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Abstract. Novae refer to close binary systems, where outbursts occur on the white dwarf surface due to
thermonuclear runaway. Numerical simulations of nova explosions have shown that the accreted envelopes
attain peak temperature of about 4  108 K. The temperature remains at the peak value for about several
hundred seconds; this allows nuclear reactions to take place in the ejecta. Theoretical studies predict significant overproduction of few elements, e.g., 17O, 15N, and 13C, with respect to solar abundances.
Spectroscopic observations have also confirmed about high metal abundances in novae ejecta. This paper
briefly discusses about elemental abundances in novae ejecta predicted by the nucleosynthesis process as
well as that found from observations.
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1. Introduction
A ‘‘Nova’’ explosion takes place in close stellar binary
systems (with orbital periods  16h). The binary
system consists of a white dwarf and a low mass
companion (typically, K or M main sequence stars).
Spectroscopic studies have identified two distinct
types of classical novae: ‘‘carbon monoxide (CO)
novae’’ which have underlying CO-type white dwarfs
and ‘‘ONe novae’’ which have ONe white dwarfs. The
companion star in the close binary system expands
beyond their Roche lobes and passes matter via the
inner Lagrangian point, leading to the formation of an
accretion disk around the white dwarf. A fraction of
this accreted hydrogen-rich material spirals in and
piles up on the white dwarf surface and gradually
builds up an envelope under semi-degenerate conditions. Because of compressional heating and energy
released from the nuclear reactions at the base of the
accreted envelope, both the temperature (T) and the
pressure (P) at the base gradually increase. When the
critical explosive conditions (Tcrit  106 K, Pcrit 
1020 dyn cm2 ) are reached, thermonuclear runaway
(TNR) ensues leading to the novae outbursts (Gehrz

et al. 1998; Jose et al. 2006; Bode & Evans 2008;
Starrfield et al. 2008).
After the outburst, they exhibit a sudden rise in
optical brightness (  8–18 magnitudes) in a few hours
to days, with the peak luminosity  104 –105 L . Due
to the explosion, matter accumulated on the white
dwarf is ejected outward in the form of a shell
(  103 –105 M yr1 (Shafter 2002)) with the
mean ejection velocity of  103 km s1 . Although
only a handful of novae,  3–5, are discovered every
year in our Galaxy, the real number of nova explosions in our galaxy are relatively high,  50 every
year (Shafter 2017). Considering this number, the
overall mass contribution from novae to the interstellar matter (ISM) has been estimated as  0:3% of
the interstellar matter (Gehrz et al. 1998). Although
the contribution of novae in the galactic chemical
cycle is very small, both observational and theoretical
studies show that nova ejecta has high metal abundances relative to solar values, and they are the major
sources of the odd-numbered nuclei, such as 13C,
15N, and 17O (Jose et al. 2006). It is difficult for such
nuclei to form in other astrophysical places. This
article briefly describes about elemental abundances in
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novae ejecta as predicted by the nucleosynthesis
process as well as that estimated from observations.
2. Nucleosynthesis process
The results of the numerical simulations show that
during the nova outburst the accreted envelopes attain
peak temperatures in the range of 1–4  108 K. The
temperature may remain at the peak value for several
hundred seconds. This allows extensive nuclear processing inside the accreted matter, linked through a
few hundred nuclear reactions. At the initial stage,
the TNR is dominated by both the proton–proton
chains and the cold carbon–nitrogen–oxygen (CNO)
cycle (12C(p,)13N(b?)13C(p,)14N). As the temperature increases, the characteristic timescale for proton
captures onto 13N becomes shorter than the corresponding b?? decay time. As a consequence, a
number of reactions of the hot CNO cycle, such as
13N(p,)14O, together with 14N(p,)15O and
16O(p,)17F take place (Jose 2012). When the temperature exceeds  2  107 K, the convection process
becomes the dominant process in the envelope and
carries a substantial fraction of the synthesized shortlived, b?? unstable nuclei, 13N, 14C, 15O, and 17F,
to the outer, cooler layers of the envelope. The
expansion and ejection stages of the outburst take
place due to the energy released by these species
during their decay (Starrfield et al. 1972). Further, the
large amounts of these nuclei translate into large
amounts of their daughter nuclei, 13C, 15N, and 17O,
in the ejecta. The main nuclear path in nova outbursts
runs close to the valley of stability. On the basis of
the hydrodynamic models of nova outbursts, current
predictions suggest that Ca is likely the endpoint of
the nucleosysthesis.
As the peak temperature reached during nova
explosions is moderately low, nuclear processing in
the accreted envelope at this temperature is unable to
produce high metallicities as inferred from observations. Rather, both observational and theoretical
studies (hydrodynamical simulations) of the TNR
process on the white swarf surface strongly suggest
that the matter from the underlying white dwarf gets
mixed, at some point, with the accreted matter. Due to
this mixing of materials, metal abundance in nova
ejecta gets enhanced. Earlier, four possible mechanisms that drive the mixing process, have been suggested: (1) diffusion-induced convection, (2) shear
mixing, (3) convective overshoot-induced flame
propagation, and (4) convection-induced shear mixing
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(Gehrz et al. 1998). However, none of them were
successful to explain the mixing mechanism at the
core–envelope interface and enhancement of metallicity in novae ejecta. Thus, the nature of the mixing
mechanism remained a puzzle for a long time.
Recently, from 3D simulation of mixing at the core–
envelope interface during nova explosions, Casanova
et al. (2011) have shown that Kelvin–Helmholtz
instabilities could play the major role as a natural
mechanism for self-enrichment of the accreted
envelope with core material. Consequently, matter is
dredged up from the white dwarf surface and injected
into the envelope (Figure 1) to increase the metallicity. Further calculations (Casanova et al. 2016) show
that the TNR continues for a longer time in an ONerich substrate (Figure 2), and results in a longer
dredge-up phase and a higher degree of mixing
between the white dwarf core material and the
envelope.
Several species, synthesized during classical nova
outbursts (e.g., 13N, 18F, 7Be, 22Na, and 26Al), are
the sources of potentially detectable c-rays. However,
to date, c-ray emission at energies  100 MeV has
been detected from nine novae only, using the Fermi
large area telescope. The origin of these c-rays has
been explained by particle acceleration at shocks in
these systems. While the first detection was associated
with a nova eruption in a symbiotic system (V407
Cyg) that contains a late-type secondary, all other
detections have been associated with classical binary
systems. However, in classical novae, the companion
is a main-sequence star that has a very tenuous stellar
wind. Hence, although a strong shock may be produced, detectable c-ray emission is not expected.
Thus, the origin of the high-energy c-ray emission
from classical novae has remained puzzling (e.g.,
see Martin et al. 2018).
It has also been suggested that novae may have
contributed to presolar grain populations (Clayton &
Hoyle 1976). Amari et al. (2001) reported on several
SiC and graphite grains isolated from the Murchison
and Acfer 094 meteorites, with an abundance pattern
similar to nova model predictions, that is, low 12C/
13C and 14N/15N ratios, close-to-solar 29Si/28Si, and
high 26Al/27Al, 30Si/28Si and 22Ne/20Ne ratios for
some of the grains. However, in order to match the
gain data, it is required to assume mixing of the newly
synthesized material with the unprocessed envelope
material by a factor of ten or more before dust formation. Thus, it is required to find the possible reasons
for how the other materials in the novae ejecta get
diluted. However, concerns about the likely nova
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3. Observational study

Figure 1. Snapshots (on the x–z-plane, y ¼ 4  107 cm)
of the development of the convective front on a 1.25 M
white dwarf when the core–envelope temperature reaches
 108 K, shown in terms of the 20Ne, in the logarithmic
scale. These simulations show how the material from the
outer surface of the white dwarf is dredged up, driven by
Kelvin–Helmholtz instabilities, and mixed with the envelope at different times (upper panel: t ¼ 437 s, middle panel:
t ¼ 635 s, lower panel: t ¼ 709 s). As a result, the mean
metallicity at the end of the simulation reaches 0.246, by
mass, for this model (Casanova et al. 2016).

paternity of these grains have been raised (Nittler &
Hoppe 2005) after three additional micron-sized SiC
grains were isolated from the Murchison meteorite
with similar trends. The presence of the features,
mainly that of Ti, which is slightly above the nucleosynthetic endpoint predicted for novae, indicates
toward a supernova origin. Another possibility is that
other nuclear channels, such as the CNO-breakout,
might have taken place under special circumstances.

Signatures of the elements present in the nova ejecta
appear in the observed spectra at various stages of the
nova evolution. At an early stage, when the ionization
levels are low, the nova spectrum is generally dominated by permitted, recombination lines of H I, He I, C
I, O I, Fe I, and N I. As the ejecta expands with time, it
becomes thin and the layers closer to the central
ionizing source are revealed, and degrees of excitation
and ionization increase with time. As a consequence,
forbidden and high ionization emission lines are
observed; for example, prominent lines of [Fe VI], [Fe
VII], [Ca V], [Mn XIV], and [Si VI] are seen in the
coronal phase, whereas lines of [Ne III], [O I], [Fe X],
[Fe XIV], [Ca XV], [Ni XII], etc., are observed in the
nebular phase. The ionization levels decrease once
again, as the nova approaches its post-outburst quiescence phase. On the basis of the strength of a group
of non-hydrogen emission lines in the early spectra of
novae, Williams (1992) classified novae mainly in two
classes: ‘‘Fe II’’ novae that show prominent features of
‘‘Fe II’’ lines, and ‘‘He/N’’ novae that show prominent
‘‘He/N’’ lines in their optical spectra (see Figure 3 for
illustration). The Fe II novae have a lower level of
ionization, display P Cygni absorption components
and their temporal evolution are slow. On the other
hand, He/N novae show higher ionization lines that
are flat-topped with little absorption and exhibit large
expansion velocities. He/N novae evolve very fast
leading to the coronal and nebular phases and show
strong neon lines in their spectra.
The near-infrared (NIR) spectra of these two classes
of novae are presented in Figure 4. The NIR spectral
features that instantly help to distinguish between
these two classes of novae are the strong presence of
carbon lines at 1.166 and 1.175 lm in the J band, and
at 1.6890 lm and several lines between 1.72 and
1.79 lm in the H band. These features are present in
the spectra of Fe II novae but they are not observed in
He/N novae. In addition, few other carbon lines are
present in the K band in the case of Fe II novae.
Infrared (IR) observations have also confirmed dust
formation in novae. The ‘‘classical symptom’’ of dust
formation is the appearance of a ‘‘dip’’ in the optical
light curve (e.g., V1280 Sco; Das et al. 2008).
Simultaneously, the continua of the NIR JHK spectra
rise as the dust emits in those wavelength regions. So
far,  20–25% of the observed novae have been found
to form dust. In general, two kinds of dust have been
observed: C-rich dust (e.g., V838 Her (1991) and PW
Vul (1984)) or O-rich dust (e.g., V1370 Aql (1982)
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Figure 2. Time evolution of the mean metallicity of the
envelope, in the case of CO white dwarfs (solid red line)
and ONe white dwarfs (dashed green line). This shows that
the TNR continues for a longer time in an ONe-rich
substrate, and results in a longer dredge-up phase and a
higher degree of mixing (from Casanova et al. 2016).

Figure 3. Bottom: early phase (3 days after outburst)
spectrum of V444 Sgr, an Fe II nova. Top: early phase
spectrum (5 days after outburst) of V2491 Cyg, a He/N
nova. This illustrates the differences between the two types
of novae. A few prominent emission lines are marked. The
spectral classification, according to the Tololo scheme, is
shown also for each spectrum (from Anupama & Kamath
2012).

and V705 Cas (1993)) in the novae ejecta. In the case
of V842 Cen (1986) and QV Vul (1987), the formation of all these types of dust has been observed.
However, how dust forms in the harsh atmosphere
condition in novae ejecta is not well understood.
Observations have shown that the presence of the lines
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of low-ionization species, such as Na and Mg, in the
early spectra indicates low-temperature conditions of
the nova ejecta, and it helps in dust formation (Das
et al. 2008). It has been suggested that the presence of
large amounts of intermediate-mass elements, such as
Al, Ca, Mg, or Si, may significantly change the dust
condensation process ((Jose et al. 2016) and references therein). Recent studies (Pandey et al. 2020,
paper under review) show that dust formation requires
a high abundance of nitrogen. However, it needs more
investigations to understand the role of different elements in dust formation.
Several molecular features have been observed in
novae spectra also. The first molecular feature (CN,
band heads at 359.0, 388.3, and 421.6 nm) was
detected in the optical spectrum of DQ Her (1934),
shortly (  2 days) after visual maximum (Wilson &
Merrill 1935). The band head of AlO 0–0 (4842 Å)
has been detected in the optical spectrum of GK Per
(Bianchini et al. 1986) during one of its dwarf novalike outbursts and in the remnant of old nova RS Car
(1895) (Bianchini et al. 2001). This AlO feature is
commonly seen in very cool stars. Hence, the observation of this feature in old novae could provide
valuable information about the atmosphere of evolved
novae. The regularly observed molecule in novae
ejecta is CO in NIR. The presence of CO molecules in
novae ejecta was initially detected in NQ Vul (Ney &
Hatfield 1978) by IR broadband photometry. The
observed excess in the M-band was attributed to the
fundamental rotational–vibrational transition (Dv ¼ 1)
of CO at 4.6 lm. The presence of CO in novae is
important for several reasons: (1) it could provide
insights into the process of molecular formation,
which itself is a precursor to the nucleation of dust, (2)
several physical conditions, e.g., density and temperature, within the molecular regions could be inferred
from the analysis of the lines, and (3) the CO emission
spectra could be used as a tool to estimate the isotopic
abundances, particularly the 12C/13C and 16O/17O
ratios as they provide an important tool to get information about the composition of WD and degree of
mixing of the white dwarf surface. Further, the isotope
ratios calculated from CO lines in novae could be used
to measure the contribution of isotopes in ISM by
novae. After the beginning of NIR spectroscopic
observations, the first overtone of CO (Dv ¼ 2) at
2.29 lm has been observed routinely in NIR K band
(2.2 lm) spectra (e.g., V2274 Cyg, V842 Cen, V705
Cas, V1419 Aql, V2615 Oph, and V496 Sct). The
12C/13C ratio can be estimated from model fits to the
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Figure 4. Left panel: NIR JHK spectra of V476 Scuti (2005), an example of FeII type nova (from Das et al. 2013).
Prominent features have been marked in each panel. The spectra show prominent features of C lines in each band. Right
panel: NIR JHK spectra of RS Ophiuchus (RS Oph; 2006 outburst), an example of He/Ne nova (Banerjee et al. 2009): the
top two panels show J band spectra for 24 February and 29 March 2006, respectively. The bottom two panels show the
H and K band spectra of 29 March and 11 May 2006, respectively. Prominent features have been marked in each panel.
Apart from the H emission lines, prominent features of He, O, N, and Ne are noticeable.

observed CO bands (e.g., Das et al. 2009). The
observed values of 12C/13C have been found in the
range of 0.3 (V2274 Cyg) to  5 (V705 Cas) (Banerjee & Ashok 2012 and references therein). Among
the other diatomic molecules silicate (SiO), polycyclic
aromatic hydrocarbons, and hydrogenated amorphous
carbon have been observed through dust features (e.g.,
Evans & Gehrz 2012). However, no feature of
molecular hydrogen H2 (such as the 1–0 S(1) transition at 2.1218 lm), which is also important to

underpin the chemistry in nova winds that lead to the
formation of molecules and dust, has been detected
observationally.

4. Modeling of observed spectra
Novae spectra show complexities because of their
inhomogeneous density structure and origin of spectra
in widely separated regions inside novae ejecta.
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Figure 5. Best-fit Cloudy model (dotted line) fit to the observed optical and NIR JHK spectra (solid lines) of RS Oph
(2006 outburst) observed *31 and 49 days, respectively, after the outburst. The spectra were normalized to Hb line in
optical, Pab line in J band, Br 12 line in H band, and Brc line in K band. Also, a few of the strong features have been
marked. For more details, see Das & Mondal (2015).

During the past few years, as a result of improvement
in simulation techniques, the modeling and analysis of
novae spectra have made significant progress. Generally, the spectra are modeled by constructing
detailed model atmospheres and synthetic spectra for
those models. Different codes have been developed
and used for this purpose. Two such codes are Phoenix
(Hauschildt & Baron 1995) and Cloudy (Ferland et al.
2013). Phoenix is a stellar atmosphere code that is
designed to produce model spectra of stars for different effective temperatures, masses, metallicities,
etc. Similarly, Cloudy is an astrophysical plasma code
that uses a given density and an input spectral energy
distribution to calculate various physical processes
and predict the spectra. Although, both the codes
could be used to simulate 1D and 3D non-long-term
evolution models of novae spectra, the photoionization code Cloudy has a wider range of applicability
with a larger atomic, molecular and chemical database, where photoionization plays the most important
role in generating the emission line spectra. This has
been applied to determine elemental abundances and
physical characteristics of a few individual novae
(e.g., LMC 1991, QU Vul, V1974 Cyg, V838 Her,

V4160 Sgr, V1186 Sco, and V1065 Cen, RS Oph; see
Mondal et al. (2018) and references therein). The
results have indicated higher abundances of elements;
e.g., in PW Vul abundance of nitrogen was estimated
as  250; in LMC 1990 abundance of aluminum was
estimated as  259, with respect to solar values.
Recently, we have extensively used Cloudy to
model the spectra of the recurrent nova RS Oph
observed during its 2006 outburst (Das & Mondal
2015; Mondal et al. 2018, 2020), and also quiescence
phase spectra of a few novae (Mondal et al. 2020).
First, a large number of synthetic spectra were generated using Cloudy, by varying several parameters in
small steps. Then the model generated spectra were
compared with the observed spectra and the best fit
model parameters were obtained using a minimization
technique (Das & Mondal 2015; Mondal et al.
2018, 2020). As an example, the results of the analysis
of RS Oph are presented in Figure 5. By this method,
the elemental abundances, as well as different other
parameters (e.g., temperature, luminosity, densities,
etc.) have been estimated. Using the photoionization
code, an extensive grid of photoionization models has
been prepared (Mondal et al. 2019) for solar

J. Astrophys. Astr. (2021)42:13

metallicities, covering a wide range of parameters,
e.g., hydrogen density, source temperature, luminosity, inner radius, and thickness of the ejecta. From the
model generated spectra, from ultra-violet to IR, ratios
of the hydrogen and helium lines have been calculated. By comparing these ratios with those obtained
from observations, values of the parameters associated
with the nova system could be estimated. In the context of the present topic, one important observation
may be mentioned here. During the modeling procedure, it has been noticed that the best fit parameter
values, derived from fitting the optical spectra only,
change significantly when spectra at other wavelengths (e.g., NIR) are considered. This emphasizes
the use of multi-wavelength spectra while modeling,
to get more appropriate results.
5. Concluding remarks
Our understanding of the nova phenomenon has
increased substantially over the past several decades
as a result of significant progress in theoretical modeling (hydrodynamical simulations) of the novae
outbursts and observational determinations of the
outburst characteristics. Although the results obtained
from theoretical studies match with the observational
results, still there are many discrepancies. Further
developments in multi-dimensional simulations and
understanding of nuclear interactions for novae and
high-resolution spectroscopy may shed light on the
existing problems associated with the determination of
elemental abundances in novae ejecta.
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