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Abstract. The photometric U orbital variations of the symbi-
otic binary AG Dra, caused by occultation of a bright gaseous
region by the K giant in this system, are used to derive the
emission from the circumbinary nebula, that is supposed to be
generated by the cool giant’s wind. Assuming spherical sym-
metry and constant expansion velocity for the wind, and that the
giant has the same intrinsic continuum energy distribution ofα
Boo, we derive a cool giant’s radius of 28÷32 R� and a dis-
tance of 1560÷1810 pc. We conclude that the cool giant does
not fill its Roche lobe, which is contrasting with the intense,
accretion powered X-ray emission.

Key words: stars: binaries: symbiotic – stars: individual: AG
Dra – stars: mass-loss – stars: circumstellar matter – stars: dis-
tances – stars: fundamental parameters

1. Introduction

The photometric behaviour of many symbiotic stars is charac-
terized by an alternance of quiescent periods and active phases.
In a number of cases cyclic light variations are observed in the
quiescent periods which could be caused by occultation of a hot
stellar object, an accretion disk and/or a part of the circumbinary
gas component. That is why symbiotic stars are interpreted as
interacting binary systems possessing dense gaseous nebulae,
which are generated during quiescence from the stellar wind
of their primary components being in the most cases normal
cool giants or Miras. The emission of the symbiotic nebula in
many cases predominates in the wavelength region of the U
photometric system.

The star AG Dra (BD +67◦922) 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) and a hot compact companion, accreting matter from the
primary. Its photometric history includes many active phases
separated by quiescent periods.

During quiescence the U light of AG Dra displays a 550d

periodicity with an amplitude of about one magnitude. This
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periodicity is related to the orbital motion of the binary as con-
firmed 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 vari-
ations 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 (Mikola-
jewska 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.

The quiescent B and V light variations of AG Dra with a
period of about 360d and an amplitude of0.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 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
than0.m15 up to about0.m30.

Many times AG Dra has been in a state of increased activity
(after 1936, 1951, 1966, 1980 and 1994), characterized 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 turned to the study of the nature of its
cool component. One task, discussed in this study, is to estimate
its absolute size, which from its side is related to obtaining the
distance to the system.

At the present time there is no good knowledge of some of
the fundamental parameters of the system AG Dra like the dis-
tance, radius and luminosity of the cool component (Friedjung
et al. 1998; Gonzalez-Riestra et al. 1999; Galis et al. 1999).
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Fig. 1. Photoelectric U observations of AG Dra.

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 of the same
order at this wavelength. The circumbinary nebula is optically
thin in the U region providing possibility its whole continuum
emission to be observed. It is considered as formed by the gi-
ant’s wind. If its ionized portion extends to the giant we will
be able to compose one system of two equations with two un-
known quantities – the distance to the system and the radius of
the cool giant using the nebular and the giant’s emission. More-
over the U photometric variations give possibility to make some
conclusions about the emitting region(s) of the nebula.

2. The photometric data analysis

For our investigation we used the photoelectric observational
material, obtained in the period JD 2 446 700÷ 2 449 200 after
the time of activity of AG Dra in 1985–86, since this material
actually is the best sample of photometric U data, taken during
quiescent state of the system. These data were obtained during
four orbital cycles (Fig. 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) and Hric
et al. (1994). For our calculations we used the U magnitudes
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
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 3650Å. 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 3650Å. This amount
was added to the observed flux.

Finally the fluxes were corrected for the interstellar red-
dening. We used the valueE(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, re-
spectively. 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 vari-
ations.

For realizing our calculations we must determine the ion-
ized portion of the nebula. Fig. 1 shows that the U-light curve
of AG Dra is well covered by observation near the orbital max-
ima. In the figure the cycle-to-cycle variations are clearly seen.
Friedjung et al. (1998) came to the conclusion that the vari-
ation of the maximum flux is caused by changes of the cool
giant mass-loss rate. The variation of the maximum flux is de-
termined by variation of the number of recombinating H+ ions
in the nebula. If the hot companion does not ionize the whole
nebula, but only part of it, when changing the mass-loss rate
of the giant, the volume of the ionized region will change too,
because the hot companion having a constant photon flux in the
Lyman continuum is able to ionize always the same amount of
gas. To observe different numbers of recombinating H+ ions
in the different orbital maxima will be possible when the hot
companion has an excess of luminosity providing them the pos-
sibility to ionize always the whole nebula (excepting its portion
occulted by the cool star) on changing the mass-loss rate of the
giant. That is why we will perform our calculations supposing
that the circumbinary nebula of AG Dra is a region of ionized
hydrogen.

The next step of our consideration is to estimate the contri-
bution of the stellar components of the system. The flux of the
hot companion was determined supposing that it radiates as a
blackbody and using the ratio of the fluxes at 1340Å and 3650Å
of a blackbody with the same temperature and the observed flux
at wavelengthλ 1340Å. 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 ofF 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 continuum 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 likeα Boo and the rest of the observed U
flux is a nebular emission. We calculated the 3650Å/ 5500Å
flux ratio of α Boo and scaled it to the dereddened visual flux
of AG Dra. Using the flux of AG Dra in its orbital minimum,
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when the nebular emission can be supposed to be negligible, we
obtained for the flux of its cool componentF cool = 0.075 10−12

erg cm−2 s−1 Å−1.
After subtraction of the fluxes of the two stellar com-

ponents from the observed flux at the orbital maximum the
nebular continuum turned out to beF 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 emit-
ting a flux, equal to the orbital amplitude is not partially occulted
at the time of the orbital maximum only. This means that it is
located most probably around the hemisphere of the giant facing
the hot companion. The density of this small region is proba-
bly much higher than the mean density of the unocculted part
of the nebula, since the radiation of the whole occulted part 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 ap-
pearance of this small high density region was suggested by
Galis et al. (1999), who assumed that the strong radiation pres-
sure from the hot component tends to stop the matter of the gi-
ant’s wind approaching the hot component and photoionization
creates an ionized region with a higher density and emissivity.

3. The 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 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 sys-
tem. The atmosphere of the giant is irradiated and ionized from
the outside by the hot stellar component. Schwank et al. also cal-
culated 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 recom-
bination. 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 tran-
sition 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 compo-
nents 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; M̈urset 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 ob-
server. 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. 2. They are
different 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. 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 have shown that the Hα profile af-
fected 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 (Mikolajewska 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 den-
sity is the highest and where the bulk of the energy of the line
is emitted. Then it will not be necessary to compare the com-
panion’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
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Fig. 2. Upper panel: Hα profiles of AG Dra (solid line) taken on 2
February 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.

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 28R�. So small values
are probably not plausible, as the cool component of the AG Dra
system is supposed not to be a normal giant, but K-type bright
giant (Huang et al. 1994; Mikolajewska et al. 1995; Smith et al.
1996).

4. The 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 quan-
tities – 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-Grey (1999) the ef-
fective temperature 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 ofα 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 , (1)

whereR is the cool giant’s radius andd – 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 constant velocity and has an inner
boundary the radius of the giant, as only a small portion oc-
culted by it is not an ionized region. 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 Heii 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 quies-
cence of the system, we used the sum of the fluxes of the narrow
and broad emission components of the line Heii 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(Ho, Te) dV + a(He)
∫

V

n2γν(Heo, Te) dV

]
, (2)

whereV is the volume of the nebula. The quantitiesγν are re-
lated to the emission coefficients of hydrogen and neutral helium
and are determined by recombinations 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
equationn(r) = Ṁ/4πr2µmHυ , whereṀ is the mass-loss
rate;υ – the wind velocity,υ = 30 km s−1 (Mikolajewska et al.
1995) andµmH – 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 quantitiesγν . 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
– 3660Å which has the same flux as the Balmer continuum
excess shortward of 3650̊A. For this reason we used the values
of the emission coefficients on the short wavelength side (Oster-
brock 1974; Pottasch 1984). We adopt an electron temperature
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of 15 000 K as proposed by Mikolajewska et al. (1995) and he-
lium 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÷32R�. 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 methods. For example Smith et al. (1996) studying the IR
absorption spectrum and performing an abundance analysis of
the giant, concluded that its bolometric magnitude and radius
are in the intervalsMbol ∼ −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 HIPPARCOS satellite provided a lower limit to the distance
of about 1 kpc (Viotti et al. 1997).

5. Discussion and conclusions

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 oflog g =
1.6. Using this estimate and a radius of 28−32R� we derive a
mass of 1.1−1.5M� 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÷316L�.

The values for the distance to the system lead to the reduc-
tion 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 allow-
ing 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 0.3M�. This mass was calculated using the core mass–
luminosity relationL/L� ≈ 4.6 104(Mcore/M�−0.26) (Yun-
gelson 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 was calculated to be about 0.3M�,
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.

We summarize the main results of our analysis as follows:

– The variations of the U flux between the different orbital
maxima are due to variations of the amount of the emitting
gas in the circumbinary nebula. This is possible only if the
hot companion has an excess of luminosity, which makes
it able to ionize always the whole nebula (but some region

occulted by the cool star) when the giant changes its mass-
loss rate.

– The shape of the U light curve indicates that the flux equal
to the orbital amplitude is emitted by a small high-density
region located most probably around the hemisphere of the
giant which faces the hot companion.

– The cool giant’s mass-loss rate was estimated from the Hα
profile to be in the range 2.0÷2.5 10−7 M� yr−1 on the
basis of the theoretical models of Schwank et al. (1997),
and from the similarity with the Hα profile of AG Peg.

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