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ABSTRACT
Context. Extreme super-solar abundances of lithium and beryllium have been reported in recent years for classical novae based on

absorption lines in ultraviolet and optical spectra during the optically thick stages, but these findings have not been compared with
spectrum syntheses of the ejecta.
Aims. We present a grid of nova ejecta models calculated with PHOENIX aimed at simulating the reported Li i and Be ii features with
super-solar abundances.
Methods. We computed a sequence of models, finely exploring the parameter space of effective temperature, ejecta expansion velocity, and Li and Be overabundances.
Results. Regardless of temperature and expansion velocity, the synthetic spectra for large Li and Be overabundances strongly disagree
with those presented in recent literature. Assuming a wide range of Be overabundances (factors of 100 to 10 000 relative to solar), we
predict a much stronger spectroscopic feature at Be ii 3130 Å than those so far observed. A similar overabundance for Li would instead
result in a barely observable change in the emitted flux at Li i 6709 Å. The observed extended absorption feature at 3131 Å reported
in V838 Her and other novae appears even in zero-Be models with only solar abundances (which for novae are underestimates).
Conclusions. The computed spectra do not support the lithium and beryllium abundances, and caution is warranted in the interpretation of the phenomenology.
Key words. novae, cataclysmic variables – Galaxy: abundances – nuclear reactions, nucleosynthesis, abundances –

methods: numerical

1. Introduction
7

The nucleosynthetic origin of Li in the Milky Way has
been a subject of intense interest for decades (Iliadis 2015).
Spectroscopic studies show that the abundance of lithium in
Population II stars is approximately an order of magnitude
greater than in Population I stars. Several classes of objects have
been identified as potential lithium sources in the Galaxy, among
which are supernovae, asymptotic branch giants, and red giants
(Reeves 1994). Nova explosions also enrich their neighboring
environment with light to heavy elements expelled during the
outburst (Gehrz et al. 1998). The role of lithium (and beryllium)
in the nuclear reactions network leading to the outbreak and ejection of the hydrogen-rich accretion layer on the white dwarf is
theoretically well defined (Hernanz et al. 1996; Jose 2016). 7 Be
is produced from the reaction of 3 He with 4 He, and it decays into
7
Li through electron capture with a half-time of approximately
53 days (Bahcall & Moeller 1969; Iliadis 2015).
Several spectroscopic campaigns of recent novae have noted
the presence of absorption lines in UV and optical spectra
that have been identified as 7 Be ii and 7 Li i (Tajitsu et al. 2015;
Izzo et al. 2015; Selvelli et al. 2018; Molaro et al. 2020). The
?
The spectrum models are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/639/L12

abundances were derived using a simplified escape probability (curve of growth) approach, identifying enriched individual
structures by matching absorption lines between elements of presumably similar ionization (Friedjung 1979). Although the principal tracers of the species are both resonance lines, Li i 6707 Å
and Be ii 3132 Å, they arise from different ionization states
and, consequently, different portions of the ejecta. They are also
accompanied by very different spectral contaminants, depending
on the wavelength interval and velocity structure of the ejecta.
To date, no theoretical studies have been published aimed
at simulating these observations. This is a serious lacuna since
attributing a nucleosynthetic Galactic contribution to classical
novae depends on understanding the spectroscopic signatures.
This is the purpose of our paper.

2. Methods
We computed a grid of models with the general-purpose stellar atmosphere code PHOENIX (Hauschildt et al. 1994, 1997) in
its 1D mode (version 18.02). In each model, we assumed the
ejecta to be spherically symmetric, homogeneous, and in ballistic motion (Hauschildt et al. 1995). Thus, the radial gas density
law, ρ(r) ∝ r−3 , where r is the radial distance from the white
dwarf, results from the imposed linear velocity law, v(r) ∝ r, and
constant ejecta mass. The element abundances are identical at
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each radius. Each model was computed using 64 layers defined
by the optical depth, which ranges from 103 (the deepest layer
in the model) to 10−10 (the outermost layer). PHOENIX allows
the NLTE treatment of level populations for a specified set of
ions and ionization stages. For this work we treated the following atomic species in full NLTE1 : H I (30 levels), He I (19
levels), He II (10 levels), Li I (232 levels), Li II (55 levels),
Be I (84 levels), Be II (75 levels), C I–IV (958 levels, total),
N I–IV (674 levels, total), O I–IV (736 levels, total), Mg I–IV
(692 levels, total), Ca I–III (457 levels, total), Fe I–IV (2997
levels, total); LTE was assumed to apply to the other atomic
species. No molecules were included. The models were snapshots of the ejecta development, no explicit time dependence
was included, and the (constant) luminosity of the illuminating
white dwarf was assumed to be 5 × 104 L in all simulations.
The effective radius of the atmosphere (i.e., the physical radius
of the layer with optical depth unity that corresponds to the
pseudo-photosphere) is then defined by the Stefan–Boltzmann
law. The flux at the inner boundary, which is at very large continuum optical depth, is specified by initially scaling a blackbody
spectrum in temperature from the pseudo-photosphere inward
in radius and then performing the temperature corrections iteratively. Consequently, the precise form is not important because
the emergent energy distribution is calculated self-consistently
(see, e.g., Hauschildt et al. 1997). We did not include the effective radius as a parameter in the model grid because previous
works showed that it does not have a relevant impact on the
line formation (Hauschildt 2008). We explored a range of effective temperatures, from 10 000 to 20 000 K, in steps of 1000 K.
The maximum expansion velocity, vmax , ranged from 1500 to
5000 km s−1 , in steps of 500 km s−1 . Both ranges are typical of
novae during this stage and similar to those in the literature
for those novae in which the identifications have been reported.
The models were converged to within ≤1% in temperature and
≈3% in departure coefficients in the co-moving frame, and the
observer frame spectrum was then produced.
The model elemental abundances of lithium and beryllium were chosen between the solar photospheric values
(Asplund et al. 2005), respectively 1.05 and 1.38 (logarithmic
relative to H = 12), to +5 dex compared to the solar, in steps of
+1 dex, and a series of model with effectively no Li or Be (abundance set at 0.01 dex). We did not correct the abundances of any
other elements to formally maintain the sum of the abundances
by mass, X + Y + Z = 1. However, even with the highest Li
and Be abundances considered, the error induced in the abundances is not greater than 10−6 compared to hydrogen (i.e., at
least an order magnitude smaller than the convergence tolerance
adopted for the models; more below). The models used 9 Be ii
(i.e., the stable isotope), but the above-mentioned studies claim
detection of 7 Be ii (Tajitsu et al. 2015). The velocity separation
between doublets of the two Be ii isotopes, about 20 km s−1 , is
less than the velocity resolution of the model (approximately
50 km s−1 , given the adopted 0.5 Å wavelength resolution in the
range between 2000 and 10 000 Å), and we therefore ignore this
discrepancy in our simulations.
We also computed a limited set of solar composition models to simulate low velocity gradient ejecta, with T eff of 12 000,
15 000, and 18 000 K using vmax of 100 and 200 km s−1 . Since
the ejecta are assumed to in free expansion with a linear velocity law, a power-law mass density distribution, and chemically homogeneous, we can use these assumptions to simulate
1

The NLTE levels and transitions data are based upon the Kurucz
database http://kurucz.harvard.edu/atoms.html
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Table 1. Model parameters.

Parameter

Units

Range

Step

T eff
vmax
X(7 Li)
X(9 Be)

K
km s−1
dex
dex

10 000–20 000
1500–5000
0.01; 1.05 (a) –6.05
0.01; 1.38 (a) –6.38

1000
500
1.00
1.00

Notes. The parameter space for the model grid. (a) Solar reference value
as in Asplund et al. (2005).

the narrow lines in a shell. Such structures have been identified in classical novae from long time series in the optical
and UV (e.g., De Gennaro Aquino et al. 2014, Shore et al. 2016,
Mason et al. 2018), appearing as persistent features in radial
velocity whose optical depths scale with the expansion2 . These
structures were shifted in radial velocity by amounts similar to
those in Tajitsu et al. (2015), Izzo et al. (2015), or Selvelli et al.
(2018), on the order of 1000–1200 km s−1 . Since we are solving the radiative transfer problem within an imposed dynamical
framework, we can perform this shift. The only limitation in the
comparison is that since we assume sphericity, the emission produced from this shell may not be the same as the more filamentary nature inferred from the “stationary” late-time absorption
features.
The singular importance of the claimed Be ii detection is
that it would be from 7 Be, which is produced during the thermonuclear runaway and is β-unstable. The lithium would therefore correspond to 7 Li, which is the direct decay product. Two
results have been presented in the published studies. First, the
Be ii detection implies a massive overabundance of the isotope.
Second, changes in the line strengths comparing two epochs is
taken as evidence of an abundance decrease since it seems faster
than would be expected from the expansion of the ejecta alone
based on comparisons with narrow features in Ca ii over a relatively narrow range of radial velocity. It is important to note that
not every feature in the Ca ii K line has a correlated feature in
either the Li i or Be ii line.

3. Results
We present here the results of our models focusing on the spectral properties of lithium and beryllium, more specifically the
behavior of the lines 9 Be ii 3131 Å and 7 Li i 6709 Å.
Concerning the computed NLTE departure coefficients
(i.e., the ratio between the actual population density of an atomic
level against the expected LTE population at given density and
temperature; Hubeny & Mihalas 2014), the models show large
differences from unity (values ranging from 10 to 10−3 ) for the
adopted lithium and beryllium levels.
3.1. Be ii 3131 Å

The spectral interval containing the Be ii lines is extremely complex. The effect of blending is shown in Fig. 1, where the gray
curve shows a model with the same effective temperature as
the red and black curves, but differing in the maximum expansion velocity. The most prominent features are the pseudo-P Cyg
2

This shell-like structure is also a contributing feature in the moving narrow lines of the optically thick stage that are not modeled here
because we do not include time (hence the details of the recombination
wave are not captured).
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Fig. 1. Three different models with the same effective temperature
T eff = 15 000 K and vmax = 200 km s−1 and solar metallicity (gray),
vmax = 2500 km s−1 and no Li and Be (red), vmax = 2500 km s−1 and
solar metallicity (black dashed). The red and black lines overlap almost
perfectly.

troughs produced by the line blending for the maximum expansion velocity of 2500 km s−1 relative to that at 200 km s−1 . Since
the ejecta were assumed to be spherical and homogeneous, the
fine structure detected in high resolution optical and ultraviolet
spectra cannot be captured.
However, a comparison (Fig. 2) with the IUE spectrum of
the extreme ONe nova V838 Her (Selvelli et al. 2018) shows
that the feature at 3131 Å cannot be unambiguously interpreted
as Be ii. The models for a Be overabundance of 4 dex show an
extremely strong absorption, only a fraction of which is contributed by the Be ii doublet, and more significantly it also shows
an emission feature that is not observed in the V838 Her comparisons. The model’s assumed sphericity produces the emission so
it could be suppressed in a strongly nonspherical ejection, but the
absorption depth is not affected by the geometry, and the model
profiles for enhanced Be are much stronger than observed. In
contrast, with no enhancement the pseudo-P Cyg trough is well
reproduced by just the solar composition. Since the model is not
aimed at specifically reproducing all features of the spectrum,
no adjustments have been made in this comparison; the failure
at Mg ii is entirely due to the assumed abundances. We also note
that some of the contributors to the 3131 Å absorption are from
species that are enhanced in ONe novae, so this feature, even
without beryllium, is likely underestimated.
Similarly to V838 Her, the comparison in Fig. 3 between an
early spectrum (i.e., +5d after discovery) from Nova Cir 2018
and a solar abundance model shows that we could reproduce a
P Cyg-like feature at the 3131 Å without invoking super-solar
beryllium abundances.
Moreover, we can see in Fig. 1 that the spectra from models
featuring solar abundances are basically indistinguishable from
those characterized by a Li and Be abundance set at +0.01 dex,
further suggesting that the pseudo-P Cyg feature at 3131 Å may
not originate from Be ii.
To illustrate the effect of discrete filamentary structures at
fixed radial velocity, we show in Fig. 4 a simulation combining
a 15 000 K model with a maximum velocity of 2500 km s−1 with
a structure with a 100 km s−1 gradient shifted by 1100 km s−1 .
The latter value was taken from Tajitsu et al. (2015). We again
note that the figure is not attempting to precisely reproduce the
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Fig. 2. Comparison between models and the V838 Her IUE spectrum
(+3d after discovery, middle panel). The red curves in the top and bottom panels represent models with solar abundances, vmax = 3500 km s−1
and T eff of 16 000 and 18 000 K, respectively, while the black curves
show models with identical temperature and expansion velocity but Li
and Be abundances 10 000 times solar.
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Fig. 3. Comparison between two models: (top panel) with solar metallicity, vmax = 1500 km s−1 , and T eff = 14 000 K; (bottom panel) a Nova
Cir 2018 spectrum (+5d after discovery).

observations, but to highlight the ambiguity. Matches are actually achieved with a number of displacements between −500 and
−1500 km s−1 . For display purposes, we used a 80:20% ratio of
the high to low velocity components. The features are produced
by many contributors. It is important to note that the coupling
between transitions across species are naturally accounted for
within the fully NLTE treatment.
3.2. Li i 6709 Å

The models cannot produce an observable Li i line at the temperature and density conditions inferred in the literature. Lithium
is too ionized in any of the models to yield a detectable feature stronger than a few percent. The feature is limited to the
lowest velocity of the ejecta, where the density is highest. Were
the line to arise in a knot, with a high density contrast relative
to the rest of the material, it would have to be isolated in both
velocity and space (essentially the same for ballistic ejecta) and
L12, page 3 of 6
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Solar abundances, Teff 15000 K,
vmax 2500 & 100 km s 1 models mix (ratio 80:20%)

1e14

ballistic ejecta cannot exceed that given by their radial extension
(i.e., ∆vrad ≈ vmax ∆r/R(t), where R(t) is the outer radius of the
ejecta). This, in turn, relates to the covering factor. If the lines are
saturated, as would be the case for the claimed overabundances
of beryllium, the depth is proportional to the covering factor of
the filament.
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Fig. 4. Line profile centered on 3131+Å for a mixed model realized with
the sum of the spectra from the model with T eff = 15 000 K and vmax =
2500 km s−1 (solar metallicity) and the model with T eff = 15 000 K
and vmax = 2500 km s−1 (also solar metallicity), the latter being shifted
1100 km s−1 blueward. The two spectra have been added with a 80:20%
ratio.
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Appendix B: Departure coefficients for the lowest
levels of Li I and Be II

A sequence demonstrating the temperature dependence is shown
in Figs. A.1 (for vmax = 2500 km s−1 ) and A.2 (100 km s−1 ). The
narrowness of the individual features again yields ambiguous
identifications, since several Fe ii transitions are consistent with
the range of velocities observed in similar ionization states during the same stage of the expansion. The decreased column density over time resulting from the expansion, without a change in
velocity, is consistent with ballistic expansion, but does not distinguish which lines are responsible for the narrow features since
different excitation conditions populate the transitions in time at
different depths in the ejecta.

Figures B.1–B.8 show the departure coefficients, bi , for the first
three levels of Li i and Be ii for the two temperatures and abundances used for the models in Fig. 2, with respect to the optical
depth. The lines are labeled in order of energy level (i.e., darker
for higher levels). The level populations for Be ii show a strong
sensitivity to the elemental abundance at both temperatures,
while those for Li I show none. This occurs because the Be+ ion
is the dominant species at these temperatures, and an increase in
the continuum optical depth increases the photoionization depletion of the ground state. For Li, instead, the neutral state is a
trivial fraction of the ionic abundance and the optical depth is too
small to show any reaction to changing the column density in the
ion.
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Fig. A.1. Comparison between models in the spectra range 2900
and 3300 Å. Top panel: four models with T eff = 10 000 K, vmax =
2500 km s−1 , and respectively no Li and Be abundance (red), and 1 (cyan
dashed), 100 (blue), and 10 000 (black) times solar Li and Be abundance. Second panel: same as top panel, but with T eff = 12 000 K. Third
panel: same as top panel, but with T eff = 15 000 K. Bottom panel: same
as top panel, but with T eff = 18 000 K. The red curves are barely visible
because they follow the cyan dashed curves almost perfectly.
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Fig. B.2. Li i departure coefficients for the T eff = 16 000 K, vmax =
3500 km s−1 , Li and Be abundance +4 dex model.

L12, page 5 of 6

A&A 639, L12 (2020)

Model Teff 18000 K, vmax 3500 km s 1, Li & Be solar

100

10

10

1

2

ground
1st
2nd
102

100

10

2

10 4
Optical depth

10

6

10

8

10

1

2

ground
1st
2nd
102

100

10

2

10 4
Optical depth

10

6

10

8

10

1

2

ground
1st
2nd
102

100

10

2

10 4
Optical depth

10

6

10

8

10

10

Fig. B.5. Be ii departure coefficients for the T eff = 16 000 K, vmax =
3500 km s−1 , solar metallicity model.
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3500 km s−1 , Li and Be abundance +4 dex model.

Model Teff 18000 K, vmax 3500 km s 1, Li & Be +4 dex

100

10

100

10

10
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Fig. B.8. Be ii departure coefficients for the T eff = 18 000 K, vmax =
3500 km s−1 , Li and Be abundance +4 dex model.

