 2000 December 5 (Fig. 5.10). That is why we
propose that the broad component was a result of a variable stellar wind
with a high velocity (Table 5.7). The velocity was obtained on the basis of
the FWZI of the line.

5.4 The line spectrum during the outburst at

the end of 2002

The line spectrum of Z Andduring its brightening at the end of 2002 was de-
scribed and interpreted in the works of Tomov et al. (2005a,b, 2009, 2010a,b).

5.4.1 Observations and reduction

High resolution data in the regions of the lines Hα and Hγ of the spectrum of
the Z And system were obtained in 2002 with a Photometrics CCD camera
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Table 5.7: The He ii λ4686 line data.

Date Orb. RV FWHM(N) F(N) FWHM(B) FWZI(B) υfast F(B)

phase (kms−1) (km s−1) (km s−1) (km s−1) (km s−1)

1999 Jan. 7 0.228 −6.65 71.0 32.84

1999 Sept. 17 0.562 9.34 64.0 39.35

1999 Nov. 27 0.656 −2.88 71.0 37.15

2000 Nov. 17 0.125 −57.13 119.6 14.54 590 ± 40 1240 620 7.198

2000 Dec. 5 0.148 −60.78 132.4 14.93 560 ± 43 1180 590 7.234

2000 Dec. 6 0.150 −58.41 119.6 15.78

2001 July 8 0.432 −29.94 123.5 30.17 680 ± 150 1340 670 3.489

2001 Sept. 7 0.512 108.8 34.96 500 ± 80 980 490 2.988

2001 Oct. 3 0.547 −27.19 104.9 29.35 500 ± 50 950 480 3.055

2002 Jan. 23 0.694 5.31 83.2 30.31 390 ± 35 730 370 1.394

N – narrow component

B – broad component

F = F × 10−12 erg cm−2 s−1

mounted on the Coudé spectrograph of the 2m RCC telescope of the National
Astronomical Observatory Rozhen (Table 5.8). The spectral resolution was
0.2 Å px−1 on all occasions. The IRAF package was used for data reduction as
well as for obtaining the dispersion curve and calculating the radial velocities
and equivalent widths.

The absolute fluxes of the observed lines were calculated by using their
equivalent widths and the continuum fluxes at their positions (Tomov et al.
2008). The continuum fluxes in range of the line Hγ were obtained using
linear interpolation of the B and V photometric fluxes on the same night or
close nights. The continuum flux at the wavelength position of the Hα line

Table 5.8: List of the observations in 2002 and the Hα flux in units 10−12

erg cm−2 s−1.

Date JD Orb. Hα

2 452 000+ phase flux

Sept. 25 543.35 0.017 173.494
Oct. 20 568.37 0.050 255.255
Nov. 12 591.20 0.080 292.098
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was calculated using linear extrapolation of the V and R photometric fluxes
taken also on the same night or close nights. To calculate the fluxes of the
spectra from September and October we used photometric data of Skopal et
al. (2004). The fluxes of the spectra obtained in November were calculated
on the basis of the photometric data for November 12, 2002 from our work
Tomov et al. (2004).

The BV fluxes were corrected for the strong emission lines of Z And
in the same way as the quiescent data in the work Tomov et al. (2003a)
because of the fact that the heights of these lines during the active phase
were practically the same as those in the quiescence.

All the fluxes were corrected for the interstellar reddening of E(B−V ) =
0.30 using the extinction law of Seaton (1979).

5.4.2 Analysis of the spectrum

Hα line

In the quiescent state of the system the line Hα was of nebular type, but
had, in addition, broad wings extended to not less than ±2000 km s−1 from
its center. It exceeded the local continuum by a factor of more than 100
at orbital phases close to 0.5 (Tomov et al. 2008). The width (FWHM)
of the line was about 100 – 120 km s−1 and only occasionally went beyond
this value. The width remained the same during the 2000 – 2002 optical
brightening too (Tomov et al. 2008). The view that the broad wings of the
line in the quiescent state of the system are due to Raman scattering of
Lyβ photons by atomic hydrogen is widely accepted (Lee 2000; Arrieta &
Torres-Peimbert 2003; Tomov et al. 2008). Lee (2000), though, considered
an other theoretical possibility for their appearance too. This author noted
that Raman scattering and radiation damping depend on the wavelength in
the same way, and the latter also cannot be excluded.

During the growth of the light at the end of 2002 the line was double
(Fig. 5.11), it exceeded the local continuum by a factor of about 30 and its
width increased by a factor of two. The dip between the two peaks had the
same radial velocity at all times of observation.

According to the theoretical modeling of the flow structure in a system
with parameters close to those of Z And (see Sect. 5.6), after each individual
outburst of the active phase an extended disc-like envelope of a nebular
nature covering the existing to that time accretion disc forms as a result of
accretion of material from the potential well of the compact object. In such
a case we can suppose that the double-peaked profile is determined from
Keplerian motion in an accretion structure although the Balmer lines of the
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Figure 5.11: The profiles of the Hα (left panel) and Hγ (right panel) lines.
The level of the local continuum is marked with a doted line.

symbiotic stars are always influenced by optical depth effects. Let us check
this supposition.

If the Hα profile is radiated by an accretion disc, the growth of the emission
during the brightening should be mainly due to its formation and this growth
should be large. The Hα emission in this case is a sum of the emission of the
circum-binary nebula and the disc. The emission of the nebula can increase
or at least will not decrease during the brightening. At the same time disc’s
emission must predominate over that of the nebula to determine the profile.
To examine it, we will compare the Hα flux during the brightening with its
quiescent value.

The intensity of the Balmer emission lines of Z And varies with the orbital
phase (Mikolajewska & Kenyon 1996; Tomov et al. 2008) and their flux during
the brightening must be compared with the quiescent one at the same phase.
We were not able to find in the literature Balmer fluxes at orbital phase
close to 0 in the quiescent state of Z And. Mikolajewska & Kenyon (1996)
have obtained the Hα flux at phases 0.16 – 0.34 where it increases from 40
× 10−12 to 103 × 10−12 erg cm−2 s−1. Schwank et al. (1997) have shown
that the Balmer emission lines of symbiotic stars in their quiescent state
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are predominantly formed in the recombination zone which separates the Ho

from the H+ region of the cool giant’s wind since the density of this zone is
the highest one. These authors have shown also that the Balmer lines are
always self-absorbed emission lines. These theoretical considerations show
that the absorption will be maximal at phase 0 where the giant is in its
inferior conjunction because of the highest density of the absorbing particles.
Then the line flux will have minimal value at this phase and in the case
of Z And the Hα flux will be probably less than 40 × 10−12 erg cm−2 s−1.
The comparison of this flux with fluxes (170 ÷ 290) × 10−12 erg cm−2 s−1

(Table 5.8) shows that it is strongly increased during the brightening, which
can be due to addition of a new component in the line, possibly from an
accretion disc. The same conclusion is obtained for the line Hγ too. The data
of Mikolajewska & Kenyon (1996) show that its flux at the orbital phase 0.0
is less than 2.1 × 10−12 erg cm−2 s−1 and the flux of the narrow component
during the outburst is (16 ÷ 29) × 10−12 erg cm−2 s−1 (Table 5.9).

Let us calculate the outer radius of the line emission region in the disc
from the separation of the two peaks. The separation was equal to 2.8 ± 0.2
Å on November 12, 2002 at the time of the maximal light. To calculate the
outer radius the orbit inclination is need. We will use the value of 55 deg as
an upper limit of the orbit inclination (see the next subsection). At a mass
of the hot component of 0.6 M⊙ (Fernandez-Castro et al. 1988; Schmid &
Schild 1997) for the upper limit of the outer radius of the emission region
we obtain 19 ± 2 R⊙ for orbit inclination of 55◦. This result supports our
supposition, as it is in agreement with the theoretical models of discs resulted
from accretion of stellar wind (Mitsumoto et al. 2005).

The intensity of the Hα wings increased during the growth of the light at
the end of 2002. Skopal (2006) obtained synthetic profiles arising from an
optically thin bipolar stellar wind from the hot components of the symbiotic
stars and was able to make a fit of the observed Hα wings of a sample of ten
symbiotic stars. According to him, however, the profile formed in the stellar
wind is approximated by a function of the same type as that arising from
Raman scattering. For this reason he concluded that it is not possible to
distinguish between these two processes directly. Ikeda et al. (2004) noted
that the polarization profile of the Hα line of Z And does not agree with that
of its Raman λ 6830 Å line on October 25, 2002, i.e. during the brightening
considered by us. Based on the data of Ikeda et al. (2004) we suppose that
the extended Hα wings of Z And during this brightening are probably not
due to Raman scattered Lyβ photons. Attention, however, should be paid to
the fact that the FWZI of the Hα wings of Z And does not practically change
during the active phase after the year 2000 and keeps its quiescent value of
4000 km s−1. This fact gives us some reason to suppose that during the 2002
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brightening the FWZI was determined mainly from radiation damping and
the stellar wind can have some contribution in the wings at smaller distances
from the centre of the line. The problem about the nature of these wings
during active phase needs to be considered further.

Hγ line

The quiescent Hγ line of the system Z And was of nebular type and had an
additional blue emission component with low intensity. Its width was about
80–90 km s−1 and occasionally exceeded this value. The width remained the
same during the 2000 – 2002 brightening like the line Hα (Tomov et al. 2008).

During the growth of the light at the end of 2002 an additional broad
emission exceeding the local continuum by a factor of 1.3 and with a full
width at zero intensity (FWZI) of about 2000 km s−1 appeared together with
the nebular component of the line (Figs. 5.11, 5.12). In this way the Hγ line
consisted of a narrow component of a nebular type and a broad component.
At the same time the behavior of the narrow component closely followed that
of the Hα line. Its profile was double-peaked and the width increased by a
factor of two compared with its quiescent value. The dip between two peaks
of the line had the same radial velocity at all times of observations, which
was close to the velocity of the dip of the Hα line (Fig. 5.13).

Let us calculate the outer radius of the emission region of the line in the
disc using the separation between the two peaks. This separation was equal
to 1.4 ± 0.1 Å on November 12 and with use of the parameters of the system
adopted by us it gives an upper limit of the outer radius of 33 ± 4 R⊙ for
orbit inclination of 55◦. This radius is in agreement with the theory of discs
formed as a result of wind accretion like the size of the Hα region (Mitsumoto
et al. 2005). We obtained that the outer radius of the emission region of the
Hγ line is greater than that of Hα but when atoms are excited as a result of
recombination and the density decreases with the distance from the star, the
region of the Hα line is expected to be located outward from that of Hγ .

The data propose not only greater peaks’ separation of Hα , but also
greater width of this line. If the emitting region is fully transparent in Balmer
lines, their width will be the same. The Balmer lines of symbiotic stars,
however, are always self-absorbed emission lines. The reason for the greater
width and peaks’ separation of Hα of Z And can be its higher optical depth
compared to Hγ .

There is, however, an other possibility for the greater separation of the
peaks of the line Hα , which follows from the flow structure. This line is
possible to be emitted at greater distance from the orbital plane, but more
close to the axis of the disc, where the rotational velocity is greater.
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Figure 5.12: The Hγ (left panel) and He ii λ 4686 (right panel) broad compo-
nents. The level of the local continuum is marked with a dashed line.

The broad component of the Hγ line was measured in the following way.
The observed spectrum was corrected through removing several weak emis-
sion lines of Fe ii, O ii and N iii as well as the most intensive absorption lines
of the giant. After that it was analyzed by fitting with a Gaussian function
(Fig. 5.12) and its parameters obtained with this procedure are listed in Ta-
ble 5.9. The error of the equivalent width is not greater than 20 per cent
depending on the noise of the different spectra.

To conclude about the nature of the gaseous environment where the broad
component appeared we will treat different mechanisms of line broadening.
One of them is the electron scattering. The total flux of the line, which is
a sum of the fluxes of two components, is (19 – 34) × 10−12 erg cm−2 s−1

(Table 5.9). This gives emission measures of (1 – 2) × 1059 (d/1.12 kpc)2

cm−3. To calculate the radius of a spherical emitting volume, having this
emission measure, the mean electron density is needed. Fernandez-Castro
et al. (1988) obtained a mean quiescent electron density of 1010 cm−3 in
the nebula of Z And. We assume that the mean electron density in the close
vicinity of the compact object during the brightening is close to the quiescent
electron density and will perform our calculations with the value 1010 cm−3.
We come to the same conclusion, however, if we use lower densities too. We
obtain a radius of (6 – 8) × 1012 (d/1.12 kpc)2/3 cm of the spherical emitting
volume. If the broad component appeared due only to the electron scattering
it would be risen in region with optical thickness of 0.17 – 0.19. Using these
values and a density of 1010 cm−3, we derive the radius of almost 3 × 1013

(d/1.12 kpc)2/3 cm, corresponding to an enormous emission measure of 1061

(d/1.12 kpc)2 cm−3. This result differs from the previous one and we conclude
that the broad component is probably not produced by electron scattering.
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Table 5.9: The data of the lines Hγ and He ii λ 4686. N and B denote narrow and broad component respectively.
The flux is in units 10−12 erg cm−2 s−1 and the other quantities are in units km s−1.

Date FWHM(N) Flux(N) FWHM(B) FWZI(B) υh Flux(B)
Hγ He ii Hγ He ii Hγ He ii Hγ He ii He ii Hγ He ii

Sept. 25 166 87 15.718 46.319 1014 ± 100 1091 ± 92 1900 2113 1050 3.193 3.713
Oct. 20 165 92 22.796 59.782 1073 ± 78 1170 ± 101 2100 2201 1100 4.885 5.234
Nov. 12 171 105 28.800 70.110 1010 ± 70 1192 ± 56 2030 2416 1200 5.236 6.658

143



-1 0 0 0 0 1 0 0 0
H elio c e n tr ic  R V   (k m /s)

0

5

1 0

1 5

2 0

2 5

3 0

3 5

R
el

at
iv

e 
in

te
ns

it
y 

+
 c

on
st

6HSW����������+�DOSKD
+�JDPPD

-1 0 0 0 0 1 0 0 0
H elio c e n tr ic  R V   (k m /s)

0

5

1 0

1 5

2 0

2 5

3 0

3 5

R
el

at
iv

e 
in

te
ns

it
y 

+
 c

on
st

2FW����������+�DOSKD
+�JDPPD

-1 0 0 0 0 1 0 0 0
H elio c e n tr ic  R V   (k m /s)

0

5

1 0

1 5

2 0

2 5

3 0

3 5

R
el

at
iv

e 
in

te
ns

it
y 

+
 c

on
st

1RY����������+�DOSKD
+�JDPPD

Figure 5.13: The lines Hα and Hγ in each time of observation. The dips of
the two lines have close velocity positions.

An other possible mechanism the broad component to appear is to be
emitted by an optically thin Keplerian accretion disc. The half width at zero
intensity of the broad component on November 12 at the time of the light
maximum was about 1020 km s−1 (Table 5.9). The velocity, derived from
the width at zero intensity of the line, is related to the movement at the
inner boundary of the disc. This velocity, however, is on the line of sight.
Taking into consideration the orbit inclination of 55◦, the obtained velocity
at the inner boundary is 1240 km s−1. With the mass of the compact object
adopted by us Mwd = 0.6M⊙ we obtain an inner radius of the disc of 0.07 R⊙.
This estimate is smaller than the upper limit of the radius of this object at
the time of the maximal light (∼ 0.13 (d/1.12 kpc) R⊙ evaluated by Tomov
et al. (2004)). The estimate of the disc radius, however, has an appreciable
uncertainty due to the velocity, which depends from the level of the local
continuum. Our data take small range of 200 Å which leads to additional
difficulty in determining continuum level. Its uncertainty can reach up to
5 per cent. Variation of 5 per cent can lead to reduction of 20 per cent of
the velocity which is based on the FWZI of the line. So, a velocity of 800
km s−1 gives us an upper limit of the inner radius of the disc of 0.12 R⊙.
Then we can think that the inner radius is about 0.1 ÷ 0.2 R⊙ for the range
of orbit inclination treated by us and is in satisfactory agreement with the
upper limit of the radius of the compact object of 0.13(d/1.12 kpc) R⊙. That
is why we will suppose that the emission of an optically thin accretion disc
can be possible reason for the broad Hγ component. An other possible origin
of the broad component is emission by a high-velocity stellar wind.
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5.4.3 Discussion

Gas dynamical modeling shows that a disc from wind accretion with a typical
radius of 50 – 60 R⊙ and a mass of 5×10−7 M⊙ exists in one binary system
with parameters close to those of Z And in its quiescent state (Sect. 5.6;
Bisikalo et al. 2002; Tomov et al. 2010b, 2011a)). During each outburst the
wind of the compact object “strips” the disc and ejects some part of its mass.
After the cessation of the wind some part of the ejected mass accretes again
creating an extended disc-like envelope with a mass smaller than the mass
of the initial accretion disc.

We will suppose that the increase of the emission measure of the cir-
cumbinary nebula during the outburst is entirely on account of a creation of
a disc-like envelope located in the Roche-lobe of the compact object. The
increase of the emission measure is equal to the residual of its values at the
light maximum in November of 11.7×1059(d/1.12 kpc)2 cm−3 and in the qui-
escent state of the system in August of 2.6×1059(d/1.12 kpc)2 cm−3 (Tomov
et al. 2004). These two times are at close phases and the orbital variation
of the emission measure due to occultation by the giant component is neg-
ligible in this case. The masses of the components of Z And are 2 M⊙ and
0.6 M⊙ (Bisikalo et al. 2002), and the orbital period – 758.d8 (Formiggini &
Leibowitz 1994; Mikolajewska & Kenyon 1996). Then the components’ sep-
aration accounts to 481 R⊙ . In a binary system with such a separation,
a radius of the cool component of 85 (d/1.12 kpc) R⊙ (Tomov et al. 2003a)
and an orbit inclination not higher than 55◦ (Tomov et al. 2012, 2014), a
disc shaped structure located in the Roche lobe of the compact object is not
eclipsed. Then we will accept that the residual of the active and quiescent
emission measures of 9.1×1059(d/1.12 kpc)2 cm−3 is an upper limit of the
emission measure of the disc-like envelope and in such a case all its param-
eters are also an upper limit. We assume that the shape of the envelope is
close to cilinder and its inner radius is equal to 0.2 R⊙ , very close to the up-
per limit of the size of the observed photosphere of the outbursting compact
object. We accept a mass of the envelope of 1.3×10−8 M⊙ . Then, a disc-like
envelope with an outer radius of about 50–100 R⊙ , a height of 53–13 R⊙ and
a mean density of 8×1010 cm−3 can appear in the Roche-lobe of the compact
object. Its shape is close to torus and it can account for the observed increase
of the emission measure during the outburst.

Let we calculate the Keplerian velocity at the lower limit of the outer
radius of the disc-like envelope of 50 R⊙ with used by us mass of the compact
object of 0.6 M⊙ . This velocity is 48 km s−1which should be corrected for
an orbit inclination of 55◦. Taking this inclination, for the doubled value of
the velocity we obtain 78 km s−1. The observed peaks separation of the line
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Hα at the time of the maximal light is 128±9 km s−1, and that of Hγ is 96±7
km s−1, which means that they are broadened more than only from rotation of
such an envelope. The greater separation can be due to optical depth effects
(self-absorption) and/or an additional line broadening by a gas turbulence
caused by collision of the stellar wind of the outbursting component with the
envelope.

Concluding this section we can outline that we have no spectral indication
of an accretion disc structure in the system Z Andduring this outburst, but
the observational data show that the growth of the nebular emission can
be connected with a creation of such a structure in the Roche lobe of the
compact object with parameters compatible with the predicted ones by the
gas dynamical modeling and the peaks separation of the Balmer lines. The
other possibility is that the double-peaked Balmer profiles are determined
from self-absorption only.

5.5 The line spectrum during the 2006 – 2007

outburst

The line spectrum of Z And during its 2006 – 2007 brightening was described
and interpreted in the works of Tomov & Tomova (2006); Tomov et al. (2007,
2012, 2014).

5.5.1 Observations and reduction

The regions of the Hα , He ii 4686 and Hγ lines of the spectrum of Z And
was observed on fourteen nights during 2006 July – December covering its
major eruption with the Photometrics CCD camera mounted on the Coudé
spectrograph of the 2m Ritchey-Chretien-Coudé (RCC) telescope of the Na-
tional Astronomical Observatory Rozhen. In addition the region of the line
Hβ was observed on four nights from September till December 2006 (Ta-
ble 5.10). The spectral resolution was 0.2 Å/px on all occasions. When more
than one exposure was taken per night, the spectra was added with the aim
of improving the signal-to-noise ratio. The IRAF package was used for the
data reduction as well as for obtaining the dispersion curve, calculating the
radial velocities and equivalent widths.

The absolute fluxes of some selected lines in the observed regions were
calculated by using their equivalent widths and the continuum fluxes at their
positions. The continuum fluxes in the regions of the lines Hβ , He ii 4686
and Hγ were obtained using linear extrapolation of the B and V photometric
fluxes taken on the same, or close, nights from the paper of Skopal et al.
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Table 5.10: List of the observations in 2006.

Date JD− Orb. Spectral
2 453 000 phase region

Jul 08 924.56 0.837 Hα , He ii λ 4686, Hγ

Jul 09 926.45 0.840 Hα , He ii λ 4686, Hγ

Jul 14 931.48 0.846 Hα , He ii λ 4686, Hγ

Jul 19 935.59 0.852 Hα , He ii λ 4686
Jul 20 936.55 0.853 Hγ

Aug 08 956.39 0.879 Hα

Aug 12 960.47 0.885 Hα

Aug 13 960.51 0.885 He ii λ 4686, Hγ

Sept 07 985.57 0.918 Hα , He ii λ 4686, Hγ

Sept 08 986.54 0.919 Hα , Hβ , He ii λ 4686, Hγ

Oct 03 1012.47 0.953 Hα , He ii λ 4686, Hγ

Oct 04 1013.46 0.954 Hα , Hβ , He ii λ 4686, Hγ

Oct 31 1040.37 0.990 Hα , He ii λ 4686, Hγ

Dec 01 1071.37 0.031 Hα , Hβ , He ii λ 4686, Hγ

Dec 02 1072.30 0.032 Hα , Hβ , He ii λ 4686, Hγ

Dec 30 1100.24 0.069 Hα , He ii λ 4686, Hγ

(2007). To obtain the fluxes of the lines in the Hα region we used the Cousins
RC photometric band flux from the same paper. According to the continuum
analysis of Skopal et al. (2009a) the flux at the positions of the lines Hα and
He i 6687 of Z And is practically equal to its RC flux. The BV fluxes were
not corrected for the intensive emission lines of Z And because of the strong
increase of the stellar and nebular continua and the relative decrease of the
emission lines. The uncertainty of the continuum flux is not more than 10
per cent. All the fluxes were also corrected for the interstellar reddening of
E(B − V ) = 0.30 using the extinction law of Cardelli et al. (1989).

5.5.2 Analysis of the spectrum

Balmer lines

Hα line

The evolution of the Hα profile was considered in the work of Tomov et al.
(2012). According to these data the line consisted of strong central narrow
emission component (core), located around the reference wavelength, broad
wings extended to about 2 000 km s−1 and additional absorption and emission
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Figure 5.14: Time evolution of the Hα (left panel) and Hγ (right panel) lines.

features on both sides of the central component (Fig. 5.14). The central
component presented a weak peak/shoulder(s) on its short-wavelength side,
which was not visible only on the spectra taken in September. A weak peak
component is seen in the spectrum of August 8 and the dip feature indicates
a moderate velocity of about 100 km s−1. Very weak peak component was
seen again from October 31. The high-velocity satellite emission components
were fitted with a Gaussian and the other part of the line (the core together
with the wings) – with two or three Lorentzians. The uncertainty of the
equivalent width of the satellite emissions was not more than 30 per cent
and that of the whole line – about 2 per cent.

High resolution Hα data taken in quiescence before the 2000 – 2013 active
phase was analysed in the work of Tomov et al. (2008) and was concluded that
the broad wings of the line extending to velocities not smaller than about
2000 km s−1 from its centre are formed mainly through Raman scattering
of Lyβ photons by atomic hydrogen in the wind of the giant. It was also
concluded that radiation damping has probably some contribution in these
wings too. In July 2006 the red wing was appreciably more intensive than the
blue one. Skopal (2006) suggested that the Hα wings of the symbiotic stars
during their active phases form in the high velocity wind of their compact
component. Based on this suggestion Skopal et al. (2009a) concluded that
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Table 5.11: The Hα and Hβ lines data.

Date Line F (t)a Blue Red Ṁcw
b

RV F Ṁ RV F Ṁ

Jul 19 Hα 332.527 −1196 1.675 1.05 1445 1.675 1.05 2.10
Aug 8 Hα 279.490 −1087 2.883 1.24 1346 3.244 1.46 2.70
Aug 12 Hα . . . −1260 4.407 1.69 1201 3.526 1.27 2.96
Sept 7 Hα 262.478 −1245 2.642 0.84 1178 2.936 0.96 1.80
Sept 8 Hα 257.047 −1262 2.496 0.76 1196 3.083 1.07 1.83

Hβ 90.170 −1291 1.198 0.90 1196 1.800 1.38 2.28
Oct 3 Hα 264.773 −1050 4.071 1.37 1112 3.053 0.86 2.23
Oct 4 Hα 270.444 −1070 4.071 1.34 1099 3.053 0.90 2.24

Hβ 91.199 −1074 2.507 1.79 1078 1.393 0.88 2.67
Oct 31 Hα 241.650 −1054 2.295 0.82 1132 1.620 0.66 1.48
Dec 1 Hα 251.334 −1214 1.577 0.89 1174 1.092 0.68 1.57

Hβ 73.248 −1261 0.804 0.73 . . . . . . . . . > 0.73
Dec 2 Hα 250.484 . . . . . . . . . 1185 1.092 0.78 > 0.78

Hβ 76.814 −1177 1.408 1.71 . . . . . . . . . > 1.71
Dec 30 Hα 279.816 . . . . . . . . . . . . . . . . . . . . .

All fluxes are in units of 10−12 erg cm−2 s−1, the mass-loss rate – in units of
10−7(d/1.12kpc)3/2 M⊙ yr−1 and the radial velocity – in units of km s−1.
a F (t) is the total line flux.
b Ṁcw is a sum of the mass-loss rates based on the satellite components.

the Hα wings of Z And during the 2006 brightening are also determined from
stellar wind. However, attention should be paid to the fact that the FWZI
of the Hα wings of Z And was the same in both stages of the system, the
quiescent and active ones, maintaining its value of about 4 000 km s−1. This
fact gives us some reason to suppose that during the 2006 brightening the
FWZI of the wings was determined mainly from radiation damping like in the
quiescent state of the system and the stellar wind emitted at smaller distance
from the centre of the line. Moreover, the region of shock waves produced
by the collision of the wind with the accretion disc/envelope can contribute
to the wings too (Drake et al. 2009; Ionov et al. 2012). The problem on the
nature of the Hα wings needs to be considered further.

Together with the central component and the broad wings the Hα line pre-
sented additional satellite components with velocity of more than 1 000 km s−1

situated on either side of the central component (Fig. 5.14). The view that
they are an indication of bipolar collimated outflow from the compact object
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Figure 5.15: Time evolution of the Hβ line.

is commonly accepted (Burmeister & Leedjärv 2007; Skopal et al. 2009a; To-
mov et al. 2012). We associate these components with a collimated stellar
wind.

The first of our spectra, taken in July, show one pronounced absorption
with a velocity of 1 400 km s−1 on the short-wavelength side of the central
component of the line and only weak emission component, irregularly shaped
and having velocity of about 1 500 km s−1 on its long-wavelength side. The
absorption indicates mass outflow which projects on to the observed photo-
sphere of the outbursting compact object (its flat shell) (Tomov et al. 2014).
As is seen from the evolution of the spectrum the absorption component dis-
appears and emission appears. Thus two emission components on the two
sides of the central peak form after the middle of July and were visible un-
til December. The disappearance of the blueshifted absorption component
and the development of emission are most probably due to a decrease of
the mass-loss rate of the compact object and/or increase of the number of
emitting atoms in that area of the wind which does not project on to the
observed photosphere. The evolution of the spectrum (Fig. 5.14, Table 5.11)
shows also that the line flux of the satellite components after the beginning
of October decreases with time, which is due to decrease of the mass-loss
rate of the compact object.

Hβ line

Figure 5.15 shows the evolution of the Hβ line in one short period of time
from September to December 2006. At that time the Hβ profile was similar to
the profile of Hα and consisted of strong central emission component (core),
located around the reference wavelength, broad wings extended to about
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1 500 km s−1 from the center of the line and additional emission features on
both sides of the central component. On the spectrum of Sep. 8 the line had
one blueshifted absorption dip in its emission profile at a velocity of about
−150 km s−1 from its center. In December the central emission presented a
weak shoulder on its short-wavelength side at a velocity of 70 km s−1 from
the line center like the absorption dip in the emission profile of Hα at that
time. The high-velocity satellite emission components were fitted with a
Gaussian and the other part of the line (the core together with the wings)
– with two or three Lorentzians. The uncertainty of the equivalent width of
the satellite emissions was not more than 30 per cent and that of the whole
line – about 2 per cent. According to the theory the profile of the spectral
line determined from radiation damping is approximated with a Lorentzian
function. That is why we assume that the broad Hβ wings are determined
mainly from radiation damping. It is possible, however, the stellar wind
of the outbursting object and the region of shock waves produced by the
collision of the wind with the accretion disc/envelope to contribute to these
wings too.

The line Hβ presented additional satellite emission components with a
velocity of up to about 1 300 km s−1 situated on either side of the central
component indicating bipolar collimated outflow from the system like the
line Hα . The evolution of the spectrum shows that their flux decreases with
time due to decrease of the mass-loss rate of the compact object (Fig. 5.15,
Table 5.11).

Hγ line

The evolution of the Hγ profile was considered in the work of Tomov et
al. (2014). According to these data it was a multicomponent one with fea-
tures related to all the components of the flow in the system. The Hγ line
presented a broad emission component with a low intensity and a FWZI of
about 1000 km s−1 in addition to its central narrow component with a neb-
ular profile like during the 2000 – 2002 outburst (Tomov et al. 2008). The
broad component is best seen on the spectra taken after 2006 October 31
(Figs. 5.14 and 5.16). The broad component was analysed by fitting with a
Gaussian function (Fig. 5.16, left panel), and its parameters obtained with
this procedure are listed in Table 5.12. The error of the equivalent width
due to the uncertainty of the continuum level reaches up to 10 per cent. On
the spectra taken in July – September the blue wing of the broad component
was not seen because of blending with the P Cyg absorption component (see
below and Fig. 5.14, right panel). On the spectra taken in October and De-
cember the blue wing appeared to be less extended than the red one due to
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Figure 5.16: Left panel: The profile of the Hγ line on July 9 and October
31. The Gaussian fit of the broad component is also shown. The level of the
local continuum is marked with a dashed line. Right panel: The profile of
the Hα and Hγ lines on July 9. The level of the local continuum is marked
with a dashed line.

blending with the P Cyg absorption. What is the mechanism of broadening
of the line Hγ ? If we suppose that its broad emission component is produced
by electron scattering, even at low electron temperature of 10 000 K its wide
(FWHM) should be large, accounting to ∼ 900 km s−1. Since its wide of
340 – 480 km s−1 is much smaller, it is probably not produced by electron
scattering. An other possibility is emission by an optically thin Keplerian
accretion disc. According to (Skopal et al. 2009a) the radius of the observed
photosphere of the outbursting compact object is equal to 12±4 R⊙ at a dis-
tance to the system of 1.5 kpc. Baring in mind the error of the observations,
this radius is reduced to 10 R⊙ at a distance of 1.12 kpc. Using a mass of the
compact object of 0.6 M⊙ (Fernandez-Castro et al. 1988; Schmid & Schild
1997) and a radius of 10 R⊙ we obtain Keplerian velocity of 100 km s−1

which is too small compared to the half wide at zero intensity of the line
of 370 – 510 km s−1. Then we suppose that the broad emission component
indicates mainly an optically thin stellar wind from the outbursting object.
The region of shock waves produced by the collision of the wind with the
disc/envelope, however, can contribute to this component too.

On the spectra taken during July – September 2006 the central narrow
component of the line had positive radial velocity, which was due to presence
of a blueshifted P Cyg absorption (Figs. 5.14 and 5.16). In July this ab-
sorption presented multi-component structure and occupied a velocity range
from about −100 to about −1 500 km s−1. After that it gradually weakened
and converted in low velocity absorption presenting in the spectrum until the
beginning of October 2006 (Fig. 5.14). On September 8 this absorption was

152



Table 5.12: The Hγ line data.

Datea FWHM(N) F (N) FWHM(B) FWZI(B) υw F (B) Ṁ
(km s−1) (km s−1) (km s−1) (km s−1)

Jul 8 92.6 26.697
Jul 9 111.2 28.791
Jul 14 106.4 35.054
Jul 20 126.4 45.003
Aug 13 111.2 27.873
Sep 7 103.6 32.064
Sep 8 102.9 29.453
Oct 3 99.5 27.676
Oct 4 96.0 30.550
Oct 31 85.6 20.174 340±40 746 370 7.834 1.05
Dec 1 82.9 20.003 430±40 981 490 6.209 1.14
Dec 2 82.9 20.074 480±50 1022 510 6.280 1.20
Dec 30 86.3 28.498 490±50 1062 530 10.450 1.53

a The data taken in Jul 8 – Oct 4 are for the whole observed emission in-
cluding the red wing of the broad component.
N denotes narrow component and B – broad component.
F is in units of 10−12 erg cm−2 s−1,
Ṁ is in units of 10−7(d/1.12 kpc)3/2 M⊙ yr−1.

at the same velocity position of about −150 km s−1 like the absorption dip in
the Hβ emission profile (Fig. 5.17). The residual intensity of this absorption
was minimal in the middle of July at 0.4. As the cool giant’s continuum, at
the same time, was less than 9 per cent of the total continuum of the system
at the wavelength position of the B photometric band (Skopal et al. 2009a)
which is close to the Hγ line, the P Cyg profile originates from absorption of
the radiation emitted by the mass outflow from the compact object.

The comparison of the spectra taken on July 9 and October 31 shows that
the red wing of the broad component on the two spectra coincide (Fig. 5.16),
which suggests that the Hγ line has three components, consisting of a central
narrow emission, a broad emission with low intensity and multi-component
P Cyg absorption occupying broad range of velocities of the outflowing ma-
terial – from about 100 to 1 500 km s−1.

The comparison of the Hγ profile with those of Hα and Hβ taken on Septem-
ber 8 (Fig. 5.17) shows that the Hγ line displays the same satellite emission
components visible in the Hβ and Hα profiles. Both Hγ satellite components
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Figure 5.17: The profiles of the Hα , Hβ and Hγ lines based on a CCD frame
on 2006 September 8. The satellite components are marked with vertical
lines. The level of the local continuum is indicated by a dashes line.

were observed only in September when the intensity of the Hα components
was maximal. In October only a blueshifted Hγ emission was present in the
spectrum. This means that in September the Hγ profile consisted of four
groups of components.

The absorption component of the line Hα occupies more narrow velocity
range compared with the Hγ absorption (Fig. 5.16). We can suppose that the
atoms absorbing the Hα photons are situated probably in more outer part of
the area projecting onto the observed photosphere where the radial velocities
occupy more narrow range (Fig. 5.25).

Helium lines

The singlet lines of He i with wavelengths 4388 Å and 6678 Å in the period
July 8 – 20 had a high velocity absorption component of the type P Cyg
with the same position like the absorption component of Hα and the most
blueshifted component of Hγ (Fig. 5.18). After that time the absorption of
the line He i 4388 converted into narrow feature with much lower velocity,
which in September was about 100 km s−1. Since October the profile of this
line was purely in emission. The He i 6678 profile was purely in emission
after July 20.

The triplet line of He i with wavelength 4713 Å in the period July 8 –
20 had a high velocity P Cyg component with the same position like the
absorption components of Balmer lines and the singlet lines (Fig. 5.20). A
high velocity component with the same position was observed in the triplet
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Figure 5.18: The region of the line Hγ based on CCD frames taken on 2006
July 8 (lower spectrum) and July 9 (upper spectrum). The lines of He i 4388
and 4471 are seen. These three lines have a high velocity P Cyg absorption
component.

Figure 5.19: The lines Hγ (lower spectrum), He i 4471 and 4713 on CCD
frame taken on 2006 July 8.

line He i 4471 too, but this line had also additional absorption components,
occupying an interval of lower velocities similar to the line Hγ (Fig. 5.19).
After July 20 the P Cyg absorption of the triplet lines converted into nar-
row component showing a low velocity of the outflowing material of about
100 km s−1 like the line Hγ , but this component was observed up to the
beginning of December (Fig. 5.20). The line fluxes of the helium lines are
listed in Table 5.13.
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Table 5.13: The fluxes of the emission lines of Z And during its 2006 outburst
in units 10−12 erg cm−2 s−1.

Date [O iii] He i He i Fe ii He i

λ 4363 λ 4388 λ 4471 λ 4629 λ 4713

Jul 8 2.047 3.547 7.421 2.828 3.839
Jul 9 2.173 3.311 7.946 2.768 2.846
Jul 14 1.902 3.566 8.098 3.459 3.099
Jul 19 2.898 1.798
Jul 20 1.187 2.477 6.289
Aug 13 1.574 0.794 3.584 1.781 1.128
Sep 7 3.303 2.293 5.786 2.045 2.543
Sep 8 3.158 2.094 4.911 2.055 2.314
Oct 3 3.497 3.660 1.970 2.825
Oct 4 3.901 3.741 4.662 2.000 2.591
Oct 31 6.714 4.558 3.566 1.977 2.269
Dec 1 7.017 3.914 2.412 1.828 1.276
Dec 2 7.027 4.062 2.344 1.797 1.481
Dec 30 6.943 3.981 3.646 1.883 2.414

In the framework of our model the P Cyg components of the He i lines can
be interpreted as absorption by the outflowing material which is projecting
onto the observed photosphere of the outbursting compact object (the flat
shell) (Fig. 5.25). The absence of high velocity emission components of the
He i lines suggests that the emission region of He i was small.

Lines of elements of high degree of ionization

The evolution of the line He ii 4686 during the period of our observations is
shown in Fig. 5.20. In October – December it was two component one, con-
sisting of a central narrow emission and a low intensity broad component with
FWZI of 1200 km s−1 like during the previous brightening of Z And in 2000–
2002 (Tomov et al. 2008). The two components had different behaviour with
the fading of the light: the energy flux of the narrow one increased whereas
the flux of the broad component did not (Table 5.14). Before October this
component was hardly visible due to the intensive optical continuum of the
system, absorption by the high-velocity P Cyg component of the line He i

4713 and its natural variability. At that time it was associated with an emis-
sion, exceeding the level of the local continuum, which can not be measured
with adequate accuracy, like in the quiescent state of the system (Tomov et
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Table 5.14: The He ii λ 4686 line data. Ṁw is based on both lines Hγ and
He ii λ 4686. The other quantities are the same as in Table 5.12.

Date RV(N) FWHM(N) F (N) FWHM(B) FWZI(B) υw F (B) Ṁ Ṁw

(km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

Jul 8 < −200 . . . 5.046
Jul 9 −84 213 0.986
Jul 14 < −200 . . . 5.230
Jul 19 −100 219 2.549
Aug 13 −89 197 3.540
Sep 7 −87 141 9.083
Sep 8 −132 265 5.867
Oct 3 −58 208 9.552
Oct 4 −57 134 7.580 558± 40 1228 600 4.945 1.14 1.14
Oct 31 −24 147 27.424 613±100 1215 600 3.824 0.80 1.05
Dec 1 −25 160 28.249 682± 40 1392 700 5.330 1.02 1.14
Dec 2 −25 160 26.010 590± 30 1240 600 4.776 0.82 1.20
Dec 30 −24 137 42.910 634± 50 1302 650 4.465 0.82 1.53

al. 2008). We analysed the broad component by approximating with a Gaus-
sian function and its parameters obtained with this procedure are listed in
Table 5.14. The error of the equivalent width due to the uncertainty of the
continuum level is 8 – 14 per cent. The broad component showed a velocity
close to that of the line Hγ and we supposed that it is emitted by the same
regions in the system which give rise to the Hγ broad component, mainly by
the stellar wind of the outbursting object.

In July, at the time of the light maximum a weak broad variable emission
with an irregular shape at a wavelength position close to that of the line He ii

4686 was visible only (Fig. 5.20). On July 9 it was much weaker compared
to July 8, undergoing thus strong variation on a time-scale of about one
day. At some times its long wavelengths side was partly absorbed by the
high-velocity P Cyg component of the line He i 4713. We suppose that both
components of the line He ii 4686 contributed to this variable emission.

The energy flux of the line He ii 4686 was about 3.6 × 10−11 erg cm−2 s−1

in quiescence (Tomov et al. 2008) and decreased to about 5 × 10−12 erg cm−2 s−1

at the time of the light maximum, which means that its emitting region was
probably decreased and was related only to the close vicinity of the hot
companion. At the time of the light maximum the line He ii 4686 had a
high negative velocity of less than −200km s−1, which increased to about
−20km s−1 in December (Table 5.14). This means that the motion of the
emitting gas differs from the motion of the mass center of the system, whose
velocity is −2 km s−1 (Mikolajewska & Kenyon 1996; Fekel et al. 2000). As
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Figure 5.20: The evolution of the profile of the lines He ii 4686 and He i 4713

in our previous work (Tomov et al. 2008), we suppose that the narrow com-
ponent of the line He ii 4686 is emitted in a region of a shock ionization where
the outflowing material from the outbursting object meets the accretion disc
and disc-like envelope. According to the gas dynamical modeling this region
is heated mainly by propagation of a shock wave which begins to form about
70d after the appearance of the companion’s wind and reaches its maximal
development about 20–30d later (Bisikalo et al. 2006). This period of about
100 days is close to the typical time of the growth of the optical light during
the outbursts of Z Andwhich means that the region of shock wave should
form close to the light maximum and exist after it. The temperature of this
region is appreciably higher than that of the surrounding medium and can
reach 106 K. Some part of this region is occulted by the effective photosphere
(the flat shell) of the outbursting object (Fig. 5.25). It is possible the gas par-
ticles in this region to move radially outwards which, in this case, determines
the width of the line.

After the light maximum the mass-loss rate of the compact object de-
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Figure 5.21: The increase of the intensity of the He ii 4686 narrow component
and its gradually shift to the long wavelengths side with the decrease of the
light.

creased (see the next section) which moved the level of the effective photo-
sphere back to the star (Fig. 5.25). The size of this photosphere decreased
and it occulted less and less the shock region. This determined both the
increase of the intensity of the He ii 4686 narrow component and its shift to
the long wavelengths side (Fig 5.21) since more particles in the back part of
its emitting region, which move away, are seen.

We observed also some lines of elements with high ionization degree –
N iii 4634, N iii 4641 and C iii 4647 which are in the region of the He ii 4686
line. The width of these lines increased and was well above its quiescent
value of about 40 km s−1 (Tomov et al. 2008).

The line N iii 4634 creates an unresolved blend with the line Cr ii 4634.
The relative intensity of the lines of high ionization degree strongly decreased
at the time of maximal light and in July and August the nitrogen line was
weaker than the line of Cr ii. That is why in July and August the nitrogen
line was not measured (Table 5.15).

During the outburst the line N iii 4641 broadened and formed thus an
unresolved blend with the lines of O ii λ 4639, 4642. The nitrogen lines were
undergoing strong variation on a time-scale of about one day being on July 9
much weaker compared to July 8 like the line He ii 4686. For this reason the
line N iii 4641 was very weak and was not measured on July 9. Moreover,
it was weak and thus badly blended with the O ii lines on July 19, Aug. 13
and Sept. 8 and was not measured too (Table 5.15). Our data show that
after the end of October the intensity of the N iii lines increased (Table 5.15,
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Figure 5.22: The evolution of the profile of N iii and C iii lines: in July –
August (upper panel), September – October (middle panel) and October –
December (lower panel)

Fig. 5.22).
During the outburst the line C iii 4647 broadened too and blended with

the lines Fe ii 4649, O ii 4649, C iii 4650 and O ii 4651. For this reason it was
not measured on Aug. 13, Sept. 7 and Sept. 8.

The radial velocity of the central narrow component of the line He ii

4686 and the other lines of high ionization degree is shown in Fig. 5.23. The
velocity of all lines increased. The data in Table 5.15 show that the flux of the
nitrogen lines increases after the light maximum like the flux of the narrow
He ii component. This behaviour can be explained with the supposition the
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Figure 5.23: The radial velocity of the lines of elements with high ionization
degree. On the lower panel open circles mark the line N iii 4634 and filled
circles – the line N iii 4641. The uncertainty of the measurement reaches up
to 5 km s−1.

nitrogen lines appear in the same region of shock wave whose unocculted
part rises with the decrease of the mass-loss rate of the outbursting object.

5.5.3 Mass-loss rate

According to the model we suggested the wind of the outbursting compact
object associated with the broad emission components of the lines Hγ and
He ii 4686 is collimated by the envelope covering the accretion disc and the
collimated outflow is observed as the satellite emission components of the
lines Hα , Hβ and Hγ . These two groups of lines appear in different parts of
the outflow but both of them indicate mass-loss. The total mass-loss rate of
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Table 5.15: The N iii and C iii lines data. RV and FWHM are in units km s−1

and F – in units 10−12 erg cm−2 s−1.

Date N iii λ 4634 N iii λ 4641 C iii λ 4647
RV FWHM F RV FWHM F RV FWHM F

Jul 8 −17 96 1.515 −11 97 2.213
Jul 9 −25 108 1.206
Jul 14 −47 136 2.160 −30 113 2.088
Jul 19 −22 123 1.822
Sep 7 −17 100 1.019 −43 171 3.012
Sep 8 −15 83 0.769
Oct 3 −3 107 1.365 6 158 3.465 12 89 2.043
Oct 4 −23 102 1.787 −21 148 3.884 −21 103 1.880
Oct 31 −13 113 2.535 0 107 4.986 2 100 2.701
Dec 1 −4 99 2.534 4 94 4.598 6 95 2.196
Dec 2 −4 94 2.315 1 102 4.648 2 105 2.432
Dec 30 −14 92 2.979 −11 92 5.785 −11 92 2.023

the compact object will be derived as a sum of the mass-loss rates related to
each part of the outflow – noncollimated and collimated ones. The mass-loss
rate was determined from the energy flux of the lines supposing that the
outflow has a constant velocity and using the nebular approach (Vogel &
Nussbaumer 1994).

The mass-loss rate based on the broad Hγ emission component was cal-
culated from the spectra obtained since October 31, as in the period prior
to it the blue wing of the Hγ line was absorbed by the wind outflow respon-
sible for the P Cyg absorption (Table 5.12). The mass-loss rate based on
the broad He ii 4686 emission component was calculated from the spectra
obtained since October 4 (Table 5.14).

The particle density in the wind is expressed via the continuity equation.
In our calculations, we adopted a value of the electron temperature in the
wind of 30 000 K like during the first outburst (Tomov et al. 2008). We used
a parameter µ = 1.4 (Nussbaumer & Vogel 1987), determining the mean
molecular weight µmH in the wind and a helium abundance of 0.1 (Vogel
& Nussbaumer 1994). We adopted a distance to the system d=1.12 kpc
(Fernandez-Castro et al. 1988, 1995) to compare the results with our previ-
ous paper on Z And more easily. It is supposed that the line is emitted by a
spherical layer and the radii of integration must be estimated. We assumed
optically thin medium and the inner radius in this case is thought to be the
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photospheric radius. The photospheric radius was estimated from the bolo-
metric luminosity and the effective temperature of the outbursting compact
object at the time of each observation. We used a bolometric luminosity of
104 L⊙ (Sokoloski et al. 2006) and Zanstra temperature from Burmeister &
Leedjärv (2007) and Burmeister (2010). The outer radius of integration was
14 R⊙ (see below). We used a recombination coefficient for case B (Storey
& Hummer 1995) corresponding to temperature of 30 000 K and the density
at the level of the photosphere at the time of each observation. The results
are presented in Tables 5.12 and 5.14.

It is seen that the mass-loss rates based on these two lines are practically
equal. Since, however, it is possible the line He ii 4686 to be emitted by
a smaller region in the wind than Hγ , as a final result we accepted the
rate based on Hγ . We used the rate based on He ii 4686 only when that
obtained from Hγ was not available. The final mass-loss rate Ṁw, related
to the noncollimated part of the outflow is present in the last column of
Table 5.14.

The mass-loss rate based on the Hα and Hβ satellite emission components
was calculated for each observation. The wind outflow was considered to
occupy a spherical sector with opening angle θ and solid angle Ω. The solid
angle Ω (Skopal et al. 2009a) is given with

Ω = 2π

(

1 − cos
θ

2

)

, (5.4)

where θ is the opening angle, which can be approximated as

θ = 2 arcsin
W

υobs tan i
. (5.5)

Here W is the half width at zero intensity of the satellite line components,
υobs is their observed velocity and i – the orbital inclination of the system. To
calculate θ and Ω the inclination of the orbit is need. Schmid & Schild (1997)
propose an inclination angle of 47◦±12◦ derived from their polarimetric orbit.
Skopal & Shagatova (2012) propose a close value of 59◦−2/+3◦ considering
the Rayleigh scattering in the system. The appearance of a strong blueshifted
absorption feature of all observed by us hydrogen amd helium lines proposes
high column density of the outflowing material which is projected onto the
stellar photosphere. That is why the inclination angle should not be high. In
conformity with these results we will use the value of 55◦ as an upper limit
of the inclination angle. With this limit for the Hα satellite components we
obtained average values of the lower limit of the opening angle of the spherical
sector of θ(f)α = 18.4◦±1.1◦ for the front wind component and θ(b)α =
16.8◦±0.7◦ for the back wind component. For the Hβ satellite components we
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obtained close average values of θ(f)β = 17.2◦±2.8◦ for the front component
and θ(b)β = 15.0◦±1.6◦ for the back component.

The next step is to estimate the radii of integration. The broad com-
ponents and the satellite components are emitted in regions with different
velocity fields. We assume that the satellite Hα and Hβ components are emit-
ted in the region of the wind where the velocity is at a maximum. The
inner radius of this region was determined in the next way. The absorption
satellite component is an indication of mass outflow which is projected on to
the observed photosphere of the outbursting compact object (its flat shell).
Emission lines appear above the projected part of the outflow. In Sect. 5.5.2
we took a radius of the flat shell of 10 R⊙ at a distance of 1.12 kpc. Then
using a diameter of 20 R⊙ and an inclination angle of 55◦ for the inner ra-
dius of the region of the collimated wind we obtained 14 R⊙. We adopted an
outer radius of this region of infinity. We used a recombination coefficient for
case B (Storey & Hummer 1995) corresponding to a temperature of 30 000 K
and density at a distance of 14 R⊙ from the compact object at the time of
each observation. The results are presented in Table 5.11. The mass-loss
rate with use of the Hγ satellite components was not calculated since both
of them were visible only at one time of observation (Sect. 5.5.2). The rates
based on Hα and Hβ differ with no more than 30 per cent which is really their
inner uncertainty. Only in December when one satellite component was mea-
sured, giving us the lower limit of the rate, the difference between Hα and
Hβ reached more than 50 per cent. That is why we accept the rate based on
Hα only since it is emitted by a greater area in the collimated outflow and
because of its more full set of data.

The mass-loss rate based on the satellite components and related to the
collimated part of the outflow decreased with the optical light (Table 5.11).
It was about 3 × 10−7 (d/1.12 kpc)3/2 M⊙ yr−1 at the time of the light
maximum and decreased to a value close to zero at the end of December
when these components were not possible to be measured. The mass-loss
rate based on the broad components and related to the noncollimated part
of the outflow was close to 1 × 10−7(d/1.12 kpc)3/2 M⊙ yr−1 in October–
December (Table 5.14). So we obtained that in October–December the total
mass-loss rate has decreased from about 3 × 10−7 (d/1.12 kpc)3/2 M⊙ yr−1 to
about 1 × 10−7 (d/1.12 kpc)3/2 M⊙ yr−1. As, however, since the time of the
light maximum a noncollimated wind was observed too, we suppose that the
total mass-loss rate has been about 4–5 × 10−7 (d/1.12 kpc)3/2 M⊙ yr−1 at
the time of the light maximum and has decreased to 1 × 10−7 (d/1.12 kpc)3/2

M⊙ yr−1 at the end of December.
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5.6 A model for interpretation of the line

spectrum

5.6.1 General characteristics of the line spectrum

The model for interpretation of the line spectrum of Z And during its 2000–
2013 active phase was considered in the works of Tomov et al. (2010b,
2011a,b, 2012, 2014). High resolution optical data indicating greatly dif-
ferent physical conditions (velocity, density, temperature) in the emitting
regions of the lines were obtained during this active phase (Skopal et al.
2006; Sokoloski et al. 2006; Tomov et al. 2007; Tomova, Tomov et al. 2008;
Skopal et al. 2009a; Tomov et al. 2010a).

The main features of the flow structure during the active phase indicated
by our data can be summarized as follows:

1. We suppose that an accretion disk is present in the system. Only in this
way we can explain the presence of the He ii λ4686 line in the spectrum
and its behavior during the 2000 – 2002 outburst (Tomov et al. 2008;
Tomova, Tomov et al. 2008) as well as the multi-velocity regime of the
stellar wind.

2. Stellar wind was observed in the system during all the outbursts. Winds
with different velocity and optical thichkness were observed simultane-
ously (Sokoloski et al. 2006; Skopal et al. 2006; Tomova, Tomov et al.
2008; Tomov et al. 2008, 2012).

3. Bipolar collimated outflow appeared during the 2006 – 2007 outburst.
In the beginning of July 2006 the Hα line had an absorption compo-
nent shifted by −1400 km s−1 from its center. It went into emission
and later, in July–December 2006, the line Hα had additional emission
components on either side of its central peak corresponding to veloci-
ties of 1100–1500 km s−1 (Burmeister & Leedjärv 2007; Tomov et al.
2007; Skopal et al. 2009a; Tomov et al. 2012). The lines Hβ and Hγ had
similar features (Tomov et al. 2007; Skopal et al. 2009a). In July the Hγ

had a blueshifted P Cyg absorption with a multi-component structure
occupying a broad velocity range. The He i lines presented similar high
velocity P Cyg absorption. Both the emission and absorption compo-
nents are assumed to be formed in a bipolar collimated outflow (Tomov
et al. 2007, 2012).

During the 2000 – 2002 and 2002 brightenings we detected spectral in-
dications of stellar wind outflow. On the other hand, the spectral features
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observed during the 2006–2007 brightening indicated both stellar wind and
high-velocity bipolar collimated outflow. These indications leads to the idea
of presence of some kind of mechanism of collimation related to the accretion
disc. The existence of collimated outflow during the 2006 – 2007 brightening
and its absence during the previous brightenings hint that this outflow can
have its origin in processes occurring during the previous brightenings and
show that our idea about the disc-like formation in the system is necessary to
be improved and developed further, considering the active phase as a whole
rather than each individual brightening separately.

The question about the nature of the collimated outflow is important as
its solution can provide concepts about the physical processes in the system
during outburst. The nature of the collimated jets is subject of intensive
theoretical investigation and the view they represent outflow from an accret-
ing compact object is widely accepted. Theoretical considerations show that
the presence of both accretion disc and magnetic field is mandatory condi-
tion collimated jets to occur. (Zanni et al. 2007; Livio 2011; and references
therein). Following the theory collimated jets in the symbiotic stars should
be observed during both of their states, always when an accretion disc and
collimating magnetic fields are available in the system. Accretion disc can
form in their quiescent state (Bisikalo et al. 2002; Mitsumoto et al. 2005)
and can survive during the active state (Tomov et al. 2011a), which proposes
possibility jets to exist during both of these states. Moreover, it follows from
the theory that there is even better possibility jets to exist in the quiescent
state since the stellar wind from the outbursting compact object destroys the
disc, moving its inner annulus outward where Keplerian velocities are low and
do not contribute to the jet velocity. Observations, however, show that in
many of the stars with optical indication of collimated outflow (Z And , Hen
3-1341, StHα 190, BF Cyg), this indication is present in the spectrum only
during their active state when non collimated loss of mass by the outburst-
ing white dwarf realises too (Skopal et al. 2009a; Tomov et al. 2012; Tomov
T. et al. 2000; Munari et al. 2001, 2005; Skopal, Tomov et al. 2013). That
suggests to us the two kinds of outflow are probably connected and the col-
limated outflow occurs only along with the non collimated one. That is why
we suggest an other model to interpret the line spectrum of the symbiotic
stars during their active phases where the collimated outflow results from the
non collimated. In the framework of this model the collimated ejection could
arise due to a stellar wind, if mechanism of collimation is available in the sys-
tem. Such a mechanism can be related to a disc-like formation surrounding
the white dwarf which provides a small opening angle of the outflowing jets.
The proposed model gives possibility to explain all features of the observed
spectrum without any important contradictions.
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The main aim of our study is to suggest a model for the flow structure in
the system Z And to explain all spectral features. We believe that it will be
helpful in explaining not only the data acquired during the last active phase
of Z And , but also all spectroscopic data taken during earlier phases, those
following 1939, 1960 and 1984 and possibly the activity of other classical
symbiotic stars.

5.6.2 Model

The mass transfer in Z And is from the stellar wind of the giant and the
general structure of the flow thus largely depends on the wind parameters.
As it was shown by two-dimensional and three-dimensional gas-dynamics
modeling accretion can occur either with or without accretion disc depending
on the wind parameters (Bisikalo et al. 2002, 2006; Mitsumoto et al. 2005).
For the quiescent wind parameters of Z And an accretion disc forms in the
system, which is seen in Fig. 5.24 (a). This figure shows that some of the flow
lines in the orbital plane close around the accretor which indicates appearance
of an accretion disk. The contours of constant density and the velocity vectors
in the orbital plane are shown in Fig. 5.24 (b). The density contours also
close around the accretor, which shows that an accretion disc forms in the
system. The radius of the disk is about 50 R⊙ for a wind velocity of 20 – 25
km s−1and thus the outer part of the disk is optically thin. The mass of the
disk is estimated as product of one quarter of the mass-loss rate of the giant
∼2 × 10−7 M⊙ yr−1 (Fernandez-Castro et al. 1988), and the typical time
interval between the active phases—about 10 years. Based on the size and
the mass of the disk of ∼5 × 10−7 M⊙ we can assume that its inner region
can be optically thick. So we suppose that a thin accretion disc, located in
the orbital plane exists in the quiescent state of the system.

To change the system from quiescent to active state a sufficiently large
increase of the accretion rate is needed. Accretion of a considerable fraction
of the disk’s mass is required in order for an outburst to develop even in
the combined model where the increased nuclear burning rate is taken into
account (Bisikalo et al. 2006). Maximal increase of the accretion rate is
possible in the framework of the mechanism proposed by Bisikalo et al. (2002)
and Mitsumoto et al. (2005). According to this mechanism, even a small
increase of the velocity of the wind of the donor is sufficient to change the
accretion regime. During the transition from disk accretion to accretion
from the flow, the disk is partially disrupted and the increased velocity of
the wind causes falling of the material of the disk onto the accretor’s surface.
However, even in this case a considerable amount of mass (up to 50 − 80
per cent) stays in the disk. Then massive accretion disk exists in the system
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Figure 5.24: (a) Flow lines in the orbital plane of the system. The accretor
is in the center. (From the 3D computations presented in Mitsumoto et al.
(2005).) (b) Contours of constant density and velocity vectors in the orbital
plane of the system. The dashed curve is the edge of the accretion disk.
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during the active phase too.
During the first outburst the high velocity wind collides with the accre-

tion disc. As a result of the collision its velocity close to the orbital plane
decreases and does not change at higher stellar latitudes. The decrease of the
velocity leads to an increase of the density and the level of the observed pho-
tosphere resides further away from the star. At higher stellar latitudes the
level of the photosphere resides closer to the star. In this way an optically
thick disc-like shell forms in the orbital plane, which plays the role of the
observed photosphere. This shell occults the hot compact object and since
the shell has a lower effective temperature (Tomov et al. 2003a; Skopal et
al. 2006, 2009a) it is responsible for redistribution of the continuum energy
from shorter wavelengths toward the optical region, resulting in the detec-
tion of an outburst. The observed P Cyg absorption is related to this shell.
The collision of the wind with the accretion disc is equivalent to collision of
two stellar winds and leads to appearance of region of shock waves whose
temperature can reach 106 K (Nussbaumer & Walder 1993; Bisikalo et al.
2006).

During the active phase the wind of the compact object “strips” the
accretion disc and ejects some part of its mass. At the end of each outburst
some part of the ejected mass locates in the potential well of the compact
object. After the cessation of the wind it begins to accrete again. Because
of conservation of the initial angular momentum the accreting material falls
into the disc and an envelope covering the disc forms. In this case an inverse
P Cyg profile can not be observed since the disc is large compared to the
effective photosphere. The envelope is located at a greater distance from
the orbital plane than the accretion disc itself. The existence of centrifugal
barrier leads to the appearance of two hollow cones with a small opening
angle (15◦ − 30◦) around the axis of rotation (Fig. 5.25, left panel) (Icke
1981; Blandford & Begelman 2004).

During the first outburst the envelope does not exist2. During the fol-
lowing outbursts of the active phase the extended envelope can collimate the
wind, which in this case occupies only the two hollow cones and bipolar out-
flow forms (Fig. 5.25, left panel). This outflow is observed as high velocity
satellite components, situated on either side of the main peak of the emis-
sion line. Their presence in the spectrum depends on the density of both
the envelope (i. e. on the system’s activity during its previous phases) and
the outflowing material. These components will appear only if the density

2We consider the case when the envelope from the previous active phase has already
disappeared. If not, we can observe collimated outflow from the very beginning of the
active phase.
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Figure 5.25: Left panel: Schematic model of the region around the hot com-
ponent during recurrent strong outburst. Right panel: The same, but in
the plane perpendicular to the orbital plane where the emission regions are
shown. (From Tomov et al. (2010b, 2011a, 2014).)
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of the envelope is high enough to provide collimation and the mass-loss rate
of the outbursting component is also high. According to our model they are
expected to be observed during outbursts accompanied by mass-loss at high
rates and preceded by similar strong outburst.

This model predicts a stellar wind from the outbursting object for every
system with spectral indication of collimated outflow during active phase
(Tomov et al. 2014). For systems seen at high inclination (i ∼ 90◦, eclipsing
systems) it predicts emission wind component at a velocity position at the
center of the line with a full width at zero intensity (FWZI) equal to the
doublet velocity of the wind if the wind is optically thin. This component
should be blended with the emission component of the collimated outflow.
If the stellar wind is optically thick, it is expected to form a blueshifted
absorption of the type P Cyg. So the systems seen at high inclination can not
be distinguished from the systems with stellar wind only (without collimated
outflow) and central emission from the nebula.

With decreasing the orbit inclination satellite components on both sides
(if the collimated outflow is bipolar one) of the line center appear and reach
their maximal velocity position at inclination i = 0◦ (systems seen pole-on).
When i = 0◦ and the front part of the outflow (wind+stream) is optically
thin, a blueshifted emission component should present in the spectrum. It
can occupy a broad range of velocities – from the velocity of the wind close
to the outbursting object to the terminal velocity. When the front part
of the outflow (wind+stream) is optically thick, a blueshifted absorption
component should exist, which can occupy a broad range of velocities too.
In this case, however, if some part of the outflow does not project on the
effective photosphere (depending from the opening angle of the stream) it can
give rise to blueshifted emission, whose velocity can be within the velocity
range of the absorption. When the outer part of the outflow is optically thin
and its inner part - optically thick, a blueshifted emission and less blueshifted
absorption should be observed.

When i = 0◦ a redshifted satellite component can not present in the
spectrum due to occultation of the back stream by the effective photosphere,
which depends from the opening angle of the stream. If the outer part of the
back stream is only seen (center is occulted), the velocity of the redshifted
component will be smaller than the (effective) velocity in the stream. The
wind particles moving perpendicular to the line of sight should give rise to
emission close to the line center which will be blended with the line compo-
nent from the nebula.

The gas outflowing close to the surface of the cone, whose velocity is lower
than that along to the cone axis, can contribute to the broad wind emission
components too (Fig. 5.25). Depending on the inclination angle of the orbit
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and the opening angle of the cone the outflow close to the cone surface can
have a radial velocity, which makes it able to emit at wavelengths far away
from the center of the satellite emission. According to this model, the profiles
of the symbiotic binaries with collimated ejection during their active phases
can have complex morphology depending from the inclination of the orbit,
the opening angle of the stream and the velocity and optical thickness of the
outflows.

As a result of interaction of the stellar wind with the disc/envelope a high-
temperature region of collisional ionization emitting X-ray spectrum forms
close to the orbital plane. Two-dimensional gas-dynamical model of a system
with parameters close to those of Z And shows that when the velocity of the
wind of the outbursting compact companion is even as low as 50–100 km s−1,
a region of shock waves appears as a result of collision with the wind of the
giant (Bisikalo et al. 2006). According to these computations shock structure
begins to form about 70d after the onset of the companion’s wind and reaches
its maximal development about 20−30d later. The temperature of the shock
region is appreciably higher than that of the surrounding medium and can
reach 106 K. With the accepted parameters of the wind the computed area
of the shock has a X-ray luminosity of 1031 – 1032 erg s−1. This result is in
good agreement with the X-ray luminosity of Z And observed during its 2000
– 2002 eruption (Sokoloski et al. 2006). It allows us to assume that a similar
region should arise close to the collision boundary between the companion’s
wind and the disc/envelope. This region should contribute to the broad lines.

According to this model a geometrically thin accretion disc exists in the
system during the first (2000 – 2002) outburst. The wind from the compact
companion with a high velocity of about 500 km s−1, indicated by the broad
emission component of the line He ii 4686, appears at early stage of the
outburst and is slowed down close to the orbital plane due to the collision
with the disc. As a result of the collision the wind acquires low velocity,
becomes optically thick and gives rise to the low velocity P Cyg component of
the lines of He i. The collision provides possibility a region of shock ionization
with a high electron temperature to appear in the system, which gives rise
to the narrow component of the line He ii 4686. The emitting region of this
line thus moves together with the compact companion and its back side is
occulted by the flat shell. This conclusion explains the great negative velocity
of the line.

An envelope covering the accretion disc, which can collimate the stellar
wind is possible to form in the Roche lobe of the compact object during
the recurrent outbursts of the active phase. This envelope can determine
the behaviour of both the optical light and the profiles of the spectral lines.
Its emission measure can be less or equal to the increase of the emission
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measure of the whole circumbinary nebula. It was shown that the double-
peaked Balmer lines Hα and Hγ during the outburst in the end of 2002 can
be emitted by such disc-shaped structure.

We suppose that an envelope covering the accretion disc and collimating
the stellar wind exists in the system during the 2006 – 2007 outburst. The
wind from the compact companion with a high velocity, indicated by the
broad emission component of the lines Hγ and He ii 4686 collides with the
disc and envelope and a collimated outflow forms after the collision. The
outer region of the outflow gives rise to the high-velocity satellite emission
components, situated on either side of the main peak of the lines Hα, Hβ and
Hγ . The outflowing gas which is projected onto the observed photosphere
of the outbursting compact object (the flat shell) gives rise to the P Cyg
absorption components of the lines Hα, Hγ and the He i lines. Due to this
absorption the blue wing of the broad emission component of the line Hγ is
not seen. The radial velocities in the area of the wind projecting onto the
observed photosphere cover an appreciable range – from values close to zero
to the maximal observed velocity of the collimated outflow. This provides
the possibility for broad absorption components to form. The red wing of
the broad emission component of the lines Hγ and He ii 4686 is seen since
some part of the back wind component and possibly the collision region of
the wind with the disc is not occulted by the observed photosphere (the flat
shell). As in the case of the first 2000 – 2002 outburst we suppose that a high-
temperature region of collisional ionization heated by shock waves appears
close to the accretion disc and gives rise to the narrow component of the line
He ii 4686.

5.6.3 Applicability of the model for other classical sym-

biotic stars

We suppose that the model suggested by us can be used to explain the
behavior of the line spectrum of other classical symbiotic stars during their
active phases too since they have the next general characteristics:

1. The mass transfer in the majority of the classical symbiotic stars is re-
alized with the stellar wind of the giant. The theoretical computations
of Bisikalo et al. (2002) and Mitsumoto et al. (2005) show that for sys-
tems with parameters close to those of Z And an accretion disk from
wind accretion forms around the compact object. The accretion disk
prevents the outflowing material during the active phase and outflow
with two-component velocity regime forms.
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2. The systems with parameters close to Z And have close accretion rate
of their compact object. The accretion rate determines the regime of
hydrogen burning. The view that hydrogen burns in a steady state in
the classical symbiotic stars is commonly accepted. When the accre-
tion rate goes above the upper limit of the steady burning range the
white dwarf expands which is observed as optical outburst with typical
duration of one year. The first outburst opening the active phase can
be followed by repeated outbursts. During the repeated outbursts an
extended envelope covering the accretion disk can form in the system
and can collimate the stellar wind.

5.6.4 Discussion

Widely accepted view is that collimated ejection by interacting binary stars
is related to mass outflow from an accretion disc around a compact object
driven by magnetic fields. According to this view collimated ejection by the
symbiotic stars is expected to be observed in both of their states - quiescent
and active ones if there is an accretion disc with collimating field strong
enough in the system. Spectroscopic data, however, show that in most cases
the collimated outflow by the symbiotic stars is observed only during phase
of activity when it is accompanied by an expansion of the outbursting object.
During the 2006 brightening of Z Andwe observed on one hand high velocity
satellite components of the line Hα , Hβ and Hγ , indicating bipolar collimated
outflow and, on the other hand, multi-component blueshifted absorption of
the line Hγ and the He i lines indicating P Cyg stellar wind with velocities
in a very broad region – from low velocity of about 100 km s−1 to very high
ones of 1500 km s−1. We suggest an idea to interpret this phenomenon, in the
framework of which the collimated outflow follows in the train of the stellar
wind by the compact object. This idea provides better interpretation of the
line components than the traditional model with a magnetic accretion disc.

5.7 Conclusion and results

After the year 2000 the symbiotic prototype Z And underwent its last active
phase. We used results of gas-dynamical modeling of the flow structure in
one symbiotic binary with parameters close to those of Z And to study the
development of its first 2000 – 2002 outburst. This analysis shows that the
accretion processes are not able to provide the observed energetics of the
event. As a possible mechanism of the outburst we considered a combined
case when the increase of the accretion rate as a result of the disruption of the
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disk leads to variation of the burning rate. In this way the subsequent increase
of the luminosity (the development of the outburst) is determined by the
increased nuclear-burning rate. An expanding envelope (pseudophotosphere)
or optically thick wind forms in the system after the first kink of the light
curve, which is associated with an enhancement of the nuclear burning. In
this case the curve of the optical light is determined by three processes: (1) a
luminosity increase leading to expansion of the pseudophotosphere, (2) wind
propagation in the nebula forming a high-temperature region, (3) appearance
of shock structures formed as a result of winds collision. As it is seen from
the results of the computation of the gas-dynamical structure, the effects
associated with the wind are strong enough to contribute to the complex
multistage nature of the rise of the optical light during the period when the
outburst progresses.

High-resolution observations of selected lines of He i and He ii of the bi-
nary were performed during this outburst too. The triplet lines of helium
He i λ 4471 Å and λ 4713 Å had P Cyg profile indicating stellar wind from
the compact object with a velocity of about 60 km s−1 in November and De-
cember 2000 at the time of the maximal light. The orbital variation of the
radial velocity of the line He ii λ 4686 resembled that of a secondary stellar
component. The line He ii λ 4686 contained broad emission component with
low intensity indicating stellar wind with a velocity of about 500 km s−1 from
the compact secondary.

The profiles of the Balmer lines Hα and Hγ were double-peaked during the
rise of the light and ligt maximum of the small eruption in the end of 2002.
It has been shown that they can be emitted mainly by one extended disc-like
envelope, covering the initial accretion disc and located in the Roche lobe of
the compact object, whose emission measure is not greater than the increase
of the emission measure of the circumbinary nebula during the eruption. The
parameters of this envelope are compatible with the predicted ones by the
gas dynamical modeling. An other possibility is the Balmer profiles observed
to be determined from selfabsorption only.

The profile of the Balmer lines at the time of the light maximum during
the 2006 eruption was a multi-component one consisting of an intense cen-
tral narrow emission located around the reference wavelength, broad wings,
a blueshifted absorption and high-velocity satellite absorption/emission fea-
tures on both sides of the central emission at a velocity position of 1200 –
1500 km s−1 indicating bipolar collimated ejection from the compact object
in the system. The broad emission wings and the satellite emissions were
seen until the beginning of December 2006. The width of the wings in the
different Balmer members, however, was different. The blueshifted P Cyg
absorption was seen until the beginning of October 2006.
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At almost all spectra in 2006 the lines of He i consisted of a narrow emis-
sion located close to the reference wavelength and a blueshifted absorption.
At the time of the maximal light the absorption of the line He i 4471 was
multicomponent one occupying a broad velocity range like the line Hγ . The
most blueshifted component was at the velocity position of the satellite com-
ponent. After that the broad absorption went into a low velocity narrow
feature, which was visible till the beginning of December 2006.

In October and December 2006 the line He ii 4686 was two-component
one, consisting of a central narrow emission and a broad emission component
with a low intensity, which behaviour with the optical light was the same like
that of Hγ .

The mass-loss rate of the compact object was estimated at several epochs
of the eruption. The rate was found to decrease, from (4− 5)× 10−7(d/1.12
kpc)3/2 M⊙ yr−1 at the time of maximum light to about 1 × 10−7(d/1.12
kpc)3/2 M⊙ yr−1 in December 2006.

The widely accepted view is that collimated ejection by interacting binary
stars is related to mass outflow from an accretion disc around a compact ob-
ject driven by magnetic field. According to this view, the collimated ejection
by symbiotic stars is expected to be observed in both of their states - quies-
cent and active – if there is an accretion disc with a collimating field strong
enough. Spectroscopic data, however, show that in most cases the collimated
outflow of symbiotic stars is observed only during phase of activity when it
is accompanied by an expansion of the outbursting object.

We suggested an idea to interpret this phenomenon, in the framework
of which, the collimated outflow is a consequence of interaction between the
wind emitted by the compact object and its accretion disc. Initially, there
is a thin disc formed by accretion of stellar wind matter in the quiescent
state of the system. Due to accretion of mass ejected during the first (and
every following) outburst of the active phase, an envelope covering the disc
forms, which extends to a greater distance from the orbital plane. The mate-
rial in the envelope has residual angular momentum and rotates around the
same axis as the accretion disc. The centrifugal force produces two hollow
cones around the axis of rotation. The stellar wind from the compact object
propagates only through these hollow cones during the recurrent outbursts,
thereby giving rise to a bipolar collimated outflow. Such a flow structure
is expected to form line profiles with a complex morphology which is deter-
mined by orbit inclination, opening angle of the stream, velocity, and optical
thickness. The interaction of the stellar wind with the disc shaped material
produces a high temperature region emitting X-ray radiation. This region
should contribute to the broad emission lines.

Based on this scenario we supposed that during the first outburst of the
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active phase the high-velocity wind of the compact object collides with the
disc and as a result a mass-outflow in two velocity regime is observed: a
P Cyg wind indicated by the He i lines and a high-velocity optically thin
stellar wind indicated by the broad emission component of the line He ii

4686. The behaviour of the optical lines of Z Andduring its recurrent out-
bursts is considered in the framework of the second stage of this scenario
(Tomov et al. 2014). It is supposed that the wind of the compact object
collides with the accretion disc and disc-like envelope which plays a role of
mechanism of collimation. After the collision the wind is observed as high-
velocity satellite absorption/emission components of the Balmer and helium
lines. The satellite components are expected to be observed if the density of
the envelope is high enough to provide collimation and the mass-loss rate of
the outbursting object is also high.
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Chapter 6

Symbiotic stars with spectral

indication of bipolar ejection

and stellar wind

6.1 Introduction

The symbiotic binaries having indication of bipolar ejection and stellar wind
are considered in the works of Tomov et al. (2013, 2014). Five of all symbiotic
systems with collimated outflow have optical indication related to additional
satellite emission/absorption components of their spectral lines. These sys-
tems are MWC 560 (Tomov T. et al. 1990), Hen 3 -1341 (Tomov T. et al.
2000), StHα 190 (Munari et al. 2001), Z And (Burmeister & Leedjärv 2007;
Tomov et al. 2007) and BF Cyg (Skopal, Tomov et al. 2013). In four of these
systems, excepting MWC 560, bipolar outflow was observed during phases of
activity, when an additional P Cyg absorption, indicating stellar wind from
the outbursting compact object, was observed along with the satellite line
components. The recent theory of the origin of the bipolar collimated out-
flow (jets) from compact objects does not envisage the possibility of stellar
wind to appear (Zanni et al. 2007). We use a scenario suggested originally
for interpretation of the behaviour of Z And where presence of stellar wind
is provided along with bipolar collimated outflow. The mean goal of this
study is to interpret the line profiles of several symbiotic stars in the light
of this scenario. An other aim is to interpret the photometric behaviour of
the outbursting compact object in the eclipsing binary BF Cyg during its
2006 – 2015 eruption in the framework of the same scenario.
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6.2 Hen 3-1341

Hen 3 -1341 consists of a cool giant of spectral type M4 (Mürset & Schmid
1999) without circumstellar dust (Munari et al. 1992; Tomov T. et al. 2000),
very hot and luminous white dwarf with effective temperature of ∼ 1.2×105 K
and luminosity of 3.8×103 L⊙, and a surrounding nebula partly photoionized
by the white dwarf (Munari et al. 2005).

Figure 6.1: The V light curve of Hen 3 -1341 over the time 1990–2005 showing
the 1998 – 2004 outburst from the paper of Munari et al. (2005).

The system underwent a large outburst lasting from 1998 to 2004 (Fig. 6.1)
which was its first outburst ever recorded (Tomov T. et al. 2000; Munari et
al. 2005). High-resolution spectral data were obtained by Tomov T. et al.
(2000) and Munari et al. (2005) during this outburst. The data of Tomov T.
et al. (2000) taken on June 8, 1999 shows that the Hα line had an emission
profile consisting of an intensive central singlepeaked component and addi-
tional satellite components with velocity of about 800 km s−1 on both sides
of the central emission. The same appearance had the Hβ profile whose satel-
lite components had the same velocity. The profile of the triplet He i λ 5876
line was similar to those of the Balmer lines consisting of the same compo-
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Figure 6.2: The profiles of the Hα , Hβ , and He i λ 5876 lines of Hen 3 -1341
based on CCD frames on June 8, 1999 (From the paper of Tomov T. et al.
(2000).)
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Figure 6.3: The profiles of the Hα and He i λ 5876 lines of Hen 3 -1341. The
spectra are in units of the continuum. The right y-scale is related to the
intensity of the helium line.

nents but this line contained two-component P Cyg absorption in addition
which occupied broad velocity range—from about 150 to about 700 km s−1

(Fig. 6.2). The high-velocity emission satellite components of all lines were
attributed by the authors to bipolar jets and the He i P Cyg absorption was
recognized as signature of mass outflow (stellar wind) from the outbursting
compact object. Munari et al. (2005) paid attention to the tight correlation
between the strength of the Hα satellite components and the He i P Cyg ab-
sorption. They came to the conclusion that the wind plays a role of feeding
mechanism for the bipolar jets.

The system Hen 3 -1341 underwent a new outburst in 2012 and in the
beginning of March its B light was increased with two magnitudes compared
with the quiescent value in July 2011 (Munari et al. 2012a). We observed the
regions of its lines Hα and He i λ 5876 on 2012 June 6 and August 4 (Tomov
& Tomova 2013). On June 6 the profile of the line Hα was multicomponent
consisting of a central emission located around the reference wavelength,

181



����� ����� ���� � ��� ���� ����
+HOLRFHQWULF�59���NP�V�

�

5H
ODW

LYH
�LQ

WHQ
VLW\

=�$QG
+JDPPD

����� ����� ���� � ��� ���� ����

+HQ������
+H,������

)H,,

>2,,,@

1D,

%OXH 5HG %OXH 5HG

Figure 6.4: The Hγ profile of Z And based on a CCD frame on 2006 September
8 and the He i λ 5876 profile of Hen 3 -1341 based on CCD frame on 1999 June
8 (Tomov T. et al. 2000).

broad wings with low intensity extended to not less than ±2000 km s−1 from
the center of the line, and additional satellite emission components with
a velocity of 1160 km s−1 on both sides of the central emission, indicating
bipolar collimated ejection from the system (Fig. 6.3). On August 4 the
profile of the line Hα was similar, the satellite emissions were disappearing
and only weak remnants were visible at their radial velocity position.

The profile of the He i λ 5876 line (Fig. 6.3) on June 6 consisted of emission
component of nebular origin and a P Cyg absorption indicating mass outflow
from the system with a velocity of about 150 km s−1. On both sides of the
nebular component, however, two very weak emission details were visible
pointed with arrows in the figure. Their velocity was much lower than the
velocity of the Hα satellite components. The velocity of the blueshifted one
was −410 km s−1 and the velocity of the redshifted was 460 km s−1. On
August 4 the weak emission and the P Cyg absorption disappeared.

In our opinion the correlation between the change of the Hα satellite emis-
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sions and the He i absorption as was noted by Munari et al. (2005)Munari et
al. (2005) is of primary importance. In the framework of our model the He i

λ 5876 line can be interpreted in the following way. The stellar wind from
the white dwarf collides with the disc and envelope and a bipolar collimated
outflow appears. The radial velocities in the P Cyg area cover an appreciable
range—from values close to zero to the terminal wind velocity (Fig. 5.25).
This provides the possibility for broad absorption to form. The high-velocity
satellite emissions appear in more outer regions of the wind, not projecting
onto the effective photosphere.

The He i profile of Hen 3 -1341 is compared with the Hγ profile of Z And
in Fig. 6.4. The good similarity of the two profiles supports the notion that
a similar model could apply to both objects.

6.3 StHα 190

The system StHα 190 has been discovered by Stephenson (1986). It is a
yellow symbiotic binary consisting of a G4 III/IV cool giant (Smith et al.
2001) and an O sub-dwarf Munari et al. (2001). Its orbital period is not
known. The amplitude of the radial velocity of its cool component, however,
is large — of about 30−40 km s−1 (Munari et al. 2001; Smith et al. 2001).
According to Munari et al. (2001) this amplitude suggests a high orbital
inclination, a massive hot component and a short orbital period. The high
rotational velocity of the cool component of 105 km s−1 (Munari et al. 2001;
Smith et al. 2001) also supports the high orbital inclination of the system.

We were not able to find in the literature photometric data, indicating
outbursts of the star StHα 190. According to Munari et al. (2001) its pho-
tometric UBV (RI)C data do not show presence of eruptive activity since its
discovery to mid 2000, just before their observation of line components indi-
cating bipolar jet-like outflow. The broad-band JHKL data of the star taken
during the time of this observation (Munari et al. 2001) were not above their
mean values in October 1983 – July 1987 from the photometry of Whitelock
et al. (1995). Moreover, we did not find any data indicating eruptive activity
in all time after the appearance of the 2000 bipolar outflow. The V photo-
metric data of ASAS taken in the time interval JD 2452000 – 2455200 do not
show eruptive activity too.

Munari et al. (2001) obtained high resolution spectral data in the ranges
of the lines Hα , He i λ 5876, and [O iii] λ 4959 in August – December 2000.
The Hα profile consisted of main central component with FWHM of 40 –
50 km s−1 and additional peaks (shoulders) situated on both sides of the cen-
tral component, resulted from blending with satellite emission components
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Figure 6.5: Evolution of the Hα , He i λ 5876 and [O iii] λ 4959 lines of
StHα 190 in August – December 2000. The spectra are in units of the
continuum. (From the paper of Munari et al. (2001).)

with FWHM of about 150 – 250 km s−1 (Fig. 6.5). Moreover, as the authors
wrote, “Weak P Cyg absorptions interfere with the blue jet component, re-
ducing its width and its velocity shift vs. the main Hα component”. The
radial velocity of the satellite components was about 150 kms−1. Since the
orbital inclination is supposed to be high, the real velocity of the outflowing
gas emitting the satellite components should be also high and can be about
1000 km s−1. The profile of the triplet line He i λ 5876 was similar to that of
Hα consisting of the same components. The P Cyg absorption of He i, how-
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ever, was highly variable and good visible, occupying velocity range of up
to about 200 km s−1. At some times it was multicomponent one (Fig. 6.5).
The emission satellite components were identified by the authors as spectral
signatures of jet-like discrete ejection events and the variable P Cyg absorp-
tion was recognized as signature of blobby mass outflow. We do not know
how does the intensity of the satellite components change with the change of
the P Cyg absorption, but as these data show, a strong P Cyg wind existed
together with the collimated ejection during the whole time of observation.

One of the basic features of the system StHα 190 is that eruptive activity
is not observed although an indication of variable stellar wind is present in
the spectrum. We do not know how the system has come in a state of wind
outflow from the compact object. Our main aim is to propose model of the
mass ejecting secondary to interpret the profiles of the spectral lines. If as a
result of an outburst a stellar wind appears for a long time, and an extended,
geometrically thick disc exists which can provide collimation, a stationary
flow regime will settle in the system when a part of the ejected material will
fall back into the disc. Since the disc is large the infalling material can not
project on the observed photosphere of the outbursting object and an inverse
P Cyg profile can not be observed. A binary system in such stationary flow
regime can not change his light. Then the line profiles of StHα 190 can be
considered in the light of the model of Z And.

6.4 BF Cyg

6.4.1 Balmer lines

The symbiotic BF Cyg system is an eclipsing binary (Belczynski et al. 2000)
consisting of a late-type cool component classified as an M5 III giant (Kenyon
& Fernandez-Castro 1987), a hot compact object with temperature of about
100 000 K and an extended surrounding nebula (Skopal 2005). Its orbital
period is about 757d, which is based on both photometric (Mikolajewska
1987) and radial velocity (Fekel et al. 2001) data.

The historical light curve of BF Cyg shows three types of activity. It con-
tains one very prolonged outburst, lasting for decades and similar to that of
the symbiotic novae, several eruptions of an other type such as those observed
in the classical symbiotic stars and sudden rapid brightenings, lasting a small
portion of the orbital period (Skopal et al. 1997). The last major eruption
of BF Cyg began in 2006 and at the present time continues (Fig. 6.6).

We observed the regions of the Hα and Hβ lines of BF Cyg on seven nights
during 2009 June–2012 September (Skopal, Tomov et al. 2013). During the
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Figure 6.6: The UBV light curves of BF Cyg during its outburst after 1989
and 2006 and the quiescent stage between them from the work of Skopal et
al. (2015).

whole time of the observations the Hα line had multicomponent profile. It
had central narrow emission which at times was double with a blueshifted
central reversal and very broad wings with a low intensity extended to ve-
locity of about ± 2200 km s−1 from the center of the line (Fig. 6.7). They
were analyzed by fitting with a Gaussian function but their nature was rather
unclear. The Hα line had additional peaks/bumps situated on either side of
its central component with radial velocity position of ∼ 400 km s−1. At the
more early stage of the outburst a blue peak was not seen but only an ex-
tended wing of the line. Since 2011 Sept. 5, however, a blue peak appeared
and was more pronounced than the red one (Fig. 6.8). Comparison with
the Hβ line (see below) proposes that the absence of the blue peak at the
more early stage of the outburst is most probably due to optical depth effect
(Fig. 6.8). Based on both comparison with Hβ and analysis of the line profiles
(Skopal, Tomov et al. 2013) we assume that the Hα peaks/bumps with radial
velocity position of ∼ 400 km s−1 indicate bipolar collimated outflow from
the outbursting component of the system.

The Hβ line consisted of a narrow core, which at times was double with a
blueshifted central reversal similar to Hα , and additional emission/absorption
components (Fig. 6.8).

The high-velocity absorption component on the spectrum of 2010 May
25 and the most blueshifted emission peak on the last three spectra have
the same position close to −400 km s−1. This gives us a reason to suppose
they are related to the same individual line component which appears as
absorption at some stage of the outburst and after that goes into emission.
The transformation of the absorption into emission is seen on the spectrum
of 2011 September 5. The presence of this individual component in the spec-
trum of 2009 June 5 is indicated by one weak absorption. This absorption
does not present in the spectrum of 2009 October 11 taken at orbital phase
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Figure 6.7: Left panel : The profile of the Hα line of BF Cyg based on a CCD
frame on 2012 May 6. Right panel : The area of the wings where the broad
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Figure 6.8: Time evolution of the Hα and Hβ lines of BF Cyg.

0.914, probably because of eclipse effect of the effective photosphere (pseu-
dophotosphere) of the expanding compact object.

We assume the individual component at a position of −400 km s−1 prob-
ably indicates collimated ejection from the expanding compact object which
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Table 6.1: Parameters of Gaussian fits to the satellite emissions in Hα and
Hβ lines: Radial velocity RVS [km s−1], FWHMS [km s−1], opening angle θ0

[◦], flux FS [10−12 erg cm−2 s−1] and emission measure EMjet [1058 cm−3].

Date Line RVS FWHMS θ0 FS EMjet

dd/mm/yyyy S− S+ S− S+ S− S+ S− S+ S− S+

05/06/2009 Hα – +298 – 270 – 18.4 – 18.0 – 17
Hβ – +295 – 302 – 20.8 – 10.1 – 25

09/10/2009 Hα -334 +308 215 161 13.0 10.6 7.5 11.7 7.1 11
11/10/2009 Hβ – +221 – 249 – 22.9 – 8.2 – 21
25/05/2010 Hα – +332 – 203 – 12.4 – 12.1 – 11

Hβ – +291 – 192 – 13.4 – 6.9 – 17
05/09/2011 Hα – +317 – 274 – 17.5 – 16.7 – 16

Hβ – +301 – 261 – 17.6 – 7.7 – 20
06/05/2012 Hα -361 +375 248 258 13.9 13.9 13.8 13.8 13 13
07/05/2012 Hβ -378 +334 167 302 8.9 18.3 2.2 4.0 5.6 10
06/06/2012 Hα -368 +377 248 258 13.6 13.9 12.1 13.8 11 13

Hβ -376 +333 167 319 9.0 19.4 2.1 4.4 5.3 11
02/09/2012 Hα -363 +381 247 247 13.8 13.1 13.5 14.1 13 13

Hβ -370 +307 214 344 11.7 22.7 2.6 5.5 6.6 14

ejection is optically thick at the more early stage of the outburst. On the
spectra taken after 2012 May one redshifted emission peak at the same ve-
locity of 400 km s−1 is seen. Then we assume that it is emitted by the back
component of the collimated ejection, i.e. the ejection is bipolar one. This
bipolar ejection probably gives rise to the peaks/shoulders at the same ve-
locity of ∼ 400 km s−1 on the other Hβ spectra and to the peaks/shoulders
in the emission profile of the Hα line. The satellite Hα and Hβ emission com-
ponents with a velocity of about ±400 km s−1 are analyzed with a Gaussian
function to determine their exact wavelength position and equivalent width
in our paper (Skopal, Tomov et al. 2013). Their fluxes were obtained with
the aid of simultaneous broad–band UBV RCIC photometry, corrected for
the emission lines. The profile of the satellite emissions is shown in Fig. 6.9
and their parameters are listed in Table 6.1. The opening angle of the cone
was calculated as in the case of Z And (Sect. 5.5.3, Eq. 5.5). The uncer-
tainty in the RVs is 10 – 20 km s−1, in the FWHMs – 0.4 Å and in the line
flux is about 10 – 20 per cent. The average value of the opening angle is
θ0 = 15.2◦ ± 1.5◦. During the 2006 – 2015 outburst of BF Cyg satellite line
components indicating collimated ejection were observed for the first time in
this system.

One absorption component of the line Hβ at a radial velocity position of
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Figure 6.9: The upper panel shows the UBV RCIC light curves of BF Cyg cov-
ering its current active phase (Skopal et al. 2007, 2012). The arrows indicate
times of our spectroscopic observations. The lower panels display evolution
of the Hα and Hβ line profiles along the outburst. The filled curves represent
the satellite emission components. Fluxes are in 10−13 erg cm−2 s−1 Å−1.

189



����� ����� ���� � ��� ���� ����
+HOLRFHQWULF�59���NP�V�

�

�

5H
ODW

LYH
�LQ

WHQ
VLW\

=�$QG
+JDPPD

����� ����� ���� � ��� ���� ����

%)�&\J
+EHWD�

)H,,

>2,,,@
&U,,

%OXH %OXH

Figure 6.10: The Hγ profile of Z And based on a CCD frame on 2006 July 9
and the Hβ profile of BF Cyg based on a CCD frame on 2010 May 25.

−250 km s−1 indicating P Cyg wind is seen on the spectrum of 2010 May
25. After that time it weakened and was not present in the spectrum of 2012
May 7 (Fig. 6.8). Another P Cyg absorption component with lower velocity
of −30 to −90 km s−1 was seen in the spectra till 2011 September 5 and after
that disappeared too. This indicates fading of the P Cyg wind together with
the decrease of the optical thickness of the collimated outflow.

The Hβ profile of BF Cyg is compared with the Hγ profile of Z And in
Fig. 6.10. Both systems have an absorption satellite component and addi-
tional P Cyg absorption.

The Hβ profile of BF Cyg is considered in the light of the scenario of
Z And.

6.4.2 Transient accretion disc-like envelope during the

2006 – 2015 optical outburst

The interpretation of the light curve(s) of BF Cyg during its last 2006 – 2015
optical eruption is considered in the works of Tomov et al. (2015a,b).
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Behaviour of the optical light

The eclipse of the compact object in BF Cyg is at the time of the inferior
conjunction of the giant according to the ephemeris of Fekel et al. (2001)

Min = 2 451 395.d2 + 757.d2 × E .

The system shows periodic wave-like orbital variation in its quiescent state
similar to those of AG Peg (Skopal et al. 2012). The analysis of the spectral
energy distribution by Skopal (2005) shows that in quiescence the UBV con-
tinuum fluxes of the circumbinary nebula are comparable to the continuum
fluxes of the hot compact object. Then the decrease of the brightness at
the phase of the orbital minimum is determined from both an eclipse of the
compact object and an occultation of a part of the circumbinary nebula. At
other orbital phases the nebula is partially occulted too.

Eclipses are observed in the BF Cyg system during its outbursts as well
(Skopal et al. 2012). Its last outburst began in July – August 2006 and
continues up to the present time when several orbital minima were detected
caused by eclipses (Fig. 6.6). The first minimum is deeper than the following
ones. After the first maximum the light decreases in different way compared
to the next maxima. Initially the U light falls steeply at about one mag-
nitude. In our view it is most probably due to decrease of the mass-loss
rate of the outbursting component which moves the level of the observed
photosphere back to the star and redistributes the continuum emission from
longer wavelengths towards the UV region. After the initial steeply fall the
light begins to decrease more slowly and the basic reason for this decrease
is the occultation of the circumbinary nebula. Assuming a decrease of the
mass-loss rate, a part of the ejected material can remain within the gravi-
tational potential of the compact object and begin to accrete (Tomov et al.
2014). Observational indication of the increase of the mass-loss rate can be
an appearance of absorption component of the spectral lines. During the
rise of the light to the second maximum the mass-loss rate was probably
increased again as proposed by the spectral data of Siviero et al. (2012).
Strong P Cyg components of some Balmer and metal lines appeared after
February 10, 2008. The light reached its second maximum at the end of
2008. Some time after that the Balmer lines acquired satellite components
indicating bipolar collimated outflow (Skopal, Tomov et al. 2013).

Interpretation

The decrease of the depth of the orbital minimum implies an increase of the
emission of the uneclipsed geometrical structure of the compact object. We

191



suppose that a thin accretion disc from wind accretion has initially existed
in the system BF Cyg and an extended disc-like envelope has formed after
that as a result of decrease of the mass-loss rate and accretion of material
from the potential well of the compact object in the period between the two
orbital minima. We suppose that this envelope has collimated the stellar
wind later. Some part of it is not eclipsed during the second and following
minima determining their smaller depth. The continuum flux determined by
recombinations and free-free transitions of a wind with a constant velocity
υ is F cont

λ ∼ 1/υ2. Then the emission of the jets is negligible because of the
high velocity of the outflow. Our aim is to calculate the UBV RCIC emis-
sion of such a model structure and to compare it with the observed residual
of the depths of the first and second minima. If the model emission (the
uneclipsed part of the envelope) is close to the observed residual, we can
conclude that the formation of a disc-like envelope collimating the stellar
wind of the compact object is a possible reason for both the appearance of
the satellite components of the spectral lines and decrease of the depth of the
orbital minimum of BF Cyg . After the third minimum the system’s bright-
ness fades and the depth of the orbital minimum increases again. We suppose
that former is probably due to decrease of the optical flux of the outbursting
object and destruction of the envelope and the latter – to destruction of the
envelope only.

Calculation

Gas dynamical modeling shows that a disc from wind accretion with a typical
radius of 50 – 60 R⊙ and a mass of 5×10−7 M⊙ exists in one binary system
with parameters close to those of Z And in its quiescent state (Bisikalo et
al. 2002; Tomov et al. 2010b, 2011a). During the outburst the wind of the
compact object “strips” the disc and ejects some part of its mass. At the end
of the outburst some part of the ejected mass locates in the potential well
of the compact object. After the cessation of the wind it begins to accrete
again creating an extended disc-like envelope with a mass smaller than the
mass of the initial accretion disc.

The system BF Cyg has parameters very close to those of Z And – orbital
period, masses of the components and mass-loss rate of the cool giant (Fekel
et al. 2001). Then we suppose that a disc from accretion of a stellar wind with
a size and a mass close to that in the system Z And exists in BF Cyg in its
quiescent state. During the outburst the newly appeared disc-like envelope
should have smaller mass. We accept an inner radius of the envelope of
25 R⊙, equal to the radius of the pseudophotosphere of the outbursting
compact object on October 23, 2008 according to Skopal et al. (2015), an
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Table 6.2: Dereddened fluxes of BF Cyg in units of 10−12 erg cm−2 s−1 Å−1

with their inner uncertainties at the times of the orbital minima under con-
sideration.

Date JD FU FB FV FRC
FIC

2 450 000+

Dec. 16, 2007 4451.220 0.720 0.533 0.367 0.330 0.291
±0.037 ±0.015 ±0.011 ±0.009 ±0.009

Dec. 13, 2009 5179.202 1.375 1.522 0.883 0.613 0.511
±0.065 ±0.044 ±0.025 ±0.017 ±0.015

outer radius of ∼ 150 R⊙ very close to the mean size of the Roche lobe of
the compact object, a height of the envelope of ∼ 170 R⊙ and a mass of
∼ 3.5 × 10−7 M⊙. Its mean density is thus 7.5 × 1010 cm−3. In reality the
shape of this envelope differs from cylinder. With use of the orbital period
and masses of the components of BF Cyg of Fekel et al. (2001) for the binary
separation we obtain 492 R⊙. Fekel et al. (2001) propose a radius of the
cool giant of 70 ± 32 R⊙ at a distance to the system of 2 kpc, and Skopal
(2005) – ∼ 150 R⊙ at a distance of 3.8 kpc. Fekel et al. (2001) propose
an orbit inclination of 75◦, and Skopal et al. (1997) – 70 ÷ 90◦. We accept
an inclination of 75◦. In this case the radius of the giant should be large to
provide eclipse and we accept a radius of 150 R⊙ according to Skopal (2005).
With this radius about a half of the volume of the disc-like envelope will be
visible during the eclipse at orbital phase 0.0.

To calculate the residual of the depths of the first and second orbital
minima we used photoelectric and CCD data from the work of Skopal et al.
(2012). The data of Dec. 16, 2007 at the time of the first minimum are an
arithmetical mean of several estimates taken in December 2007. At the time
of the second minimum we used the UBV data of Dec. 13, 2009 and RCIC

data of Jan. 23, 2010 since there was no infrared data in December. The
stellar magnitudes were converted into continuum fluxes using the calibration
from the book of Mihailov (1973). The U flux was not corrected for the
energy distribution of BF Cyg in the region of the Balmer jump since we were
not provided with spectral data in this region. The UBV fluxes were not
corrected for the emission lines for the same reason – absence of spectral data
in the UBV region. All fluxes were corrected for the interstellar reddening
E(B − V ) = 0.35 (Skopal 2005) with use of the approach of Cardelli et al.
(1989) and are listed in Table 6.2.

We will calculate the emission of the uneclipsed part of the disc-like en-
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velope at orbital phase 0.0 and will compare it with the observed residual of
the depths of the first and second orbital minima in the photometric bands
UBV RCIC. Our unpublished high resolution data taken at that time do not
show presence of the line He ii 4686 in the spectrum of BF Cyg . Then we
will assume that helium in the nebula of BF Cyg is ionized and the nebular
continuum is emitted by hydrogen and neutral helium. The continuum flux
determined by recombinations and free-free transitions is given with

Fλ =
1 + a(He)

4πd2
[γν(H

o, Te) + a(He)γν(Heo, Te) ] n2
eV ×

c

λ2
10−8 , (6.1)

where a(He) is helium abundance relative to hydrogen, d is a distance to
the system, γν(H

o, Te) and γν(Heo, Te) are continuum emission coefficients of
hydrogen and helium, ne – electron density and V – volume of the emitting
region.

We accept an electron temperature in emitting region Te = 30 000 K equal
to the mean temperature in the nebula according to Skopal et al. (2015).
In such a case we used continuum emission coefficients at the positions of
the UBV RCIC photometric bands for this temperature from the paper of
Ferland (1980) and the book of Pottasch (1984). We took the arithmetical
mean of the values of the hydrogen coefficient on both sides of the Balmer
limit at the position of the U band and accepted helium abundance of 0.1
(Vogel & Nussbaumer 1994). The fluxes and emission measure of the whole
circumbinary nebula, our model envelope and its uneclipsed part at orbital
phase 0.0 are presented in Table 6.3. The emission measure of the nebula
was taken from Skopal et al. (2015) and its fluxes were calculated by us. The
residual of the depths of the first and second orbital minima, obtained as
residual of the fluxes in Table 6.2, is presented at the last row in Table 6.3.
The model fluxes of the uneclipsed part are compared with this residual. It
is seen that all fluxes of the uneclipsed part excepting only that in B band
are close to the residual. The reason for the greater difference in the B band
is rather unclear. The quiescent emission measure of BF Cyg at phase very
close to the orbital photometric maximum is 3.1 × 1060 cm−3 (Skopal 2005)
and on October 23, 2008 – 2.6× 1061 cm−3 (Skopal et al. 2015). Its increase
is thus 2.3 × 1061 cm−3. Then it appears that the emission measure of the
envelope of 2.2 × 1061 cm−3 is almost equal to this increase.

About Balmer lines again

The evolution of the Hα profile of BF Cyg during its outburst after 2006 was
considered in the works of Skopal, Tomov et al. (2013); Skopal et al. (2015).
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Table 6.3: UBV RCIC continuum fluxes and emission measure of the dif-
ferent regions in the circumbinary nebula. The fluxes are in units 10−12

erg cm−2 s−1 Å−1 and emission measure – in 1061 cm−3.

Emitting region FU FB FV FRC
FIC n2

eV

Whole nebula 2.184 0.913 0.768 0.647 0.491 2.60a

Disc-like envelope 1.856 0.776 0.653 0.550 0.417 2.21
Uneclipsed part 0.928 0.388 0.327 0.275 0.208 1.10
Residual 0.655 0.989 0.516 0.283 0.220
of the depths ±0.075 ±0.046 ±0.027 ±0.019 ±0.017
rb 42 −61 −37 −3 −5

a The data are for Oct. 23, 2008 in the work of Skopal et al. (2015).

b r =(U−R)/R in per cent; U – Uneclipsed part, R – Residual of the
depths.

The observational data were taken in the period July 2006 – April 2013.
We interpreted the decrease of the depth of the orbital minimum with an
appearance of a disc-like envelope whose emission measure is the greatest
part of the emission measure of the whole circumbinary nebula. In such
a case the Balmer lines should be emitted mainly by this envelope. The
Keplerian velocity at its inner radius is 68 km s−1 and at the outer radius –
27 km s−1 with use of the mass of the compact object of 0.6 M⊙ according
to Fekel et al. (2001). Taking into consideration the orbit inclination, the
radial velocities resulted from the rotation of the envelope should be 66 –
26 km s−1. If the Hα profile was determined only by this rotation, it should
be double-peaked with a peak separation of 52 km s−1 and a full width at zero
intensity (FWZI) of 132 km s−1. The observed peaks separation of the line
during the time of the collimated outflow, however, ranged from 100 km s−1

to 150 km s−1, which means that it was broadened more than only from the
rotation of the envelope. The inner uncertainty of the measurement is not
more than 5 km s−1. A possible additional mechanism of line broadening is
a gas turbulence caused by collision of the stellar wind of the outbursting
component with the envelope.

The structure of the central emission of the Hα line, however, was double-
peaked before the first orbital minimum too (Skopal, Tomov et al. 2013;
Skopal et al. 2015), and the velocity of the dip between the two peaks was
always of about −100 km s−1. A P Cyg absorption with a velocity of about
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−30 km s−1 was present in the Hβ line from June 2009 till May 2010. The
velocity of this absorption was −90 km s−1 in September 2011 and after
that it went into an absorption dip in the emission profile with a velocity of
about −30 km s−1 again. It was concluded that it indicates a stellar wind
which exists together with the collimated ejection. We suppose that this
wind produces the absorption dip with a velocity of about −100 km s−1 in
the emission profile of Hα .

6.5 Conclusions

We considered profiles of selected lines of several symbiotic systems which
contain high-velocity satellite components indicating bipolar collimated ejec-
tion from the outbursting compact object in these systems along with blueshifted
absorption indicating P Cyg wind.

The profile of the Hα and Hβ lines of the Hen 3 -1341 system during its
1998 – 2004 outburst had high velocity satellite emission components on
both sides of the central peak of the line with a velocity of ∼ 800 km s−1,
indicating bipolar collimated outflow from the outbursting compact object.
The same components presented in the profile of the helium triplet line with
wavelength λ 5876, but this line contained broad two-component P Cyg ab-
sorption in addition (Tomov T. et al. 2000; Munari et al. 2005). The line
Hα during the 2012 outburst had satellite emission components with a ve-
locity of 1160 km s−1 indicating bipolar collimated ejection and the line He i

λ 5876 had P Cyg absorption with a velocity of 150 km s−1 (Tomov & Tomova
2013).

The profile of the Hα and He i λ 5876 lines of StHα 190 in 2000 had satellite
emission components of both sides of the central emission with a velocity of
∼ 150 km s−1 indicating bipolar collimated outflow from the system with
a high velocity, probably of not less than 1000 km s−1. Moreover, these
lines had an additional absorption of type P Cyg. The P Cyg component
of the helium line was multicomponent and highly variable and at some
times absorbed completely the emission in the blueshifted satellite component
(Munari et al. 2001).

The profile of the Hβ line of the BF Cyg system during its 2006 – 2015
outburst contained satellite components with a velocity of ∼ 400 km s−1

situated on both sides of the line center indicating bipolar collimated outflow
from the outbursting compact object. The blueshifted satellite component
was an absorption one at the more early stage of the outburst which after that
went into emission. At the time when the blueshifted component appeared
as absorption, an other absorption of P Cyg type at a velocity position of
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−250 km s−1 presented in the spectrum. A second P Cyg absorption with
lower velocity of −30 to −90 km s−1 was seen at the same time. The Hα line
had emission peaks/shoulders with the same velocity of ∼ 400 km s−1 situated
on both sides of the central emission like the Hβ satellite components.

We interpreted these profiles in the framework of the scenario of Z And
(Tomov et al. 2011a, 2012, 2014).

Moreover, we considered the behaviour of the optical light of the eclipsing
binary BF Cyg during its 2006 – 2015 eruption.

We concluded that the decrease of the depth of its orbital photometric
minimum and the appearance of satellite components of the Balmer lines,
indicating bipolar collimated outflow at one time between the first and second
orbital minima, is probably due to formation of an extended disc-like envelope
covering the accretion disc of the compact object and collimating its stellar
wind. The uneclipsed part of the envelope is responsible for the decrease of
the depth of the orbital minimum. We assumed that the envelope results
from diminution of the mass-loss rate of the compact object after the first
light maximum and accretion of material from its potential well in the time
between the first and second orbital minima.

We supposed that the shape of the envelope is close to torus with an
inner radius of 25 R⊙, equal to the radius of the pseudophotosphere of the
outbursting object, an outer radius of ∼ 150 R⊙ very close to the mean
size of its Roche lobe and a height of ∼ 170 R⊙. The mass of the envelope
is accepted of ∼ 3.5 × 10−7 M⊙, its mean density thus amounts to 7.5 ×

1010 cm−3 and the emission measure – to 2.21 × 1061 cm−3. This emission
measure is almost equal to the increase of the emission measure during the
outburst.

In accordance with these parameters the central emission of the Hα line
should be produced mainly by this envelope but the analysis of its profile
shows that it is additionally broadened by a gas turbulence due to collision
of the stellar wind with the envelope and its double-peaked structure is de-
termined mostly from an optically thick outflow producing an absorption dip
in the emission profile.

With use of a binary separation of 492 R⊙ and inclination of the orbit of
75◦ (Fekel et al. 2001) and a radius of the cool giant in the system of 150 R⊙
(Skopal 2005) about a half of the volume of the disc-like envelope will be
visible during the eclipse at orbital phase 0.0. We calculated the emitted by
this volume UBV RCIC fluxes and compared them with the observed residual
of the depths of the first and second orbital minima. It turned out that the
model fluxes are in agreement with the observed ones.

We concluded that the increase of the depth of the orbital minimum
with fading of the light during the outburst, on its side, is probably due
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to destruction of the disc-like envelope, which thus indicates its transient
nature.
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Chapter 7

Conclusions and results

This Chapter contains the mean results of the study.

The main result of the investigation of the symbiotic binary EG And is
as follows:

1. The orbital radial velocity variations of the Hα emission line of the
symbiotic binary EG And are not in phase with those of its giant com-
ponent, implying that the motion of the emitting gas differs from the
stellar orbital motion. The minimal intensity of the line is at phases
when the giant is closer to the observer. The minimal and maximal
intensity are not at the phases of the spectral conjunction but at later
phases. At the phases of minimal intensity the profile of the line is
doublepeaked, with a deep absorption going below the continuum. At
the phases of maximal intensity the line is singlepeaked (Smith 1980;
Oliversen et al. 1985; Tomov & Tomova 1995a,b; Burmeister 2010).

The resonance lines C ivλ1548 – 1550 Å of the symbiotic binary EG And
have P Cyg absorption components indicating wind outflow from the
hot compact secondary in the system with a velocity of about 100 km s−1

(Oliversen et al. 1985; Pesce et al. 1987; Sion & Ready 1992; Vogel
1993).

The behaviour of the lines is interpreted in the framework of a model
of colliding winds. A nebular region with a shape of a cone occurs
on the collision boundary between the two winds. As the compact
secondary has lower mass-loss rate and the velocity of its wind is low,
the momentum of this wind is smaller and the conical surface surrounds
the area behind the compact secondary. As a result of the orbital
motion the cone distorts in a direction opposite to the motion. Besides
the conical region, the hot compact secondary ionizes a portion of the
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giant’s wind too. The Hα line is supposed to appear in the conical region
and ionized portion of the giant’s wind. In this case it is selfabsorbed
because of the increasing density in the giant’s wind. The Hα flux has
been calculated with the parameters of this wind, accounting to about
10−10 erg cm−2 s−1, which is in agreement with the observed flux of
5 × 10−11 erg cm−2 s−1. The difference is due mainly to self-absorption
(Tomov 1995).

The prototype of the symbiotic novae AG Peg has undergone a single
outburst – the most prolonged one among outbursts of symbiotics. The
main results of our investigation of the star at the final stage of its outburst
are as follows:

1. The mass-loss rate of the outbursted compact object in the binary
system AG Peg based on the flux of the broad emission component of
the lines Hβ , Hγ and He ii 4686 derived from intermediate resolution
optical data taken in 1995 was obtained being in a good agreement with
the mass-loss rate derived from UV data. It is compared with an earlier
value based on both optical and UV data, obtained nine years ago, and
turns out to have decreased by a factor of 1.8. The decrease of the rate
changes the geometry of the collision region of the winds. This proposes
explanation of the changed radial velocity of the lines of some elements
in 1995. The energy fluxes of 24 optical lines have been calculated.
They have decreased by a mean factor of about 2 compared with their
values in 1986. It is concluded this decrease is mainly due to decrease of
the Lyman photon luminosity of the outbursted compact object whose
decrease factor is the same (Tomov et al. 1998). The nebular continuum
of AG Peg decreases too due to decrease of the Lyman luminosity. The
ratio of the U fluxes at the time of photometric maximum in 1986 and
1995 is equal to the ratio of the Lyman luminosity (Tomov & Tomova
1998).

2. The photometric orbital U variations as well as the fading of the U
light on a long timescale of decades of the symbiotic binary AG Peg
are explained in the framework of a model of colliding winds. The
orbital variations, caused by occultation of a dense bright region by
the M giant in the system, are used to determine the geometry and
the mean density in this region. The region is supposed to appear
close to the giant on its side facing the hot companion as a result of
winds collision being ionized by the companion. Its mean density and
emission decrease with the time causing fading of the U light on a long
timescale. One value of the mean density of the region of (2 – 4)×1010
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cm−3 at one particular time has been derived. It is supposed that
the irregular variations of the U light of AG Peg in its orbital minima
and maxima are determined by occultation of the dynamically unstable
interaction zone of the winds, whose density changes. It is supposed
that when the decreasing mass-loss rate of the hot companion drops
below about 5×10−10 M⊙ yr−1 only the wind of the giant will exist in
the system. Then the bright region resulted from the winds collision
will disappear (Tomov & Tomova 2001).

The symbiotic binary AG Dra experienced an active phase in the period
1994 – 1998 consisting of five optical outbursts. The main results of our
investigation of the system in the quiescent period prior to this active phase
and during activity are as follows:

1. The quiescent U fluxes of the components of the symbiotic binary
AG Dra at the time of its orbital photometric maximum were deter-
mined. Based on the fluxes of the cool giant and the circumbinary neb-
ula the radius of the cool giant of 28÷ 32 R⊙ and the distance to the
system of 1560÷1810 pc have been obtained assuming spherical symme-
try and constant expansion velocity of the giant’s wind. The mass and
bolometric luminosity of the giant of 1.1 ÷ 1.5 M⊙ and 242÷ 316 L⊙
were calculated. The bolometric luminosity and accretion rate of the
hot compact companion of 967÷1302 L⊙ and 1.2÷1.7×10−8 M⊙ yr−1

were calculated for the distance to the system obtained by us. With
use of the core mass-luminosity relation of accreting compact objects
(Yungelson et al. 1996) the mass of the compact companion of 0.3 M⊙
was obtained. It turns out that the accretion rate is in the range of
steady hydrogen burning at the surface of a white dwarf with a mass
of 0.3 M⊙ .

It was concluded that the shape of the orbital U light curve is deter-
mined by occultation of a bright gaseous region located close to the
hemisphere of the giant facing the hot compact companion. The U
flux of this region is by a factor of about 3 greater than the flux of the
unocculted part of the circumbinary nebula (Tomov et al. 2000).

2. A mass-loss rate of (1 – 2) × 10−7 (d/1.7 kpc)3/2 M⊙ yr−1 of the out-
bursting compact object in the symbiotic binary AG Dra based on the
energy flux in the broad emission component of its lines Hγ and He ii

4686 has been obtained during three consequtive outbursts of the sys-
tem in 1995, 1996 and 1997. The loss of mass by the compact object
during each outburst has a typical time of several months. Since the
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time of loss of mass in this case is close to the time of accretion, accord-
ing to the evolutionary models of an accreting white dwarf (Shara et al.
1993; Kato & Hachisu 1994; Yungelson et al. 1995) the accretion rate
should be close to the mass-loss rate being of about 1× 10−7 M⊙ yr−1

too. However, when the accretion rate is 10−8 – 10−7 M⊙ yr−1 a steady
burning of hydrogen is realized, instead of thermonuclear event (Miko-
lajewska & Kenyon 1992). Consequently the compact object in the
symbiotic binary AG Dra during the 1995, 1996 and 1997 optical out-
bursts of the system has been rather in a state of steady burning of
hydrogen at its surface and has not underwent thermonuclear outburst
(Tomova & Tomov 1999; Tomov & Tomova 2002).

3. A scenario for interpretation of the growth of the optical light of AG Dra
during active phases is suggested. The increase of the emission measure
of the circumbinary nebula of this system during active phase is much
greater than the increase of the Lyman photon luminosity of the out-
bursting compact companion. That is why the companion is supposed
to be very luminous which makes it able to ionize the whole nebula, ex-
cept some region behind the cool giant and the increase of the emission
measure in this case is supposed to be due to increase of the mass-loss
rate of the giant. The light changes at two stages: in the beginning
its growth results from an increase of the mass-loss rate of the giant
and after the accretion of some amount of gas – from increase of the
Lyman luminosity of the companion giving rise to an additional ioniza-
tion. The decline of the giant’s mass-loss rate to its initial value and
the burning out of the accreted envelope of the companion determine
the return of the light to its quiescent level (Tomov & Tomova 2002).

The prototype of the classical symbiotic stars Z And experienced new ac-
tive phase in the period 2000 – 2013 consisting of seven individual outbursts.
The main results of our investigation of the star during this active phase are
as follows:

1. A detailed optical light curve acquired during the 2000 – 2002 bright-
ening of the star Z And was analysed with use of the results of gas-
dynamical modeling of the flow structure in this system to study the
development of the outburst. The analysis shows that the accretion
processes cannot provide the observed energetics of the event. As a
possible mechanism of the outburst a “combined” model is considered
where the increase of the accretion rate as a result of disruption of
the accretion disc in the system leads to increase of the burning rate.
The multistage pattern of the rise of the optical light is explained in
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the framework of the model of the colliding winds. It is shown that the
shape of the light curve is determined from three processes: an increase
of the accretor’s luminosity causing expansion of its pseudophotosphere,
wind propagation in the nebula resulting in the formation of a high-
temperature region and formation of shock structures appeared as a
result of the winds collision.

The theoretical scenario is in a good agreement with the observational
data – it is in accordance with both the observed temporal characteris-
tics of the individual stages of the rise of the light and their amplitudes
as well as with the scale of the shock ionization. During the outburst
a stellar wind in two component velocity regime was observed – opti-
cally thin high-velocity wind and P Cyg wind with a low velocity. The
appearance of shock structures was observationally confirmed by de-
tection of collisional ionization in the nebula. The ratio of the nebular
continuum fluxes due to collisional and radiative ionization is approxi-
mately 1/3.

The observational data obtained during the next brightenings of the
2000 – 2013 active phase of Z And revealed again both a growth of the
bolometric luminosity and an expansion of the outbursting accretor.
That is why the “combined” model proposed can be used for interpre-
tation of the light behaviour of the system during these brightenings
too and possibly for the brightenings of other classical symbiotic stars
(Bisikalo et al. 2006).

2. The profiles of the Balmer lines Hα and Hγ were double-peaked during
the rise of the light and ligt maximum of the small eruption in the
end of 2002. It has been shown they can be emitted mainly by one
extended disc-like envelope, located in the Roche lobe of the compact
object, whose emission measure is not greater than the increase of the
emission measure of the circumbinary nebula during the eruption. The
parameters of this envelope are compatible with the predicted ones by
the gas dynamical modeling. The greater observed peaks separation of
the lines can be due to optical depth effects (selfabsorption) and/or an
additional broadening by a gas turbulence. An other possibility is the
double-peaked Balmer profiles to be determined from selfabsorption
only.

The Hα line has broad wings extending to not less than 2000 km s−1

from its center. They were supposed to be determined mainly from
radiation damping but stellar wind could contribute to their emission
at smaller distance from the centre of the line.
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3. The most prominent one among the outbursts belonging to the 2000 –
2013 active phase of Z And was developed in 2006. The profile of the
Balmer lines at the time of the light maximum was a multi-component
one consisting of an intense central narrow emission located around
the reference wavelength, broad wings, a blueshifted absorption and
high-velocity satellite absorption/emission features on both sides of the
central emission at a velocity position of 1200 – 1500 km s−1 indicating
bipolar collimated ejection from the compact object in the system. The
broad emission wings and the satellite emissions were seen until the
end of December 2006. The width of the wings in the different Balmer
members, however, was different. The blueshifted P Cyg absorption
was seen until the beginning of October 2006.

In 2006 the lines of He i consisted of a narrow emission located close
to the reference wavelength and a blueshifted absorption. At the time
of the maximal light the absorption of the line He i 4471 was multi-
component one occupying a broad velocity range like the line Hγ . The
most blueshifted component was at the velocity position of the satellite
component. After that the broad absorption went into a low velocity
narrow feature, which was visible till the beginning of December 2006.

In October and December 2006 the line He ii 4686 was two-component
one, consisting of a central narrow emission and a broad emission com-
ponent with a low intensity.

The mass-loss rate of the compact object was estimated at several
epochs of the eruption. The rate was found to decrease, from (4 –
5) × 10−7 (d/1.12 kpc)3/2 M⊙ yr−1 at the time of maximum light to
about 1 × 10−7 (d/1.12 kpc)3/2 M⊙ yr−1 in December 2006.

The behaviour of the line spectrum is interpreted in the light of the
model of collimated stellar wind (Tomov et al. 2012, 2014).

4. Comparison of high resolution optical spectra with results of gas-dyna-
mical modeling provides possibility to propose a scenario to explain the
spectral behavior of the symbiotic prototype Z And during its last 2000
– 2013 active phase as well as the differences in its observed properties
during the different outbursts of the active phase. The basic points of
this scenario are the following ones:

• An accretion disk from wind accretion exists in the system.

• During the outburst the gas leaving the surface of the compact
component at high velocity collides with the accretion disk. As a
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result its velocity decreases near the orbital plane, but remains un-
changed at higher stellar latitudes. Hence, two wind components
with different velocities are observed.

• During the outburst the wind from the compact component par-
tially disrupts the disk. Some part of its mass does not leave the
potential well and after the wind ceases, it begins to accrete again.
Because of conservation of the initial angular momentum an en-
velope covering the disc and extending to larger distance from the
orbital plane forms.

• The existence of a centrifugal barrier creates two hollow cones
around the axis of rotation which leads to appearance of colli-
mated outflow during the recurrent outbursts. This outflow can
be observed as high-velocity components on either side of the main
peak of the line.

• Collimated outflow will appear when the density of the disk-like
envelope is high enough to provide collimation and the mass-loss
rate of the compact component is also high. High-velocity satellite
line components thus can be observed during outbursts accompa-
nied by loss of mass at high rate, preceded by a similar strong
outburst.

This scenario provides possibility to explain all spectral features of
Z And observed during active phase. Its general character permits to
suppose that similar scenario is possible for other classical symbiotic
stars too (Tomov et al. 2010b, 2011a, 2014).

Main results of investigation of other symbiotic binaries:

1. Four out of a total of five symbiotic systems whose optical spectral
lines contain satellite components indicating collimated ejection have
an additional absorption of type P Cyg at different velocity. These
systems are Z And, Hen 3 -1341, StHα 190 and BF Cyg. It is shown
that the line profiles of every of the systems Hen 3 -1341, StHα 190
and BF Cyg can be interpreted in the framework of the scenario of
collimated stellar wind, which provides a better interpretation of the
line components than the traditional model with a magnetic accretion
disc (Tomov et al. 2014).

2. The optical light curve of the eclipsing symbiotic binary BF Cyg during
its last 2006 – 2015 outburst is interpreted in the framework of the
model of collimated stellar wind. It is supposed that the variations
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of the depth of the orbital photometric minimum are due to appear-
ance of an extended disc-like envelope covering the accretion disc of the
outbursting compact object and collimating its stellar wind. This disc-
like shaped envelope gives rise to a bipolar collimated outflow which is
observed as satellite components of the Balmer lines. The uneclipsed
part of the envelope is responsible for the decrease of the depth of the
orbital minimum. The calculated UBV RCIC fluxes of this uneclipsed
part are in agreement with the observed residual of the depths of the
first and second orbital minima. The parameters of the envelope require
that it is the main emitting region of the line Hα but the Hα profile is
less determined from its rotation and mostly from other mechanisms. It
is concluded that the envelope is a transient nebular region and its de-
struction determines the increase of the depth of the orbital minimum
with fading of the optical light (Tomov et al. 2015a,b).

206



List of publications

A. Journals with IF

1. Tomov N. A. “A colliding winds interpretation for the spectral vari-
ability of EG And”, 1995, MNRAS, v. 272, p. 189

2. Tomov, N., Tomova, M. “Hα and U light variability of EG And during
1991-1994”, 1995, C. R. Acad. Bulg. Sci. 48, No. 11-12, 11-14

3. Tomov N., Tomova M., Raikova D. “The visual line spectrum of AG Peg
in 1995”, 1998, A&AS 129, 479-488

4. Tomova M., Tomov N. “Spectral observations of AG Draconis during
quiescence and outburst (1993-1995)”, 1999, A&A 347, 151-163

5. Tomov N., Tomova M., Ivanova A. “Analysis of the U-band orbital vari-
ation of the symbiotic binary AG Draconis during quiescence”, 2000,
A&A 364, 557-562

6. Tomov N., Tomova M. “A colliding-winds interpretation of the U or-
bital variation of the symbiotic binary AG Pegasi”, 2001, Ap&SS 278,
311

7. Tomov N., Tomova M. “Hydrogen and helium emission of the symbiotic
binary AG Draconis during an active phase (1996 - 1997)”, 2002, A&A
388, 202-212

8. Tomov, N., Taranova, O., Tomova, M. “Mass ejection by the symbiotic
binary Z And during its 2000-2002 outburst”, 2003, A&A 401, 669-676

9. Tomov N., Tomova M., Zamanov R. “Spectral observations of Z An-
dromedae during quiescence and its 2000 active phase”, 2003, in “Sym-
biotic stars probing stellar evolution”, eds. R. L. M. Corradi, J. Miko-
lajewska, and T. J. Mahoney, ASPC 303, 254-257

10. Taranova O.G., Tomov N., Tomova M., Shenavrin V.I. “The Symbiotic
System Z Andromedae during the Flare of 2000-2002”, 2004, Astr. Rep.
48, 742-750

11. Tomov, N., Tomova, M., Taranova, O. “Broad-band multicolour observa-
tions of the symbiotic binary Z And during quiescence and its activity
at the end of 2002”, 2004, A&A 428, 985-992

207



12. Tomov, N., Tomova, M., Taranova, O. “The HeII 4686 line of the
symbiotic binary Z And during its outburst at the end of 2002”, 2005
in The Astrophysics of Cataclysmic Variables and Related Objects, eds.
J. M. Hameury, & J. P. Lasota, ASP Conf. Ser. 330, 465-466

13. Bisikalo D.V., Boyarchuk A.A., Kilpio E.Yu., Tomov N.A., Tomova
M.T. “A Study of an Outburst in the Classical Symbiotic Star Z And
in a Colliding-Wind Model”, 2006, Astr. Rep. 50, 722-732

14. Tomov N.A., Tomova M.T., Bisikalo D.V. “Bipolar ejection by the sym-
biotic binary system Z And during its 2006 outburst”, 2007, MNRAS
376, L16-L19

15. Tomov, N.A., Tomova, M.T., Bisikalo, D.V. “Spectral indications of
ejection of mass by the symbiotic binary Z And during its 2000–2002
outburst”, 2008, MNRAS 389, 829-838

16. Tomov N.A., Tomova M.T., Bisikalo D.V. “The Hydrogen and Helium
Lines of the Symbiotic Binary Z And during Its Brightening at the End
of 2002”, 2010, Astr. Rep. 54, 528-536

17. Tomov N.A., Bisikalo D.V., Tomova M.T., Kilpio, E. “A Study of Out-
burst Activity of Z And in 2000-2010”, 2010, Astr. Rep. 54, 628-644

18. Kilpio, E.Yu., Bisikalo D.V., Tomov N.A., Tomova M.T. “Classical
symbiotic star Z And During the Recent Activity Period”, 2011, Ap&SS
335, 155-160

19. Tomov, N.A., Tomova, M.T., Bisikalo, D.V. “Mass ejection by the
symbiotic prototype Z And during its 2006 outburst 2012”, 2012, Baltic
Astronomy 21, 112-122

20. Skopal, A., Tomov, N.A., Tomova, M.T. “Discovery of collimated ejec-
tion from the symbiotic binary BF Cygni”, 2013, A&A 551, L10

21. Tomov N.A., Tomova M.T., Bisikalo D.V. “Symbiotic Stars with Spec-
tral Indication of Bipolar Ejection and Stellar Wind”, 2014, AN 335,
178-188

22. Tomov N.A., Tomova M.T., Bisikalo D.V. “Transient accretion disc-
like envelope in the symbiotic binary BF Cygni during its 2006 – 2015
optical outburst”, 2015, AN accepted

208



B. International meetings

1. Tomov N., Tomova M. “Hα observations of AG Dra during quiescen-
ce and the 1994 outburst”, 1997, in ”Physical Processes in Symbi-
otic Binaries and Related Systems“, ed. Mikolajewska J., Copernicus
Foundation for Polish Astronomy, Warsaw, p. 185

2. Tomov N. “General observational characteristics of symbiotic binaries”,
2001, in Proceedings of the Balkan meeting of young astronomers, eds.
A. Antov, R. Konstantinova-Antova, R. Bogdanovski and M. Tsvetkov,
p. 97 - 106

3. Tomov N., Tomova M., Taranova O. “The Activity of the Symbiotic
Binary Z And at the End of 2002”, 2005, Aerospace Research in Bul-
garia, v. 20, Proceedings of the Balkan Astronomical Meeting (BAM
2004), Rozhen - June 2004, 252-257

4. Taranova O., Tomov N., Tomova M., Shenavrin V. “The Symbiotic
System Z Andromedae during the Flare of 2000–2002”, 2007, in Proc.
of the memorial D.Ya. Martynov regional conference, held 22-24 May
2006, GAISH

5. Tomov N.A., Tomova M.T., Bisikalo D.V. “Evidences for an Accretion
Disc in the Spectrum of the Symbiotic Binary Z And during its Out-
burst at the end of 2002”, 2009, AIP Conf. Proc., SPACE PLASMA
PHYSICS: School of Space Plasma Physics, ed. I. Zhelyazkov, 1121,
22-27

6. Tomov N.A., Bisikalo D.V., Tomova M.T., Kilpio, E. “Interpretation
of the line spectrum of classical symbiotic stars in the scenario for
their prototype Z And”, 2011, AIP Conf. Proc., 3RD SCHOOL AND
WORKSHOP ON SPACE PLASMA PHYSICS, eds. I. Zhelyazkov and
T. Mishonov, 1356, 35-44

7. Tomov, N.A., Tomova, M.T., Bisikalo, D.V. “Symbiotic Stars with
Similar Line Profiles during Activity”, 2013, AIP Conf. Proc., 4TH
SCHOOL AND WORKSHOP ON SPACE PLASMA PHYSICS, eds.
I. Zhelyazkov and T. Mishonov, 1551, 30-45

8. Skopal, A., Sekeras, M., Tomov, N., Tomova, M., Tarasova, T., Wolf,
M. “What powers the 2006 outburst of the symbiotic star BF Cygni?”,
2015, in the Proceedings of the Palermo Workshop THE GOLDEN
AGE OF CATACLYSMIC VARIABLES AND RELATED OBJECTS

209



- II, eds. F. Giovannelli and L. Sabau-Graziati, Acta Polytechnica, in
press

9. Tomov N.A., Tomova M.T., Bisikalo D.V. “Interpretation of the UB-
VRcIc light variations of the symbiotic binary BF Cyg during its 2006
- 2014 optical outburst”, 2015, AIP Conf. Proc., 5TH SCHOOL AND
WORKSHOP ON SPACE PLASMA PHYSICS, eds. I. Zhelyazkov and
T. Mishonov, accepted

C. Other publications

1. Tomov, N., Tomova, M. “Hα and U light variability of EG And during
1991–1994 – a support of the colliding winds interpretation”, 1995, in
100 yr Astronomical Observatory of Sofia University, eds. K. Maslev,
and R. Kurtev, Naturela, Sofia, p. 103

2. Montagni, F., Maesano, M., Viotti, R., Altamore, A., Tomova, M.,
Tomov, N. “Photometry of the 1994–1995 active phase of AG Dra”,
1996, IBVS 4336

3. Tomov, N., Tomova, M. “Photoelectric UBV observations of EG An-
dromedae” 1996, IBVS 4341

4. Tomova, M., Tomov, N. “UBV observations of AG Dra in 1996 and
1997 during active phase”, 1998, IBVS 4561

5. Tomov, N., Tomova, M. “Photometric investigation of the nebula in
the AG Peg system”, 1998, IBVS 4574

6. Tomov, N., Tomova, M. “UBV observations of AG Dra in the end of
the last active phase and after it”, 2000, IBVS 4953

7. Tomov, N., Tomova, M. “Hα observations of the symbiotic binary sys-
tem Z And during its 2006 outburst”, 2006, BlgAJ 8, 76

8. Tomova, M., Tomov, N., Bisikalo, D. “Two-velocity type mass outflow
from the symbiotic binary Z And during its 2000 – 2002 outburst”,
2008, BlgAJ 10, 39

9. Tomov, N., Bisikalo, D., Tomova, M., Kilpio, E. “Eruptive activity of
Z And in 2000–2010”, 2011, BlgAJ 15, 35

10. Tomov, N., Tomova, M., Bisikalo, D. “Balmer lines of the symbiotic
binary Z Andromedae during its 2006 outburst”, 2011, BlgAJ 17, 70

210



11. Tomov, N., Tomova, M. “Bipolar ejection from the symbiotic binary
Hen 3-1341 during its 2012 outburst”, 2013, IBVS 6055

211



Acknowledgements

I am grateful to Dmitry Bisikalo for the fruitful collaboration in the frame-
work of which the best results of this research were obtained.

I am grateful also to Radoslav Zamanov, Nevena Markova and Donka
Raikova for the helpful discussions and good advices.

I would like to thank all colleagues from IA and NAO, whose field is
stellar spectroscopy, for their help and constructive comments.

I am indebted to Vasil Popov for his help in my first steps in observational
astronomy.

This research was partly supported by the grants DO 02-85 and BSTC
01/14 Bulgaria – Slovakia of Bulgarian Scientific Research Fund.

212



Bibliography

Abramowicz, M., Chen, X., Kato, S., et al. 1995, ApJ 438, L37

Altamore, A., & Cassatella, A. 1997, A&A 317, 712

Allen, D.A. 1979, in Changing Trends in Variable Star Researh, ed. Bateson
F. et al., IAU Coll. 46, Hamilton N.Z.; U. Waikato Press, p. 125

Allen, D.A. 1980, MNRAS 192, 521

Arrieta, A., & Torres-Peimbert, S. 2003, ApJS 147, 97

Bastian, U. 1998, A&A 329, L61

Belczynski, K., Mikolajewska, J., Munari, U., Ivison, R. J., & Friedjung, M.
2000, A&AS 146, 407

Belyakina, T.S. 1991, Izv. Krym. Astrofz. Obs. 83, 118

Belyakina, T.S. 1992, Izv. Krym. Astrofiz. Obs. 84, 49

Belyakina, T.S., & Prokofieva, V.V. 1992, Izv. Krym. Astrofiz. Obs. 86, 46

Birriel, J.J., Espey, B.R., & Schulte-Ladbeck, R.E. 1998, ApJ 507, L75

Bisikalo, D.V., Boyarchuk, A.A., Kilpio, E.Yu., Kuznetsov, O.A. 2002,
ARep 46, 1022

Bisikalo, D.V., Boyarchuk, A.A., Kilpio, E.Yu., Tomov, N.A., Tomova, M.T.
2006, ARep 50, 722

Blandford, R.D., Begelman, M.C. 2004, MNRAS 349, 68

Bode, M.F. 2010, AN 331, 160

Borkowsky, J. 1988, REWIA: Instrukcija Obslugi, Torun Astronomical Ob-
servatory, Internal Report

213



Boyarchuk, A.A. 1966, AZh 43, 976

Boyarchuk, A.A. 1967a, AZh 44, 12

Boyarchuk, A.A. 1967b, AZh 44, 1016

Boyarchuk, A.A. 1969, in Non-Periodic Phenomena in Variable Stars, ed.
Detre L. (Academic Press, Budapest), p. 395

Boyarchuk, A.A. 1985, in Workshop on Recent Results on Cataclysmic Vari-
ables, ed. Burke W.R., ESA, ESTEC, Noordwijk, p. 97

Boyarchuk, A.A., Belyakina, T.S., Tarasov, A.E., Glagolevski, Yu.V. 1987,
Ap&SS 131, 775

Burgarella, D., & Paresce, F. 1992, ApJ 389, L29

Burmeister, M. 2010, Ph.D. Thesis (Tartu University Press, Tartu)

Burmeister, M., & Leedjärv, L. 2007, A&A 461, 5L

Cardelli, J.A., Clayton, G.C., Mathis, G.C. 1989, AJ 345, 245

Cassatella, A., Fernandez-Castro, T., Gonzalez-Riestra, R., Fuensalida, J.
1992, A&A 258, 368

Contini, M. 1997, ApJ 483, 887

Drake, J., Laming, J., & Ness, J.-U. 2009, ApJ, 691, 418

Duschl, W. 1986a, A&A 163, 56

Duschl, W. 1986b, A&A 163, 61

Fekel, F.C., Hinkle, K.H., Joyce, R.R., Skrutskie, M.F. 2000, AJ, 120, 3255

Fekel, F.C., Hinkle, K.H., Joyce, R.R., Skrutskie, M.F. 2001, AJ 121, 2219

Ferland, G.J. 1980, PASP 92, 596

Fernandez-Castro, T., Cassatella, A., Gimenez, A., & Viotti, R. 1988, ApJ
324, 1016

Fernandez-Castro, T., Gonzalez-Riestra, R., Cassatella, A., Taylor, A., &
Seaquist, E. R. 1995, ApJ, 442, 366

Fernie, J.D. 1985, PASP 97, 653

214



Formiggini, L., & Leibowitz, E. M. 1994, A&A, 292, 534

Friedjung M., 1997, in Physical Processes in Symbiotic Binaries and Related
Systems, ed. Mikolajewska J., Proc. of the International Conf., Copernicus
Foundation for Polish Astronomy, Warsaw, p. 105

Friedjung, M., Hric, L., Petrik, K., Galis, R. 1998, A&A 335, 545

Fujimoto, M. Y. 1982, ApJ 257, 767

Galis, R., Hric, L., Friedjung, M., Petrik, K. 1999, A&A 348, 533

Garcia, M.R., & Kenyon, S.J. 1988, in The Symbiotic Phenomenon, ed.
Mikolajewska J. et al., IAU Coll. 103, Kluwer, p. 27

Girard, T., & Willson, L.A. 1987, A&A, 183, 247

Gonzalez-Riestra, R., Viotti, R., Iijima, T., & Greiner, J. 1999, A&A 347,
478

Greiner, J., Bickert, K., Luthardt, R. et al., 1997, A&A 322, 576

Griffin, R.E.M., & Lynas-Gray, A.E. 1999, AJ 117, 2998

Hachisu, I., & Kato, M. 1999, ApJ 517, L47

Hachisu, I., & Kato, M. 2000, ApJ 536, 93

Hagen, W. 1978, ApJS 38, 1

Hatchings, J.B., & Redman, R.O. 1972, PASP 84, 240

Hatchings, J.B., Cowley, A.P., Redman, R.O. 1975, ApJ 201, 404
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Pleso 25, 53

Skopal, A., Vittone, A.A., Errico, L., et al. 1997, MNRAS 292, 703

Skopal, A., Chochol, D., Pribulla, T., & Vanko, M. 2000, IBVS, 5005

220



Skopal, A., Vanko, M., Pribulla, T., et al. 2002, Contrib. Astron. Obs.
Skalnate Pleso 32, 62

Skopal, A., Pribulla, T., Vanko, M., et al. 2004, Contrib. Astron. Obs.
Skalnate Pleso 34, 45

Skopal, A., Vittone, A.A., Errico, L., Otsuka, M., Tamura, S., Wolf, M.,
Elkin, V.G. 2006, A&A, 453, 279
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