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ABSTRACT

Aims. We investigate the early development of the classical nova V339 Del (Nova Delphini 2013) through high-resolution optical
spectroscopy. To study the structure of the ejecta, we focus on the evolution of the absorption and emission features and the changes
within the line profiles.
Methods. We obtained spectra with the robotic 1.2 m telescope TIGRE equipped with the HEROS spectrograph (R = 20 000, wave-
length coverage from 3800 to 8800 Å). Our data set covers the outburst from 3 until 121 days after discovery.
Results. We provide a qualitative analysis of the spectra, describing the line profiles evolution and providing a rich list of identified
lines. During the optically thick phase, we detected several blue-shifted absorption features from s-processed elements, whose origin
is unclear. The presence of strong lines from C/O and the absence of Neon features confirm that the nature of the central white dwarf is
a CO type. The later “nebular” phase spectra show evidence of the non-spherical, inhomogeneous structure of the ejecta. The detailed
evolution of the line profiles and appearance of high ionization species (e.g. N III, O III, He II, [Fe VII]) are direct consequences of
the re-ionization of the ejecta during the peak of the soft X-ray emission.

Key words. novae, cataclysmic variables – stars: individual: V339 Del – stars: emission-line, Be – instrumentation: spectrographs –
telescopes

1. Introduction

Classical novae are thought to be explosive mass ejections trig-
gered by a thermonuclear runaway on the surface of a white
dwarf accreting mass from a Roche-lobe-filling companion.
Novae eruptions are a spectacular phenomenon that has been
extensively studied since the first half of the 20th century, with
Payne-Gaposchkin (1964) still offering a formidable review of
the topic. While classical novae as such are relatively common,
naked-eye visible novae are quite rare, typically occurring every
other decade, and γ-ray emitting novae represent quite extraor-
dinary events. Reaching an estimated maximum brightness of
V = 4.46 mag on August 16.4 UT (Munari et al. 2013), the nova
V339 Del (Nova Delphini 2013, PNV J20233073+2046041) did
provide the rare chance of a really bright nova, which in addition
was detected as a γ-ray source with Fermi-LAT four days after
its eruption (Hays et al. 2013).

A solid picture and understanding of the nova phenomenon
could be built from a variety of multi-wavelength campaigns
conducted in the past two decades, followed by theoretical ad-
vancements of the field (see Bode & Evans 2008 for recent re-
views), and yet the first detection of high energy γ-ray emission
(>100 MeV) from a classical nova (Cheung et al. 2012) came
unexpectedly and still lacks a definite explanation.

The unusual brightness of V339 Del made it the subject of
intensive multi-wavelength monitoring in various wavelengths:
γ-rays: Ackermann et al. (2014); X-rays: Page & Beardmore
(2013); optical: Skopal et al. (2014), Tajitsu et al. (2015);

near-IR: Schaefer et al. (2014). In archival data Deacon et al.
(2014) were able to identify its progenitor as an object of magni-
tude V ∼ 17 mag without any significant photometric variability,
at least in the last years. With our TIGRE robotic spectroscopic
telescopes, we performed high spectral resolution monitoring in
the optical covering the first four months of the outburst.

2. Observations and data reduction

We present our spectroscopic observations of V339 Del with
the robotic TIGRE 1.2 m telescope, located near Guanajuato in
central Mexico and equipped with the HEROS spectrograph. It
provides a spectral resolution of 20 000 over the visual spectral
range from 3800 to 8800 Å with a small gap (between the two
arms) from 5700 to 5830 Å. The TIGRE spectra are reduced with
the standard spectral reduction pipeline for TIGRE/HEROS.
The spectra are not flux-calibrated. This prevents us from es-
timating the brightness or from using emission lines fluxes di-
agnostics, which usually rely on emission-line strength ratios.
Nevertheless, the high resolution and wide spectral range al-
lowed us to correctly identify many absorption and emission fea-
tures and to resolve the fine structures in the line profiles in order
to study the kinematics of the ejecta.

For a technical description of TIGRE and its instrumenta-
tion, see Schmitt et al. (2014). The concise science and oper-
ation management of this TIGRE, funded by the Universities
of Hamburg, Guanajuato, and Liège, and its flexible scheduling

Article published by EDP Sciences A134, page 1 of 79

http://dx.doi.org/10.1051/0004-6361/201525810
http://www.aanda.org
http://www.edpsciences.org


A&A 581, A134 (2015)

Table 1. TIGRE spectra.

Date [days] JD start-exp Exp.time S/N Vmag
(2 400 000+) (s) (blue;red)

2013-08-17 [3] 56 521.787 4260 215; 352 4.8
2013-08-19 [5] 56 523.786 5400 334; 669 4.9
2013-08-20 [6] 56 524.755 4920 286; 586 5.1

2013-08-29 [15] 56 533.774 1350 84; 177 6.7
2013-08-30 [16] 56 534.778 1890 92; 188 6.8
2013-09-01 [18] 56 536.742 660 71; 143 7.1
2013-09-02 [19] 56 537.837 1890 64; 137 7.2
2013-09-03 [20] 56 538.837 1050 29; 66 7.3
2013-09-11 [28] 56 546.785 560 37; 79 7.7

2013-09-25 [42] 56 560.735 1980 43; 88 8.4
2013-09-30 [47] 56 565.691 180 10; 21 9.0
2013-10-03 [50] 56 568.668 540 17; 33 9.4
2013-10-08 [55] 56 573.712 1440 12; 24 10.0
2013-10-14 [61] 56 579.584 1800 16; 28 10.7
2013-10-25 [72] 56 590.682 1800 8; 14 11.1

2013-12-14 [121] 56 640.550 1800 8; 26 11.2

Notes. Horizontal lines separate the different characteristic phases in-
troduced in Sect. 3. We provide the observation dates as calendar dates
and Julian dates, give the number of days since the discovery, the expo-
sure time, typical S/N values, and the visual magnitude at the time of
observation.

allowed us to start observations on day +3 after discovery, close
to maximum light in the V band, and to follow it until four
months later.

In Table 1 we list the nights during which we were able to ob-
tain spectra of V339 Del. Hereafter, we refer to the different ob-
serving nights of the nova with the number of days passed since
its discovery by K. Itagaki on 2013-08-14.584 (CBET 3628).
The V-mag values were extracted using the AAVSO lightcurve
generator and are shown in Fig. 1, where we also indicate the
times for which TIGRE spectra are available.

The result of these observations is a spectral atlas that doc-
uments the line profiles and the line content of the different
stages of the nova evolution from the optically thick phase, as
observed during the early nights, until the optically thin nebula
phase of the then much expanded nova envelope. The spectra
presented here allow us a rich and certain line identification, a
documentation of the changing line content, and profile shapes,
including rather unusual transitions in novae spectra and some
signatures of non-spherical ejecta geometry or inhomogeneity.
In these terms, high-resolution spectroscopy of novae is indeed
necessary for investigating their evolutionary details and physi-
cal processes. We here attempt a phenomenological overview of
the achieved spectroscopic monitoring of V339 Del.

3. The line spectrum of V339 Del: Overview

We organize our description of the TIGRE spectra in terms of the
characteristic stages of the nova development. Our observations
on nights +3, +5, and +6 cover the optically thick phase of the
young and compact nova shell, showing prominent P-Cygni-type
line profiles from lowly ionized species. On day +15, an emis-
sion line spectrum has emerged, but with the first forbidden lines
appearing and many strong lines still showing a residual P-Cyg
absorption, so we are clearly witnessing a transition phase. From

Fig. 1. Lightcurve of V339 Del in the V band. The dots represent daily
averages from the AAVSO data. The vertical lines separate the different
phases discussed in Sect. 3: A. optically thick; B. transition; C. early
nebular; D. late nebular. The triangles mark the TIGRE observations
(Table 1).

day +42 on, the nova ejecta show a pure emission line spectrum,
with most of the emerging flux concentrated in individual lines.
The last observation on day +121 lets us witness the spectral
response of the ejecta to the X-ray turn-on of the white dwarf,
which re-ionizes the gas. We show a selection of the recorded
TIGRE spectra, taking one spectrum from each of the character-
istic phases outlined above for the blue channel in Fig. 2a and for
the red channel in Fig. 2b. Figure 3 provides an evolution graph
of the ionization potentials for the ionized species identified in
our spectra.

A rather large collection of amateur spectra of V339 Del
has been collected and made publicly available by the members
of the Astronomical Ring for Access to Spectroscopy (ARAS)
project1. This data set covers a large time span from approxi-
mately five hours after discovery until ∼600 days after discov-
ery, with spectral resolution ranging from 500 to 10 000. These
observations have been discussed in Shore et al. (2013f,a,b) and
Skopal et al. (2014).

There has been some controversy over the detailed line con-
tent of V339 Del, as seen in Skopal et al. (2014) and Shore et al.
(2014). Obviously, high spectral resolution helps enormously to
narrow down the range of hypothetical line matches. The find-
ing list provided by Williams (2012) was used to determine the
transitions, but its accuracy of only 1 Å was insufficient to reli-
ably identify many of the lines in our spectra, therefore we also
made extensive use of the NIST database (Kramida et al. 2014)
for more precise wavelength values. Moreover, the identification
of transient heavy elements reported in Williams et al. (2008)
greatly helped us to properly recognize many of the narrow ab-
sorption features. We report the identified lines list at the end of
Sect. 4.

For the line profiles radial velocity plots in Sect. 4, we have
adopted the heliocentric velocity frame.

1 http://www.astrosurf.com/aras/novae/Nova2013Del.html
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Fig. 2a. TIGRE/HEROS spectra from days +3 (optically thick phase),
+15 (transition phase), +42 (early nebular phase), and +121 (late
nebular phase) after discovery. Blue channel. The spectra are blaze-
normalized and subsequently normalized to a polynomial instrumental
response function. No absolute flux calibration has been applied. Flux is
shown on a logarithmic scale to better display the several spectroscopic
features. The most relevant lines are numbered in italics, and for their
identifications see Table 2.

4. Spectral evolution: P-Cygni to pure emission
lines

4.1. Optically thick phase

The first three spectra obtained with TIGRE (on +3, +5, and
+6 days after discovery) show a large number of absorption
features typical of the optically thick phase (Fig. 2, 1st panel;
Fig. 4). Several species (H I, C I, Ca II, Fe II, O I) exhibit clear
P-Cyg profiles. Moreover, a multitude of lowly ionized species,
i.e. Cr II, Fe I, Mg II, Na I, Sc II, Si II, Sr II, Ti II, show only nar-
row absorption features with radial velocities covering a narrow
range in radial velocity between −500 and −800 km s−1 (Fig. 5).

The H I transitions are strong and well resolved. On day
+3 their P-Cyg profiles show a smooth absorption with termi-
nal velocity up to −2000 km s−1. The appearance of these pro-
files, i.e., the depth and width of the absorption and the strength
of the emission peak, are naturally different for each transition.
Already on day +5, we see such differences; for example, Hα
(Fig. 6) features a rather smooth profile (contaminated by telluric
lines, which have not been removed from these spectra), while
the other H I lines show fragmented P-Cyg absorption troughs.
This is typical behaviour for novae, which hints at the filamen-
tous and inhomogeneous structure of the ejected gas (Shore et al.
2011).

The multitude of Fe I–II lines clearly show the ongoing line
blanketing by an “Fe II curtain”: because of the low tempera-
ture in the ejecta of the order of 104 K or lower, several metallic
species are only lowly ionized and therefore dominate the optical

depth of the expanding envelope and thus redistribute the radia-
tive energy from the UV into the optical wavelength range (see
Hauschildt et al. 1997).

The narrow absorption features observed for the lowly ion-
ized species are characterized by a small velocity dispersion, be-
tween −500 and −800 km s−1 as aforementioned. The group of
Williams et al. conducted an extensive observational campaign
on classical and recurrent novae and systematically observed
these features from s-process elements for several days or weeks
(Williams et al. 2008; Mason 2011). In our set of TIGRE spectra,
we only observed such features from day +3 to +6. The absence
of an emission counterpart on the red side of these lines is due
to the transitions being optically thick in the visible band, which
favours the appearance of only an absorption feature, since it
mainly depends on the column density. For the same reason,
highly ionized species are not observed in this phase because
they are optically thick throughout the visible band.

While many of these species are only observed on day +3,
the strongest Fe II transitions remain clear throughout the early
development and show the typical bluewards displacement com-
monly observed in high-resolution studies (Fig. 7). This phe-
nomenon was explained by Shore et al. (2011) and stems from
the combined effect of steady expansion and cooling: the inner,
slower gas recombines faster because of higher density, with a
recombination front progressing outwards and tracing the faster
moving, but thinner outer gas.

In addition, there are tiny, not clearly resolved or weak ab-
sorption features that are difficult to identify, but they likely orig-
inate in lowly ionized metals as well.

4.2. Transition phase

The TIGRE observations from day +15 (Fig. 2, 2nd panel) show
the evolution of the ejecta during the lifting of the “Fe-II cur-
tain”. This process is driven by the envelope’s expansion, which
steadily rarefies the gas and by the hot radiation field from the
central white dwarf, which is about to turn into a super-soft
X-ray source (see below). The spectrum now looks “hotter”,
with strong H I lines showing a weak P-Cyg absorption (which is
stronger for the lines higher up in the Balmer series) and strong
central emission. Each line is now evidently showing a non-
sphericity of the ejecta, with a clear peak present at +600 km s−1

in many line profiles.

The asymmetry of the line profiles at this stage, with the red
side brighter than the blue side, is caused by the still high optical
depth of the gas. At the same time, the appearance of forbid-
den lines from [N I] and [O I] marks the transition towards the
“nebular”, optically thin phase of the nova shell. The appearance
of the lines in this phase remains approximately constant. Hα
(Fig. 6) no longer exhibits a true P-Cyg profile, but rather a heav-
ily dimmed blue side. For the other H I lines, the line profiles
from days +15 to +28 show a P-Cyg absorption that undergoes
only subtle development (e.g., Hδ development in Fig. 8). The
absorption spans a velocity range from −700 to −1350 km s−1,
but it is clearly made of a number of small features evolving over
time as optical depth steadily decreases during the expansion.
For other species showing P-Cyg profile in the transition phase,
we observe the same velocity range for Ca II K, but lower ter-
minal velocities, approximately −1200 km s−1, for the strongest
Fe II transitions, i.e., λ 4233, 5016, 5168 Å, which is again only
an optical depth effect since the differences in the profile for each
species are the result of different ionization and line opacity.
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Fig. 2b. continued − Red channel.

4.3. Optically thin phase

The spectrum taken on day +42, shown in the third panel of
Fig. 2 provides evidence that the ejecta are definitely in their
“nebular” phase. The density of the ejected gas decreases con-
tinuously. If we assume a single ballistic ejection with constant
mass and linear velocity law v ∼ r, we have ρ ∼ t−3. As a re-
sult, the density has decreased by three orders of magnitude if
we compare this stage with the optically thick phase. Likewise,
the column density steadily decreases, as is evident from the dis-
appearance of P-Cyg absorption profiles. The ionization level of
the gas increases, as we can see from the appearance of He I
lines and [O III] 5007 Å (the lines at 4363 and 4959 Å appear
only later, along with N III features and He II 4686 Å, see for
example Fig. 2a). Another typical species that indicates the neb-
ular phase is [N II], the strongest transitions of which are at 5755,
6548, 6583 Å. Unfortunately, the first line falls exactly into the
gap between the two spectral arms of HEROS (but is present in
the spectrum, as reported by Shore et al. 2013d), and the other
two lines are heavily blended with Hα. Based on our spectra,
however, there is no clear evidence of any such blend – compare
directly Hα and Hβ profiles (Fig. 6) – in terms of an apparent ex-
tra component in radial velocity. In particular, [N II] 6583 Å is
an equivalent of∼1000 km s−1 to the red side of Hα, and in all the
spectra obtained, there is no evidence of any such contamination
at that velocity.

Thanks to wide spectral range of our observations, we can
follow the evolution of many species, while the high resolu-
tion allows us to look at fine details in the line profiles. For ex-
ample, from day +42, He I appears to be a remarkably strong

emitter represented by several lines, while its transitions are not
detectable in the spectrum up to day +28. The Ca II K line,
which undergoes a slow fading during the transition phase, is
only visible on day +42. The O I and [O I] transitions slowly
fade away, and higher ionization stages like [O III] start ap-
pearing. These fast changes in the spectral appearance follow
the steady expansion of the gas and the evolution of the ion-
izing radiation field deep inside the ejecta. While the gas den-
sity is dropping, the forbidden lines increase in strength, and
the radiation from the hot photosphere of the remnant central
white dwarf re-ionizes the medium (see below). The lines un-
affected by contamination show a wide profile with full-width-
zero-intensity of 3000 km s−1. Several lines, however, do show
double-peaked emission profiles, such as H I, He I–II, C II, Fe II,
O I, and [O I], with a central core half-width of approximately
200 km s−1 and two distinct peaks at roughly +/−700 km s−1, a
value corresponding with the radial velocity of the detached ab-
sorption features observed during the optically thick phase. The
side emission peaks have, however, different fluxes in the blue
and red peaks. This is evident for H I and He I–II lines, but also
for [O III] lines. Forbidden lines are characterized by very low
transition rates, Ai j � 10−2 s−1, when compared to permitted
lines, i.e. Ai j ∼ 107 s−1. Therefore, optical depth effects play no
role in shaping the line profiles of forbidden lines. We note that
the same phenomenon also characterizes the emission lines in
the UV spectra (Shore et al. 2013e).

The possibility and evidence of non-spherical nova ejecta
have been recently discussed by Shore (2013). Such a scenario
may well explain the multiple-component structure of different
species in the course of the long optically thin emission phase
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Fig. 3. Ionized species observed throughout the observational cam-
paign. The dotted vertical lines indicate the different phases introduced
in Sect. 3. The full vertical line corresponds to the peak of the soft X-ray
emission (details in Sect. 4).

and their respective time variability, as is evident from Fig. 6, and
elsewhere. Therefore the observed behaviour may be explained
in terms of a tilted (against the line of sight) bipolar ejecta struc-
ture, where the fast material of the growing front lobe starts to in-
tersect the line of sight at some intermediate state of the optically
thin phase. An envelope of more excited material around such a
lobe would then explain the asynchronous time behaviour of the
radial velocity components in the He I–II lines mentioned above.
However, random inhomogeneities within the bipolar ejecta may
also explain the slight differences between the red and blue sides
of the profiles.

4.4. Spectral evidence of the bright X-rays central source

The late spectra of novae require multi-wavelength coverage to
fully comprehend these objects. Understanding the X-ray emis-
sion is necessary in the initial and later phases (Schwarz et al.
2011). Owing to shocks between dense layers of fast-moving
gas, some novae show an early, rapidly declining, hard X-ray
emission with typical energies above 1 keV. Later in the expan-
sion of the ejecta, the column density of the gas drops sufficiently
to reveal the hot remnant WD. Owing to its high effective tem-
perature, typically 2−8 × 105 K, the emission peaks in the soft
X-rays, with energies well below 1 keV.

Fig. 4. On day +3, the two most relevant lines seen here are Hγ and
Hδ, both exhibiting P-Cyg-like profiles, while the other species, mainly
Fe II, show only narrow absorption features. Later (days +5 and +6)
the spectrum consists of a multitude of wide, overlapping emission line
profiles.

V339 Del was detected as a weak hard X-ray source on day
+36 (Page & Beardmore 2013), and the first super-soft X-ray
source (SSS) emission was detected on day +63 (Page et al.
2013). It then became a bright SSS (Osborne et al. 2013) and
peaked 88 days after discovery (Beardmore et al. 2013). The
spectrum obtained on day +121 shows evidence of the strong,
ionizing radiation field from the remnant white dwarf. The con-
tinuously expanding ejecta were re-ionized by the highly ener-
getic radiation from the central source. A good indicator of this
process is the appearance of highly ionized species, the best ex-
ample being [Fe VII] 6087 Å (shown in Fig. 9). Several other
species, such as the Balmer series He I–II, [O III] 5007 Å, show
some enhancement of the central core of the profile, hinting at
a re-ionization event and a reset of recombination in the denser,
slower regions of the ejecta. Since these changes must come with
some delay from the establishment of a significant strong X-ray
radiation field, the spectral behaviour observed here is fully con-
sistent with the X-ray observations of V339 Del.

An important parameter for determining the ejected mass is
the “turn-on” time of the SSS (Schwarz et al. 2011). This could
be easily measured with continuous X-ray monitoring of no-
vae, but it requires space-based observatories. At first glance,
the appearance of lines from highly ionized species in the op-
tical spectra may help in the task. Super-soft emission can be
observed when the column density of the ejecta has decreased to
the point where the gas is X-ray transparent. Therefore, it does
not necessarily correspond to the appearance of highly ionized
species. Even if day +63 is taken as “X-ray turn-on” time, we
do not see strongly ionized species on day +72. The appearance
of [Fe VI/VII] lines must have occurred between days +72 and
+121 during the peak of the SSS emission, a period for which
we lack observations. Even higher ionization lines of Fe, mainly
[Fe X] 6375 Å, are commonly observed in novae. In V339 Del,
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Fig. 5. Low ionization stages of heavy elements identified during the
optically thick phase (day +3 in this case), with Hζ as a reference. The
dotted vertical line marks −660 km s−1 on the radial velocity scale used
here.

however, we do not detect such lines, in agreement with the
ARAS forum, who only report the detection of [Fe VII]2.

4.5. CO white dwarf

Shore et al. (2013g) characterize V339 Del as a CO nova. We
agree with this identification, given the lack of Ne lines and the
multitude and strength of C and O lines in our spectra. A direct
comparison with the ONe classical nova V959 Mon (Shore et al.
2013c; Fig. 10) in a similar stage of the outburst supports the
absence of the [Ne IV] 4714, 4725 Å lines, which are typical
in ONe novae nebular phase. Furthermore, Nelson et al. (2013)
and Ness et al. (2013) report strong C absorption features in,
respectively, Chandra and XMM-Newton spectra.

4.6. Spectral line atlas

The long-term monitoring with TIGRE allowed us to observe
the nova developing from the optically thick stage, with the
spectrum rich in P-Cyg lines and narrow absorption features,
to the nebular phase, when only emission lines are observed.
This puts us in the position to build a spectral line atlas (pro-
vided in Table 2), where we included all the spectral lines that

2 http://www.astrosurf.com/aras/novae/Nova2013Del-4.
html

Fig. 6. Hα and Hβ development through the whole time span.

we are confident of having identified correctly. For the initial
phase of the nova, approximately half of those lines were iden-
tified through direct comparison with line profile plots on a ra-
dial velocity scale, because many of the nova ejecta lines only
show blue-shifted absorption components. This kind of analysis
is only possible with high-resolution spectroscopy (R > 10 000)
as provided by TIGRE, which allows us to study the develop-
ment of the line profiles in detail and properly resolve substruc-
ture in velocity space.

Table 2 also includes lines that lack a clear identification.
They are detected in all the spectra from the optically thick phase
as absorption features. As mentioned in Sect. 4.1, they are likely
to be due to lowly ionized metallic species. Consequently, the
wavelength values provided in Table 2 are such that the radial
velocity of these features corresponds to −660 km s−1, the same
value as was adopted for Fig. 5.

The complete collection of profiles, showing the full devel-
opment of each identified line, is available as on-line material.
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Fig. 7. Development of Fe II 4923.3 Å in the early phase, showing
the progression of the minimum of the absorption towards higher neg-
ative velocities. The vertical dotted line marks a radial velocity of
−660 km s−1, as in Fig. 5.

Fig. 8. Hδ development during the transition phase. The spectra are nor-
malized to the peak of the line and vertically shifted.

Fig. 9. From top to bottom, the nebular phase development for
Hα 6562 Å, He II 4686, Å and [Fe VII] 6087, showing the re-
enhancement of the core of the first two lines and the appearance of
the [Fe VII] line.

Fig. 10. Comparison between V339 Del (day +121) and the ONe nova
V959 Mon (day +152), illustrating the absence of [Ne IV] 4714, 4725 Å
lines in Nova Del 2013.

5. Summary and conclusions

We have presented a time sequence of high-resolution (R =
20 000) spectra, obtained by the 1.2 m robotic TIGRE telescope
and its HEROS spectrograph, monitoring Nova Delphini 2013
from day 3 to day 121 after its discovery.

The broad spectral coverage (almost the whole spectrum be-
tween 3800 and 8800 Å with only a small gap) allows us to
clearly resolve, identify, and monitor the behaviour of over a
hundred different lines, which are produced by ions of many
different excitation and ionization energies. Certainly, there is
evidence of many more lines, most of which are either weak,
blended, or both. As a result, the spectral atlas presented here of
V339 Del offers a case study of remarkable detail, in addition to
a large spectral and time coverage.

The spectra obtained during the optically thick phase show
a large number of blue-shifted absorption lines coming from s-
process elements, whose origin remains unclear (Williams et al.
2008). The velocities of these features are consistent with those
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Table 2. Spectral line atlas.

Species (Å) A B C D Tag Species (Å) A B C D Tag Species (Å) A B C D Tag

H I 3835.4 x x x x a.1 Ti II 4443.8 x [Fe VI–VII] 5277.0 x
Si II 3856.0 x Ti II 4450.5 x Fe II 5316.6 x x x
Si II 3862.6 x Ti II 4468.5 x Fe II 5362.8 x
H I 3889.1 x x x x a.2 He I 4471.5 x x Ti II 5381.0 x
Ti II 3900.5 x Mg II 4481.2 x He II 5412.4 x x
Fe II 3906.0 x Fe II 4491.4 x Fe II 5425.0 x
Ti II 3913.5 x Ti II 4501.3 x Fe II 5532.1 x x x
He II 3923.0 x Fe II 4508.3 x [O I] 5577.3 x x a.11
Ca II 3933.7 x x x a.3 N III 4514.9 x x Fe I 5660.0 x
Ca II 3968.5 b b b a.4 Fe II 4515.0 x He I 5875.6 x x b.10
H I 3970.1 x x x x a.4 Fe II 4522.6 x Na I 5889.9 x x
N II 3995.0 x Fe II 4534.2 x Na I 5895.9 x x
?? 4026 x Fe II 4549.5 x N II 5935.0 x x
Ti II 4028.3 x Fe II 4555.8 x C I 6014.0 x x b.4
?? 4048 x Cr II 4558.6 x Fe II 6048.1 x
Ti II 4053.8 x Ti II 4572.0 x [Fe VII] 6087.0 x b.12
C III 4068.9 b b Fe II 4583.8 x x Fe II 6148.0 x x x b.5
Sr II 4077.7 x Cr II 4588.2 x Fe II 6240.6 x
H I 4101.7 x x x x a.5 Cr II 4618.8 x Fe II 6247.6 x x b.6
?? 4110 b Fe II 4629.3 x x x [O I] 6300.3 x x x b.7
Ti II 4012.4 x Cr II 4634.1 x Si II 6347.1 x b.1
Si II 4130.9 x N III 4638.0 x x a.13 [O I] 6363.7 x x x b.8
Fe I 4163.7 x Fe I 4657.6 x Si II 6371.4 x b.2
Fe II 4173.5 x b b Sc II 4670.4 x Fe II 6456.4 x x
Fe II 4178.9 x b b He II 4685.8 x x a.14 N II 6483.8 x x x
C III 4186.9 b Fe II 4732.9 x x H I 6562.7 x x x x b.3
Sr II 4215.5 x ?? 4765 x ?? 6655 x
Fe I 4216.2 x Fe I 4771.7 x He I 6678.2 x x b.11
Fe II 4233.2 x x x [Fe II] 4772.1 x x N I 6722.6 x x b.9
Cr II 4242.7 x Ti II 4805.1 x C I 6828.1 x x
Sc II 4246.8 x Cr II 4824.1 x He I 7065.2 x x c.8
C II 4267.2 x x a.12 H I 4861.3 x x x x a.7 C I 7115.0 x x x c.1
Ti II 4290.2 x Fe II 4923.9 x x x a.8 C II 7235.0 t t t c.9
Fe II 4296.5 x b ?? 4931 x [O II] 7320.0 t t c.10
Fe II 4303.2 x b [O III] 4958.9 x x N I 7442.3 x b
Ti II 4315.0 x [O III] 5006.8 x x a.15 N I 7468.2 x b
Ti II 4321.0 x Fe II 5018.4 x x x a.9 O I 7773.0 x x x c.2
Fe I 4325.8 x ?? 5053 x C I 8335.2 t t c.7
H I 4340.5 x x x b a.6 He I 5047.7 x x O I 8446.3 x x x x c.3
Fe II 4351.8 x b Ti II 5129.2 x Ca II 8498.0 x x x c.4
[O III] 4363.0 b b [Fe VII] 5158.9 x Ca II 8542.1 x x x c.5
Sc II 4374.5 x Fe II 5169.0 x x x a.10 H I 8598.4 x x x
Fe II 4385.4 x Fe II 5197.6 x N I 8629.2 x
Ti II 4395.0 x [N I] 5199.0 x x Ca II 8662.1 b c.6
Sc II 4400.4 x Fe II 5234.6 x x x H I 8665.0 b x x c.6
Fe II 4416.3 x Fe II 5276.0 x x x H I 8750.5 x x x
[Fe II] 4416.8 x x

Notes. The listed lines were observed at least once during the different phases of the nova development. A) Optically thick; B) transition; C) early
nebular; D) late nebular; x) observed within the phase; b) heavily blended; t) strongly affected by telluric lines. The tag added for several lines
refers to Figs. 2a and b. The wavelength values displayed are the same as used for the radial velocity plots. The label “??” marks the wavelength
for features that are observed as absorption lines in all the spectra of the optically thick phase, for which we could not give a proper identification.

from abundant species, e.g. H I, Si II, or Fe II, therefore this
absorbing material is mixed within the ejecta.

Our spectra show strong C and O lines and no Ne lines. We
therefore identify this nova as a CO nova, in agreement with
already published results.

The rich amount of observed detail is testimony to four
different expansion phases: the initial optically thick phase as
proved by P-Cyg profiles, which are rapidly evolving from night
to night, a transition phase, followed by the long optically thin
(“nebular”) phase of pure emission lines, and finally the re-
ionization by the hard X-ray illumination developing from the
central white dwarf. The emission profiles in the late phase show

a clear signature of the non-sphericity of the ejecta, with several
lines also showing asymmetry between the red and blue sides.
The different ionization species empirically describe ejecta ma-
terial of different excitation energy, to complete our insight into
a very complex dynamical and geometrical structure of the ex-
panding nova envelope.

Clearly, such rich empirical evidence deserves further study
by means of quantitative, dynamic atmosphere models. With the
atmospheric code PHOENIX (Hauschildt & Baron 2006), we
can investigate the optically thick phase. The synthetic spectra
provide information about the temperature, density profile, ve-
locity field, and metal abundances of the ejecta. The absence of
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flux calibration for our observations prevents us from fitting the
synthetic spectra to the observed ones. However, this problem is
mainly relevant for the continuum, which is influenced by lumi-
nosity, hence by the radius, and by temperature. As described in
Hauschildt (2008), luminosity has a marginal effect on the syn-
thetic spectra, because the opacity and temperature profiles of
the ejecta are influenced mainly by the relative extension of the
atmosphere. The appearance and strength of features from dif-
ferent ions and multiplets strongly depends on temperature. For
the purpose of modelling the early optically thick phase, we can
normalize the observed spectra to the continuum and compare
models with observations. We are currently performing such a
study and will present it in a later publication. Concerning the
flux calibration of TIGRE spectra, we are evaluating a feasible
solution for future observations. However, flux-calibrated spec-
troscopy is a complex issue, and implementing a reliable tech-
nique for a robotic system such as TIGRE is a rather challenging
task.
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Appendix A: Line profiles atlas

Fig. A.1. Line profile developments throughout the whole TIGRE observational campaign of V339 Del.
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