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Abstract. The photometric U orbital variations of the symbiperiodicity is related to the orbital motion of the binary as con-
otic binary AG Dra, caused by occultation of a bright gaseotismed by the radial velocity curve of its cool component (Garcia
region by the K giant in this system, are used to derive tlieKenyon 1988; Mikolajewska et al. 1995; Smith et al. 1996).
emission from the circumbinary nebula, that is supposed to lmeportant characteristics of the U light curve are the changes in
generated by the cool giant’s wind. Assuming spherical synie phases and shapes of the orbital maxima as well as the vari-
metry and constant expansion velocity for the wind, and that thBons by more than 20% of their fluxes (Hric et al. 1993, 1994;
giant has the same intrinsic continuum energy distribution ofFriedjung et al. 1998). The decrease of the flux at the time of
Boo, we derive a cool giant's radius of 282 R, and a dis- the orbital minimum is supposed to be caused by an occultation
tance of 15681810 pc. We conclude that the cool giant doesf a bright region that surrounds the hot companion (Mikola-
not fill its Roche lobe, which is contrasting with the intensgewska et al. 1995; Friedjung et al. 1998). It was proposed as
accretion powered X-ray emission. well (Friedjung et al. 1998; Gonzalez-Riestra et al. 1999) that
the flux variations of the orbital maxima are due to variation of
Key words: stars: binaries: symbiotic — stars: individual: AGhe giant’s wind.
Dra — stars: mass-loss — stars: circumstellar matter — stars: dis-The quiescent B and V light variations of AG Dra with a
tances — stars: fundamental parameters period of about 36D and an amplitude 0610 < 0™15 are
probably caused by an intrinsic variability of the cool giant,
whose radiation becomes more important at longer wavelengths
1. Introduction (Bastian 1998; Friedjung et al. 1998). The continuum of the

_ _ o _ giant also contributes to the U flux, but its variations at the time
The photometric behaviour of many symbiotic stars is chara§rhe orbital maximum are determined primarily by changes of

terized by an alternance of quiescent periods and active phaggs.emissivity of the nebula, since they are significantly larger
In a number of cases cyclic light variations are observed in theynom15 up to about™30.

quiescent periods which could be caused by occultation of a hot \jany times AG Dra has been in a state of increased activity

stellar object, an accretion disk and/or a part of the circumbinr:tré)(ﬁer 1936, 1951, 1966, 1980 and 1994), characterized by one
gas component. That is why symbiotic stars are interpreted@snore light maxima. The reason for this activity is probably
interacting binary systems possessing dense gaseous nebpiaged to the nature of its cool component, which drives the
which are generated during quiescence from the stellar WiBthtions of the hot companion (Friedjung 1997; Greiner et
of their primary components being in the most cases normgl 1997; Galis et al. 1999). These eruptions are induced by
cool giants or Miras. The emission of the symbiotic nebula {pyriations of the accretion rate which are due to variations of the
many cases predominates in the wavelength region of théyldss-loss rate of the giant rather than to an elliptical motion,
photometric system. since its radial velocity curve shows no sign of a measurable
The star AG Dra (BD +67922) belongs to the group of eccentricity (Mikolajewska et al. 1995; Smith et al. 1996; Galis
yellow symbiotics and consists of a cool primary of the spectrg{ 51. 1999). Consequently the investigation of the reasons for the
type K, probably more luminous than a normal class Il giapfightenings of AG Dra is turned to the study of the nature of its
(Huang et al. 1994; Mikolajewska et al 1995; Greiner et algo| component. One task, discussed in this study, is to estimate
1997) and a hot compact companion, accreting matter from {aeapsolute size, which from its side is related to obtaining the
primary. Its photometric history includes many active phasggtance to the system.
separated by quiescent periods. _ At the present time there is no good knowledge of some of
During quiescence the U light of AG Dra displays a $50the fundamental parameters of the system AG Dra like the dis-
periodicity with an amplitude of about one magnitude. Thignce, radius and luminosity of the cool component (Friedjung
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Year weaker, which leads to a reduction of the flux at 3¢60rhe
1988 1990 1992 corrections were made by means of the spectrum in Fig. 3 of
i ! ! ! Mikolajewska et al. (1995). It turned out that the observed U
- flux is 20% smaller than the real flux at 3680 This amount
11— . . was added to the observed flux.
o s . . Finally the fluxes were corrected for the interstellar red-
B s i . dening. We used the valug(B — V) = 0.06 (Mikolajewska
3 . .o ' et al. 1995; Greiner et al. 1997; Gonzalez-Riestra et al. 1999)
TS . and the extinction law by Seaton (1979). So the U magnitudes
- y N used by us led to dereddened continuum fluxes of 0.257%1.0
- . . ergcnm2s ' A-! and 0.12210'2 ergcnr2s~! A~ for the
.2 considered times of the orbital maximum and minimum, re-
120 spectively. In this case the flux difference of 0.1351D
= ergcnt2s—! A1 corresponds to the amplitude of the light vari-
7000 8000 9000 ations. - . . .
JID-2440000 ~ For re_ahzmg our calculat_lons we must determln_e 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-
To derive the radius and the distance we used the radiatiorfi@n of the maximum flux is caused by changes of the cool
the wavelength of the U photometric system, as the continu@@nt mass-loss rate. The variation of the maximum flux is de-
fluxes of the circumbinary nebula and the giant are of the saig&mined by variation of the number of recombinating léns
order at this wavelength. The circumbinary nebula is opticall§y the nebula. If the hot companion does not ionize the whole
thin in the U region providing possibility its whole continuurnebula, but only part of it, when changing the mass-loss rate
emission to be observed. It is considered as formed by the @fithe giant, the volume of the ionized region will change too,
ant’s wind. If its ionized portion extends to the giant we wilbecause the hot companion having a constant photon flux in the
be able to compose one system of two equations with two diman continuum is able to ionize always the same amount of
known quantities — the distance to the system and the radiuga$. To observe different numbers of recombinating ibins
the cool giant using the nebular and the giant's emission. Mote-the different orbital maxima will be possible when the hot
over the U photometric variations give possibility to make sonf@mpanion has an excess of luminosity providing them the pos-
conclusions about the emitting region(s) of the nebula. 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

For our investigation we used the photoelectric observatiorgidrogen.

material, obtained in the period JD 2 446 7@ 449 200 after The next step of our consideration is to estimate the contri-

the time of activity of AG Dra in 1985-86, since this materidpution of the stellar components of the system. The flux of the

actually is the best sample of photometric U data, taken durilgt companion was determined supposing that it radiates as a

quiescent state of the system. These data were obtained dublagkbody and using the ratio of the fluxes at 134and 36504

four orbital cycles (Fig. 1) in the framework of the internatione®f @ blackbody with the same temperature and the observed flux

campaign for symbiotic stars launched by Hric & Skopal (1989t Wavelength\ 1340A. Gonzalez-Riestra et al. (1999) have

and are presented in the papers of Hric et al. (1993) and Hefetained a mean value of the dereddened qwescent flux at this

et al. (1994). For our calculations we used the U magnitudé@velength of about 0.28 162 ergcnm 2 s~ A~1 and Zanstra

of 11™1 and 11™9 giving the mean value of the light at thetemperature of the companion of 110000 K. On the baS|s of

times of the orbital maximum and minimum on JD 2447 70tese data we derived an U-band fluxfof*t = 0.007 10~ "2

and JD 2448000. They were selected because the data sefgsnm 25 1A-L,

complete around these times and can be used for a reasonablé€t us consider the contribution of the cool component. The

estimate of the maximum and minimum fluxes. The magnitudeégreddened optical spectrum of AG Dra was fitted with that of a

were converted into continuum fluxes without correcting fdf giant and H continuum emission with electron temperature

the emission lines included in the wavelength region of the ld = 15000 K (Mikolajewska et al. 1995). We obtained the

photometric system as we were not provided with spectral d#téx of this component supposing that it has the same continuum

during the time of these photometric observations. energy distribution likex Boo and the rest of the observed U
The fluxes were corrected for the energy distribution of ABLX is a nebular emission. We calculated the 38505500

Dra in the U spectra| reg|on_ The continuum of this star dCHJX ratio of « Boo and scaled it to the dereddened visual flux

the long wavelengths-side of the Balmer jump is consideraty AG Dra. Using the flux of AG Dra in its orbital minimum,

Magnitude

Fig. 1. Photoelectric U observations of AG Dra.

2. The photometric data analysis
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when the nebular emission can be supposed to be negligible paeticles and that of the underlying recombination region, and,
obtained for the flux of its cool componefit°°! = 0.07510-'2 consequently, to a blue shift of the absorption. So the position
ergenT2s 1AL, of the absorption can be an indicator of the mass-loss rate.
After subtraction of the fluxes of the two stellar com- Taking into account the relation between the profile of
ponents from the observed flux at the orbital maximum thke symbiotic stars and the mass-loss rate of their cool compo-
nebular continuum turned out to bE"® = 0.175107'2 nents we decided to search another star having Balmer emission
ergcnm st A=1. The contribution of the nebula near orbitatharacteristics close to that of AG Dra and a known mass-loss
minimum is 0.04010'2 ergcnm2 s~ A—1, close to that of the rate of its cool component.
red giant. A good comparison object seems to be AG Peg whose cool
The shape of the U light curve indicates that the region emitomponent loses mass atarate-eR110~" M, yr—! (Vogel &
ting a flux, equal to the orbital amplitude is not partially occulteNussbaumer 1994; fset et al. 1995; Proga et al. 1998). Let us
at the time of the orbital maximum only. This means that it isompare the Balmer emission spectrum of the two systems. The
located most probably around the hemisphere of the giant factoiwaracteristics and the orbital variations of the ptofile of AG
the hot companion. The density of this small region is probBeg were studied by Boyarchuk et al. (1987), and those of AG
bly much higher than the mean density of the unocculted p&nta during its quiescent state — by Tomova & Tomov (1999).
of the nebula, since the radiation of the whole occulted partldéx profiles of these stars can be also found in other works (e.qg.
0.13510 2 ergcnm2s~! A~ is by a factor of about 3 greaterlvison et al. 1994; Viotti et al. 1998). In both symbiotic systems
than the radiation of the unocculted part. One cause for the #e intensity of ki emission varies with the orbital phase as a
pearance of this small high density region was suggestedrbgult of both changes of the optical depth and of the giant’s
Galis et al. (1999), who assumed that the strong radiation preseultation. The maximum intensity is around the phase of the
sure from the hot component tends to stop the matter of the ligtht maximum, when the hot component is closer to the ob-
ant’s wind approaching the hot component and photoionizatiserver. The orbital variations of the profile of this line in the two
creates an ionized region with a higher density and emissivitgystems are also similar, being due also to optical depth changes.
Atthe phases of the maximal intensity it is single-peaked with a
blue shifted absorption producing a small shoulder or a general
asymmetry only.
Besides the U photometric data, for our calculations the mass- The profiles of the two stars are shown in Fig. 2. They are
loss rate of the giant is needed as well. The mass-loss ratélifferent from the theoretical profiles of Schwank et al. (1997),
the cool components of the symbiotic stars is not an obsenagithe absorption is far away from the center of the line. This is
quantity and is difficult to determine. This quantity for AG Dralue tothe peculiar structure of the circumbinary nebulae of these
was estimated by Mikolajewska et al. (1995) using the radio fl§fars. We used theddprofile of AG Peg observed on 30 June
at 4.9 GHz from Seaquist & Taylor (1990) and adopting a wint86 before the photometric maximum, instead of that of 29
velocity of 30 km s'*. This estimate, however, depends on theituly 1991 which is nearer to the maximum but after it (lvison
assumed system distance of 2.5 kpc, and cannot, therefore€bal. 1994). These data indicate that the khe reaches its
used for our purposes. maximum intensity probably a somewhat earlier than the light
Van Winckel et al. (1993) suggested that the kmission maximum, being more intense on 30 June 1986. The wings of
profile of the symbiotic stars affected by self-absorption can B two lines in Fig. 2 are symmetric. As for comparison, we
an indicator for the mass-loss rate of their cool componenkgve divided the profiles of the two stars, as illustrated in the
whose atmospheres are ionized by a hot source. They cred@¢er panel of the figure.
a classification system of the symbiotic stars, based on their Let us now compare some other characteristics of the two
Ha profiles. Later this idea was quantitatively considered Isystems in the light of the theoretical treatment of Schwank et
Schwank et al. (1997). They calculated a variety of models of 8h (1997). These authors have shown that the profile af-
expanding atmosphere of a cool giant of S-type symbiotic syécted by the optical depth depends on the luminosity of the
tem. The atmosphere of the giant is irradiated and ionized frdift stellar component, the separation, the mass-loss rate of the
the outside by the hot stellar component. Schwank et al. also ¢&0! giant and the velocity law of its wind. The AG Peg system
culated the 4 emission profile at phase when this component{8oyarchuk 1966; Kenyon et al. 1993) as well as the AG Dra
in front of the giant, taking into account the optical depth of theystem (Mikolajewska etal. 1995; Greiner etal. 1997) have high
atmosphere and supposing that the line is mainly due to recdHininosity hot companion, whose ionizing radiation probably
bination. The profile includes an absorption which moves frofgaches the innermost layers of the giant's wind where its den-
the center of the line to its short wavelength-side depending ®# is the highest and where the bulk of the energy of the line
the velocity of the absorbing particles. When the mass-loss rigemitted. Then it will not be necessary to compare the com-
ofthe giantincreases, the ionized portion decreases and the tR&ion’s luminosities and the separations but only the velocity
sition zone between the ionized and the neutral volumes shlg@¥s and the mass-loss rates. The velocity laws are different,
outwards approaching the hot component. An outward shift it since the energy is emitted mostly from the layers near the
this zone in a region with higher velocity gradient leads to @iant’s surface, the velocities and their gradients in these layers
increase of the difference between the velocity of the absorbiig low having probably close values. On the other hand there

3. The mass-loss rate
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« Boo, since, according to Griffin & Lynas-Grey (1999) the ef-
fective temperature of this star is 42080 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 Bbo.

At the wavelength of the U band the second part has a value of
C, = 0.788. Then the first equation is:

40 —

2rhc® R? 1

Fcool _
T d2)\5 ehe/ART _

1Ca x 1078 (1)

/1.

20 — whereR is the cool giant’s radius andl— 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
N of the neutral and ionized helium, allowing that the lines of the
0 = ‘ B R — “‘ . He® are pure recombination lines. That is really the case when

L _| theelectrontemperature is 15000 K (Mikolajewska et al. 1995).
We used visual line fluxes of Meand the flux of the Ha 4686
1.5 — 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 linerH&86. In this
0.5 1 B way we obtained a ratio He" /Het of about 0.5. This result
—1000 0 1000  shows that the singly ionized helium is dominant in the nebula

Radial velocit km /s and we assume that the nebular emission mostly is continuum
y ( / > emission of hydrogen and neutral helium. For this flux we have

Fig. 2. Upper panel: K profiles of AG Dra (solid line) taken on 2
February 1994 (Tomova & Tomov 1999), and of AG Peg of 30 Jurgneb _ 1 + a(He) jlo—s
1986 (from lvison et al. 1994). Lower panel: AG Dra over AG Peg 4rd? N2

file ratio.
profie ratio {/ n?~,(H®, T,) dV + a(He) / n?y, (He®, T,)dV | , (2)
1% %

is similarity of the profiles morphology and according to th@hereV is the volume of the nebula. The quantitigsare re-
treatment of Schwank et al. (1997) the mass-loss rates mustdied to the emission coefficients of hydrogen and neutral helium
probably close as well. Supposing that the mass-loss rate of #@l are determined by recombinations and free-free transitions.
giantof AG Pegis +210°" M, yr—!, for its counterpartinthe The particle density in the giant's wind is a function of the
AG Dra system we adopt 2:2.510°7 My, yr~'. Asitwillbe distance to the center and can be expressed via the continuity
shown in the next section, the mass-loss rates smaller thandf@ationn(r) = M /47r?umypv, where M is the mass-loss
lower limit lead to stellar radii below 2&,. So small values rate;v — the wind velocitypy = 30 kms~! (Mikolajewska et al.

are probably not plausible, as the cool component of the AG Dra95) andumy — the mean molecular weighi, = 1.4 (Nuss-
system is supposed not to be a normal giant, but K-type brigffumer & Vogel 1987). The inner boundary of the region of
giant (Huang et al. 1994; Mikolajewska et al. 1995; Smith et dhtegration is the radius of the star and the outer one — infinity.
1996). It is also necessary to have the quantitigs 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:
Having the fluxes of the components of the binary AG Dra wibe blending of the Balmer lines with high numbers produces
can compose a system of two equations with two unknown quam-apparent continuum longward of the Balmer limit near 3650
tities — its distance and the radius of its primary. The effective3660A which has the same flux as the Balmer continuum
temperature of this component was estimated by Smith et etcess shortward of 3650 For this reason we used the values
(1996) and amounts to be 4300 K. The cool giant's continuuofithe emission coefficients on the short wavelength side (Oster-
can be fitted with a function giving the energy distribution dfrock 1974; Pottasch 1984). We adopt an electron temperature

4. The method of calculation and results
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of 15000 K as proposed by Mikolajewska et al. (1995) and he- occulted by the cool star) when the giant changes its mass-
lium abundance of 0.1 (Mogel & Nussbaumer 1994). Solving loss rate.
the system of equations, with the adopted values of the mass-The shape of the U light curve indicates that the flux equal

loss rate the distance is obtained to be in the range-15800 to the orbital amplitude is emitted by a small high-density
pc, and the stellar radius — in the range:32 R,. This result region located most probably around the hemisphere of the
shows that the size of the giant star is small compared with its giant which faces the hot companion.

Roche lobe. — The cool giant’'s mass-loss rate was estimated from the H

Our estimates can be compared with the estimates, based orprofile to be in the range 2:2.510° 7 M yr~! on the
other methods. For example Smith et al. (1996) studying the IR basis of the theoretical models of Schwank et al. (1997),
absorption spectrum and performing an abundance analysis ofand from the similarity with the H profile of AG Peg.
the giant, concluded that its bolometric magnitude and radius Using the mass-loss rate and the U fluxes of the different
are in the intervaldVf;,,; ~ —1.1 + —2.5 and R = 2650 components of the system we calculated its distance and the
R . Mikolajewska et al. (1995) came to the conclusion thatthe radius of its cool giant to be in the ranges 158810 pc
distance is~2.5 kpc. On the other hand the observational data and 28-32 R, respectively.
of HIPPARCOS satellite provided a lower limit to the distance
of about 1 kpc (Viotti et al. 1997). AcknowledgementsThe authors thank the referee Dr. R. Viotti whose

remarks contributed to improve the paper. N.T. is also grateful to Dr.
M. Friedjung and Dr. N. Markova for their comments and helpful ad-
5. Discussion and conclusions vices.

The availability of an estimate of the radius of the primary of

AG Dra gives us the chance to calculate some other paramefRederences
too. The abunqlance analy3|s of this star performe_d by Sm'trb%tstian U.. 1098, AGA 329, L61
al. (1996) provided an estimate of the surface gravitpgf; = Bovarchuk A A 1966 AZh 43 976
1.6. Using this estimate and a radius of- 28 R, we derive a y N ' ;

S : Boyarchuk A.A., Belyakina T.S., Tarasov A.E., Glagolevski Yu.V.,
mass of 1.1-1.5 M, which is in agreement with the result of =, g7 Ap&SS 131, 775

the gnalyss Of.th's component t_)y Mikolajewska et al. (199§3riedjung M., 1997, In: Mikolajewska J. (ed.) Physical Processes in
Having the radius and the effective temperature of the star, we symbjotic Binaries and Related Systems. Proc. of the Interna-
found its bolometric luminosity, which turned out to be in the  tional Conf., Copernicus Foundation for Polish Astronomy, War-
interval 242:-316 L. saw, p. 105

The values for the distance to the system lead to the redeeiedjung M., Hric L., Petrik K., Galis R., 1998, A&A 335, 545
tion of some of the parameters of its hot companion obtained 8ylis R., Hric L., Friedjung M., Petrik K., 1999, A&A 348, 533
Greiner et al. (1997) which are based on a distance of 2.5 kgarcia M.R., Kenyon S.J., 1988, In: Mikolajewska J., Friedjung M.,
Since a very hot star was observed, these authors proposed thakenyon S., Viotti R. (eds.) The Symbiotic Phenomenon. AU Coll.
it is in a steady state hydrogen burning near its surface allow- 103, Kluwer, p. 27
ing its luminosity to be due only to nuclear processes. A steag¢nzalez-Riestra R., Viotti R., lijima T., Greiner J., 1999, A&A 347,
state burning can be realized when the burning rate is equal to4’8
the accretion rate. Greiner et al. found that if the hot companiGfeiner J., Bickert K., Luthardt R., etal., 1997, A&A 322, 576
of the AG Dra system had such an accretion rate, it will be in tff&/ffin R-E-M., Lynas-Gray A.E., 1999, AJ 117, 2998
range of steady burning at the surface of a white dwarf with§¢ L Skopal A., 1989, IBVS 3364 )
mass of 0.3/, This mass was calculated using the core mas ﬂcp"l" Skgga;g" Urban Z., etal., 1993, Contr. Astron. Obs. Skainat
luminosity relationl /L, ~ 4.6 10*(Mcore/Me—0.26) (Yun- €S0 3,

. . . Hric L., Skopal A., Chochol D., et al., 1994, Contrib. Astron. Obs.
gelson et al. 1996). Making corrections of their parameters we Skalnaé Pleso 24, 31

obtained that the bolometric luminosity and the accretion rqjﬁang C.C., Friedjung M., Zhou Z.X., 1994, ARAS 106, 413
are in the intervals 9671302 L) and 1.2-1.710 ® Mo Y . yison R J., Bode M.F., Meaburn J., 1994, AGAS 103, 201
The mass of the companion was calculated to be aboutiR;3  kenyon s.J., Mikolajewska J., Mikolajewski M., Polidan R.S., Slovak
which leads to a minimum accretion rate for steady burning of 4. 1993, AJ 106, 1573
1.810°7 M@ yr—*.Soit can be concluded thatthese new Valu%kolajewska J., Kenyon S.J., Mikolajewski M., Garcia M.R., Polidan
are also in agreement with the model of a steady state burningr.s., 1995, AJ 109, 1289
at the surface of a white dwarf. Mirset U., Jordan S., Walder R., 1995, A&A 297, L87
We summarize the main results of our analysis as followsiussbaumer H., Vogel M., 1987, A&A 182, 51
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hot companion has an excess of luminosity, which maksshwank M., Schmutz W., Nussbaumer H., 1997, A&A 319, 166
it able to ionize always the whole nebula (but some regi®eaquist E.R., Taylor A.R., 1990, ApJ 348, 313
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