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Abstract. We present a study of the eclipsing symbiotic binary FN Sgr with a period of 568.3 days determined photometrically
and confirmed spectroscopically. The hot component underwent a 2.5 mag eruption covered by most of our spectroscopic
observations. In particular, we have determined for the first time spectroscopic orbits based on the radial velocity curves for
both components. A set of blue absorption lines resembling an A-F type star is present in all our spectra and they seem to be
associated with the hot component. Based on the light curve, we derive the red giant’s radius (140 R,) and the orbital inclination
(i=280°). We find that FN Sgr is similar to other S-type symbiotic binaries, composed by an M 5-type giant (M, = 1.5 M) and
a hot white dwarf (M), = 0.7 My, R, = 0.2 Ry) with a binary separation of ~1.6 AU. The red giant is just filling its Roche lobe
and a geometrically and optically thick accretion disk is likely to be present around the low-mass accretor. The evolution of T}
and Ly along the active phase argues in favour of accretion disk instabilities similar to those of Z And. We have also studied
spectral changes and photometric variations as a function of both the hot component activity and the orbital motion.
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1. Introduction

Symbiotic stars are interacting binaries in which an evolved
giant star transfers material to a much hotter compact compan-
ion. The typical configuration of a symbiotic binary is a red
giant transferring material, via stellar wind, to a white dwarf.
In some cases a red giant is replaced by a yellow giant or a
carbon star, and a white dwarf by a main sequence or a neu-
tron star. Most symbiotic stars (~80%) contain a normal giant
star, and based on their near-IR colors (showing presence of
stellar photospheres of T.x ~ 3000-4000 K) they are classi-
fied S-type systems (stellar). The remaining symbiotics con-
tain a Mira variable, and their near-IR colors give temperatures
of ~1000 K indicating the presence of warm dust shells, and
they are classified as D-type (dusty). These two types seem to

* Based on observations taken at Complejo Astronémico
El Leoncito (CASLEO), operated under an agreement between
the Consejo Nacional de Investigaciones Cientificas y Técnicas de
la Reptblica Argentina, the Secretarfa de Ciencia y Tecnologia de
la Nacién and the National Universities of La Plata, Cérdoba and
San Juan.

** Tables 1-3 are only available in electronic form at
http://www.edpsciences.org

http://www.edpsciences.org/aa

originate from different orbital separations of components. For
large separations (long periods) the cool star was able to evolve
to the Mira state producing a dust shell around the star. On
the other hand for smaller separations (shorter periods) we find
normal giants.

Although we know of about 188 symbiotic stars, and an-
other 28 are suspected to be symbiotic (Belczynski et al.
2000), only around 40 systems have known orbital periods
and in only 27 systems were spectroscopic orbits determined
(Mikotajewska 2003). The majority of the symbiotic systems
with known orbital period are S-type, and their periods are gen-
erally of the order ~200-1000 days. Periods of D-type systems
are harder to estimate because they are much longer and are su-
perimposed with pulsations of the Mira variable; for the Mira
Symbiotics V1016 Cyg and R Aqr orbital periods of about
80 years (Schild & Schmid 1996) and 44 years (Hollis et al.
1997) respectively, were estimated. For a detailed review of or-
bital parameters of symbiotic binaries we refer the reader to
Mikotajewska (2003).

This work is part of a major project in which we determine
periods and spectroscopic orbits of symbiotic binaries on the
basis of spectroscopic data collected over more than ten years.

http://dx.doi.org/10.1051/0004-6361:20042552
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In selecting the southern S-type symbiotic star FN Sgr, we
chose to use visual photometry from the Variable Star Section
Circulars of The Royal Astronomical Society of New Zealand
(RASNZ) over 30 years (1972-2002) and high resolution spec-
tra obtained with the 2.15 m telescope of CASLEO (San Juan,
Argentina) during the period 1990-2002.

2. Observations

2.1. Spectroscopy

Spectroscopic observations were performed with the 2.15 m
“Jorge Sahade” telescope of CASLEO (San Juan, Argentina).
During 1990 medium-low resolution spectra were taken with
a Boller & Chivens Cassegrain spectrograph using a photon-
counting Reticon, called the Z-Machine (1/A1 = 4100
and 2700 in the blue and red filters respectively). Since 1995,
high resolution spectra were obtained with a REOSC echelle
spectrograph using a Tek CCD 1024 x 1024 pixels (1/Ad =
15 000).

Three low resolution spectra were taken with the 1.52 m
telescope of ESO at La Silla (Chile) and the B and C spec-
trograph used in the spectral ranges 143450-7425 and 3099-
5098 A. Table 1 shows a log of the observations. Barbi et al.
(1992) detail the Z-Machine acquiring and reducing data pro-
cedures. The CCD data were reduced with IRAF! packages,
CCDRED and ECHELLE and all the spectra were measured
using the SPLOT task within IRAF.

To obtain the flux calibration, standard stars from Hamuy
et al. (1992) and Hamuy et al. (1994) were observed each night.
A comparison of the spectra of the standards suggests that the
flux calibration errors are about 15 per cent for the Z-Machine
and 20 per cent in the central part of each order for the REOSC
echelle images, respectively.

In our analysis we have included the flux and radial velocity
measurements of the Ha, He 114686 and [O 1]A5007 emis-
sion lines given by Van Winckel (1993), corresponding
to July 1988 (~¢ = 0.88) and September 1989 (¢ = 0.62).

2.2. Photometry

The main source of photometric data in this work consists of
mean visual estimates published in the Variable Star Section
Circulars of The Royal Astronomical Society of New Zealand
in the years 1972-2002. We have also estimated V magni-
tudes by integration and convolution of the spectra with the
standard V filter response function. These estimations, Vip,
are included in the last row of Table 2 and its accuracy is of
the order of +0.2 mag. Collected visual and V photometry is
shown in Fig. 1. The light curve of FN Sgr (JD 2441500—
2452 600) shows a systematic brightness decline with moder-
ate periodic-like light changes, and with one major eruption
around JD 2451 000.

' IRAF is distributed by the National Optical Astronomy
Observatories, which is operated by the association of Universities for
Research in Astronomy, INC., under contract to the National Science
Foundation.
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3. Analysis and discussion
3.1. Orbital period

We have analyzed the RASNZ visual photometry using the
period-search method described by Schwarzenberg-Czerny
(1997). The periodogram shown in Fig. 2 has been obtained
from all visual data presented in Fig. 1. We obtained two signif-
icant frequency peaks (~3c") which occur at ~0.0018 day ™' and
~0.0003 day~, respectively. The highest frequency peak rep-
resents light changes with an amplitude of about 0.7 mag and a
period of 568 days while the lower peak corresponds to a period
~3100 days which is more than half of the time interval covered
by our observations. It is also induced by the 2.5 mag outburst
around JD 2451000 seen in Fig. 1. To construct the phase di-
agram, we divided observational points into two groups: those
from the quiescent phase (JD 2441500-2449977) and those
from the active phase (JD 2450007 — 2452 000). Points from
the quiescent phase were corrected for the brightness decline to
make the periodic light changes more visible. We phased both
groups using

Min = JD 2450270 (+2) + 568.3 (+0.3) X E. (1)

and then we constructed normal points which are shown in
Fig. 2. On both phased light curves we see a similar trend: a
clearly pronounced primary minimum (¢ ~ 0.0), and a small
dip around ¢ ~ 0.5. The amplitude of the active light curve
(~2.5 mag) is more than three times larger than that of the qui-
escent light curve (~0.7 mag). A similar behaviour is observed
in the eclipsing symbiotic systems of CI Cyg (Mikotajewska
2001, and references therein) and AX Per (Mikotajewska &
Kenyon 1992), and it is consistent with eclipses of the active
hot component by the giant companion. The photographic light
curve of FN Sgr from 1918 to 1927 (Payne 1928) shows a clear
light minimum around JD 2424700, which corresponds, ac-
cording to Eq. (1), to phase ¢ = 0.01, and thus seems to confirm
our ephemeris. This suggests that whatever causes these peri-
odic light changes was also present 70 years ago and it is a long
term phenomenon. The radial velocity, emission line flux and
[TiO]; index variations all show the same periodicity, which
we attribute to the orbital period. In all cases, the most regu-
lar changes have been obtained with the 568.3-day period. As
is observed in all well-studied symbiotic stars, the orbitally re-
lated photometric changes are accompanied by some spectral
variability such as changes in the optical emission line fluxes
and in the relative depths of TiO absorption molecular bands.

3.2. Spectral variability

In Table 2 we list the emission line fluxes, obtained by integrat-
ing the line profile above the linearly interpolated continuum.
We have also measured the relative depth of the TiOA 6180
absorption band, to obtain the [TiO]; molecular index and the
spectral type of the cool component of FN Sgr, according to the
calibration given by Kenyon & Fernandez-Castro (1987).
Most of our spectroscopic observations were taken during
the optical outburst phase (Fig. 1). The outburst behaviour is
similar to that observed in other classical symbiotic stars (e.g.
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Fig.1. (Top) visual light curve of FN Sgr in 1972-2002. Dots: visual observations from RASNZ, open circles: V magnitudes calcu-
lated from our spectra and those from Barbd et al. (1992), square: from Munari et al. (1992), and triangles: derived from FES counts.
(Bottom) evolution of emission line fluxes of Ha, He 114686 and [O111] 5007 (shifted by 0.5 for clarity) in 1988—-2002. Bars mark times of
photometric minima/times of the inferior spectroscopic conjunction of the red giant. Labelled arrows point to Van Winckel et al. (1993) data

(1) and the available IUE spectra.

CI Cyg and AX Per). The rise in optical brightness was first
accompanied by a large increase in the [O II] emission lines
and broadening of the emission line wings (Fig. 3). The per-
mitted HT and HeI emission lines were also increasing al-
though not as much as the forbidden lines, whereas He 114686
was decreasing. Then, near the visual maximum (1996-1998)
the [O 1] emission decreased, and He 14686 practically dis-
appeared. At the same time the permitted emission lines have
maximum widths. In 1999, the visual brightness gradually de-
clined with increasing the [O11T] and He IT emission lines.

The [O111] nebular emission reached maximum intensity
in May 1999, and after that it declined following the vi-
sual magnitudes. He1m 4686 emission reached maximum in-
tensity in September—October 2000, somewhat later than the
forbidden line emissions. On the other hand, the forbidden
line [Fe viI]A16087 was absent during the outburst, and then
the intensity increased since July 2000, reaching maximum in
April 2002.

In Fig. 4 we present a few emission line fluxes and
the[TiO]; index variations as a function of the orbital phase.
The [TiO]; indices are much deeper near the photometric mini-
mum than around the maxima, indicating a spectral type as late
as MSIII. All this suggests that the continuum level changes
due to occultation of both the hot component and part of the
nebulosity by the M giant companion during the minima and
that the spectral type of the giant is earlier during the maxima
indicating strong contamination by the hot component and the
ionized nebula.

The H1, He and He II fluxes decreased in intensity around
primary minima. The emission line He 114686 decreased in
intensity by roughly a factor of two and it suffers narrower
eclipses than do HI and HeTl lines (Fig. 4). Although the
forbidden line fluxes [O1] and [FevIl] show significant
variations along the optical brightness they do not change
during the photometric minima suggesting that these emis-
sion lines are formed in an extended region. This behavior
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Fig. 2. Periodogram (fop) and phased light curves (bottom) for FN Sgr.
Open circles represent normal points calculated from quiescent light
curve (MJD ~ 45 000—-49 500, dots represent the light curve from the
recent outburst (MJD ~50 000—52 000).

parallels that observed in CI Cyg (Kenyon et al. 1991) and AX
Per (Mikotajewska & Kenyon 1992).

In general, in the observed members of the Balmer se-
ries, the broad emission is cut by a central absorption and
the red peak is stronger than the blue one. The Ha emis-
sion profiles are shown in the left panel of Fig. 3. In August
1995, April and August 2002 (not shown in Fig. 3) the ab-
sorption is very weak or absent and the double peak struc-
ture is replaced by an asymmetric single profile. The largest
value of the absorption intensity (see Table 2) is observed in
September 1998-May 1999, during the maximum of the light
curve and no intensity variation with the phases was detected.
A similar behavior is presented by the central absortions of HB
and Hy. The radial velocity of this feature is practicaly con-
stant, -88 +2 kms~!; =78 + 1 kms~! and -77+0.4 kms~! in
Hea, HB and Hy respectively.

3.3. Spectroscopic orbits

We present the radial velocity curves for both components of
the system FN Sgr. For the cool component we have measured
M-type absorption lines at wavelengths longer than 6000 A
corresponding to Fe 1, TiT, NiI, Si1, O1,Zr1,CoL, VIand MgI.
In the blue region, between 114000-5000 A we have measured
cF-type absorption lines corresponding mainly to Cr1I, Fe1l,
Tit and Y 1. The radial velocity curve of these ions seems to

E. Brandi et al.: Spectroscopic orbits of the symbiotic binary FN Sgr

be in anti-phase with that of the cool star. The emission lines of
He1, He 11, Fe 11 and forbidden transitions of [O IlI] and [Fe viI]
were also measured. The individual radial velocities were ob-
tained by a Gaussian fit of the line profiles. A mean value was
calculated for each spectrum and the resulting heliocentric ve-
locities together with their standard errors and the number of
measured lines are given in Table 3.

In addition we have determined the radial velocities from
the broad emission line wings of Ha, HB and He 1114686,
which would reflect the motion of the hot component if they
were formed in the inner region of the accretion disk or near to
the hot star. In this way we have applied the same method that
Schneider & Young (1980) and Shafter (1983) succesfuly used
in studies of cataclysmic binaries (for more details about the
application of this method to symbiotic binaries, see Quiroga
et al. 2002). However, the Balmer line wings are at times af-
fected by a mixture of Raman and Rayleigh scattering (Jung &
Lee 2004) and it is therefore not clear if they are associated with
the hot component motion. This may explain the large scatter
in the radial velocity curves in Fig. 6c¢.

The M-abs radial velocity variations are consistent with the
photometric period over more than seven photometric cycles
covered by our data (see Fig. 5), so we adopt Py, = 568.3 days.
In order to find the other orbital parameters: Ty, the time
of periastron passage (or spectroscopic conjunction for e=0
solutions); vy, the baricentral velocity; K, the semi-amplitude
and w, the longitude of periastron, we applied Bertiau’s pro-
gram (1967) based on the Lehmenn-Filhés method, consider-
ing both cases, ¢=0 and e # 0. Table 4 gives the constrained
solutions to circular orbits and the best fitting for an eccentric
orbit for the indicated groups of absorption and emission lines.
AT = Tsyconj — Tphotmin 18 the time difference between spec-
troscopic conjunction and photometric minimum. The circular
orbit for the M-abs line fits very well the radial velocity data
of the giant (Fig. 6, panel a), but an orbit with a low eccentric-
ity (¢=0.06 = 0.03) represents the best solution. The times of
spectroscopic conjunction coincides with optical eclipses for
circular and quasi-circular orbits, so the absorption lines trace
the cool component’s motion.

The best solution for the cF-type absorption features (as
well as that for the He 1l broad emission line wings) leads to
significant eccentricity (e = 0.33), whereas the red giant orbit is
circular or nearly circular. A similar result was obtained for
AR Pav, in which the eccentricity apparently increases with
the hot component activity (Quiroga et al. 2002). Moreover,
in both FN Sgr and AR Pav the periastron longitude of the el-
liptical orbit solution for the hot component is near 270° in-
dicating that the apparent eccentricity may be an effect tied to
the line of sight. The cF-type absorption velocities are 180°
out of phase with the M-giant and the systemic velocity is
blueshifted by ~5 kms~'. The dotted curve in the panel b
of Fig. 6 is the best-fitting circular solution for these data.
Combining the semi-amplitudes of the M giant and the blue
absorption component for the circular orbit (Table 4) gives
a mass ratio ¢ = My/My = 2.3 £ 0.05, component masses
of Mysin®i = 1.3 M, and Mysin’i = 0.63 Mo, and the bi-
nary separation Asini = 350 Ry. On the other hand, consid-
ering the combined circular solutions, the M giant, the blue
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Fig. 3. Emission line profiles in FN Sgr. Each profile was normalized to maximum intensity. The profiles are shifted vertically for better display.

absorptions and the Hell wings, ¢ = My/M; = 1.9 £ 0.08,
M, sin®i = 0.88 My, and M, sin®i = 0.46 M, with a binary
separation A sini = 320 R. Both the mass ratio and compo-
nent masses obtained for FN Sgr are similar to those derived
for other S-type symbiotic systems (e.g. Mikotajewska 2003,
and references therein).

The Hel, Hell and Fell emission lines seem also to fol-
low the hot component’s motion, but their semi-amplitudes,
~16 kms~! for He1 and He 11 and 9 kms~! for Fe 11, are lower
than that obtained from the cF-type absorptions. The Fe II curve
shows a more negative baricentral velocity ~6 kms™! and a
larger difference between the time of the spectroscopic con-
junction and the eclipse. In the case of He 1 and He 1, the y ve-
locity ~—54 kms~! is nearer to that of the giant and the derived
time of spectroscopic conjunction differs from the photometric
minimum by around 32 days. Such behavior can be explained,
as in AR Pav (Schild et al. 2001; Quiroga et al. 2002), by a con-
tribution from material between the two stars and in the neigh-
borgood of the red giant which can both reduce the amplitude
and shift the mean velocity, as for Fe11.

The forbidden lines [O11]A5007 and [Fe viI]16085 also
show variable velocities (see Table 3), but their changes do not
follow the orbital motion of either binary component. As shown

in Fig. 6 panels g and h, the radial velocities of 45007 present a
deep minimum near the eclipse and the same is observed in the
[Fe vII]16085, but at phases 0.2-0.4. The profiles of both lines
show a double structure at some specific epochs. As can be seen
in Fig. 3, the [O IT]A5007 profiles present, in general, asymme-
tries or a weak component to the red side, except at phases 0.08
(April 2001) and 0.98 (September 2002), when the deep mini-
mum in radial velocity is observed. The [Fe vII]16085 profiles
also show two peaks, sometimes very conspicuous with a sep-
aration of ~90 kms~!, but the profile is single and symmetric
at the same phases (0.08 and 0.98).

In order to approximate the individual masses of the FN Sgr
system the orbital inclination can be estimated by:

cosi < [(RJA) — (Ry/A)? )

where R, is the red giant radius and R, is the mean tidal radius,
defined as the radius of a sphere with a volume equal to the
Roche lobe volume. R;/A = 0.45 + 0.002 and 0.43 + 0.004 are
obtained from Eggleton (1983) for ¢ = 2.3 + 0.05 and ¢ =
1.9 + 0.08, respectively.

Useful constraints on both the red giant radius R, and the
eclipsed gas R can be derived from the light curves shown in
Fig. 1.
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Fig. 4. Phase plot of [TiO]; indices (fop), He (dots) and HB (open
circles), He15876 (dots), 6678 (open circles) and 7065 (triangles)
(middle), and He 114686 emission line fluxes (bottom). The He 14686
fluxes obtained during the optical outburst maximum, in May 1997
and September 1998, respectively, have been omitted because the very
dramatic change in HeII flux is due to the outburst and not to orbital
motion. The ordinate is logarithmic for line fluxes and linear for [TiO]
indices.

If the eclipsed gas volume is centered on the hot star, we can
define ¢ and ¢, as the duration of the eclipse and the duration
of totality, respectively, and they are related to Ry and Re.i by

Rg/A + Rect /A = sin(¢1/2)
Ry/A = Reat/A = sin(¢2/2).

We considered the two deep and well difined eclipses during
the outburst at JDM 50251 and JDM 51407. The data suggest
¢1 = 80° £ 3° and ¢ = 23° £2° 50 Ry/A = 0.42 + 0.02 and
Reci/A = 0.22 = 0.01. The orbital inclination is then i=80°,
so My = 1.5 Mg and My, = 0.69 M. The giant’s tidal radius,
R(/A ~ 0.45, is similar to the apparent red giant radius derived
from eclipses, indicating that the red giant in FN Sgr is filling
its Roche lobe.

4. Reddening and distance

In order to know the physical parameters of FN Sgr we have
to obtain a good determination of the interstellar extinction and
distance.

The interstellar reddening was derived from Hel, HT and
He1I emission line ratios (excluding the spectra taken during
the visual maximum when He I lines are very weak or absent),
in the same way as Mikotajewska et al. (1997) did.

In particular, Hy/HB/Ha ratios indicate Eg_y = 0.3 £ 0.1,
Hel 6675/5876 and 7065/5876 are consistent with Eg_y ~
0.45 + 0.3 and the Hemm4686/5411 ratios indicate Ep_y <
0.2+0.1.

Comparing the He 114686 mean out-of-eclipse fluxes ob-
served in 1990-95 with the He 11 1640 flux measured in the [TUE
spectrum in 1992, we estimate an upper limit for Ep_y < 0.13
because the He111640 line was saturated in the IUE image.
These values can be compared with the galactic extinction to-
wards FN Sgr (I = 16.2,b = —-9.0) which is 0.2 < Ep_y <
0.3 (Burstein & Heiles 1982). For further analysis, we adopt
Ep_v =0.2.

The [TiO]; index measured during the eclipse indicates an
MS5 giant, consistent with the JHK colours of FN Sgr (Munari
etal. 1992) and Ep_y ~ 0.2. Using the spectral parallax method
for mean dereddened K, = 7.8, the spectral type M 5III, and
My = —6.4 (derived from evolutionary tracks for a solar metal-
licity 1.6 M, giant) we obtain d = 7 kpc. If the cool giant is
similar to the galactic buldge giants rather than to the bright
local giants, we estimate d = 5 kpc. The upper limit to the dis-
tance, assuming that the giant fills its tidal lobe, is d ~ 8kpc
which places FN Sgr in the galactic buldge. Knowing the
eclipse radius of the M giant provides an opportunity to esti-
mate the distance to FN Sgr. Using the Barnes-Evans relation
(Cahn 1980),

Fg=4.2211-0.1K - 0.51ogs, 3)

with the K surface brightness, Fx = 3.83 (M5III), we estimate
the giant’s angular diameter in arc milliseconds, s = 0.184 mas.
If the giant’s radius is Rg sini = 147 R, a more accurate dis-
tance dsini = 7.4 + 0.4 kpc is obtained. For further analysis,
we adopt d = 7.5 kpc. Our distance estimate is larger than those
given by Munari & Buson (1994) — d = 3.2kpc — and Barba
etal. (1992) —d = 2.9kpc. We think that the lower value given
by Munari & Buson (1994) is caused by their assumption of
a much higher reddening and earlier spectral type of the gi-
ant, whereas Barb4 et al. (1992) used a much earlier spectral
type (M 1.4).

5. The nebula

During the eclipse the giant occults some features of HI, He 1
and HeIT at primary minimum (Fig. 4), but does not affect the
forbidden lines of [O 11T] and [Fe vII]. As in CI Cyg and AX Per
(Kenyon et al. 1991; Mikotajewska & Kenyon 1992) we can
consider the nebula divided into the eclipsed and the uneclipsed
gas.

Almost 90% of the He 11 14686 flux vanishes during the pri-
mary minima along the eruption. The duration of this eclipse
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Fig. 5. Circular orbital solution for P, = 568.3 days fitting the helio-
centric radial velocity of the red giant in FN Sgr.

¢1 = 152° + 31° which combined with Rg/A = 0.42 gives the
fractional radio of the eclipsed region Ry /A = 0.55 + 0.02,
or Rye+ ~ 200 Re. With an average integrated line flux during
the eclipse, F(14686) = 7.3x 10713 ergcm™s™!, we estimated
the electron density in the HeII region as n, = 10'° cm™ for
T. = 30000 K.

Similar considerations can be made for the eclipsed HI and
HeT emission lines which are less deep and broader than those
of Hell, especially HI, indicating that the region is not com-
pletely occulted. We estimated ¢; = 174°/196° for HT and He 1
respectively, so Ry+ ~ 210 Ry and Rye+ ~ 205 R,. The HB flux
from the eclipsed region, F(HB) = 6.4 x 10713 ergscm™2 57!,
suggests 1, = 3 x 10° cm™ for T, = 30000 K.

The forbidden lines [O I]A115007, 4959 and 4363 do not
show intensity variations at primary minimum, although im-
portant variations along the eruption were observed. When it
was possible to measure the three lines in our spectra, the red-
dening corrected line ratio R = 1(15007) + 1(14959)/1(14363)
was calculated. In general, R increases during the outburst,
and extreme values such as 0.7 and 15.7 were measured at
MID 49945 and MJD 51065/70, respectively. The former
value of R corresponds to minimum values of Te min ~ 16 000 K
and Aemin ~ 107 cm™ whereas the latter is consistent with
6000K < T, < 40000K and any values of n.. Generally, an
increase in R implies a decreases in n. if T, is held constant,
and decreases in T, if n. is held constant. The [OIII] emis-
sion line flux significantly increases during the outburst with
a local minimum around MJD 51 065/70, coincinding with a
drop in the He114686 emission line flux. A useful diagnos-
tic for the changing physical conditions within the symbiotic
nebula is provided by the He1d4 5876, 6678, 7065 emis-
sion line ratios (Proga et al. 1994). In FN Sgr, the HeT ra-
tios change significantly during the outburst, in particular, both
1(16678)/1(15876) and 1(17065)/1(15876) decrease during the
optical maximum. Similar outburst evolution of the HeT lines
has been noted in a few other S-type systems, and all of them
show — like FN Sgr — relatively cool A or F-type optical con-
tinua throughout the outburst. This evolution of Hel lines can
be best explained by a decrease in the average n. of the nebula
(Proga et al. 1994). Such a change seems plausible if the hot
component produces more He-ionizing photons and ionizes a
larger region of lower average density.
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Observations of CI Cyg and AX Per suggest that the He™
region actually shrinks in the orbital plane during their opti-
cal eruptions (Mikotajewska 1985; Mikotajewska & Kenyon
1992), probably due to the presence of an optically and ge-
ometrically thick accretion disc which prevents ionization and
excitation in the orbital plane. Unfortunately, our spectroscopic
data are unsufficient to make a similar analysis for FN Sgr,
however the similarity of the outburst evolution of the visual
light curves of FN Sgr and those of CI Cyg suggests that the
same may happen in FN Sgr. The apparent decrease in nebular
size in the orbital plane then implies a large increase in neb-
ular size perpendicular to the orbital plane, accompanied by a
decrease in the average nebular density. Such a scenario is con-
sistent with the observed evolution of the [O IlI] and He I emis-
sion lines.

If we assume that the [OI] lines arise from a
homogeneous nebula with 7. = 6000-16000 K and
ne = 3 x 103-107 cm=3, the size of the [OTII] emitting region
can be calculated (Mikotajewska 1985) using the unreddened
flux of the 15007 line and adopting the distance d = 7.5 kpc.
We obtain a range for the radius of 3—16 AU which is larger
than the whole binary size and this may well explain the lack
of eclipses in the [O1I1] lines. As in CI Cyg and AX Per, the
[Fe vir] forbidden lines are the other emission lines which are
unaffected by eclipses.

Two broad emission lines, 16825 and 17082 A, are
frequently observed in symbiotic stars with high excita-
tion nebulae and they are formed by Raman scattering of
the OVI 141031, 1038 resonance lines by neutral hydrogen
(Schmid 1989). Only a weak and broad emission at 16825 A
is observed in several spectra of FN Sgr. The other feature is
not detectable in the noisy region at the end of the aperture.
No changes with the orbital phase are detected but during the
period MJD 51325-51791, at the maximum of the light curve,
the line 16825 A is absent and the intensity increases when
the brightness decreases, recovering almost the same intensity
observed before the eruption. A probable explanation is alter-
ations suffered by the scattering mechanism in the circumstel-
lar medium during the explosion. Raman scattering is probably
not working or it is less efficient because the UV photons are
quickly absorbed by thick and expanded material around the
hot component.

6. Hot component

The effective temperature and the luminosity of the hot com-
ponent can be obtained from certain unreddened emission
line fluxes. We can determine the hot component tempera-
ture using the relationship between T}, and the fluxes of Hp,
He14471 and He 114686 (lijima 1981) for data acquired out-
side eclipse (Table 5). The second column of Table 5 in-
cludes ymax, the highest observed ionization potential which is
Xmax ~ Th[1000 K] according to Miirset & Nussbaumer (1994).
To derive the hot component luminosity the following methods
are used.

1. Ly(HB) and Ly(Hem) are derived from HB and
He114686 emission line fluxes adopting 7}, for the
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Fig. 6. Radial velocity data and orbital solutions for FN Sgr. The solid and dotted lines repeat the circular orbit of the M-giant and the cF-abs
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represent Van Winckel’s data. The solutions correspond to a) M giant absorptions, b) cF-absorption lines, ¢) Ha (open circles), HS (open
squares) and He 1114686 wings (solid circles), d) Fe Il emission lines, e) He I emission lines, f) He II emission lines, g) [O 11]A5007 line and
h) [Fe vII]26085 line.

Table 4. Orbital solutions for FN Sgr.

Component K Yo e w T, AT? asini  f(M)
[kms']  [kms] [deg]  [JD24.] [day] [AU] [Mo]
M giant 100+£0.3 -534+0.2 0 2.2 0.52 0.0580
M giant 10003 -534+0.2 0.06+0.03 368=+29 50995 7.1 0.52 0.0586
cF-abs 220+1.5 -482+09 0’ 50718 -24.8 1.15 0.6300
cF-abs 233+1.0 -475+0.6 0.33+0.05 240+ 9 51614 -164 1.15 0.6259
He 11 wings 16.8 +2.0 -513+12 0’ 29.0 0.88 0.2795
He 11 wings 183+14 -51.6+1.1 033+£0.10 271=x15 53424 26.8 0.90 0.3042
Heo+HB wings 11.0+13 -51.2+0.8 0 -19.1  0.57 0.0783
Felr 93+1.8 -60.0+1.8 0’ -75.3 048 0.0468
Hel 158 +1.0 -54.1+0.8 0’ =322 0.82 0.2310
Hen 165+1.3 -53.8+0.8 0 -33.1 0.86 0.2656
[Fe viI] 16087 21.7+£29 -662+1.8 0’ 95.2 1.13 0.6028

Time of the passage through periastron.
2 AT = Tspcnnj - Tphntmin-
Assumed.

temperature and using Eqs. (6) and (7) given by for the period of visual maximum (JD 2450 590-51000),

Mikotajewska et al. (1997). is consistent with the results of the continuum fitting (bf+{f

2. Ly(UV) is estimated from HB, He15876, and nebular emission plus black body continuum with T =
He 114686 emission line fluxes using Eq. (8) in Kenyon 8000K and L = 1000 L) for the low resolution spectrum
etal. (1991). made on JD 2450590.

3. Lyw(A-F) is derived from the visual magnitude of the
eclipsed A-F-type continuum. Note that L,(A-F), derived Figure 7 shows the evolution of the hot component in the
HR diagram. We separated the observations in four intervals
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Table 5. Hot component of FN Sgr.

JD!/phase Temperature Luminosity? [Le]

Xmax [€V] T [10° K] Ly(HB) Ly(Heud686) L,(UV) Ly(A-F)
48117/0.212° 114
48 190/0.360° 114 170 1460 1800 1440
48203/0.366° 114 150 1080 1200 430
49945/0.428 114 150 1200 1500 1200 540
50590/0.563 55 70 1530 1500 1080 1940
51 065-70/0.402 55 58: 1420 945: 1000 1940
51325/0.856 55 127 1030 1240 1080 970
51755-7/0.614 100 160 1420 1800 1440 1400
51791/0.686 100 180 1900 2700 2200 1620
51 826-8/0.738 114 150 1850 2400 1800 540
52133-5/0.279 114 170 1170 1550 1200 430
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! Julian Date = 2400 000 + JD listed in table; > assumes d = 7.5kpc and Ez_y = 0.2;

3 Based on emission line fluxes from Barbd et al. (1992).

the EUV range. If the radiation emitted shortward of 1200 A
is produced by photoionization followed by recombination, the
luminosity Ly(UV) can be approximated as the sum of the HI,
He1and He IT Lyman continua inferred from HB, He 15876, and
He 114686 emission line fluxes acording to Eq. (8) of Kenyon
etal. (1991).

The radius of the accreting star and the mass accretion rate
M can be calculated in base of Egs. (9) and (10) of Kenyon et al.
(1991) If Tbl = Th, Lbl = 0.5Lh and Mh =0.7 M@ we obtain
Ry ~ 0.2 Ry which corresponds to a white dwarf with 0.7 M.
During the maximum brigthness (JD 50590) R;, ~ 0.7-0.9 R,

and My, ~ 4 x 107 Mg yr!.
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Fig. 7. Evolution of the hot component in the HR diagram. The ob-
servations are separated into four intervals covering the outburst and
its preceeding and subsequent quiescent periods as indicated in the
legend. The dotted curves are the cooling curves for a 0.64 M, and
0.55 M white dwarf (Schonberner 1989) and the dashed curves are
the line of constant radius.

as indicated in the legend. We do not observe any important
variation in the luminosity whereas its temperature varies from
log Ty, ~ 5.2 to 4.7 being the lowest temperature at the max-
imum outburst. This behavior does not correspond with ther-
monuclear models and a possible explanation arguments in
favour of accretion disk instabilities (Mikotajewska 2003), sim-
ilar to those of Z And (Mikotajewska & Kenyon 1996).

If the hot component is a low mass star surrounded by an
accretion disk, similar considerations to those performed for
CI Cyg (Kenyon et al. 1991) and AX Per (Mikolajewska &
Kenyon 1992) can be made. The disk models predict that about
one-half of the accretion energy is radiated by the accretion
disk itself, but the rest must be radiated in a boundary layer
between the disk and the central star. Since the temperature in
this region (7y;) can be higher than 10° K, it emits mostly in

7. Conclusions

FN Sgr is an eclipsing symbiotic binary with a period of 568.3
days determined photometrically and confirmed by spectro-
scopic observations. The present study of FN Sgr may be sum-
marized as follows:

(1) The collected historical 19722002 light curve of FN Sgr
shows systematic brightness decline with periodic deep
minima (eclipses), interrupted by one major eruption
around JD 2451 000.

(i) We have determined for the first time spectroscopic or-
bits based on the radial velocity curves for the cool and
the hot stars. The radial velocity of both the cF-type ab-
sorption lines due to singly ionized elements and the He 11
broad emission wings seem to follow the hot component
motion. Based on the light curve, we derive the red giant’s
radius (140 Ry) and the orbital inclination (i = 80°). We
find that FN Sgr is similar to other S-type symbiotic bina-
ries, composed of an M 5-type giant (M; = 1.5 M) and a
hot white dwarf (M}, = 0.7 Mg, Ry = 0.2 Rp) with a binary
separation of ~1.6 AU. The process of mass transfer in this
system is probably through Roche lobe overflow since we
find that the Roche lobe filling factor, considered as the
ratio of the red giant’s radius to the mean tidal radius (R;),
is near unity.
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(iii) The best solution for the cF-type absorption features (as
well as that for the He I broad emission line wings) leads
to significant eccentricity (e = 0.33) whereas the red giant
orbit is circular or nearly circular. We note that a similar
result was obtained for AR Pav, in which the eccentric-
ity apparently increases with the hot component activity.

Moreover, in both FN Sgr and AR Pav the periastron lon-

gitude of the elliptical orbit solution for the hot component

is near 270° indicating that the apparent eccentricity may
be an effect tied to the line of sight.

The emission line changes indicate a decrease in the

hot component temperature at the optical maximum to

<50000 K, possibly because of increasing optical depth in
the hot component wind. The optical continuum observed
during the 1996-98 maximum is consistent with a pres-
ence of continuum source with Teg ~ 7000—-8000 K and

L ~ 2000-1000 L.

(v) The presence of the blue shell absorption system appar-
ently associated with the hot component in all our spectra,
including periods where the strong high-ionization fea-
tures are present, suggests a double-temperature structure
of the hot component that is observed in other classical
symbiotic stars. They possibly originated in a geometri-
cally and optically thick accretion disk around a low-mass
accretor. The evolution of T}, and L, along the active phase
argues in favour of accretion disk instabilities similar to
those of Z And.
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Table 1. Log of the spectroscopic observations of FN Sgr.

Date D Range Phase
2 440 000+ [A] *)
14/08/90 (7) 8117.51 5800-7200 0.212
06/11/90 ()  8201.50  5800-7200  0.360
09/11/90 ()  8204.50  4400-5000  0.365

14/08/95" 9944.60 4150-7300  0.427
14/08/95" 9944.64 4150-7300  0.427
14/08/95" 9944.66 4150-7300  0.427

22/05/97 (%) 10590 3540-7425  0.563
22/05/97 (}) 10590 3099-5098  0.563

07/09/98! 11064.65  5700-9000  0.398
12/09/98> 11069.63  4100-7100  0.407
25/05/99" 11324.83  4500-7600 0.856
31/08/99! 11421.64  5500-9100 0.026
31/08/99! 11421.66  5500-9100 0.026
02/09/99" 11423.59  4100-7300  0.030
03/09/99" 11424.65  4100-7300 0.032
03/09/99! 11424.67  4100-7300 0.032
28/07/00" 11754.74  3950-7100 0.613
28/07/00" 1175476 3950-7100 0.613
30/07/00" 11756.74  5500-8700 0.616
30/07/00" 11756.76  5500-8700 0.616
02/09/00" 11790.66  3900-7100 0.676
03/09/00" 11791.67  5500-8700  0.678
07/10/00! 11825.57  4200-7300 0.737
07/10/00! 11825.58  4200-7300 0.737
08/10/00! 11826.58  4200-7300 0.739
09/10/00! 11827.56  5800-9000 0.741
09/10/00! 11827.57  5800-9000 0.741
17/04/01" 12017.88  3850-7100 0.076
17/04/01" 12017.91  3850-7100 0.076
29/05/01! 12059.88  5500-8600  0.150
10/08/01! 12132.67  4100-7200  0.278
10/08/01! 12132.68  4100-7200  0.278
10/08/01! 12132.68  4100-7200 0.278
12/08/01! 12134.66  4100-7200  0.281
24/04/02! 12389.86  4800-7500  0.730
24/04/02! 12389.91  4800-7500  0.730
09/09/02" 12527.58  4200-7300 0.972
11/09/02" 12529.57  4200-7300 0.976
13/09/02! 12531.60  5400-8400  0.980

(*) Photometric ephemeris Min(m,;s) = 2450270+568.3 E.

(1) Observations obtained with Z-Machine at CASLEO (Barb4 et al.
1992).

(%) Low resolution spectra obtained with the 1.52 m telescope of

ESO, La Silla, Chile.

Images taken with bin factor = 2.

Image taken with bin factor = 4.
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Table 2. Optical emission line fluxes in units of 10713 ergs~! cm~2, [TiO]; molecular index and Vs magnitudes.

JD! =55 590 1065/70 1325 1422/4 1755/7 1791 1826/8 2018 2060 2133/5 2390 2528/32
1) 0.428 0.563 0402 0.856 0.029 0.614 0.677 0.738 0.075 0.150 0.279 0.730 0.976
Hy 4340 95 185 14.3 1.9 105 13.0 18.9 4.1 72 33
[O111] 4363 0.4 2.2 0.1 1.8 3.8 4.7 3.7 23 2.6 1.1
He14388 1.0 2.1 1.2 0.1 1.0 1.9 1.0 0.2 0.6

He14471 1.0 4.5 2.6 1.2 1.7 1.2 0.5 0.4 0.5
He114541 0.6 0.6 1.5 0.9 0.5 0.5 0.4
Fe 114584 0.4 0.8 0.3 0.6 0.3 0.2

Fe 114629 0.6 0.1 0.2 0.2 0.5 0.3 0.1

N114634 0.3 0.2 0.7 1.6 0.8
N114641 0.6 2.1 4.4 1.7 0.3 0.4 0.2
He 114686 14.0 0.9 0.1 8.5 34 18.3  31.7 21.3 115 17.1 7.1
HpB 4861 25.1 427 414 250 55 29.7  36.5 39.2 9.4 227 19.0 72
He14922 32 2.9 1.6 22 0.3 3.0 3.8 2.5 0.5 1.7 1.0 0.2
Fe114924 0.3 1.1 0.1 0.3 0.7 0.2 0.1

[O111] 4959 32 1.4 2.4 2.2 1.1 0.6 0.8 0.2 0.4
[O111] 5007 0.2 33 1.4 9.7 3.7 7.5 5.0 3.7 1.9 23 0.9 1.0
He15016 1.7 3.6 2.8 2.2 0.4 1.6 2.0 1.2 0.5 0.8 0.4 0.3
Fe1r 5018 0.7 1.1 0.2 0.2 0.6 1.1 0.6 0.1 0.2 0.2

He15047 0.6 0.8 9.6 0.3 1.4 1.1 0.3
He1 5411 1.3 0.3 0.2 1.6 39 1.8 1.0 1.4 1.3 0.7
[Fe vir] 5720 0.6 0.4 0.6 0.8 1.2 1.2 1.3 1.8 1.4
He15876 6.1 10.7 94 103 2.4 6.1 8.2 8.7 2.6 1.7 4.0 22 2.8
[Fe viI] 6087 0.9 0.3 0.7 1.1 1.1 2.0 23 2.8 2.9 22
Ha 6563 127 207 180 192 43.0 118 208 187 51.0 58.7 105 84 44.9
Ha CA3 64 38 42 25 38 51 11 7.1 53 6.2
He16678 13.1 5.4 42 6.1 1.5 8.7 9.0 8.7 2.4 1.7 32 2.5 0.7
O VvI6825 2.7 2.5: .. 05 2.3: 24 1.1
He17065 6.6 5.5 49 102 23 6.6 8.5 10.1 3.8 1.9 39 22 2.7
He17281 2.5 1.3 0.8 1.8 0.3 1.5 23 1.6 0.6 0.6 0.9 0.2
[TiO], 0.27 0.075 021 0.30 0.71 0.45 046 0.64 0.35 035 035 0.34
Vyp [mag] 125 114 1132 121 13.4 11.7  11.6 125 132 126 127 127 13.4

! Julian Date = 2450 000 + JD listed in table; * scaled to Vi, = my;s; > central absorption.
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Table 3. Radial velocities (in km s7!) of the giant absorption lines, the blue cF-type absorption lines, broad emission wings of HI and He It
lines and permitted and forbidden emission lines in FN Sgr.

JD/Phase M-abs cF-type Broad emission wings Fenr Her Hen [Oma] [Fev]
2440000+ HB Ha Heni4686 15007 16087
7357.8677/0.88 44
7359.8677/0.88 -86
7363.8677/0.89 -54+£2(2)
7364.8677/0.89 -36 =28 (1)
7779.8677/0.62 -61
8117.505/ 0.21 -56 -84+9(2) =70(1) -104
8201.500/ 0.36 47 +3(9) -43 81 -65+6(12) -62 (1) -110
8204.500/ 0.37 =752 (71) -68 -55+4(28) -50+3(6) -67(1) -38
9944.597/0.43 -50+2(12) —42+2(122) -65 -66 -66 -
9944.635/0.43 -50+2(12) —42+2(143) -64 -64 -65 —-68+3(41) —-64+2(10) -60x1(5 -82
9944.662/0.43 —54+2(15) -43+2(146) -65 -59 =70 -63+3(22) -64+2(10) -58+3(5) 37 -87
11064.648/ 0.40 —-46+1(38) -58 -62+4(7) -40+9(4) -188
11069.634/0.41 —46+2(4) -60 47 -63
11324.827/0.86 —-61+1(23) -34+1(59) -32 -35 -33 —42+5@8) -39+2(9) =26 (1) 47
11421.636/ 0.03 -54+1(72) -55 -70+83) -64+6(3) -46
11421.659/0.03 -53+1(61) -56 —-67+4(4) -24
11423.592/0.03 -54+2(10) -54+1(87) =51 =54 -69+5(06) -65+3(09) -61+x04(2) -48 =50
11424.650/0.03 -52+2(13) -52+1(93) -52 -55 -52 -66+3(7) -68+3(10) -62+4(3) 49 -32
11424.672/0.03 -55+2(13) -53+1(83) -56 -56 =51 —-67+2(35) -68+3(10) -65(1) -50 -36
11754.741/0.61 -60+2(11) -34+1(68) -25 -33 -36 —-46+2(36) -30+2(10) -35+0.3(3) -51 =75
11754.764/ 0.61 -61x2(10) -31+x1(69) -24 -32 =37 48 +2(40) -31+2@8) -37+2(3) -53 -73
11756.745/0.62 -59+1(70) -33 —46+4(7) -33+3(3) -72
11756.763/0.62 —61+1(63) -30 47+4@8) -35+3(4) -56
11790.664/ 0.68 -63+2(12) -30+1(51) -27 -38 -34 —40+1(54) -31+£2(09) -33+2(6) 51 -73
11791.668/ 0.68 59 +1(78) 24 42 +2(11) -34+£3(4) -26+2(2) -66
11825.572/ 0.74 -30+1(49) -30 -32 -38 -46+2(24) -39+3(Q8) -42+1(4) 57 -66
11825.585/ 0.74 -30+1(61) -33 =37 -49+230) -37+3(11) —47+3@4) 57 -68
11826.576/0.74 -64+3(14) -31+1(59) -30 =37 -50+234) -37+3(10) —42+2(4) -55 -62
11827.559/0.74 —64+1(68) 48 +4(7) -38+2(3) -59
11827.572/0.74 —-64+1(57) -34 48 +2(8) -38+2(3) —42 (1) -60
12017.884/0.08 -52+3(25) -56+2(129) -35 48 -40 -67+6(09) -56+3(8) -48+214) -70 —41
12017.906/ 0.08 -54+3(25) -56+2(138) -34 -49 41 -66+1(2) -57+3(7) 47+23) -70 —40
12059.878/0.15 —44+1(72) -54 -60+2(4) —48
12132.668/0.28 —42+2(15) -77+1(103) -69 -57 -62 —-64+2(05) -65+2(4) -70+0.4(2)
12132.684/ 0.28 —-44+2(13) -71+£2(79) -59 -57 -65 -61+£2(05) -64+24) -73+x1(3) -69 -85
12134.660/ 0.28 —45+1(50) -72+2(125) -60 -54 -68 -65+2(13) -64+219) -67+2(4) 31 -59
12389.860/ 0.73 —-63+2(80) -35+3(38) -55+2(2) -54+3(6) -40(1) 42 -68
12389.908/ 0.73 -62+1(75) -31+2(33) -59+52) -55+4(6) -48 (1) 42 -68
12527.583/0.97 -56+2(33) -55+2(134) nd =57+1(7) -59+1@3) -108 —41
12529.574/ 098 -52+2(29) -53+2(154) nd -57+2(7) -61x1@3) -107 47
12531.601/0.98 -51+1(119) nd -54+£4(3) —45

+ Van Winckel’s data (1993).
nd: non detected.



