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Abstract: The symbiotic star V1016 Cygni, a detached binary system consisting of a hot white dwarf and
a mass-losing Mira variable, shows very broad emission features at around 6825 Å and 7082 Å, which are
Raman scattered Ovi λλ 1032, 1038 by atomic hydrogen. In the high resolution spectrum of V1016 Cyg
obtained with the Bohyunsan Optical Echelle Spectrograph these broad features exhibit double peak
profiles with the red peak stronger than the blue counterpart. However, their profiles differ in such a way
that the blue peak of the 7082 feature is relatively weaker than the 6825 counterpart when the two Raman
features are normalized to exhibit an equal red peak strength in the Doppler factor space. Assuming that
an accretion flow around the white dwarf is responsible for the double peak profiles, we attribute this
disparity in the profiles to the local variation of the flux ratio of Ovi λλ 1032, 1038 in the accretion
flow. A Monte Carlo technique is adopted to provide emissivity maps showing the local emissivity of Ovi
λ1032 and Ovi λ1038 in the vicinity of the white dwarf. We also present a map indicating the differing
flux ratios of Ovi λλ 1032 and 1038. Our result shows that the flux ratio reaches its maximum of 2 in
the emission region responsible for the central trough of the Raman feature and that the flux ratio in the
inner red emission region is almost 1. The blue emission region and the outer red emission region exhibit
an intermediate ratio around 1.5. We conclude that the disparity in the profiles of the two Raman Ovi
features strongly implies accretion flow around the white dwarf, which is azimuthally asymmetric.

Key words: binaries: symbiotic — stars: individual: V1016 Cyg — scattering — accretion, accretion
disks — line: profiles

1. INTRODUCTION

Active binary systems containing a white dwarf are im-
portant as potential progenitors of Type Ia supernovae,
which were essential in establishing the standard pic-
ture of the universe dominated by dark energy (e.g.,
Iben & Tutukov 1984; Perlmutter et al. 1998). De-
pending on the nature of the companion, active white
dwarf binary systems can be divided into cataclysmic
variables and symbiotic stars. Cataclysmic variables
are binary systems of a white dwarf with a late type
main sequence star that fills the Roche lobe. Promi-
nent activities exhibited by cataclysmic variables are
attributed to the presence of an accretion disk around
the white dwarf that results from the Roche lobe over-
flow from the companion (e.g., Warner 1995).
Symbiotic stars are binary systems of a white dwarf

and a mass losing giant which does not fill the Roche
lobe (Mikolajewska 2012). The spectra of symbiotic
stars are characterized by the existence of TiO absorp-
tion bands indicative of a cool star and prominent emis-
sion lines including high ionization species such as Ovi
and Nevii. Considering the size of the giant compan-
ion, the orbital period usually exceeds several hundred
days and sometimes several decades. They are classified
into ‘S’ type and ‘D’ type, where ‘D’ type symbiotics
exhibit an IR excess that indicates the presence of a

Corresponding author: H.-W. Lee

warm dust component with a temperature T ∼ 1000 K
(Angeloni et al. 2010). In contrast, the IR excess is
absent in the spectral energy distribution of ‘S’ type
symbiotics.

One distinguishing aspect of the symbiotic spectra
is the existence of broad emission features at around
6825 Å and 7082 Å, whose existence is quite exclusive
to symbiotic stars with an exception of a young plan-
etary nebula (e.g., Allen 1980). These features were
identified by Schmid (1989), who proposed that they
are formed through Raman scattering of Ovi λλ 1032,
1038 by atomic hydrogen. When an Ovi λ 1032 line
photon is incident upon a hydrogen atom in the ground
state, an optical photon at around 6825 Å is re-emitted
as the hydrogen atom de-excites to the excited 2s state.
In a similar way, an optical photon at around 7082 Å re-
sults from the inelastic scattering process for an Ovi λ
1038 photon. The cross sections and branching ratios
for Raman scattering can be computed in a straight-
forward manner using the Kramers-Heisenberg formula
(e.g., Schmid 1989; Bach & Lee 2014).

Raman Ovi features in symbiotic stars are known to
exhibit complicated profiles including double-peak pro-
files and triple-peak profiles (e.g., Harries & Howarth
1997). In particular, a number of symbiotic stars clas-
sified as symbiotic novae including V1016 Cyg, HM Sge
and RR Tel exhibit double-peak profiles clearly with the
red peak stronger than the blue counterpart.
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One possible explanation for the double peaked struc-
ture is that the scattering occurs in two distinct regions
one of which approaches the emission nebula while the
other recedes from it. This scenario was first advocated
by Schmid (1996), who performed Monte Carlo simula-
tions to investigate basic properties of Raman scattered
Ovi features. In his model, the red asymmetry aries
when the receding region of neutral hydrogen is larger
in extent than the approaching region.
Another possibility is that some part of the emis-

sion nebula approaches the neutral scattering region
whereas the remaining part recedes from the H i region.
In this picture, the emission region is identified with the
accretion flow around the white dwarf. Based on this
accretion flow model, Lee & Kang (2007) successfully
fitted the profile of the Raman Ovi 6825 feature. In
the current work, in order to investigate further the ac-
cretion flow model, we turn our attention to the weaker
Raman 7082 feature.
Even though Ovi λλ 1032, 1038 are formed in the

same region, their flux ratio is observed to vary from
2 to 1. If the emission nebula is sufficiently optically
thin, then their flux ratio will be exactly 2, because the
statistical weight for the j = 3/2 → j = 1/2 transition
is twice that for the j = 1/2 → j = 1/2 transition. This
ratio will approach 1 in the infinite optical depth limit
where the thermal spectrum is attained (e.g., Kang &
Lee 2008). Various flux ratios of resonance doublets
Nv λλ1239, 1243 and C iv λλ1548, 1551 have been re-
ported for the symbiotic star CI Cyg by Mikolajewska
et al. (2006). A similar behavior in another resonance
doublet C iv λλ 1548, 1551 was found by Feibelman
(1983), who investigated the spectra of a dozen plane-
tary nebulae obtained with the International Ultraviolet
Explorer (IUE).
In this regard, an interesting phenomenon has been

noted that the profile of the double-peaked Raman 7082
feature is systematically different from that of the Ra-
man 6825 feature. That is, the blue peak is relatively
more suppressed in the Raman 7082 feature than in
the Raman 6825 feature. This kind of systematic pro-
file difference was pointed out by Schmid et al. (1999),
who attributed it to the TiO absorption bands. How-
ever, in this work we adopt the view that the flux ratio
of Ovi λ 1032 and Ovi λ 1038 differs locally in the
Ovi emission region. In the accretion flow scenario we
may explain this phenomenon by assuming that the flux
ratio in the blue emission region is larger than in the
red emission region. This in turn implies that the red
emission region is more optically thick than the blue
emission region.
If the emission region is effectively monochromatic

and the Doppler factors are attributed to the bulk mo-
tion of the neutral scattering region, then we expect
that the two Raman scattered Ovi features exhibit al-
most the same profiles differing only in total fluxes.
Therefore, a quantitative comparison of the line profiles
will shed much light on the mass transfer processes in
symbiotic stars.
In this paper, we present our quantitative compari-
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Figure 1. Parts of the BOES spectrum of the symbiotic star
V1016 Cyg obtained in 2005. The upper panel shows the
Raman 6825 feature and the lower panel shows the Raman
7082 feature. Note that the vertical scale of the lower panel
is reduced by a factor of 4 compared to that of the upper
panel in order to make the red peak of the Raman 7082
feature appear similar to that of the Raman 6825 feature.

son analysis of the two Raman scattered Ovi profiles
in the symbiotic nova V1016 Cyg. Adopting the accre-
tion flow model, we construct emissivity maps and Ovi
optical depth distribution in the accretion flow around
the white dwarf.

2. OBSERVATION

2.1. High Resolution Spectroscopy of V1016 Cyg

V1016 Cyg is a D-type symbiotic nova that erupted
with a magnitude change ∆m ∼ 5 − 7 mag in 1964,
which is thought to occur from the thermonuclear run-
away process on the surface of the white dwarf compo-
nent as it accreted material from the Mira component
(e.g., McCusky 1965; Mikolajewska & Kenyon 1992).
Little is known about the fundamental parameters of
V1016 Cyg including the mass, distance and orbital pe-
riod (e.g., Whitelock 1987). The distance to V1016 Cyg
is quite uncertain with the estimates ranging from less
than 1 kpc to 10 kpc (e.g., Ivision et al. 1991; Loren-
zetti et al. 1985; Watson et al. 2000). Brocksopp et al.
(2002) presented their Hubble Space Telescope (HST)
image of V1016 Cyg to propose that the projected bi-
nary separation of 84±2 AU assuming the distance of
2 kpc. Schmid & Schild (2002) suggested an orbital
period longer than a century from their monitoring of
the position angle of the linear polarization of the Ra-
man Ovi 6825 feature. A photometric variation with
a period of 15 years was proposed by Parimucha et al.
(2003), who attributed the activity to the orbital mo-
tion.
We obtained a high resolution spectrum of

V1016 Cyg on the night of 2005 November 7 using
the Bohyunsan Optical Echelle Spectrograph (BOES),
which is an optical fiber fed system installed on the
1.8 m telescope at the Bohyunsan Optical Observatory.
The spectral coverage of the BOES is from 3800 Å to
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10500 Å, which can be obtained with one single expo-
sure. The optical fiber with a diameter of 300µm was
used to yield a spectroscopic resolution ∼ 30, 000 and
the exposure time was 7000 seconds. Use was made
of the ‘IRAF’ and a standard procedure was followed
to reduce the data. Figure 1 shows two parts of the
spectrum that contain Raman scattered Ovi features,
where the 6825 feature is shown in the upper panel and
the 7082 feature is found in the lower panel.
In particular, Lee & Kang (2007) used the part of the

spectrum shown in the upper panel for their profile fit-
ting analysis. The 7082 feature is much weaker than the
6825 feature, which is attributed to the smaller scatter-
ing cross section for Ovi λ 1038 than Ovi λ 1032 by
a factor ∼ 5 (e.g., Allen 1980; Nussbaumer et al. 1989;
Schmid 1989). In this work, we focus on the differing
line profiles of these two Raman features. It is quite no-
ticeable that the 7082 feature exhibits relatively more
suppressed blue peak than the 6825 feature does.

2.2. Profile Analysis

When a far ultraviolet photon with frequency νi more
energetic than Lyα is incident on a hydrogen atom in
the ground state and subsequently scattered leaving the
hydrogen atom in the 2s state, then the frequency νo
of the scattered photon is determined by the relation of
energy conservation

νo = νi − νLyα, (1)

where νLyα is the frequency of Lyα.
The adopted values of line center wavelengths of the

far UV Ovi resonance doublet are

λ1 = 1031.912 Å, λ2 = 1037.613 Å, (2)

respectively, with the Lyα line center wavelength of
λLyα = 1215.670Å.
The broad profiles that characterize Raman scattered

features are also a direct consequence of energy conser-
vation. This can be seen by observing the relation

∆νo
νo

=
∆νi
νo

=

(

νi
νo

)

∆νi
νi

, (3)

which leads to a broader profile by a factor νi/νo. In the
case of Raman Ovi, this factor amounts to around 7,
leading to significantly broadened profiles. The profile
broadening results in another important property that
the profile of a Raman scattered feature is determined
mainly by the relative motion between the scatterer and
the emitter and mostly independent of the observer’s
line of sight.
To be more specific, we let vs and ve be the veloc-

ities of the scatterer and the emitter in the observers
rest frame, respectively. We also let k̂i and k̂f be the
unit wavevector of the incident Ovi line photon with
wavelength λi and the Raman scattered optical photon
with wavelength λo, respectively. Then the observed
wavelength λobs is

∆λo

λo
=

λo

λi

k̂i · (vs − ve)

c
−

k̂f · vs

c
(4)
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Figure 2. Profile comparison of the two Raman scattered
features. The horizontal axis is the Doppler factor computed
from the atomic line center. The upper panel shows the flux
ratio of Raman scattered Ovi λ1032 at 6825 Å and Raman
scattered Ovi λ1038 at 7082 Å. In the lower panel, the solid
line shows the Raman 6825 and the dotted line is for the
Raman 7082 feature. The normalization is made in such a
way that the red peaks are coincident.

where λobs = ∆λo+λo is the observed wavelength (e.g.,
Nussbaumer et al. 1989; Schmid 1989). Because the fac-
tor λo/λi is around 7 and vs is small compared to ve,
we neglect the last term in the above equation involving
the observers line of sight and consider only the rela-
tive kinematics of the emission region with respect to
the scattering region. In this sense, we are effectively
viewing the emission region in the frame where the gi-
ant component is stationary.
We define the Doppler factor ∆V , as the velocity

component of the Ovi ion with respect to the neutral
scattering region. In Figure 2, we plot the two Raman
scattered features on the Doppler factor axis in order
to perform a quantitative profile comparison. The solid
line shows the Raman 6825 feature and the dotted line
is for the Raman 7082 feature. The following three steps
have been followed to determine the Doppler factors for
the two Raman scattered features.
Firstly, we shift the Raman features to the optical

rest frame of V1016 Cyg determined by the 4 optical
emission lines shown in Table 1. We investigate the
ratio of their observed wavelengths and the atomic line
centers in order to obtain the average Doppler factor.
The average value for those emission lines in Table 1 is
determined to be 1.000122, which is in turn multiplied
to the two Raman scattered features to transform into
the optical rest frame of V1016 Cyg.
Secondly, we multiply the refractive index of air to

transform to the vacuum rest frame of V1016 Cyg. This
is necessary because the spectral analysis of far UV
Ovi emission lines should be performed in the vac-
uum wavelength space. The adopted values for the
air refractive indices are nair(6825) = 1.00027597 and
nair(7082) = 1.00027572.1

1http://refractiveindex.info
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Table 1
Optical forbidden lines of V1016 Cyg to define the optical

rest frame of V1016 Cyg.

Atomic Observed
Line Line Center Wavelength Ratio

λc (Å) λobs (Å) λc/λobs

He i 7065 7065.195 7064.13 1.000151
S ii 6730 6730.815 6730.26 1.000083
N ii 6583 6583.450 6582.77 1.000103
O i 6300 6300.304 6299.36 1.000150

Average 1.000122

Thirdly, we obtain the vacuum wavelength of the in-
cident Ovi line radiation using Equation (1).

In Figure 2, it is notable that the center dip ap-
pears at around 0 km s−1. Even though the double
peak profiles are asymmetric, we may reasonably think
that the central dip with the null Doppler factor divides
the blue and red emission parts in the spectrum. This
also implies that the neutral scattering region has no
systematic bulk motion with respect to the rest frame
of V1016 Cyg defined by the optical emission lines. In
this figure, the red peaks of the two Raman features
have been normalized so that their mean strengths are
equal. We then plot the ratio of the flux in the two
features as a function of the Doppler factor ∆V in the
upper panel.

We immediately notice that the flux ratio at the cen-
tral dip has the largest value of 2, which is the theoret-
ical maximum ratio of Ovi λ 1032 to Ovi λ 1038. The
red and blue wing regions also exhibit the maximum
flux ratio of 2 as in the central dip region. However,
the weak flux of the Raman 7082 feature in the wing
regions renders the flux ratio in these regions unreliable.
We note that the flux ratio in the blue peak region is
around 1.5, which is clearly distinct from the red peak
region and the central dip part. With the normalization
of equal red peak strengths the flux ratio is observed to
range from 1 to 2. Because this happens to be the full
range that is theoretically allowed, we may conclude
that this normalization is the unique possibility.

Figure 2 also shows that the emission region can be
divided into three parts based on the flux ratio of ap-
proximately 1, 1.5 and 2, which reflects the optical
thickness of Ovi doublet lines. The part of the emission
region with the flux ratio 1 is mainly found around the
red peak, where Ovi emission is dominantly produced.
The intermediate flux ratio of ∼ 1.5 is seen around the
blue peak, where Ovi emission is less prominent than
the red counterpart. The emission region with flux ra-
tio near 2 corresponds to a highly extended outer region
moving slowly or the region moving across the line con-
necting the two stars. It appears that the flux ratio is
anticorrelated with the flux intensity so that the flux
ratio approaches 2 as the flux decreases.
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Figure 3. A schematic illustration (not to the scale) of the
mass transfer and Raman scattering processes in the sym-
biotic star V1016 Cyg. The orbital motion is taken to be
conterclockwise. Observer’s line of sight is not specified be-
cause the line profiles of the Raman O VI features are deter-
mined by the relative kinematics of the emission region and
the scattering region. The emission region is identified with
the accretion flow around the hot white dwarf and is di-
vided into the “blue emission region” and the “red emission
region” denoted by BER and RER, respectively.

3. ACCRETION FLOW AND EMISSIVITY M APPING

3.1. Accretion Emission Region

Lee & Park (1999) proposed that the double-peak pro-
file of the Raman Ovi feature should be attributed to
the kinematics of the emission region. According to
them, the Ovi emission region is identified as an accre-
tion flow around the white dwarf as it gravitationally
captures some fraction of the slow stellar wind from
the giant component (e.g., Livio et al. 1989; Mastrode-
mos & Morris 1998; de Val-Borro et al. 2009). In this
scenario, the red asymmetry is obtained due to the con-
verging flow near the entrance region in the accretion
flow, which may exhibit density enhancement with pos-
itive Doppler factors. The opposite side of the accretion
flow tends to be divergent due to the opposing flow of
the slow stellar wind from the giant, which may result
in a low density region. In this picture, the accretion
disk is assumed to be Keplerian and the peak separation
in the double-peak profile corresponds to the velocity
scale at the outer edge of the accretion flow.
In this work, we do not perform any hydrody-

namic calculations but instead adopt a simple kine-
matic model for the scattering region and the emission
region. We take the view that the emission region is
characterized by a Keplerian disk with the inner and
outer radii Ri and Ro, respectively. With the mass of
the white dwarf M∗, the Keplerian velocity at the inner
radius is given by

vi =

√

GM∗

Ri
. (5)

Correspondingly, we note that the velocity vo =
vi(Ri/Ro)

1/2 at the outer radius. Due to the paucit0y
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of information about the fundamental parameters of
V1016 Cyg mentioned earlier, in this work for the sake
of scaling, we setM∗ = 1 M⊙ so that the rotation speed
v = 30 km s−1 at r = 1 AU.
In Figure 3, we show a schematic illustration adopted

in this work for the line formation of the Raman 6825
and 7082 features in V1016 Cyg. Note that the fig-
ure is not to scale and that the orbital motion occurs
counterclockwise. If we adopt the values presented in
Brocksopp et al. (2002) the binary separation should be
much larger than illustrated. As mentioned in the pre-
vious section, the line profile analysis is independent of
the orbital parameters and the observers line of sight,
which are omitted in the figure.
The accretion flow is roughly divided into the “blue

emission region (BER)” and the “red emission region
(RER)”, where the BER is the part of the accretion
flow approaching the neutral scattering region or ∆V <
0. In the RER, the accretion flow recedes from the
scattering region, or equivalently ∆V > 0.
It is expected that the RER is denser than the BER,

because the accretion flow in the BER is opposed to
the slow stellar wind from the giant. The flux ratio
of Ovi λ1032 to Ovi λ1038 is expected to be smaller
in the RER than that in the BER, which leads to the
relatively more suppressed blue peak of the Raman 7082
feature than the Raman 6825 counterpart.

3.2. Emissivity Maps

Doppler tomography is a popular technique to study de-
tailed structures of the accretion disk in a cataclysmic
variable (e.g., Marsh & Horne 1988). A series of high
resolution spectra covering the entire orbital phase are
obtained and reorganized to map the emission region
according to the emission profile. The emission from
a specific structure such as the hot spot has a varying
Doppler factor as a function of the orbital phase. By
correcting the Doppler factor to a direction that is fixed
in the binary system, we can make a map which indi-
cates the region of the emission in the two-dimensional
velocity space. Therefore the Doppler tomography is
particularly useful to locate the hot spot in the accre-
tion disk in a cataclysmic binary system.
However, the same technique is an inappropriate op-

tion in the case of V1016 Cyg with an orbital period
exceeding several decades and a long period variable
companion. We produce the emissivity maps of the ac-
cretion flow based on the profiles of Raman scattered
Ovi features in the real 2-dimensional space instead of
the 2-dimensional velocity space. An emissivity map in
this work is basically meant to be a plot of the weight
assigned to a region characterized by a given Doppler
factor, where the weight is simply proportional to the
Raman flux at the Doppler factor. Figure 4 shows the
emissivity map obtained from the observed Raman 6825
feature. The white dwarf lies at the center of the figure
and the distance unit is 1 AU.
We briefly describe how the map is obtained using

the observed Raman 6825 profile. A coordinate system
is set up so that the origin coincides with the location
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Figure 4. Emissivity map for the Raman 6825 feature of
V1016 Cyg. At the center lies the white dwarf and the
unit of distance along the axes is 1AU. To each region with
a given Doppler factor a weight proportional to the Raman
flux is assigned, which is shown by a grey scale. The weights
are grouped into 5 rankings. The subregion with ranking 1
has the overall twice emissivity than that with ranking 2,
which in turn has twice emissivity than the subregion with
ranking 3, and so on. The red asymmetric Raman profile
is responsible for the more extended coverage of the RER
than the BER.

of the white dwarf and the neutral scattering region is
placed very far away in the −x direction from the white
dwarf, as illustrated in Figure 3. In this coordinate sys-
tem, the region with negative y-coordinate values corre-
sponds to the RER. We use a Monte Carlo technique to
construct the back projection from the observed profile
to the region of the accretion flow.
The profile of the Raman 6825 feature is normalized

so that the maximum value of the red peak is 1 against
the horizontal axis in Figure 2 representing the Doppler
factor ∆V with the interval of δV = 0.3 km s−1. In
this manner we obtain a profile function Φ1(∆V ) for
the Raman 6825 feature as a function of the Doppler
factor ∆V . Here, ∆V ranges from −80 km s−1 to
+80 km s−1. In addition, we prepare an array Ψ(∆V ),
which is to be compared to Φ(∆V ). Here, we assume
that the Raman conversion efficiency is constant for all
Ovi λ 1032 photons irrespective of the Doppler factor.
Two uniform random numbers u1, u2 are generated

to pick a position (r, θ) in an accretion disk with the
inner radius Ri and the outer radius Ro. With the
prescription

r =
√

R2
i + u1(R2

o −R2
i ), θ = 2πu2, (6)

where u1 and u2 are uniform random deviates between
0 and 1, the selection of a region in the disk is made
in a uniform way. We determine the Doppler factor
∆V of this chosen region assuming that the accretion
flow is purely Keplerian. Then we add a numerical
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Figure 5. Emissivity map for the Raman 7082 feature of
V1016 Cyg. The physical scale and the configuration are
the same as in Figure 4. The same ranking system as in
Figure 4 is applied. The shaded blue emission region is
considerably smaller than the counterpart for the Raman
6825 feature.

value of 10−3 to the test profile function Ψ(∆V ) if
Ψ(∆V ) ≤ Φ(∆V ). Otherwise we discard this selection.
We iterate this procedure until Ψ(∆V ) = Φ(∆V ) for
all possible values of ∆V . Thus, the number of points
in the region defined by a given Doppler factor will be
proportional to the Raman flux at this Doppler factor.
The collection of selected points constitutes an emissiv-
ity map for the Raman scattered Ovi λ 1032, which is
shown in Figure 4.

The contour having a fixed Doppler factor takes a
characteristic elongated shape that is symmetric with
respect to the central vertical axis. This leads to emis-
sivity maps symmetric about the central vertical axis.
We divide the emission region into 5 subregions by as-
signing a rank based on the Ovi flux density.

The subregion with rank 1 is determined so as to
cover the inner accretion flow region with Keplerian
velocity ∼ 35 km s−1. We plot the subregion with rank
2 so that it has overall half the emissivity of that with
rank 1. In turn, the subregion with rank 3 has half the
emissivity of that with rank 2, and so on. As r increases,
the flux density decreases as is expected from the ob-
served data. We clearly see that the RER is covered
more extensively, which corresponds to the red asym-
metric double-peak profile of the Raman 6825 feature.

A similar procedure is also applied to produce the
emissivity maps of the Raman 7082 feature, for which
the result is shown in Figure 5. The same ranking sys-
tem as in Figure 4 is applied to this plot. In this case,
the RER is much more prominent than the BER com-
pared to the case of Figure 4. The coverage of the RER
in Figure 5 is almost similar to the counterpart of Fig-
ure 4, whereas the BER coverage for the Raman 7082
feature is much smaller than that of the Raman 6825
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Figure 6. Map of the flux ratio of the Ovi λλ 1032 and
1038. The physical scale and the configuration are the same
as in Figures 4 and 5. We divide the emission region into
3 subregions according to the flux ratio. The three regions
are shown with the grey scale, where Region 1 (black) has
the lowest flux ratio. Region 2 (dark grey) exhibits the flux
ratio between 1.15 and 1.6. Region 3 (light grey) with the
ratio around 2:1 is quite extended with very small Doppler
factors.

feature. The similar coverage of the RER between the
two Raman features is attributed to the unique nor-
malization of equal red peak strengths as discussed in
the previous section. With this unique normalization,
the conspicuously smaller coverage of the BER for the
Raman 7082 feature is another way of describing the
disparity of the two Raman Ovi profiles.

3.3. Flux Ratio Map

As mentioned above, we attribute the disparity of the
two Raman Ovi profiles to the local variation of the
doublet Ovi flux ratio F (1032)/F (1038) in the Ovi
emission region. Referring to Figure 2, we limit our
attention to the range of the Doppler factor space from
−30 km s−1 to +30 km s−1, where most Ovi emission
is found.
Noting that the flux ratio of Ovi λ 1032 and Ovi

λ 1038 varies from 1 to 2, we divide this full interval
I = [1, 2] into three subintervals I1, I2, and I3 where
I1 = [1, 1.15), I2 = [1.15, 1.6) and I3 = [1.6, 2]. The
data points near the central dip showing the flux ratio
exceeding the theoretically allowed maximum of 2 are
included in the subinterval I3. We then back-project to
the space of the accretion flow around the white dwarf.
This allows us to divide the accretion flow into three re-
gions (Region 1, Region 2 and Region 3) corresponding
to the three intervals I1, I2 and I3.
We expect that the region with flux ratio near 1 is

optically very thick, which is plausibly found in the in-
ner region in the accretion flow. Similarly, the outer
region with the lowest density may be characterized by
the flux ratio reaching the highest possible value of 2.
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In Figure 6, we present the three regions Region 1, Re-
gion 2 and Region 3 around the white dwarf component
using grey scale, where the physical scale and the con-
figuration are the same as in Figures 4 and 5. The white
region found near the white dwarf results from the ex-
clusion of the data points having the Doppler factors
outside of [−30 km s−1,+30 km s−1].
As is shown clearly in the figure, Region 1 with the

lowest flux ratio and hence regarded as being of the
highest density is found in the inner part of the RER.
It is interesting to note that Region 1 does not intersect
with the BER. As is shown in Figure 2, Region 1 con-
sists of those regions with the Doppler factor between
+15 km s−1 and +30 km s−1. Region 3 corresponds to
the outer region with weak emission.
Region 2 shaded by dark grey is found mostly in the

outer region of Region 1 and is also found in the inner
region of the BER. As is illustrated in Figure 2, Region
2 is found mainly in the region with the Doppler factor
near −25 km s−1 and in the region with the Doppler
factor ∼ +15 km s−1.

4. SUMMARY AND DISCUSSION

In this work, we have performed a quantitative com-
parison of the line profiles of the two Raman scattered
features at 6825 Å and 7082 Å from the high resolu-
tion spectrum of the symbiotic star V1016 Cyg obtained
with the BOES in 2005. We attribute the disparity in
the profiles to the local variation of the flux ratio of
Ovi λ 1032 and Ovi λ 1038 in the Ovi emission re-
gion that is regarded as the accretion flow around the
white dwarf. The profile comparison is made by trans-
forming the two observed optical features first to the
vacuum optical rest frame and then to the vacuum UV
rest frame of Ovi λλ 1032 and 1038, where the Doppler
factors with respect to the neutral scattering region are
determined. With the constraint that the flux ratio of
Ovi λ 1032 and Ovi λ 1038 varies between 1 and 2, a
unique normalization is obtained where the red peaks of
the two Raman features coincide in the Doppler factor
space as shown in Figure 2. We provide the emissiv-
ity maps that assign to each region with a specified
Doppler factor a weight that is proportional to the Ra-
man flux. These maps are another way of presenting
the red asymmetry of the Raman profiles. A map of the
flux ratio is also produced in order to infer the matter
distribution in the accretion flow. The inner part of
the red emission region in the accretion flow shows the
flux ratio of ∼ 1, which implies that Ovi emission is
optically very thick. The region with the lowest op-
tical depth is quite extended to the outer region with
negligible Doppler factors.
It appears that other Raman features of He ii and

Nevii exhibit broad single peak profile even though
they are usually very weak (e.g., Lee 2012; Lee, Heo
& Lee 2014; Birriel 2004). If this is the case, it is un-
clear why the profiles of these Raman features differ
systematically from those of Raman Ovi features. The
relative weakness of Raman He ii and Nevii features
compared with Raman Ovi features strongly implies

that He ii and Nevii emission regions are much less
dense than Ovi emission region in the accretion flow.
This is further supported because He ii and Nevii have
larger scattering cross section than Ovi resonance(e.g.,
van Groningen 1993; Nussbaumer et al. 1989; Lee et al.
2014) emissivity scaling with the density squared, we
may expect that He ii and Nevii emission are produced
in a small region of exceptionally enhanced density hav-
ing a very narrow range of Doppler factors. In this case
the resulting Raman profile will be single-peaked with
the peak located at the Doppler factor of the He ii and
Nevii emission spot.
Spectropolarimetry of Raman Ovi 6825 and 7082

provided by Harries & Howarth (1997) shows that the
extreme red wing part of the Raman Ovi 6825 and 7082
features is polarized with the position angle that differs
by 90 degrees from that of the main part of the features
(see also Schild & Schmid 1996). This is very interest-
ing in view of the bipolar morphology of the emission
nebula (Solf 1983; Brocksopp et al. 2002; Lee & Park
1999). In our model, the polarization flip in the extreme
red part implies the existence of an additional neutral
scattering region that recedes from the Ovi emission
region in the direction normal to the orbital plane. In
this case the additional scattering region may be neutral
clumps that may have formed through Rayleigh-Taylor
instability in the bipolar regions. Another possibility is
that instead of assuming an additional scattering region
we can place an additional emission region that recedes
from the giant in the direction perpendicular to the or-
bital plane. This emission flow may be identified with
the collimated bipolar outflow.
Due to the weakness of the Raman 7082 feature com-

pared to the Raman 6825 feature, it requires a good
amount of telescope time to secure spectra with high
signal to noise ratio and sufficient spectral resolution.
However, considering the disparity in the profiles can
be an important probe of the accretion flow around the
white dwarf, we expect that high quality spectroscopic
data in other symbiotic systems will reveal much in-
formation on the mass transfer processes in symbiotic
stars.
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