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ABSTRACT

RR Tel is an interacting binary system in which a hot white dwarf (WD) accretes matter from a
Mira-type variable star via gravitational capture of its stellar wind. This symbiotic nova shows intense
Raman-scattered O VI 1032 and 1038 features at 6825 A and 7082 A. We present high-resolution
optical spectra of RR Tel taken in 2016 and 2017 with the Magellan Inamori Kyocera Echelle (MIKE)
spectrograph at Magellan-Clay telescope, Chile. We aim to study the stellar wind accretion in RR Tel
from the profile analysis of Raman O VI features. With an asymmetric O VI disk model, we derive
a representative Keplerian speed of > 35 km s™!, and the corresponding scale < 0.8 au. The best-fit
for the Raman profiles is obtained with a mass loss rate of the Mira M ~ 2 x 10~6 Mg yr~! and
a wind terminal velocity vee ~ 20 km s~!. We compare the MIKE data with an archival spectrum
taken in 2003 with the Fibre-fed Extended Range Optical Spectrograph (FEROS) at the MPG/ESO
2.2 m telescope. It allows us to highlight the profile variation of the Raman O VI features, indicative
of a change in the density distribution of the O VI disk in the last two decades. We also report the
detection of O VI recombination lines at 3811 A and 3834 A, which are blended with other emission
lines. Our profile decomposition suggests that the recombination of O VII takes place nearer to the
WD than the O VI 1032 and 1038 emission region.
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1. INTRODUCTION

Symbiotic stars are interacting binary systems con-
sisting of an evolved giant transferring mass to a hot
compact object, in most cases a white dwarf (WD) (e.g.,
Kenyon 1986). In the general case, it is believed that the
accretion occurs via the stellar wind from the primary,
known as Bondi-Hoyle-Lyttleton (BHL) wind accretion.
For the D-type (dust) symbiotic stars, the widest binary
systems composing of a Mira-type variable, several hy-
drodynamical simulations suggest a new mass-transfer
model called wind Roche-lobe overflow (WRLOF; Mo-
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hamed & Podsiadlowski (2012)) or gravitational fo-
cusing (de Val-Borro et al. 2009). Accretion through
WRLOF focuses on the binary plane, leading to higher
mass transfer rate than that of standard BHL wind ac-
cretion. This lends support to the suggestion that D-
type symbiotic stars are a promising candidate of a type
Ia supernova progenitors (e.g. Itkiewicz et al. 2019).
RR Telescopii is a Dusty-type symbiotic nova compris-
ing a Mira component and a WD. A nova-like outburst
occurred in 1944 when RR Tel brightened by ~7 mag in
the visual band (Mayall 1949). In 1949, the extended at-
mosphere started to shrink and entered a nebular phase.
Subsequently, its luminosity has been slowly fading for
several decades (e.g., Miirset et al. 1991; Nussbaumer
& Dumm 1997). Recent light curve from the ASAS-
SN photometric database shows that the overall V mag-
nitude is still in the steady decline trend. It changed
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from 11.7 to 11.9 during the last four years (Shappee
et al. 2014; Kochanek et al. 2017). Meanwhile, the ef-
fective temperature of the WD has continued to rise
from T ~ 6750 K in May 1949 (Pottasch & Varsavsky
1960) and it has exceeded > 140000 K after 1978 (e.g.,
Hayes & Nussbaumer 1996; Jordan et al. 1994). Based
on the recent X-ray observations with XMM-Newton,
Gonzélez-Riestra et al. (2013) estimated its temperature
T ~ 154000 K and luminosity L ~ 5000 L assuming a
distance of 2.6 kpc. The orbital period of this object is
still quite uncertain but it is believed to exceed several
decades (Lee & Park 1999; Schmid & Schild 2002).

From time-series spectroscopic observations of RR Tel
between 1950 and 1960, Thackeray & Webster (1974) re-
ported a strong, unidentified emission band at 6825 A
having a broad width of ~ 30 A with a double-peaked
profile. They noted that whenever the 6825 band ap-
peared, the rest of the spectrum showed lines of high
ionization, which implied that the origin of the band
is related to high-ionized species. A second, weaker
band at 7082 A was also detected, whose profile bears
a striking similarity to 6825 feature (Allen 1979). Be-
cause of their observational properties, including ab-
normally broad width and the double-peaked profile,
Allen (1979) proposed that both emissions come from
the same atomic or molecular species.

The identification of the two bands was made by
Schmid (1989), who proposed that the two broad bands
at 6825 A and 7082 A are due to the Raman scattering
of O VI A\ 1032 and 1038 doublet by atomic hydro-
gen H I. Synchronous far-UV and optical observations
for symbiotic stars including RR Tel provided support
to his identification of the Raman O VI features (Es-
pey et al. 1995; Birriel et al. 2000). In this scattering
process, an O VI 1032 photon is incident on H I in the
ground state, and de-excitation into 2s state produces
an optical Raman-scattered photon with A =6825 A. A
similar process with an O VI 1038 photon results in an
optical photon at 7082 A. Figure 1 shows the scattering
process in symbiotic star. The heterogeneous environ-
ment in symbiotic binaries includes the nebular region
photoionized by intense far-UV radiation from the hot
source and the dense neutral region around the donor
star, providing an excellent laboratory to study Raman
scattering by H 1 (e.g., Schmid 1989; Nussbaumer et al.
1989).

The inelasticity of Raman scattering requires that the
wavelength of an emergent Raman photon is almost
solely determined by the relative motion between the
far-UV O VI emission region and the H I scattering
region and negligibly dependent of the observer’s line
of sight. This unique property allows us to investigate
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Figure 1. Raman scattering process in symbiotic star. The
coexistence of the neutral region characterized by large H I
density in the stellar wind of the donor star(the left black
circle) and the strong far-UV source(the right black circle)
photoionized by the WD constitutes an optimal condition for
Raman scattering by H 1. The black solid line represents the
ionization front, determined by a STB geometry. The grey
shaded region corresponds the Raman scattering zone in the
H I region.

the mass transfer process with an edge-on view of the
cool star. Follow-up spectropolarimetric observations
revealed that the Raman O VI bands of RR Tel are
strongly polarized and show complicated line structures
with a polarization flip in the red wing (Schmid & Schild
1994; Harries & Howarth 1996; Schmid et al. 1999). The
spectropolarimetric properties were explained by a very
extended scattering region responsible for a large mass
loss rate. Another model was suggested by Lee & Park
(1999), who adopted an accretion disk around a WD
with an asymmetric matter distribution, resulting in the
asymmetric double-peak profiles of the Raman O VI in
RR Tel. Previous research works on line formation of
Raman O VI features in other symbiotic stars show that
their profiles provide valuable kinematic information on
the accretion disk. In particular, the main peak separa-
tion of Raman O VI features indicates a representative
velocity scale ~ 50 km s~! of the accretion disk around
the WD (e.g., Lee & Kang 2007; Heo & Lee 2015; Heo
et al. 2016).

Further interesting point of Raman O VI is that the
two profiles, as usual, are not identical in a given ob-
ject, even though the O VI A\ 1032 and 1038 photons
are formed in the same region. The difference in flux be-
tween the two peaks is more evident in 7082 feature than
6825 profile. O VI AX 1032 and 1038 resonance doublet
lines arise from 2sy,5 — 2p3/5,1/2 transitions. Since the
oscillator strength of 2s;,5 — 2p3/p transition is twice
larger than that of 2s;/5 — 2p;/p transition, it is ex-
pected that the flux ratio F'(1032)/F(1038) = 2, in the
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optically thin region. In accordance with the ratio of
oscillator strength, O VI 1032 is twice more optically
thick than O VI 1038, 7(1032) = 27(1038), which makes
it more difficult for an O VI A 1032 line photon to escape
from the site. We, therefore, expect that the flux ratio
F(1032)/F(1038) may deviate from the optically thin
limit of 2 and approach unity in an optically very thick
medium. Heo & Lee (2015) adopted the local variation
of the flux ratio F'(1032)/F(1038) in the accretion disk
to account for the profile disparity of the Raman O VI
features in a symbiotic nova V1016 Cyg. As demon-
strated by these results, Raman O VI features can be an
ideal spectroscopic tool to investigate the vicinity of the
WD and further probe the mass transfer process associ-
ated with stellar wind accretion in symbiotic stars.

Although RR Tel is a well-studied symbiotic nova,
there is a lack of optical studies for the past two decades.
The most recent observation in the literature was con-
ducted in 2000, analyzed by Young (2012). In this
paper, we present and discuss our high-resolution spec-
troscopic observations of the Raman O VI features in
RR Tel, conducted in 2016 and 2017 using the Magel-
lan Inamori Kyocera Echelle (MIKE) spectrograph in-
stalled on the 6.5 m Magellan-Clay telescope, Chile. In
Section 2, we investigate the Raman O VI features com-
paring the archival far-UV data taken in 2002 with the
Far-Ultraviolet Spectroscopic Explorer (FUSE) satellite
and the almost contemporary optical spectrum taken in
2003 with the Fibre-fed Extended Range Optical Spec-
trograph (FEROS) at the MPG/ESO 2.2 m telescope.
A detailed profile analysis of the Raman O VI features
based on the accretion disk model was performed, and
the results are shown in Section 3. Our finding of the
O VI A\ 3811 and 3834 doublets from our profile de-
composition is described in Section 4. Discussion and
summary follow in Sections 5 and 6.

2. OBSERVATIONS
2.1. MIKE Spectrum

We obtained high-resolution optical spectra of RR Tel
using the MIKE spectrograph (Bernstein et al. 2003).
The double echelle spectrograph MIKE covers the wave-
length range of 3350-5000 A (blue) and 4900-9500 A
(red) in its normal configuration. A slit width of 0.7” x
5" was used, resulting in resolving power R ~ 27000
and ~ 35500 on the blue and red sides, respectively.
To increase the signal-to-noise ratio (S/N), a 2 x 2 bin-
ning was applied in both the spectral and spatial direc-
tions. Observations were carried out on 2016 July 30
and 2017 July 26, for total exposure times of 2000 sec
and 2400 sec, respectively. With these integration times,
the spectra have significant S/N > 100 for strong lines

suitable for profile analysis. ThAr spectra were taken
for wavelength calibration.

We reduced the MIKE data using the Carnegie
Python Distribution (CarPy) pipeline (Kelson et al.
2000; Kelson 2003) and NOAO.onedspec package of
the Image Reduction and Analysis Facility (IRAF).!
The data are overscan-corrected, bias-subtracted, ex-
tracted, wavelength calibrated, and flat-fielded with
quartz lamps within the pipeline. Individual exposures
were then combined using the IRAF task scombine.
Due to the poor weather condition of the night 2016 July
30, flux calibration was not possible. For the observing
night 2017 July 26, we observed the spectrophotomet-
ric standard star HR 7950 under photometric condition.
Flux calibration was performed with the TRAF tasks
standard, sensfunc, and calibrate.

The left and right panels of Fig. 2 show the Raman-
scattered O VI features at 6825 A and 7082 A. To make
quantitative profile comparisons of the two Raman O VI
features, we transform the observed wavelengths into the
O VI Doppler factor AVitomic as shown by the upper
horizontal axis. First, we convert the observed wave-
length to the vacuum wavelength using the refractive
index of air ng;, = 1.0003. By measuring the center
wavelengths of the strong emission lines (e.g., He I A7065
and A6678, [N II] A6583 and A6548, [O III] A\4959,
HB and Hy), we obtain the systemic velocity vg,s of
—55.5 km s~!, and —57.8 km s™!, respectively, for the
2016 and 2017 data. We correct for the systemic veloc-
ity and calculate the corresponding far-UV wavelength
of incident O VI photon using the energy conservation
principle. Adopting the O VI center wavelengths of
Aozz = 1031.928 A and Ajg3s = 1037.618 A, we fi-
nally compute the O VI parent Doppler factor AV, iomic-
More detailed information about the transformation be-
tween the wavelength and the Doppler factor is available
in Heo et al. (2016).

We fit the Raman O VI features with two Gaussian
components, from which we derive the peak separation
of the Raman O VI 6825 feature AV = 47.5 km s~! and
AV = 48.7 km s~! in the data of 2016 and 2017, re-
spectively. For the Raman O VI 7082 features, the peak
separations are measured to be AV = 45.7 km s~! and
AV = 46.4 km s~! in 2016 and 2017, respectively. The
Gaussian fitting parameters are presented in Table 3.

We overplot the MIKE data in Fig. 2, whose medium
grey lines represent the 2016 data and black lines show

1 IRAF is distributed by the National Optical Astronomy Obser-
vatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under cooperative agreement
with the National Science Foundation.
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Figure 2. The Raman-scattered O VI A\ 1032 and 1038 features at 6825 (left) and 7082 A (right) in the spectra of RR Tel. Light
grey lines represent the FEROS data, and the medium grey and black lines show the 2016 and 2017 MIKE data, respectively.
The upper horizontal axis shows the Doppler factor AVztomic computed in the parent far-UV O VI space. The 2003 and 2016
spectra are multiplied by an artificial factor for profile comparison with the flux-calibrated 2017 data.
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Figure 3. Part of MIKE spectrum of RR Tel around

Raman-scattered O VI features at 6825 A and 7082 A taken
in July 2017. This region has a constant continuum value of
2.0x 107" erg cm™2 s7' A~', which is not contaminated by
the Mira component. The Raman O VI features are located
away from the telluric bands at 6870 A.

the 2017 data. The vertical axes show flux density
in units of 107 erg em~2s~' A=, Since the 2016
data is not flux calibrated, we multiplied an artificial
factor to match the continuum value with the 2017
data. As shown in Fig. 3, the continuum around
the bands is virtually flat with a constant value of
2.0x 107" erg cm™2 s~ A~ due to the dust obscura-
tion. The Mira in RR Tel is heavily obscured and so no
trace of photospheric absorptions is visible (e.g. Kotnik-
Karuza et al. 2006). Dust obscuration in RR Tel is also
supported by its optical light curves, which do not show
any pulsation of Mira, whereas the Near-IR light curves
show a clear periodicity (Gromadzki et al. 2009).

To measure the total line fluxes for the Raman
O VI features, we assume that the emission having
the Doppler factor AVyiomic between —60 km s~! to

Table 1. Observed line fluxes of the Raman O VI 1032 and
2018 features at 6825 and 7082 A from 1993 to 2017.

Date Raman O VI 1032  Raman O VI 1038 ref.
(erg cm™2 s71) (erg cm™ 2 s71)
1993-11-21 7.2 x 10712 1.2 x 10712 Schmid et al. (1999)
1995-03-18 6.7x 10712 1.3 x 10712 Espey et al. (1995)*
1996-07-22 4.78 x 10712 8.98 x 107** Crawford et al. (1999)
1996-10-08 4.5 % 10712 9.1x 107" Schmid et al. (1999)

2017-07-26  3.03 4 0.01 x 107'2  5.98 +0.08 x 10~*? This work

2 extinction-corrected flux

100 km s™! is a Raman O VI feature. In these re-
gions, the contributions of other spectral lines, includ-
ing TiO or VO absorption lines from the Mira and tel-
luric lines, are negligible. There is telluric O2-B band
between 6870 - 6950 A, but not affecting both Ra-
man O VI features (Groppi & Hanson 1996). Few un-
known emission lines with FWHM < 0.5 A are also
detected at the wavelength range of Raman O VI fea-
tures. However, their contribution to the total line
fluxes are negligible due to the relatively small inten-
sities compared with the Raman features. Therefore
we obtain the total line fluxes of the Raman O VI fea-
tures F(6825) = 30.34+0.11 x 10713 erg cm=2 s~ and
F(7082) = 5.98+0.08 x 10713 erg cm=2 s~ for the 2017
data.

The Raman line fluxes of RR Tel were studied in pre-
vious observations between 1993 and 1996 (e.g., Espey
et al. 1995; Crawford et al. 1999; Schmid et al. 1999).
A steady decrease was found over the period, and the
same behavior is shown for the far-UV O VI 1032 and
1038 emissions. We note that the fluxes of both Ra-
man O VI in the MIKE data have decreased by about
30 % from 1996 October. The measurements are sum-
marized in Table 1. The decrease in the line intensity is
consistent with the trend of general slow fading started
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Figure 4. Part of the FUSE spectrum of RR Tel around
O VI AX 1032 and 1038 taken in June 2002. The light grey
line represents the raw data, whereas the black line shows
the binned spectrum.

in 1949 after its outburst (e.g., Nussbaumer & Dumm
1997; Contini & Formiggini 1999).

2.2. FUSE Spectrum

RR Tel was observed on June 14, 2002 with the FUSE
satellite as part of the Cycle 3 program C141 (data ID:
C1410102000; PI: P.R. Young). The FUSFE spectrum
of RR Tel was taken for an exposure time of 128 sec
through the low-resolution aperture (LWRS: 30 x 30
arcsec) using TTAG (Photon Address) mode. The SiC2
channel covers a wavelength range of 917 - 1104 A at a
spectral resolution of 12000 - 20000 (Moos et al. 2000;
Sahnow et al. 2000). The data were re-processed and
archived at MAST with the CalFUSE pipeline version
3.2.1. The extracted data is binned in wavelength with a
bin size of 0.013 A (Dixon et al. 2007). Considering that
the observation was made under low-resolution mode,
we binned the data by a spectral resolution of 0.362 A.

In Fig. 4, we present a zoom-in of the FUSFE spec-
trum centered on the two strongest emission lines, O VI
1032 and 1038. The light grey line represents the raw
data, whereas the black line shows the binned spec-
trum. The O VI emissions have line fluxes of F(1032) =
2.01 4+ 0.56 x 107 erg em™2 s7! and F(1038) =
1.18 £ 0.32 x 10719 erg cm™2 s7!, respectively, yield-
ing the flux ratio of F(1032)/F(1038) = 1.70. There
has been a steady decrease in line fluxes of both O VI
emissions from F(1032) = 2.56x1071% erg cm™2 s~1 and
F(1038) = 1.54x 10719 erg em ™2 57! in 1993 (Schmid et
al. 1999) - a drop of 22 %. We summarize the observed
values of O VI lines and compare them with previous
measurements from other research works in Table. 2. We
note that the flux ratio F(1032)/F(1038) has remained
almost constant at ~ 1.7 throughout this period.

2.3. FEROS Spectrum

RR Tel was observed with FEROS installed on the
MPG/ESO 2.2 m telescope for a total exposure time of
600 sec on November 13, 2003. The spectrum spans the
wavelength region 3527 - 9216 A and has a spectral res-
olution of R ~ 48000 (Kaufer et al. 1999). The data
were reduced automatically using the FEROS Data Re-
duction Software (DRS) pipeline version fern/1.0 and
archived at the European Southern Observatory (ESO)
database. 2 The data are overscan-corrected, bias-
subtracted, extracted and flat-fielded. The extracted,
flat-fielded data are wavelength calibrated and rebinned
in wavelength with a bin size of 0.3 A. The reduced spec-
tra are not flux calibrated. 3 In Fig. 2, the light grey
lines correspond to the FEROS data. Not being flux
calibrated, the FEROS data is multiplied by an artifi-
cial factor to compare their profiles with that of the flux
calibrated MIKE data.

Following the same method used for the MIKE data,
we measure the center of the strong emission lines
(He 1 A7065 and A6678, [O II] A5007 and A4959),
and obtain the systemic velocity vgy, of —59.7 km s~ L
Through two-component Gaussian modeling of the Ra-
man features, we find that the two peaks of the Ra-
man O VI 6825 are A\pue = 6822.75 A and A\yeq =
6829.75 A. These correspond to a Doppler factor of
Viiwe = —10.0 km s™! and V;..q = 36.5 km s~ ! resulting
in the peak separation AV = 46.5 km s~!. For the Ra-
man O VI 7082, the peak separation AV = 48.5 km s—!
is obtained. We summarize the Gaussian fitting param-
eters for the Raman features in Table 3.

2.4. Profile Variation of Raman O VI

In previous studies, it was found that the Raman O VI
features of RR Tel show an asymmetric double-peaked
profile, where the red peak is stronger than the blue
one (e.g., Allen 1980; Schmid et al. 1999). Harries &
Howarth (1996) investigated the temporal variation of
Raman O VI 6825 feature between 1992 and 1994, from
which they found a slight decrease in (normalized) line
intensity while the overall profiles remained unchanged
(see Fig. 8-d in Harries & Howarth (1996)).

By comparing the data obtained in the years of 2003,
2016, and 2017, we find that both Raman O VI pro-
files show significant variations. In Fig. 2, we overplot
the FEROS spectrum taken in 2003 and the MIKE data
observed in 2016 and 2017. It is obvious that the asym-
metry of both Raman profiles has grown for the last

2 http://archive.eso.org/scienceportal /home

3 http://www.eso.org/rm/api/v1/public/releaseDescriptions/94
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Table 2. Observed line flux of O VI A\ 1032 and 1038 resonance doublet and their flux ratio from 1993 to 2002.

Date O VI 1032 O VI 1038 F(1032)/F(1038) ref.
(erg em™2 s7h) (erg cm™2 s7h)
1993-09-16 2.56 x 10710 1.54 x 10710 1.70 Schmid et al. (1999)
1995-03-12 2.32 x 10710 1.43 x 10710 1.64 Birriel et al. (2000)
2002-06-14 2.0140.56 x 107'%  1.184+0.32 x 107° 1.70 This work

Table 3. Fitting parameters (center wavelength A, corresponding Doppler factor V' and peak value f) for the Raman O VI

features through a two-component Gaussian modeling.

Ablue Viiue fotue Ared Vied fred AV fred/ fotue
(A) (kms™')  (x10 Perg em 2 571 A1) (A) (km s™!) (x107Pergem™2 57 A7) (km s7!)
Raman 6825
2003-11-13  6822.75 -10.0 1.40 6829.75 36.5 2.75 46.5 1.96
2016-07-30  6823.10 -8.2 1.50 6830.25 39.3 3.65 47.5 2.43
2017-07-26"  6822.90 -9.2 1.55 6830.20 39.5 3.67 48.7 2.37
Raman 7082
2003-11-13  7978.70 -15.1 0.14 7086.60 33.7 0.56 48.8 4.00
2016-07-30  7079.90 -8.3 0.17 7087.30 37.4 0.98 45.7 5.76
2017-07-26*  7079.70 -9.3 0.17 7087.20 37.1 0.98 46.4 5.76

: flux-calibrated

two decades, whereas there is no significant change be-
tween 2016 and 2017. To describe the profile asymmetry
in a given Raman feature, we use parameter frcq/ foiue,
the ratio between the peak values of the two Gaussian
components. We find that the asymmetry parameter
fred/ forue of Raman O VI 6825 increased 26 % from
1.94 in 2003 to 2.45 in 2016. This change is even more
apparent in the 7082 feature, a 43 % increase from 3.94
in 2003 to 5.65 in 2016.

3. LINE FORMATION OF RAMAN O VI

We introduce our line formation modeling via a Monte
Carlo approach to compute the flux and the profiles of
Raman-scattered O VI features. The Monte Carlo simu-
lation starts with a generation of a far-UV O VI photon
at a random place in an accretion disk. The O VI pho-
ton enters the H I region where is Rayleigh scattered. It
escapes the region if the photon has an optical depth 7
larger than 7., the scattering optical depth to an ob-
server at infinity, or becomes an optical photon through
Raman scattering. A full description of the simulations,
including the escape condition and the scattering pro-
cess, can be found in Lee & Lee (1997).

It is worth remembering once again that the line pro-
files of Raman-scattered features are almost independent
of the observer’s line of sight and are almost solely deter-
mined by the relative motion between the far-UV O VI
emission region and the H I scattering region. Because
the H I region around the Mira commands an almost
perfect edge-on view of the accretion around the WD,

the profile analysis of Raman-scattered features provides
crucial information, including physical extent, density
distribution, and kinematics of the O VI 1032 and 1038
emission region around the WD (Lee & Kang 2007; Heo
et al. 2016; Lee et al. 2019).

3.1. Stellar Wind and the STB Ionization Front

First of all, to model the density distribution of H I
around the Mira, it is assumed that the stellar wind
from the Mira follows a beta law, where the radial wind
velocity v, (r) is given by

0, (1) = vao (1 — Ry /7)P. (1)

Here, R, is the launching site of the wind, vy is the
wind terminal velocity (e.g., Lamers et al. 1999). We
choose the parameter 8 = 1 for simplicity in our Monte
Carlo simulations.

The slow stellar wind around the Mira is illuminated
by intense far-UV radiation from the hot component,
and hence some parts facing the WD are photoion-
ized. Seaquist, Taylor & Button (1984) presented their
photoionization calculation to find the ionization front,
known as the STB model. In the STB model, the ioniza-
tion front in the stellar wind region is determined by the
balance of photoionization rate by the H-ionizing lumi-
nosity from the hot component and recombination rate
set by the mass-loss rate.

In the STB geometry, the ionization front is specified
by the ionization parameter X, which is given by

4ral 2
X =" H<mH.“ ) . (2)
ap M
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Here, a is the binary separation, Ly is the H-ionizing
photon number luminosity, ap is the case B recom-
bination coefficient for H I, and mpyg is the proton
mass. In this work, we adopt the values of a = 56 au,
Ly =7 % 10* g1 that were used in previous works
(Hinkle et al. 2013; Gonzélez-Riestra et al. 2013).

3.2. An Asymmetric O VI Accretion Disk

Many hydrodynamical simulations of stellar wind ac-
cretion in detached binaries involving an evolved giant
star show that stable disks can form around WD (e.g.,
Mastrodemos & Morris 1998; de Val-Borro et al. 2009;
Huarte-Espinosa et al. 2013). In view of the fact that the
Raman O VI profiles are dependent exclusively on the
relative motion between the emitter and scatterer, the
double-peak profiles of Raman O VI strongly imply that
the far-UV O VI emission lines are formed in regions
that move toward the H I region and recede from it. In
this work, the far-UV O VI 1032 and 1038 emission re-
gions are identified as a part of the accretion disk formed
around the WD. Since Raman O VI profiles reflect only
relative kinematics between the O VI emission region
and the H I scattering region, but not the radial motion
nor 3D distribution, a simple circular disk at z = 0 is
used in our simulation. We also assume that the disk
follows a Keplerian velocity profile. Our assumption is
supported by hydrodynamical simulations, which show
that the orbital speed in the disk is close to Keplerian
(e.g., de Val-Borro et al. 2009).

Wind accretion can lead to an asymmetry of the accre-
tion flow around WD with significant density enhance-
ment of the entering side, associated with flow stream-
lines, bow shocks, and ellipticity, etc (e.g., de Val-Borro
et al. 2009; Huarte-Espinosa et al. 2013; Saladino et al.
2018). We, therefore, attribute the red-peak enhanced
Raman O VI profiles to the asymmetry of the matter
distribution in the O VI disk (e.g., Heo & Lee 2015).
The part of the accretion disk on the entering side is
moving away from the Mira and hence is characterized
by positive Doppler factors for Raman-scattered O VI:
we call this region the red emission region (RER) and
the opposite side the blue emission region (BER).

It is noteworthy that the profiles of the two Raman
O VI features are not identical:  specifically, the ra-
tio of the red and blue peak fluxes frcq/ fpiue is 2.4 for
the Raman 6825 whereas it is 5.8 for the Raman 7082
as shown in Section. 2.4. The disparate profiles of the
two Raman O VI features can be explained by the lo-
cal variation of the ratio F'(1032)/F(1038) in the O VI
emission region, which decreases from 2 to 1 as optical
depth increases (Heo & Lee 2015). The RER, assumed
to be of high density, is characterized by the flux ratio

F(1032)/F(1038) ~ 1, whereas the BER is much more
sparse, resulting in F(1032)/F(1038) ~ 2.

3.3. Monte Carlo Results

To reproduce the peak separation of the Raman O VI
features, the Keplerian velocity is set to > 35 km s™!.
It corresponds to the physical size of < 0.8 au when
we adopt My p = 0.65 Mg as the mass of the WD
(Gonzalez-Riestra et al. 2013). The asymmetry of the
matter distribution in the accretion disk is given as a
function of the azimuthal angle § measured from the
line toward the Mira. The best-fit is made using the

following density function,
n(0) = no(1+ 0 x (27 — 6)°/8500). (3)

In Fig. 5, we present the schematic top-view of the O VI
disk with the corresponding O VI emissivity (left). In
the right panel, the solid line represents the O VI density
profile n(6)/ng as a function of §. The O VI emissivity
is dominant in the RER (0 < § < ), whose peak is at
around 0 = 0.37.

Considering the disparate profiles of the two Raman
O VI, we use the flux ratio F'(1032)/F(1038), varying
from 1.5 to 2, as a function of 6

F(1032)/F(1038) =2 — 0 x (27 — 0)*/1500,  (4)

which is schematically illustrated in the middle panel
and represented by the dotted line in the right panel of
Fig. 5.

Adopting the asymmetric O VI accretion disk model
supplemented by the locally varying F'(1032)/F(1038),
Monte Carlo simulations were carried out under var-
ious parameters, a mass loss rate M ranging from
1 x107% Mg yr=! to 1 x 107° Mg yr—! with a step
width of 1x107% Mg, yr—! and terminal velocities of the
Mira wind vee with 10 km s™1, 15 km s~!, 20 km s~!
and 25 km s~!. These parameter sets give the ionization
parameter X from 0.2 to 80.

We find that the double-peak structure of Raman
O VI features in RR Tel is diluted if the stellar wind
velocity exceeds vs, > 20 km s~! or the ionization
parameter X < 1.25. With the maximum velocity
of vee = 20 km s~ !, we, therefore, constraint M <
8 x 1075 Mg, yr—!, which gives X ~ 1.25. The cor-
responding ionization front is presented in Fig. 1. The
best-fit result is obtained with vee ~ 20 km s™! and
M ~2x 107 Mg, yr—!. In Fig. 6, we present our best-
fit profiles for the Raman O VI features. The black lines
show the MIKE data, while the light grey lines represent
the results of our simulations.

Raman scattering efficiency, 7, is defined as the num-
ber ratio N(FUV)/N(Raman) of the incident and
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Figure 5. Schematic top-view of the O VI emitting region around the WD with the O VI emissivity (left) and the flux ratio

F(1032)/F(1038) (middle). The asymmetry of the matter distribution in the O VI region is given as a function of the azimuthal
angle 0, where 6 = 0 coincides with the direction from the WD to the Mira. The corresponding density function n(6)/ng (solid

line) and the flux ratio F(1032)/F(1038) (dotted line) are shown in the right panel.
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Figure 6. Monte Carlo result of Raman-scattered O VI A\ 1032 and 1038 features at 6825 A (left) and 7082 A (right). The

best-fit result is shown in light grey while the observation is

Raman-scattered photons. The conversion rate for
Raman-scattered O VI features was derived from di-
rect measurement of the O VI far-UV emissions in far-
UV spectra and O VI Raman features in optical spec-
tra (Schmid et al. 1999; Birriel et al. 2000). Those
authors suggested that N(6825)/N(1032) ~ 6% and
N(7082)/N(1038) ~ 2%, respectively. From our Monte
Carlo simulations, we obtained 10.5% for the A1032 —
A6825 conversion and 4.3% for A1038 — A7082 conver-
sion, respectively.

For our best-fit results, we obtain the total line flux
F(6825) = 3.0 x 1072 erg em™2 s~ ! and F(7082) =
0.7 x 107'? erg cm~2 s7!, respectively. Adopting
a distance of 2.6 kpc (Gonzélez-Riestra et al. 2013;
Whitelock 1988), the corresponding number luminosi-
ties of Raman-scattered photons emitted per unit time
are N(6825) = 56 x 10% s7! and N(7082) =
1.3 x 10% s7'. Taking the conversion efficiency
for O VI, we deduce the far-UV number flux densi-

shown in black.

ties N(1032) = 5.3 x 10%6 s71 and N(1038) = 3.1 x
10%6 s71. The corresponding line fluxes are obtained
F(1032) = 1.3 x 1072 erg cm™2 s7! and F(1038) =
7.3 x 1071° erg ecm™2 s7!, yielding the flux ratio
F(1032)/F(1038) of 1.8. This result does not deviate
much from the observed value of 1.7, as shown in Sec-
tion 2.2. In Table 4, we summarize the intrinsic far-UV
O VI parameters including, center wavelength, Raman
scattering efficiency 7, calculated number flux density
Nezp, expected line flux Fi;p, and the observed flux Fop,
in FUSFE data.

4. O VI A\ 3811 AND 3834 DOUBLET

The O VI A\ 3811 and 3834 lines arise from transitions
between the level 152 3p (QP??/QJ/Q) and 1s? 3s (2,5'(1)/2),
respectively. We present a partial Grotrian diagram for
O VI in Fig. 7. O VI X 3811 appears in the optical
line list of RR Tel by McKenna et al. (1997), who ob-
tained a high-resolution spectrum in a wavelength range
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Table 4. Observed far-UV O VI A\ 1032, 1038 line fluxes (Fops) and expected values (Nezp, Fexp) from the best-fit Monte

Carlo result.

Line A n
(A)

O VI 1032 1031.928 0.105 5.3 x 10
O VI 1038 1037.618 0.043 3.1 x 10%°

Neg;p Fezp Fobs

(s7h (ergem™2 87 (erg cm™2 57 )
1.3 x 107° 2.01 x 1071°
7.3 x 10710 1.18 x 10710

oVvi

82.60 eV |— —— 3p3[;2
8258 eV [ -

7935eVv — 3s

12.01eV |- 2p3);

no4ev [~

Figure 7. Partial Grotrian diagram for O VI. The opti-
cal O VI A\ 3811 and 3834 lines arise from the transitions
152 3p (2P30/271/2) — 15?35 (? 1/2), while the UV resonance
doublet O VI A\ 1032 and 1038 correspond to the transitions
1s* 25 (*Py)y1/0) — 15 25 (*S})y), respectively.

from 3430 A to 9320 A with a spectral resolution of
R~ 25000. In their spectrum, they found an emission
line feature at 3811.35 A with Av ~ 72 km s~! and
suggested its identification as a blend of O III 3810.96
and O VI 3811.36. Crawford et al. (1999) extended the
line list using data with a higher spectral resolution of
R~ 50000. They proposed that the O VI 3834 line
could contribute to the emission at 3833.96 A, which
is detected with Av ~ 74 km s~! and blended with
He 1T 3833.80 and He I 3833.57. Young (2012) per-
formed an extensive study of O VI recombination lines
in RR Tel, from which 19 lines, including O VI 3811 and
3834, were identified. They suggested that a highly ion-
ized region, producing the lines by recombination onto
O VII, is situated in the inner structure nearer to the
hot WD than the O VI emitting region.

In this work, we perform a detailed profile decompo-
sition of the emission features at 3811 A and 3834 A
with our MIKE data and confirm the identification of
O VI A 3811, 3834 doublet. The first step to isolate
the O VI doublet from the blended profiles is to infer

the profile width of the O VI doublet. It is expected
that the profile width of the O VI doublet is comparable
to that of N V A\ 4603, 4619 and C IV A\ 5801, 5812
doublets, which have similarly high ionization potential
and isoelectronic configurations with O VI. With a single
Gaussian function, the N V doublet lines are located at
4602.85 A and 4619.14 A with FWHM = 48 km s~! and
50 km s—!, respectively. The C IV doublets are found at
5800.22 A and 5810.90 A with FWHM = 43 km s~! and
42 km s~ !, respectively. Our fitting parameters with a
single Gaussian function for the N V and C IV doublets
are summarized in Table 5.

Our MIKE data shows that the 3811 emission feature
has a single-peak profile with FWHM ~ 62 km s~!. To
decompose it into O VI 3811 and O III 3810, the profile
width of O III 3810 is derived from the adjacent O III
emission line at 3791 A, whose profile width is measured
to be ~ 29 km s~!. Within the expected FWHM of
44 km s~! for O VI 3811 and 29 km s~ for O III 3810,
we find that O VI 3811 is centered at 3810.74 A with
a line flux F(3811) = 1.5 x 107! erg cm™2 s™1. The
fitting result is shown in the left panel of Fig. 8.

As shown in the right panel of Fig. 8, the blended
emission feature at 3834 A has a complicated profile
consisting of strong Balmer H9 A 3835, two peaks and a
blue shoulder, implying that the 3834 blend comprises
at least four emission lines. For decomposition, we first
analyze Balmer H9 3835 and He II 3833 lines by tak-
ing H8 3888 & He 11 3887, and H7 3969 & He II 3967
as reference lines. The Balmer line profiles are well fit-
ted using 3 emission components: a central main part,
broad wings and a red bump. The Balmer line fluxes
are measured to be F(HT7) =2.5x 107!? erg em ™2 s,
F(H8) = 1.9 x 1072 erg ecm™2 s~ ! and F(HY9) =
9.3 x 10713 erg em™2 s7!. The flux ratio F(HT) :
F(H8) : F(H9) = 1 :0.78 : 0.37 deviates from the
case B recombination, which yields a declining trend
1:0.66 : 0.46.

He IT 3887 and 3967 lines are fitted with a single Gaus-
sian function with FWHM = 0.54 A. Considering the
flux ratio of Balmer lines and He II emissions, the blue
shoulder located at around 3833 A is plausibly identi-
fied with He IT emission so that we use the term ‘He II
3833’. The multi-Gaussian fitting results for the Balmer
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Table 5. Fitting parameters (atomic wavelength, observed wavelength, FWHM, peak value and flux) for N vV, C IV, and O VI

doublets.
Line Aatomic  Aobs ~FWHM FWHM Peak Flux
(A) (A) (A) (kms™) (ergem™2?s? A_l) (erg cm™2 s71)
NV 4603 4603.33 4602.85 0.74 48 2.5 x 10714 2.0 x 107
NV 4620 4619.78 4619.14  0.78 50 8.0x 10715 6.6 x 1071°
C1IV 5801 5801.33 5800.22  0.83 43 4.6 x 107 4.4 x 107
CIVv 5812 b5811.98 5810.90  0.80 42 2.4 x 107 2.0x 107
O VI 3811 3811.35 3810.74  0.57 44 2.5 x 10713 1.5 x 1071
O VI 3834 3834.24 3833.67  0.57 44 1.5 x 107+ 8.9 x 107
» 2017/ul/26 —— 120 2017/uly/26 ——
Sum ---e-- 110 um ------
Ol 3810 --------- H9(Center)
O VI 36811 mewms o E ngi‘mgd) te— 1
Hell 3833 —
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Figure 8. O VI A\ 3811(left) and 3834(right) doublet in MIKE spectrum. The observed data is shown in thick solid line, and
narrow lines represent fitting profiles. Isolated O VI profiles are shown in the grey shades.

and He II emission lines are presented in Fig. 9 and Ta-
ble 6.

We find one narrow peak with a small flux at
3833.29 A. Using a single Gaussian, the FWHM is
measured to be 20 km s~!, which is smaller than the
O VI 3811 line (44 km s~1). In this regard, we suggest
that the narrow peak at 3833.29 A is mainly contributed
by He I 3833 line.

Taking these three emission lines into account, we fi-
nally isolate O VI 3834 with a Gaussian function having
the same FWHM (44 km s™!) as that of O VI 3811.
We locate the line center at 3833.67 A and measure a
flux of F(3834) = 8.9 x 107! erg ecm~2 s, resulting
in F(3811)/F(3834) ~ 1.7.

5. DISCUSSION

The results obtained from our simulations are based
on simple kinematics with Keplerian disk with an asym-
metric matter distribution. Heo et al. (2016) proposed
that the density asymmetry of the accretion disk is re-
sponsible for the profile disparity in the Raman O VI
features. The density distribution yielding the best-fit
profiles is depicted in Fig. 5, where we note that the
highest density on the entering side is 3.5 times that

of the most sparse region on the opposite side. In re-
ality, the high contrast of density profile can be made
by the elliptical shape of the accretion disk or clumpy,
irregular structures in the flow, which should be general
features because of the shock front, accretion wake, or
the unstable behavior in the wind accretion process. A
number of numerical works of wind accretion in symbi-
otic stars produced a strong spiral shock and eccentric
stream flow, supporting the local density enhancement
(e.g., de Val-Borro et al. 2009, 2017). However, the
3D spatial information, including its elongation, scale
height, and radial motion, etc., is mixed into the Raman
O VI profile. To disentangle the properties and geom-
etry of the accretion flow, further modeling combining
3D high-resolution SPH simulations for wind accretion
is needed.

In Fig. 6, our best fit Monte Carlo profile is insuffi-
cient to reproduce the red wing part of the Raman 6825
feature at AV~ 70 km s~! only with our accretion
disk model. We point out that the red wing part can be
explained with an additional component moving away
from the binary orbital plane (e.g., Heo et al. 2016; Lee
et al. 2019).
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Figure 9. Multi-Gaussian fitting of H7 3969 & He II 3967 (left) and H8 3888 & He II 3887 (right). The MIKE data is shown
in thick solid line, and narrow lines represent fitting profiles.

Table 6. Fitting parameters (center wavelength, FWHM, peak value and flux) for H I, He II and He I emissions.

Line Wavelength FWHM Peak Flux

(A) (A) (ergem 25 ' A7) (ergem™2s7Y)

Center 3869.20 0.56 2.4 x 10712 1.4 x 10712

H7 3969  Wing 3969.23 1.53 3.8 x 10713 6.2 x 10713

Red 3969.65 0.54 7.8x 10713 4.5 x 10713

He 11 3968 3967.70 0.54 2.0 x 10713 1.2x 10714

Center 3888.17 0.59 1.6 x 10712 9.9 x 10713

HS8 3888  Wing 3888.38 1.34 4.0x 1073 5.7x 10713

Red 3888.73 0.59 6.0 x 10713 3.8 x 10713

He 1I 3887 3886.71 0.61 1.6 x 10713 1.0 x 10713

Center  3834.56 0.56 1.0 x 10712 6.0 x 10713

H9 3835  Wing 3834.57 1.53 1.0 x 10713 1.6 x 10713

Red 3834.99 0.54 2.9 x 10713 1.7 x 10713

He 11 3833 3833.01 0.54 1.3 x 10713 7.5 x 107

He I 3833 3833.29 0.35 8.8 x 1071 3.3x 1071

We also note that the blue peak of the Raman 7082 is
much below the theoretical range. Taking into account
the ratio of Raman scattering cross-section for the O VI
1032 and 1038 photons o ram (1032) /0 Ram (1038) = 3.04
and their oscillation strength 7(1032)/7(1038) = 2, the
acceptable range of the F(6825)/F(7082) should be
< 6.08. However, the MIKE data show that the flux
ratio of the blue peaks fyue(6825)/ fpiue(7082) is 9.7 in
2017. One possible explanation for the relative suppres-
sion of the Raman feature was suggested by Schmid et al.
(1999), who proposed the diminution is due to the pres-
ence of molecular TiO transitions in the atmosphere and
wind of the Mira component. As discussed in Sec. 2.1,
however, the Mira of RR Tel is not visible in the opti-
cal wavelength. Hence its absorption lines can not be
the reason to explain the suppression of the blue por-
tion of the Raman 7082. Further investigation is needed

to interpret the discrepancy between the theory and the
observation.

In comparison with the FEROS spectrum taken in
2003, we note that the profiles of Raman O VI features
have changed, their red peaks in the MIKE data being
stronger.  The variation of the Raman O VI profiles
implies that the density distribution of the accretion disk
has been more asymmetric in the last two decades. The
increasing asymmetry of the matter distribution could
be related to the dust obscuration episode that occurred
between 1996 and 2000, which is associated with the
enhancement of the mass-loss rate (Kotnik-Karuza et
al. 2006; Jurkic & Kotnik-Karuza 2012).

We also found O VI doublet at 3811 A and 3834 A,
which are blended with other emission lines. Our profile
decomposition leads us to investigate that the O VI A\
3811, 3834 doublet have a single Gaussian profile with
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a width of ~ 44 km s™!, corresponding to a physical
size of ~ 0.5 au. It is worth bearing in mind that the
emission region of O VI AX 1032 and 1038 doublet has a
representative scale of < 0.8 au. This result is consistent
with the idea that the O VI recombination lines are pro-
duced in the inner part closer to the WD than the O VI
resonance lines proposed by Young (2012). Photoion-
ization modeling is used to obtain the ionization struc-
ture of oxygen in the nebula. We conduct a simple exer-
cise for a spherical geometry with a uniform density as-
suming physical parameters of hot WD, Ly ~ 5000 Lg
and Terp ~ 154000 K, adopted in our work. The exer-
cise gives a hydrogen volume density n(H)~ 106 cm=3.
Our estimation appears to be consistent with 3D hy-
drodynamical simulations of focused wind accretion in
symbiotic stars by de Val-Borro et al. (2017, see their
Fig.8). Their model with a = 8 au, M ~ 1076 Mg, yr—1,
and Vying ~ 20 km s~ produced the accretion stream
around WD exceeding the local density > 10716 g ecm™3.
If we adopt the solar abundance, this value is translated
into the hydrogen volume density of n(H) > 10° cm~3.
It should be noted that a direct comparison between our
work and theirs is not feasible considering the different
parameter sets adopted in this work.

The identification of O VI A\ 3811 and 3834 doublet
strongly supports the presence of the EUV doublet at
150.09 A and 150.13 A, originating from 3p — 2s transi-
tions, as shown in Fig. 7. Because of a small separation
of AV ~ 80 km s~! between two wavelengths, we ex-
pect a blended emission at 150.1 A with a spectrograph
having a spectral resolution R < 10000. O VII is one of
the highest observed stages of ionization in the RR Tel
spectrum, and thus can provide a reliable diagnostic of
high-temperature plasma. With future EUV observa-
tions, our analysis for the O VI and O VII groups could
reveal important information on the ionization state and
nebular physics in RR Tel.

6. SUMMARY

RR Tel is a symbiotic nova, consisting of a Mira vari-
able and a hot WD. It is known as one of the objects
having broad emission features at 6825 A and 7082 A,
which originate from Raman scattering of O VI 1032
and 1038 by neutral hydrogen atoms. In this work, we
present optical high-resolution spectra of RR Tel ob-
tained with MIKE and FEROS and the far-UV FUSE
spectrum. We have performed Monte Carlo simulations
for the profiles of the Raman O VI features, assuming
a Keplerian disk. It allows us to map the O VI disk
and estimates the representative scale of < 0.8 au. The

best-fit profiles are obtained with a mass loss rate of the
Mira M ~ 2 x 1076 Mg yr~! and a wind terminal ve-
locity vs ~ 20 km s~!. Comparison with FEROS data
provides evidence of a change in the density asymme-
try of the O VI disk, which can be associated with the
mass transfer history of RR Tel in the last two decades.
We also identify O VI A\ 3811 and 3834 doublet from
detailed profile decomposition, from which the physical
scale of the O VII region is estimated to be ~ 0.5 au. It is
emphasized again that Raman profiles provide essential
information regarding the matter distribution and kine-
matics of the H I and O VI components leading to the
advancement of our knowledge on the stellar wind ac-
cretion in symbiotic stars. Combining 3D hydrodynam-
ical modeling might improve our overall understanding
of the WRLOF mode and the accretion phenomena in
D-type symbiotic systems.
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