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ABSTRACT

We critically examine the recent claimed detection of Raman-scattered O VI at around 6830 Å in the iron curtain stage spectra of
the classical CO nova V339 Del. The observed line variations are compatible in the profile and timing of emission line strength
with an excited state transition of neutral carbon. Line formation in classical nova ejecta is physically very diﬀerent from what it
is in symbiotic binaries, in which the O VI emission line is formed within the wind of the companion red giant at low diﬀerential
velocity. The ejecta velocity and density structure prevent the scattering from producing analogous features. High velocity gradient
outflows, such as winds, are subject to the same constraints. There might, however, be a broadband spectropolarimetric signature of
the Raman process and also Rayleigh scattering at some stage in the expansion. We show that the neutral carbon spectrum, hitherto
underexploited for novae, is especially useful as a probe of the structure of the ejecta during the early, optically thick stages of the
expansion.
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1. Introduction
In a recent paper, Skopal et al. (2014) have identified a line in the
optical spectrum of V339 Del (Nova Del 2013) and other classical novae as the O VI Raman feature at around 6830 Å. Raman
scattering is an established radiative process in symbiotic stars.
It was first proposed by Nussbaumer et al. (1989) to explain the
enigmatic 6825, 7083 Å emission line doublet. The success of
the proposal was demonstrated by spectropolarimetric observations of these features, which is modulated with changing orbital
phase (e.g., Schmid 1995, 2001). The specific features are due to
scattering of the O VI 1032, 1038 Å resonance doublet by Lyβ.
In symbiotic systems, the O+5 arises in a compact region around
the white dwarf, while the neutral hydrogen is much more extensively distributed in the wind of the companion red giant.
Besides O VI, other ions have been flagged as possibly producing Raman counterparts, especially the Hα wing and He II (e.g.,
Lee & Lee 1997; Schmid 1995, 2001). The lines are also variable on timescales of outbursts, correlated with the optical and
UV variability of the white dwarf, and have a characteristic ratio
that depends on the intrinsic variability of the O VI far ultraviolet doublet ratio. Additional support for the mechanism comes
from the observed conversion eﬃciencies that show a range of
about 10 to 50 percent (see, e.g., Schmid et al. 1999; Birriel et al.
2000). Since in classical novae during the optically thick stage,
the column densities inferred for neutral hydrogen are as high
as those derived for the red giant wind that forms the circumdwarf environment, it would seem reasonable that such conditions could also produce the feature.
This last consideration is behind the proposed identification
of the Raman line in the early spectra of V339 Del (Skopal et al.
2014). The optical maximum and immediately post-maximum

stages of the nova outburst are due to recombination of the ejecta
following the initial fireball (see Shore 2012). Called the “iron
curtain” (hereafter Fe curtain), the rapid increase in opacity due
to the myriad accessible transitions of heavy neutral and singly
ionized species produces a bolometric shift in the radiation from
the central engine, the white dwarf, into the optical and near infrared, where the opacity is much lower. If the white dwarf, at
this early stage, has a suﬃciently high surface temperature, the
inner ejecta might be ionized to the O+5 level. The region will be,
however, unobservable in either the X-ray or ultraviolet energy
intervals because the column density of the neutral hydrogen is
quite high, >1023 cm−2 , and the Fe curtain lines are very optically thick. Regardless of the velocity or mass of the ejecta, this
phase must occur, even if the ejecta are aspherical (e.g., Shore
2013). Thus, the only way to probe the innermost portions of the
ejecta is indirect. In the Fe-group elements, transitions linked
to the ground state that absorb between 4 and 10 eV serve as a
sort of calorimeter, producing the observed permitted and forbidden lines and narrow absorption features during and after the
recombination event whose velocities reflect the coupling of the
individual transitions.
For the Fe-group, this is extremely complicated. There are so
many individual transitions, densely spaced throughout the spectral interval, that identification of any one is a challenge. For the
resonance lines of the light elements, e.g., CNO, this is much
easier. If the white dwarf, which is undergoing CNO burning
in the residual from the explosion, reaches an eﬀective temperature T eﬀ > 105 K, it can mimic the conditions in the symbiotics. There is, however, an essential diﬀerence between these
two extreme cases. In symbiotic binaries, the red giant wind is
slow and nearly comoving with the white dwarf. As a probe
of the winds, the closest analog to the usual suspects is the
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symbiotic-like recurrent novae. For V407 Cyg, high-resolution
observations during the first 100 days after the 2010 outburst
did not show the Raman feature (e.g., Shore et al. 2011, 2012;
Drozd et al. 2013). It was detected in RS Oph from about Day 50
through 100 during the 2006 outburst by Iijima (2009) and also
noted in the 1933 outburst by Joy & Swings (1945) and in
1986 by Wallerstein & Garvavich (1986) during the same interval. In other systems, the limited spectroscopic coverage (e.g.,
V745 Sco 1989, 2014) prevents any comparison. But the detection in RS Oph is quite similar to that of symbiotic binaries.
This has nothing to do with the ejecta. It is purely from the illumination of the wind of the giant companion during the postexplosion supersoft phase when O VI is emitted around the relaxing white dwarf. Nova ejecta are very diﬀerent, as we now
discuss.

2. Why Raman features cannot form in nova ejecta
The physical process for Raman scattering is absorption of
O VI photons into a virtual state in the Lyβ wing followed by the
emission of the red line for each component of the doublet. This
leaves the hydrogen in the 2s 2 S state. As explained for symbiotic binaries by Nussbaumer et al. (1989), Schmid (1995, 2001),
and Schmid et al. (1999), energy conservation requires that if νi
is the incident line frequency (e.g., for each of the O VI components) and ν21 is the Lyα line frequency (the scattering “target”
transition), then ν f = νi − ν21 . This also produces the polarized
lines observed in the symbiotics at 6825 Å and 7083 Å. The line
width scales as Δνi /νi = Δν f /ν f , so the scattered line should be
broadened in wavelength by Δλ f /Δλi = (λ f /λi )2 ≈ 6.5. With
this in mind, consider the case of nova ejecta. The O+5 region
should be in the innermost parts of the ejecta where, if there is
any FUV emission from the white dwarf, it is completely absorbed, or from the hot atmosphere of the central star. Neutral
hydrogen is present over a much broader range of velocities but
mainly in the outer parts of the ejecta where the recombination
has already occurred after the end of the fireball stage. Thus,
the Lyβ line is redshifted by about 1000 km s−1 relative to the
O VI doublet, or about +3.4 Å. This should produce a blueward
shift in wavelength of the Raman features of ≈−150 Å, to about
6670 Å. Nussbaumer et al. (1989) list other resonance lines near
Lyβ that might produce visible-range Raman scattered features.
This further complicates any identification in nova ejecta of any
one such line. For example, O I 1028 Å produces a scattered
line at about the same wavelength as the redshift eﬀect described
here for O VI. A further complication is that the O VI are formed
over a broad velocity range. In later stages, spectra show that the
UV resonance lines are also extremely broad (e.g., De Gennaro
Aquino et al. 2014), so the resulting line should be far broader
than the usual observed width in the symbiotics. We add that
although the 7083 Å feature is not always visible in symbiotic
binaries, it was definitely absent in V339 Del (see below for further discussion).

3. Alternate explanation: neutral carbon emission
lines
The emission line at 6828 Å is real. If it is not a Raman feature,
the persistence of the line during the optically thick stage and
profile variations suggest an alternate interpretation.
We observed V339 Del with the Hermes spectrograph
(Raskin et al. 2011), mounted on the 1.2 m Mercator Telescope
at La Palma, Canary Islands, Spain. This highly eﬃcient
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Fig. 1. Time sequence for C I 6828 Å. Arbitrary scaling of the continuum. From top to bottom: 2013 Aug. 25, Aug. 26, Aug. 30, Sep. 7, and
Sep. 16.

Fig. 2. Same sequence as Fig. 1, from 2013 Aug. 25–Sep. 7 for
C I 8335 Å (RMT 3F).

echelle spectrograph has a resolving power of R = 86 000
over the range 3800 Å to 9000 Å. The raw spectra were reduced with the instrument-specific pipeline. The nova was observed on multiple occasions for over three months, beginning
on 2013 Aug. 16.0 UT with regular daily monitoring during the
first 14 days after its first detection, and every 2 to 3 days
thereafter. A time sequence of the 6828 Å feature, based on
these data, is shown in Fig. 1. The identification appears to
be C I 6828.12 Å (3p1 P1 –4d1D◦2 ), whose lower excitation
is 68 856.33 cm−1 (8.54 eV). A significant clue is the line profile.
It is virtually the same as all other identifiable C I transitions in
the 3800–9000 Å region of the V339 Del spectra and also those
of Fe II (which we take as a tracer low ionization species, see
Fig. 4). More important, the profile matches the C I 8335 Å line
quite closely (Fig. 2), if the C I identification is correct. A comparison between the permitted C I 7115 Å and C I 8335 Å profiles is shown in Fig. 3. The [O I] 6300 Å line, which is present
throughout the observational interval, is compared in Fig. 4 with
the 6828 Å line. As for C I 8335 Å, the profiles closely match
even in the fine structure on the emission. The Fe II 6248 Å line,
also shown in the figure, displays the same features.
The absorption feature, noted but unassigned by Skopal
et al. (2014), matches the behavior of the other low ionization species at vrad ≈ −600 km s−1 (e.g., Shore et al. 2013),
and the same feature is seen on the other C I transitions and
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Fig. 3. Comparison between the C I 8335 Å (solid) and C I 7115 Å
(solid) line profiles on 2013 Aug. 25. The flux units are arbitrary.

Fig. 5. Comparison of C I 6828 Å (top, solid), C I 7115 Å (middle,
dash), and Fe II 5169 Å during the absorption line stage of the 6828 Å
profile. The 5169 Å line is chosen to avoid possible blending with
He I lines during the earliest stages of the expansion.

Fig. 4. Comparison between the [O I] 6300 Å (dotted) and C I 6828 Å
(solid) line profiles on 2013 Aug. 20. The strong blueward line next to
[O I] is Fe II 6248 Å RMT 74.

the Fe II lines before about Aug. 20 (Fig. 5). It also agrees
with the low velocity absorption observed on Na I D1, D2 at
the same epochs. Furthermore, the Raman process has such a
low cross section that an absorption is excluded. The absorption, which is then from an excited C I state, disappears and
the line goes over into emission with the same structure as the
other neutral lines. In the spectra before Aug. 20, several excited state C I transitions showed a P Cyg absorption feature at
around −600 km s−1 . The lower state is populated by the resonance transitions around 1560 Å and the 1930 Å line during the
optically thick stage, and the upper states are populated by transitions at around 1193 Å. The absorption feature, if due to the
C I line, also matches the O I 7773 Å line and other excited state
neutral species. We note that Iijima (2012) identified a line in the
recurrent nova CI Aql at 6830 Å as C I1 . Other C I lines present
included the composite features at 6014 Å and 7115 Å, 8335 Å,
and 8727 Å2 .
The feature on the blue wing of C I 7115 Å is probably
a C I 7087 Å blend, which could be mistaken for the Ramanscattered O VI 1038 Å line. For comparison, in Fig. 6 we show
1

The 7773 Å emission line was also noted as a possible coronal
species by Iijima (2009) in RS Oph but was not identified. It could arise
from the red giant wind as it recombines after shock breakout or by
charge exchange, as in V407 Cyg (Shore et al. 2012).
2
As noted by the referee, the 6828 Å and 8335 Å transitions are singlets, while 7115 Å, being a triplet, should be broader.

Fig. 6. Comparison between C I 6828 Å (left column) and C II 4267 Å
(right column) at two epochs. Top: 2013 Aug. 24.9, bottom: 2013
Sep. 30.8. Fluxes are in arbitrary units.

the variation of C II 4267 Å and note that C II 7235 Å also varies
in the opposite direction to the 6828 Å line.
To connect with the structure of the ejecta, we modeled the
C I 7115 Å line with a bipolar structure for the ejecta (see
De Gennaro Aquino et al. 2014, and references therein). The
parameters for the model, shown in Fig. 7, are an outer angle
θo = 20◦ , an inner angle θi = 90◦ , and an inclination of about 55◦
to the line of sight. These are approximate, when assuming an
inverse cube (with radius) density law and a linear velocity law
with vmax ≈ 2500 km s−1 and a radial thickness of about 0.7. This
implies that the C I is formed over a large part of the ejecta. The
constraints are weak from these profiles alone, acceptable inclinations ranged from 45◦ to 60◦ , but spherical ejecta are ruled out.
This should emphasize that the ejecta are usual, similar results
have already been found for many other classical and recurrent
novae, and the appearance of the absorption on neutral carbon at
the same time as the Na I and Fe II profiles argues for the onset
(and later clearing) of the recombination wave in the ejecta (see,
e.g., Shore 2012, for a review). The absence of any high ionization species, especially He II (which first appears only after
Oct. 10) and any coronal lines (which do not appear before the
end of 2013 Nov.) answers the conundrum posed by Skopal et al.
(2014) about the peculiarity of O VI emission without accompanying high-ionization species emission. We also note that similar
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