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Abstract

Context. Galactic red novae are thought to be produced in stellar mergers between non-compact stars, such as main-sequence stars and cool giants. It is hoped that they will help explain the physical processes involved in common-envelope evolution and stellar binary collisions.

Aims. We investigate the presence of lithium in the three best observed Galactic red nova remnants. Explaining the origin of lithium may point to a mixing mechanism present before, during, or after the merger.

Methods. We compared the lithium line at 6707.81 Å to a feature of Ca I] at 6572.78 Å to derive relative abundances in circumstellar gas. We next calculated absolute abundances, assuming the solar calcium-to-lithium abundance ratio.

Results. Our analysis yields the following lithium abundances: A(Li) = 2.3 for V838 Mon, A(Li) = 2.5 for CK Vul, and A(Li) = 1.8 for V1309 Sco.

Conclusions. The super-solar lithium abundances in red novae may suggest that at least some merger products activate mixing mechanisms capable of producing lithium, but other interpretations are possible. In particular, the merger product of V838 Mon may be enhanced in lithium by the matter of one of the progenitor stars. Early observations of lithium in V838 Mon and V1309 Sco hint that Li-producing mechanisms, if present, activate early, perhaps already in the common-envelope phase. Determining the origin of lithium in red novae requires further investigation and a larger sample of measured stars.
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1 Introduction
Red novae (or luminous red novae) are a group of eruptive stars that may outburst as stellar mergers of non-compact1 stars (Tylenda & Soker 2006; Tylenda et al. 2011a; Pastorello et al. 2019b). Five Galactic objects are currently classified as belonging to this group: CK Vul (also known as Nova 1670), V4332 Sgr (Nova Sgr 1994), V838Mon (Nova Mon 2002), V1309 Sco (Nova Sco 2008), and EWS 2002-OGLE-BLG-360. Other Galactic stellar-merger remnants have recently been identified (e.g., TYC 2597-735-1; Hoadley et al. 2020; see also Melis 2020), but red novae are distinguished in that they are observed during the outburst caused by the coalescing stars. Unlike supernovae and classical novae, which are powered by nuclear processes, red novae are primarily powered by accretion and, as a consequence, do not reach high temperatures. In particular, although they share a similar name with “classical novae” (Della Valle & Izzo 2020), red novae do not go through the hot coronal phase characterized by temperatures on the order of 105 K, are typically of higher luminosity, and are much rarer (Howitt et al. 2020). Stellar remnants of red novae – that is, the products of the coalescence – are cool giants or supergiants with effective temperatures of 2000–3000 K. Owing to this low photospheric temperature and to mass-loss phenomena (at different stages), the circumstellar media of the merger products are remarkably rich in cool gas, which is often present in the molecular form, and quickly become enshrouded in dust. The circumstellar envelopes of red nova remnants are very complex as they combine material lost prior, during, and after the merger. Many of the studied structures are asymmetric, indicating the possible formation of disks, jets, wide-angle outflows, and inhomogeneous winds. This complexity seems to hold the key to our understanding of the physical mechanisms that drive stellar systems to merge as well as the merger process itself.
Though we only know of a few Galactic red novae, we do know that they are an inhomogeneous group of variables. While the V838 Mon progenitor was a young (< 20 Myr; Afşar & Bond 2007) triple system (Kamiński et al. 2021b) with an 8 M⊙ primary and a low-mass protostar (Tylenda et al. 2005b), most of the other known red novae were systems of solar-mass stars (1–2 M⊙) that were evolved at the time of the outburst: V1309 Sco and V4332 Sgr were contact systems of two subgiants (Stȩpień 2011), while EWS 2002-BLG-360 and CK Vul were systems that contained a red giant branch (RGB) star (Tylenda et al. 2013; Kamiński et al. 2018b; MacLeod et al. 2022). The timescales on which we have studied the remnants of Galactic red novae are typically short, on the order of decades at most (V4332 Sgr erupted in 1994), but the outburst of CK Vul was first observed in 1670–1672 (Hevelius 1671; Shara et al. 1985), giving us a timescale of over 350 yr. The youngest Galactic red nova, V1309 Sco, erupted in 2008. A brief overview of these objects is provided in Kamiński et al. (2018a).
Over a dozen extragalactic red nova analogs (also known as luminous red novae or, more broadly, intermediate luminosity optical transients) have been identified in the Local Group (e.g., Bond & Siegel 2006; Pastorello et al. 2019a,b, 2021a,b; Blagorodnova et al. 2017, 2020, 2021; Williams et al. 2015, 2020; Kurtenkov et al. 2015; MacLeod et al. 2017; Smith et al. 2016; Rau et al. 2007; Cai et al. 2019, 2022). However, information on their progenitors and remnants is sparse. Due to a lack of adequate spectral observations, they are not the main subject of this study.
In recent years, red novae have been recognized as important objects for understanding the physics of common-envelope evolution and stellar mergers. The focus on red novae especially intensified when the V1309 Sco progenitor, relatively well observed before the red nova outburst in 2008, was recognized to have been an eclipsing contact binary in-spiraling into a common-envelope phase (Tylenda et al. 2011a; Pejcha 2014; Pejcha et al. 2016a). Observations of red novae and their remnants are used to investigate the mechanisms behind common-envelope evolution and merger events, including the associated mass-loss phenomena (e.g., Ivanova et al. 2013; Nandez et al. 2014; Soker & Kaplan 2021; Soker 2021, 2020a,b, 2019, 2016; Soker & Kashi 2012; MacLeod et al. 2022, 2018a,b; MacLeod & Loeb 2020; Pejcha 2014; Pejcha et al. 2016a,b, 2017; Metzger & Pejcha 2017; Iaconi et al. 2018, 2019; Reichardt et al. 2019).
When studying individual red nova remnants, we noticed that at least three of them – the three best observed objects, that is, V838Mon, CK Vul, and V1309 Sco – show clear signatures of lithium in their spectra. Since lithium is generally destroyed in stars, these spectral features usually imply lithium enhancement. Overabundance of lithium in stars, especially evolved ones, is not entirely understood but generally points to effective mixing mechanisms in stellar interiors (e.g., Magrini et al. 2021). Curious as to whether lithium in red novae can be used to identify similar mixing mechanisms and, in turn, shed light on merger physics, we investigated the lithium features in the Galactic red novae using the methods described in Sect. 2. We next constrained lithium content and discuss its origin in V838 Mon, CK Vul, and V1309 Sco in Sects. 3, 4.1, and 5, respectively. We briefly comment on the presence of lithium in V4332 Sgr in Sect. 5.3. The fifth known Galactic red nova, EWS 2002-BLG-360, is not discussed here as no relevant observational data exist for this heavily dust-enshrouded object (Tylenda et al. 2013). We draw our final conclusions in Sect. 6.
2 Methodology
We analyzed the presence of lithium in red nova remnants based on observations of a single feature of 7Li I at 6707 Å, which is formed in the circumstellar gas, not in the photosphere. The feature is a tight doublet of lines separated by 0.15 Å, or 6.7 km s−1. This split is insignificant compared to the local turbulence and kinematic broadening of the features in all analyzed objects. We assumed a weighted mean central wavelength of 6707.81 Å as the reference wavelength of the doublet; we used the transitions’ oscillator strengths as weights (Wiese & Fuhr 2009) in the calculation. Stars rich in lithium occasionally also display features near 6103.6 and 8126.5 Å, which are nonresonant transitions and are not expected to be strong in cool circumstellar matter. We do not find any photospheric Li I features at these wavelengths either. Additionally, the λ6103 transition of Li I overlaps with a line of Ca I at 6102.72 Å, and information on the lithium content cannot be easily extracted from this spectral range. The 8126.5 Å transition is problematic because it is within a telluric band.
In order to derive relative and absolute (i.e., relative to H) abundances of Li I, we compared the λ6707 feature to the resonance line of Ca I at 6572.78 Å. This Ca line is the only semi-forbidden transition among the resonance lines observed toward our sources, and thus it is the least impacted by saturation effects. Its profile is very similar to the Li I line profile in all our targets. Calcium features have been used in the analysis of lithium content in other objects (Wallerstein & Conti 1969), including classical novae (Izzo et al. 2022). However, in circumstellar and interstellar matter, calcium is strongly depleted because it condenses into dust, limiting its usefulness as a reference element. For instance, in the wind of the carbon star CWLeo, calcium was found to be depleted by a factor of 300 with respect to solar abundances (Mauron & Huggins 2010) and by over 3000 in the diffuse interstellar medium (Whittet 1992). Observed species with less significant depletion, for example Na or K, despite being observed in the same outflows of red nova remnants, have lines that are too saturated to be useful in our analysis. If calcium is depleted into dust in the analyzed outflows, our estimates of the absolute abundances of lithium should be treated as upper limits. Depletion of lithium into dust is, in contrast, very small. For instance, Field (1974) found it is depleted by a factor of 2 in the interstellar medium.
Assuming both absorption lines are optically thin or have very similar optical depths, and measuring their equivalent widths, W, we can obtain the column density of Li I relative to Ca I as
[image: equation](1)
Here, f and λ are the oscillator strength and central wavelength of the transition, respectively. We adopted fLiI = 0.75 for the Li I line, which is a sum of the oscillator strengths of the doublet, and fCaI = 5.1 × 10−5 for the Ca I line. Both species have similar ionization potentials (5.4 and 6.1 eV for Li I and Ca I, respectively), and thus we assumed they have similar ionization fractions. We further assumed that both species are chiefly in the ground state. This is justified by the very low temperatures, a few hundred Kelvin, in the analyzed media. The derived column density ratio can then be interpreted as the relative abundance ratio. Adopting now the solar abundance of Ca of A(Ca) = 6.36 (Grevesse & Sauval 1998) in our objects, we can constrain the Li abundance relative to hydrogen as A(Li) = log(NLiI/NCaI) + A(Ca) (where A(X) = log NX/NH + 12).
3 Lithium in outflows of V838 Mon
The λ6707 line of Li I has been one of the strongest atomic features in the post-outburst spectra of V838 Mon (see below), but it was also clearly present during the outburst, which began at the beginning of January 2002 and had a visual light curve with three peaks. Munari et al. (2002) found a broad – thus circumstellar – feature of Li I as early as in late January, just before the main (second) outburst of V838 Mon. In a quasi-photospheric spectrum observed in March 2002 (i.e., shortly after the third outburst), Kipper et al. (2004) derived a lithium abundance of A(Li) = 3.8. In an improved analysis of the same observational material, Kipper & Škoda (2007) derived A(Li) = 3.4. Thus, in March 2002 the lithium abundance was certainly super-solar (A⊙(Li) = 1.12, Grevesse & Sauval 1998) and marginally super-meteoritic (Amet(Li) = 3.31). We took a closer look at the circumstellar lithium line monitored through highresolution spectra obtained in much later epochs, from 2005 to 2020.
The spectra used in our analysis represent five epochs and are listed in Table 1. As illustrated in Fig. 1, the Ca I profile closely follows the variations in the Li I profile over the years. Both transitions, however, are located in spectral ranges where it is difficult to assess the local pseudo-continua. The presented profiles were normalized by dividing the spectra by high-order polynomials, which were fitted in arbitrarily selected spectral ranges. The Li I line is located between the TiO γ 1–0 R1 and R2 band heads. Their shape influences the underlying “baseline.” Depending on the actual shape of the TiO absorption bands, the Li I profile may or may not possess an emission component at velocities higher than 80 km s−1. This is illustrated in Fig. 1 for the 2005 epoch, for which we present two alternative normalizations of the Li I spectrum. This epoch was the most challenging case.
The Ca I line, on the other hand, is heavily polluted by overlapping absorption bands of the TiOγ (5–3, 6–4) and TiOγ′ (0–1) systems, which makes a correction for the baseline difficult too. For both species, we attempted a normalization by dividing by the spectra of other cool stars or by TiO simulations, but the temperature and velocity structure of the TiO circumstellar gas of V838 Mon is too complex for this approach to work satisfactorily well (but see an example in Fig. A.1). We therefore performed a further analysis with spectra normalized by polynomials. In this approach, we assumed that the atomic line profile is formed by absorbing light from the TiO absorption spectrum, which may not be the case if TiO and neutral atomic gas are well mixed along the line of sight. Full radiative transfer including all opacity sources would be necessary to make a more realistic analysis. Also, all profiles are contaminated by low-amplitude TiO features, on the order of 0.1 of continuum, and the Ca I line is additionally affected by weak telluric features. All these shortcomings increase the uncertainty of the derived abundances, but do not change our overall conclusions.
The profile evolution of the two lines is very similar. The P-Cyg profile from 2005 changed into a double broad absorptiondominated feature in 2009. This slight doubling continued to 2012, but sometime after that the two subcomponents split entirely; since ≈2018 they have been two well-separated velocity components. Both components in both lines become weaker with time, but the Ca I component at the most negative velocities is barely distinguishable from baseline variations from 2020. Taking a closer look, however, the profiles of both species display some differences. A Li I component at extreme heliocentric velocities (i.e., ≤−95 km s−1) has no corresponding absorption in the Ca I profile. Hereafter, we call this Li-rich and Ca-poor component VmaxL. A component that formed the well-separated absorption in Ca I in later epochs, between about −100 and −55 km s−1, is designated VmaxC. The range of intermediate velocities, between about −55 and +25 km s−1, where absorption nearly disappeared in later epochs, is designated as Vmid. All the components mentioned so far can be attributed to outflows caused by the 2002 eruption, which is known to have been associated with mass loss at changing terminal velocities. In the velocity range Vwind between about 25 and 75 km s−1, the latter being the systemic velocity measured from SiO maser observations (Deguchi et al. 2005; Ortiz-León et al. 2020), in late epochs we observe a well-separated component that we assign to the ongoing mass loss (wind) from the coalesced star (cf. Tylenda et al. 2005a; Kamiński et al. 2021b). All components are graphically presented in Fig. 1. There may be an extra narrow component at velocities higher than that of the maser, indicative of a fallback onto the star, but it is too weak to be analyzed here.
We measured equivalent widths of the different components and derived the relative and absolute abundances of Li I in V838 Mon. The results are presented in Table 2. The ratios we obtain for different epochs and different parts of the outflow are very consistent and on average give log(NLiI/NCaI) = −4.0. This constrains the absolute abundance of lithium at A(Li) = 2.3, an order of magnitude lower than that constrained from 2002 quasi-photospheric spectra. At the same time, in the component VmaxL at the highest velocity, where no Ca I emission is observed, the lithium abundance should be at least one order of magnitude higher, that is, close to or higher than the meteoritic value.
We assumed that the analyzed lines are optically thin or at least have similar optical depths. We modeled the Li I P Cyg features of V838 Mon from 2005 using the same techniques as in Tylenda et al. (2005a, their Sect. 5.2). We find the mean optical depth of the λ6572 line to be τ ≲ 4. The line was thus only moderately thick. The lines very likely became even more optically thin in later epochs due to expansion.
Table 1 
High-resolution observations of V838 Mon used in the analysis of the Li I line.

	[image: thumbnail]	Fig. 1 Profiles of the λ6572 line of Ca I and the λ6707 line of Li I in V838 Mon. Normalization of the spectra is uncertain, in particular for the Li I profile from 2005, which may display a profile with (dashed purple) or without (solid purple) emission (see text). The alternative profile normalization for the 2005 epoch shown with a dashed line was divided by 1.3 for better clarity. The Ca I profile is contaminated by two weak telluric features (light green), whose position and depth is different for all epochs but is close to the sample telluric spectrum, presented as the light green line. The dashed vertical line indicates the velocity of the SiO maser, which usually is indicative of the systemic velocity. The left panel shows changes in each profile over time, while the right panel compares profiles of both species for two sample epochs. Spectral regions highlighted in cyan and yellow were measured for relative line intensities (Table 2).



Table 2 
Equivalent widths of the Li I and Ca I lines in V838 Mon.

3.1 Origin of lithium in V838 Mon
The observations show that lithium was present in the early phases of the outburst, possibly at very high, nearly meteoritic, abundances. Our observations show that lithium had a significant abundance in the matter lost during the 2002 event and in the wind of the coalesced star. The latter indirectly indicates that lithium is also present in the photosphere. We consider three possible sources of the lithium in V838 Mon: (i) an external enrichment through the material of the lower-mass star that merged with the B-type primary in 2002; (ii) lithium originating from the un-depleted outer layers of the B star itself; and (iii) internal lithium production within the rebuilt coalesced star.
3.1.1 Lithium from the progenitor secondary
In the V838 Mon merger hypothesis of Tylenda & Soker (2006), the main-sequence B-type star (or an A-type protostar) collides with a low-mass protostar with a mass of 0.1–0.5 M⊙. This mass is very uncertain, since it was calculated as the mass needed to be accreted onto the 8 M⊙ star to account for the observed power of the outburst. A young age for the progenitor is implied by its membership to a small open cluster (Afşar & Bond 2007), which is still surrounded by large quantities of molecular gas and dust (Kamiński et al. 2011; Tylenda & Kamiński 2012). The presence of early B-type dwarfs implies an upper limit on the age of the cluster of ≤25 Myr, but observations of the translucent molecular cloud near the cluster suggest an even younger age, 3–10 Myr.
The youngest low-mass protostars are known to be lithium-rich (A(Li)) ≈ 3), but, as they are fully convective, they lose lithium very quickly on the way to the main sequence. It is estimated that the Li-depletion timescale is the quickest for stars with masses of 0.6 M⊙, which deplete lithium in about 20 Myr (White & Hillenbrand 2005). The timescales are comparably quick for the masses considered for the secondary progenitor (Bildsten et al. 1997). For instance, for a 0.3 M⊙ protostar, 100-fold Li depletion is expected to take 28 Myr, and a lithium reduction by a factor of 2 takes 18 Myr (Chabrier et al. 1996). Some observations indicate that low-mass protostars (as young as 8 Myr) may be Li depleted sooner than theoretically expected (White & Hillenbrand 2005; Yee & Jensen 2010; Jeffries et al. 2017).
If the age of the V838 Mon progenitor is at the lower end of the suggested range (i.e., < 10 Myr), the low-mass star could still have been rich in Li. This lithium-rich material could have been seen during the outburst and is seen now in the wind (and thus photosphere) of V838 Mon. Stellar-merger simulations show that the matter of the lower-mass body forms the outer layers of the merger product (e.g., Tylenda & Soker 2006; Sills et al. 2001), which would explain the persistent presence of Li in the remnant. Ongoing convection and other mixing mechanisms that do not tap the hot 3He-rich layers will decrease the Li abundance with time.
Additionally, the low-mass protostar could have been surrounded by a protoplanetary disk. Such a disk is expected to be Li rich, as it would be enhanced in lithium produced by spallation. We calculate that, to produce the observed lithium enhancement in an envelope of 0.1 M⊙ of the coalesced star, the primary would have to accrete 0.01 M⊙, or 10 Jupiter masses, of material with a meteoritic abundance of lithium. This is not impossible given the typical masses of protoplanetary disks of low-mass stars (e.g., Andersen et al. 2019), but the survival of such a disk in a close binary with a B3 star is very questionable.
If the progenitor age is closer to ~25 Myr (or if the actual lithium depletion is more effective in low-mass stars than described by theoretical models), the secondary could not have been the main source of lithium in the remnant.
3.1.2 Lithium from the primary progenitor
The progenitor primary of spectral type B3 V is expected to have had a radiative external shell that, during the evolution of a single nonrotating star, should have preserved the original, nearly meteoritic, abundance of Li. However, early B-type stars are often rapid rotators and show a considerable depletion of light elements, such as lithium and boron, primarily as a result of rotational mixing (e.g., Heger et al. 2000; Brott et al. 2011; Proffitt et al. 2016). While lithium cannot be observed in these stars due to the lack of a suitable spectroscopic tracer at photospheric temperatures, a line of B III is observed in the ultraviolet, enabling depletion studies and showing that B depletion levels can be as high as 2 dex, even in relatively young stars (4–16Myr; e.g., Venn et al. 2002; Mendel et al. 2006; Proffitt et al. 2016). The level of depletion of light elements is expected to be stronger for stars with faster rotation and steeper for lithium than for boron (e.g., Heger & Langer 2000). We expect the B-type progenitor of V838 Mon to have been a fast rotator because V838 Mon is a member of a young cluster (Afşar & Bond 2007) and has a B3 companion with υ sin i = 250 ± 50 km s−1 (Kamiński et al. 2009). We thus expect that, at the time of the collision, the progenitor was significantly depleted in Li, with abundances below the currently measured value of 2.3. One could argue that the theory of rotational mixing is not free of inconsistencies (Langer et al. 2010; Proffitt et al. 2016) and that there is a wide scatter in the measured depletion levels (cf. Kaufer 2010), so it is not entirely sure that the radiative envelope of the B3 progenitor was practically free of lithium. It should be noted, however, that the mass of the radiative envelope, where temperatures are lower than the 2.5 MK necessary for Li survival, is very small. In a model retrieved from MESA-Web3 (Paxton et al. 2019) for an 8 M⊙ star with an age of 16 Myr, we find that only 0.03 M⊙ or 3.75%, of the total mass of the star would be able to contain its original lithium content in the (unlikely) absence of mixing mechanisms. A collision with a dense companion should potentially disturb this outer layer and mix it with the Li-poor plasma below it.
Although we cannot entirely exclude the possibility that some of the lithium observed in V838 Mon originates from the progenitor primary or secondary, we find it more likely that both stars were already devoid of lithium at the time of the collision. Below, we explore the possibility that lithium enhancement may be directly related to the merger event and the internal structure of the coalesced star.
3.1.3 Internal lithium enrichment
Our internal production scenario is motivated by the similarity of the post-outburst remnant of V838 Mon to stars on the asymptotic giant branch (AGB; Soker & Tylenda 2007) and to red supergiants (Chesneau et al. 2014). The coalesced star mimics a red giant or a red supergiant well in the sense that it has a large luminosity of 104 L⊙, huge dimensions (with a 460 R⊙ radius; Kamiński et al. 2021b; Chesneau et al. 2014), and a convective envelope that puts it close to the Hayashi limit on the Hertzsprung-Russell diagram. Lithium, or more specifically 7Li, can be produced in some RGB and AGB stars through fast mixing via the Cameron-Fowler mechanism (Cameron 1955; Cameron & Fowler 1971; Sackmann & Boothroyd 1992). In this process, 7Be is produced in the second proton-proton chain (pp II), via 3He(α, γ)7Be, in deep internal layers of the star. In the complete pp II cycle, beryllium is next transformed into 7Li, which, in turn, is quickly destroyed in a reaction with a proton, 7Be(e−, ν)7Li(p, α)4He. However, fast mixing is thought to effectively transfer the freshly produced7 Be to the outer, cooler layers. There it decays into 7Li in conditions in which lithium is not entirely destroyed and can be dredged up to the surface. Convection seems to be the major mixing mechanism explaining surface 7Li abundances in some AGB stars (including hot bottom burning), while in RGB stars an extra mixing mechanism is necessary, be it termohaline mixing, magnetohydrodynamic instabilities, or rapid rotation, to mention just a few of the proposed mixing mechanisms (Charbonnel et al. 2010; Magrini et al. 2021). The currently measured lithium abundance in V838 Mon, 2.3, is very close to the average values of 2.3 and 2.6 measured in RGB and AGB giants (Maciel & Costa 2012). We propose that the 2002 event turned the main-sequence 8 M⊙ star into a giant or supergiant star with a fully convective envelope that can reach deep enough to dredge up 7Be and produce 7Li in the photosphere. This way, V838 Mon would be a more extreme case of a scenario considered by Denissenkov & Weiss (2000) in which a planet or brown-dwarf engulfment can activate the Cameron-Fowler mechanism; in the case of V838 Mon, a much heavier body was accreted, making this process even more effective. However, detailed merger simulations need to be performed to verify the validity of our proposal.
Our proposal certainly has some shortcomings. Given that high lithium abundances were already observed in V838 Mon during the 2002 outburst, the hypothesized 7Li production mechanism must have been active very early on. It is thus tempting to assign Li production to the common-envelope phase that directly preceded the coalescence. Whether the presence of lithium is related to V838 Mon being a merger in addition to being a common event is an open question that requires dedicated modeling.
Alternatively, the rotation of the remnant may provide the extra mixing that can support the Cameron-Fowler mechanism. Some stellar merger models predict that the collision product contains a lot of angular momentum and thus is rapidly rotating (e.g., Schneider et al. 2019). There is, as of now, no direct indication of a fast rotation for V838 Mon. Using the available optical spectra, we find only an upper limit of υ sin i < 28 km s−1. Moreover, since such a star is also supposed to spin down with time, extra mixing is even more likely but perhaps operates on much longer timescales than the 20 yr lifespan of the V838 Mon remnant.
The proposed scenarios in this and previous sections result in lithium abundances with different 7Li/6Li isotopic ratios. While the external enhancement should result in the cosmic 7Li/6Li ratio of about 7, the internal production of lithium should considerably increase the content of the 7Li isotope only. Unfortunately, deriving the lithium isotopic ratio is very difficult even for sharp interstellar lines, and it is hopelessly hard, if not impossible, for the wind features in V838 Mon. An internal production of lithium would also mean anomalous abundances of Be and B, but lines of those species, located in the ultraviolet, are barely observable in the remnant.
3.2 Li-bearing molecules
With the premise that lithium may be very highly enhanced in the circumstellar medium of V838 Mon, we investigated whether there may be an enhanced presence of Li-bearing molecules in the remnant. A detection of such molecules would be instrumental in determining the dominant isotope of lithium. Overall, observations of Li-bearing species in astronomical environments are very rare (Muller et al. 2020). We considered two species, LiOH and LiC1, which are thought to be among the main Li-bearing species that are easily accessible for millimeter-wave spectroscopy through their pure rotational transitions. We used the GGchem code (Woitke et al. 2018) to investigate molecular abundances in gas at different temperatures and pressures, assuming that the gas was in thermochemical equilibrium. This assumption is questionable for the circumstellar gas of the red nova remnant, but we only used the calculation as a first guideline. We find that, even if lithium abundance were extremely high, with A(Li) = 3–5, the Li-bearing molecules would have low absolute abundances and would produce lines that are not easily detectable with modern submillimeter interferometers such as the Atacama Large Millimeter/submillimeter Array (ALMA). In particular, LiOH emission should be 1–3 orders of magnitude weaker than that AlOH lines detected in V838 Mon at a modest S/N (Kamiński et al. 2021b).
4 Lithium in the CK Vul outflow
4.1 Observations
The photosphere of the stellar remnant of Nova 1670 is not observable, as it is deeply embedded in circumstellar dust. The presumed merger product is surrounded by a dusty bipolar nebula, which contains cool molecular gas as well as shock-excited atomic and H2 matter (Kamiński et al. 2020). Hajduk et al. (2013) noticed two variable stars toward the southern lobe of the nebula. Their variability can only be explained if they are far background stars affected by changing extinction originating from the expanding outflow of CK Vul. In an optical spectrum of the brighter of the variable stars, Hajduk et al. found a strong lithium feature near 6707 Å. Here we take a closer look at this feature, aiming to constrain the abundance and origin of lithium in the circumstellar medium of CK Vul.
We used a spectrum of Hajduk et al. (2013) obtained with the Gemini Multiobject Spectrograph (GMOS) in 2010 to constrain the parameters of the background star. We assumed that the spectrum is correctly calibrated in fluxes, and we made no extra corrections for chromatic slit losses or effects caused by the atmospheric chromatic aberration. Using a grid of synthetic AMBRE spectra (de Laverny et al. 2012), we find that the spectrum is best approximated by a photosphere with an effective temperature of 4750 ± 250 K (spectral type ~K3) and a reddening (interstellar plus circumstellar) of AV = 6.0 mag. Results of the best-fit search are shown in Fig. A.2. We used the standard interstellar extinction curve (Cardelli et al. 1989) with a selective extinction parameter of RV = 3.1. Since no uncontaminated photospheric features are present, the luminosity class of the photosphere remains unconstrained. The effective temperature is well constrained. Cooler stars would produce a conspicuous MgH band near 5200 Å, which is not present, and hotter stars would be betrayed by a Hα line that would be much stronger than the observed one. The derived temperature is close to that of the spectral type K4 (Teff ≈ 4500 K) assigned to the star by Hajduk et al. However, the V-band reddening of 6.0 mag we derived is significantly higher than the 4.4 mag postulated earlier.
Hajduk et al. measured the R magnitude of the background star to be lower than 19 mag in 2010. Adopting a spectral type K3 and assuming the star is on the main sequence, we would expect a (V – R) of 0.8 mag and thus a de-reddened V magnitude of 18.6. Assuming now an absolute magnitude of 6.9 mag for a K3 V star, we obtain a distance of 2.2 kpc. Gaia parallax measurements of the background star (0.0660±0.1858 mas; Lindegren et al. 2021) imply a 3σ lower limit of 2.6 kpc for the distance, so a luminosity class V can still be reconciled with the Gaia limits. However, higher luminosity classes, such as giants, are more likely because the distance to CK Vul is much larger than 3 kpc (Kamiński et al. 2021a; Banerjee et al. 2020). Since only a small fraction, 1–2%, of field giants have strong lithium features in their spectra (e.g., Smiljanic et al. 2018), it is very unlikely that we observe one here.
There are no clear photospheric features in the spectrum of the background star, but Na I and Hα seem to have a photospheric component that partially blends with interstellar and outflow absorption components. We tentatively assigned the photosphere a heliocentric velocity of ≈−250±50 km s−1. This is a much more negative velocity than the dominant interstellar and circumstellar components (cf. Fig. 2).
The spectrum contains pure interstellar features. The strongest diffuse interstellar band (DIB) we identified is the one near 5780.59 Å. There is also possibly a DIB at 6613.56 Å.
The lithium line λ6707 is free of any contamination – the closest features known in this source from other observations are the λ6716 line of the [S II] doublet and the λ6678 of He I, which, fortunately, do not overlap with the Li line. In the absence of other photospheric lines, the line of lithium is very unlikely to be contaminated by absorption intrinsic to the field star, even if it happened to be a Li-rich giant. The Ca I line, when observed at the modest resolution of the GMOS spectra, is partially contaminated by a Hα feature, which itself combines photospheric absorption and absorption from the CK Vul lobe (at different velocities; weak emission may also be present). Despite this complication, and as shown in Fig. 2, the velocity profiles of the Li I and Ca I lines overlap closely in velocity. This suggests that they are formed in the same region with a central heliocentric radial velocity of about −110 km s−1 and that the lines can be directly compared. Their radial velocity is certainly different from that of the interstellar gas probed by DIBs, which we measure to be centered near 40 km s−1. They also overlap with the velocity range −180 to 0 km s−1 occupied by the undoubtedly circumstellar CO J = 1–0 emission observed by ALMA along the same line of sight (Kamiński et al. 2020). The lithium and calcium lines are thus circumstellar.
The equivalent widths of WLiI = 1.3 and WCaI = 0.6 Å (both ±0.1 Å) yield log(NLiI/NCaI) = −3.8 (±0.1). In a standard solar composition, this implies a lithium abundance of A(Li) = 2.5. This lithium abundance is 1.4 dex higher than in the Sun, but still well below the meteoritic value.
4.2 Interpretation of Li in CK Vul
Formation of Li in CK Vul may be different from that in V838 Mon. There is a large body of evidence that CK Vul’s circumstellar material has been heavily processed by nucleosynthesis processes associated with the progenitor and the merger event. Observations of optical atomic lines of the inner nebular remnant indicate a highly processed elemental composition. First and foremost, helium is approximately twice more abundant relative to hydrogen than in the solar photosphere, and the N/O ratio is nearly ten times higher than in the Sun (Tylenda et al. 2019). Millimeter-wave observations of the cool molecular gas of the CK Vul remnant also suggest a general overabundance of nitrogen (Kamiński et al. 2015b). They additionally yield numerous isotopic ratios, for instance 12C/13C≈3.8, 14N/15N≈20, and 16O/18O≈36 (Kamiński et al. 2017), which together are very unusual. The chemical characteristics can be coherently explained by processing in the CNO hydrogen-burning cycles and by incomplete helium burning. Moreover, based on an unprecedented detection of an A1F isotopologue containing 26Al, which implies 27Al/26Al≈7, it was postulated that the progenitor system included an RGB star (Kamiński et al. 2018b). Currently, the most likely scenario is a merger of an RGB star with a He white dwarf (WD; Tylenda & Kamiński 2022).
The abundance of Li in CK Vul is close to those observed in other Li-enriched objects, including RGB and AGB giants (J-type stars among them), classical novae, and R CrB (RCB) stars. Especially relevant for the discussion here is the similarity to RCB stars and J-type carbon stars, which are thought to be products of mergers between either CO and He WDs (RCB stars) or He WDs and red giants (J stars). The merger of CK Vul was certainly different from that postulated for RCB stars, chiefly due to the presence of a hydrogen envelope, but models of RCB stars still offer an informative analogy. In nucleosynthesis models of merging WDs,7Li is produced in 3He(α, γ)7Be(e−, ν)7Li, as in the Cameron-Fowler mechanism. White dwarf mergers are thought to effectively produce 7Be – and thus 7Li – only if 3He is abundantly available from earlier processing or directly from the matter of the He WD. The Li-rich region is also expected to be mainly located in the outer layers of the merger product (Longland et al. 2012), which provides a chance of identifying the species in stellar spectra.
Models of mergers leading to the formation of J-type (and early R-type) carbon stars – that is, models that involve a collision between a WD and a red giant – are even closer analogs of CK Vul (Tylenda & Kamiński 2022). They produce lithium provided that large quantities of 3He are mixed down to the He-burning layer and that freshly produced lithium has a way to escape to the outer layers of the coalesced star (Zhang & Jeffery 2013; Zhang et al. 2020). In those models, lithium abundances steeply increase over the first ~1000 yr after the merger and can reach super-meteoritic values. The lithium abundance of 2.5 dex in CK Vul’s outflow observed some 350 yr after the merger can be reconciled with these models, but more studies on the kinematic age of the Li-bearing outflow are necessary to assure this, as there is a chance that the outflow is younger than 350 yr (Kamiński et al. 2021a). As mentioned, observations of CK Vul indicate an abundance of He that amounts to over half the mass of the optical nebula. There was therefore enough raw material to produce Li in the 3He(α, ν)7Li process. We consider models of Zhang et al. as the most adequate to explain lithium in the outflow of CK Vul.
Although classical novae are known sources of Li (e.g., Izzo et al. 2022, and references therein) and Nova 1670 had been identified as a classical nova, today there is a large body of evidence that Nova 1670 was not in fact a classical nova (e.g., Kamiński et al. 2017, 2018b, 2022). We therefore do not consider nova nucleosynthesis as a viable origin of lithium in the outflow of CK Vul and other red novae.
	[image: thumbnail]	Fig. 2 Profiles of absorption lines toward the star located behind the southern lobe of the CK Vul outflow. The left panel shows circumstellar absorption of Li I and Ca I in the circumstellar gas (upper lines) and interstellar features (lines shifted down by 0.3). Note the different central velocities of the two groups. The right panel shows features of the Na I doublet and Hα that combine circumstellar, interstellar, and photospheric absorption. The filled cyan area shows absorption common for both lines of the blending Na I doublet and approximates the shape of the intrinsic Na I absorption.



5 Lithium in the emission spectrum of V1309 Sco
V1309 Sco is an important member of the red nova group, as it is the only object with well-documented photometric variability prior to the merger in 2008 (Tylenda et al. 2011a). Located in a dense field, it is a challenging source for optical observations. After around 2010, its spectral evolution could be traced mainly through emission lines with no direct observations of the stellar continuum (Kamiński et al. 2015a, 2018a).
Lithium features have not been reported in the spectra of V1309 Sco before this work. We found the λ6707 feature in emission in an X-shooter spectrum from May–July 2016. The spectrum was reported by Kamiński et al. (2018a). Parts of the spectrum covering the lithium and calcium lines of interest are shown in Fig. 3. The Ca I line is very close to Hα, with both lines having nearly equal strengths, but the Ca I line is relatively free of contamination by Hα. The Li I line partially overlaps with a broad blend composed of the TiO γ 1–0 band and a line of [S II] (at a rest wavelength of 6716.44 Å). As shown in Fig. 4, the lithium and calcium lines have almost the same profiles, but the exact appearance relies on an arbitrary definition of the local baselines. The measured line fluxes of FCaI = 33.2±0.7 and FLiI = 4.8±0.4 10−16 erg s−1 cm−2 yield a calcium-to-lithium flux ratio of 6.9±0.6, but uncertainty in this value is larger than indicated owing to uncertain baseline levels for both lines.
The spectrum of the V1309 Sco remnant is dominated by emission lines formed through resonant (Rayleigh) scattering (Chandrasekhar 1960), whereby absorption of a stellar photon from the ground state is followed by emission to the ground. The emission is thus coupled to the incident light of the star. This kind of spectrum was well studied in V4332 Sgr, a spectroscopic twin of V1309 Sco (Kamiński & Tylenda 2013; Tylenda et al. 2015). Assuming that the lines of Li I and Ca I are formed in the same volume of gas, the number density ratio of both species can be calculated as
[image: equation]
Here, F and F* represent the integrated line fluxes and the incident starlight fluxes at the wavelengths of the lines. Since the photospheric spectrum of V1309 Sco was not observed directly (being attenuated by circumstellar dust since before 2012; see Kamiński et al. 2015a), the ratio of the intrinsic stellar fluxes is unknown. Nevertheless, due to the many analogies between V1309 Sco and V4332 Sgr, we can assume that the stellar spectrum is close to that of a giant with an effective temperature of 3200 K, as determined for V4332 Sgr in Kamiński et al. (2010). Synthetic spectra of giants at this temperature (Gustafsson et al. 2008) show a flux ratio [image: equation]. However, the incident spectrum that is scattered by the Ca I and Li I lines is already affected by the circumstellar absorption of TiO, which greatly increases the ratio. For instance, in the spectrum of V838 Mon observed in 2005, this ratio is about 4.5 (Kamiński et al. 2009, their Fig. 3). We therefore adopted a value of 3.0±1.5 for V1309 Sco.
Although the calcium line is a semi-forbidden transition, it can have a significantly higher optical depth than the seven-times-weaker line of lithium. Because we do not have a reliable constraint on the size of the emission region, calculating line opacities solely from the observed fluxes is not possible, and thus we ignored the saturation effects, that is, we took τCaI = τLiI = 0.
We obtain the density ratio nLiI/nCaI = 2.8(±1.7)×10−5 and the absolute abundance A(Li) = 1.8(±0.3). The lithium abundance is a few times higher than in the Sun (A⊙(Li) = 1.1), but is also a few times lower than in the two other red nova remnants analyzed here.
	[image: thumbnail]	Fig. 3 Spectra of V1309 Sco from 2016 near the lithium and calcium resonance lines. Neighboring features are identified. To better illustrate the contribution of TiO and CrO emission, simple simulations of their emission are shown in orange and green, respectively. The simulations were performed as in Kamiński et al. (2015a). Spectra were de-reddened but were not corrected for the spectroscopic baseline (which is not the true continuum of V1309 Sco).



	[image: thumbnail]	Fig. 4 Profiles of the Ca I and Li I resonance lines in X-shooter observations of V1309 Sco from 2012 (upper lines) and 2016 (lower lines). The Ca I flux in 2016 was divided by 7. In 2016, at velocities higher than about 0 km s−1, the Li I line partially overlaps with a blend of TiO and [S II].



5.1 Early appearance of Li features?
Lines of both species are centered at −130 (±10) km s−1 and occupy a velocity range typical for most other neutral resonance lines in the late 2016 spectrum of V1309 Sco, for example the K I doublet (cf. Kamiński et al. 2015a, 2018a). This velocity is also close to our best constraints on the systemic heliocentric velocity of the object, that is, −110 or −120 km s−1 (Kamiński et al. 2018a; Mason & Shore 2022). As shown in Fig. 4, the calcium line was also present in a spectrum obtained in 2012 and reported in Kamiński et al. (2015a). However, the lithium line was not detected in 2012, most likely due to a poorer signal-to-noise ratio. The non-detection is consistent with the line ratio that we measured for the 2016 features.
Even earlier spectra, such as those from 2009 presented by Kamiński et al. (2015a), do not show any feature near 6707 Å. We also analyzed Ultraviolet and Visual Echelle Spectrograph (UVES) spectra from Mason et al. (2010) taken during the outburst of V1309 Sco, that is, in September–October 2008, but do not find any features at velocities near −130 km s−1 that could be assigned to the Ca I and Li I resonance lines. However, multiple spectra in this data set show broad absorption features centered at ≈−105 km s−1 that can be assigned to Ca I and may have a very faint corresponding feature of lithium. We find these lines in spectra from 18, 20, and 28 September 2008 and 8 and 20 October 2008 – but not in spectra from early September 2008. Sample spectra are shown in Fig. 5. The relatively low expansion velocity of the calcium-bearing gas places it within the “low-velocity component” of Mason & Shore (2022), which – according to these authors – originates in material lost from the V1309 Sco system before the red nova outburst and which was excited in 2008–2009 by the radiation of the outburst. If the weak features that we have identified indeed belong to Li I, the enrichment in lithium may even precede the 2008 eruption of V1309 Sco, possibly when the progenitor system of subgiants (Stȩpień 2011) was losing mass. Some solar-mass subgiants are known to have super-solar lithium abundances (Randich et al. 1999), and thus the progenitors could have been a direct source of the lithium reservoir. However, the spectra from the 2008–2009 outburst phase are very complex, and it is difficult to make unambiguous identifications of the observed features. While it is certain that the remnant displayed a modest lithium enrichment in circumstellar gas in 2016, it is uncertain for dates earlier than 2016.
5.2 Origin of lithium in V1309 Sco
Identifying the source of Li in V1309 Sco is currently not possible, as too little is known about the remnant and its progenitor system. We find it most tempting to speculate that lithium production is directly related to mixing mechanisms that occurred prior to or during a merger or to the internal structure of the coalesced star. Being currently a bloated star with a convective envelope, the stellar remnant of V1309 Sco is similar to V838 Mon, although with a much lower mass. Detailed modeling is necessary to investigate whether the newly created star can develop convection and mixing that could activate the Cameron-Fowler mechanism.
5.3 V4332 Sgr
V4332 Sgr is a close analog of V1309 Sco (Kamiński et al. 2015a, 2018a). Its outburst was observed in 1994, that is, 12 yr before that of V1309 Sco. No lithium feature has ever been reported in the spectra of V4332 Sgr. Spectra obtained during and soon after the 1994 eruption (Martini et al. 1999; Kimeswenger 2006; Banerjee et al. 2015; Tylenda et al. 2005a) do not show any conspicuous features that could be assigned to Li I λ6707. However, most of these spectra have very modest spectral resolutions (<10 000) and signal-to-noise ratios, and thus we cannot definitively claim that lithium is absent. Because V4332 Sgr is an oxygen-rich object, its strong photospheric and circumstellar bands of TiO γ 1–0 hamper any meaningful tests for the presence of Li I λ6707 in the poor quality spectra. Also, there was a gap of 8 yr between the earliest spectra obtained in 1994 by Martini et al. (1999) and the next one, from August 2002 (Kimeswenger 2005). The best-quality spectrum of the V4332 Sgr remnant was obtained with UVES in 2005 (Tylenda et al. 2015), and it does not show any Li features. If the Li I line was a temporal feature in V4332 Sgr, it could have been missed.
	[image: thumbnail]	Fig. 5 Sample spectra near the Li I and Ca I resonance lines, as observed by UVES in 2009, in V1309 Sco (Mason et al. 2010). The observing epochs are indicated as UT times for each pair. Spectra were not normalized and, for each pair, are to scale. The area highlighted in pink is where the strongest Ca I absorption is observed and where Li I may have a weaker corresponding feature. The vertical dotted line marks the central velocity of this component. The dashed line marks the peak position of the Li I and Ca I emission lines in the 2016 spectrum.



6 Conclusions
A high abundance of lithium is observed in all three well-observed red nova remnants, V838 Mon, V1309 Sco, and CK Vul. The origin of the observed lithium is, however, not clear and, as discussed, may have different origins in different objects. In V838 Mon, it is most tempting to link the lithium to a development of a deep mixing layer in a convective supergiant that led to the activation of the Cameron-Fowler mechanism. However, other extrinsic sources of lithium in the V838 Mon remnant cannot be entirely excluded at this time. In CK Vul, the Li production mechanism may be similar to that modeled for the formation of R stars and involve mixing analogous to that of the Cameron-Fowler mechanism. Because in some objects there are hints of Li overabundance during the outburst (V838 Mon) and possibly even before it (V1309 Sco), some convective configuration prior to the merger may be involved. Since common-envelope evolution appears to be a common feature in all three objects investigated here, deep convection in that phase is one possible scenario that would explain lithium in red novae. With this observational analysis, we would like to encourage theoretical studies of lithium production through the activation of mixing mechanisms in common-envelope systems, merger events, and merger remnants. Certainly, more observations of red nova remnants are necessary to better recognize the link between lithium and stellar mergers. An observation of a red nova or a red nova remnant with readily super-meteoritic Li abundances would be a strong and more direct confirmation of internal Li production, but it is uncertain whether any short-lived mixing mechanism can compete with cosmic-ray spallation reactions operating on much longer timescales.
The curious presence of lithium in red novae and their remnants is not the only link between lithium production and common-envelope evolution or stellar mergers. Lithium enhancements are often found in non-binary giants with a history of enhanced mass loss and with rapid rotation, including small subsets of RGB stars (e.g., de La Reza et al. 1996) and AGB stars (e.g., Reyniers & Van Winckel 2001). A link of some of them to red novae was recently discussed by Melis (2020). It also appears that mergers are the only sensible way to explain J-type and early R-type carbon stars rich in lithium (Izzard et al. 2007; Zhang et al. 2020). Finally, the resonance line of lithium was observed in extragalactic gap transients, including an intermediate-luminosity red transient, AT 2019abn (Williams et al. 2020), and possibly a luminous red nova, AT 2017jfs (Pastorello et al. 2019a, and priv. comm.), which may be powered by mergers as well. Lithium appears to be an important element for understanding a wide range of systems suspected of common-envelope evolution or mergers.
This study identifies red novae and their remnants as potential lithium producers. However, given their rarity, now estimated to be two bright outbursts per decade (Kochanek et al. 2014), they are unlikely to be key players in the Milky Way lithium budget.
The derivation of circumstellar lithium abundances is difficult in red nova remnants. The potential depletion of calcium into dust makes our estimates of A(Li) upper limits, and further studies of dust formation in these objects may reduce the uncertainties. Radiative transfer modeling of the spectra of these objects in different phases is underway to better address line opacity effects.
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Appendix A  Spectral fits
	[image: thumbnail]	Fig. A.1 Sample correction of the spectrum near lithium lines via a simulation of TiO bands. The observed spectrum (gray) was obtained with the Southern African Large Telescope (SALT) in 2020. The simulation (magenta) included TiO opacity of a cool (800 K) slab of circumstellar gas. Aside from Li I absorption components, most of the spectral features are TiO rotational lines in the P2 (Jlow=24–27) and Q2 (Jlow=36–40) branches. Weak absorption from a couple of Fe I lines may be present as well.



	[image: thumbnail]	Fig. A.2 Best-fit synthetic spectrum (orange) attempting to reproduce the observed spectrum (blue) of the field star observed behind the outflow of CK Vul. The model spectrum was reddened by AV=6 mag. The main features are identified.
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1 We currently include objects where at least one of the merging components is a main-sequence star or a giant or a subgiant but exclude mergers involving black holes, neutron stars, and double white dwarfs.


2 In both papers, the authors compared V838 Mon’s lithium abundance to the meteoritic Solar System abundance, not to the photospheric values, and incorrectly concluded that V838 Mon had a nearly solar lithium abundance.


3 http://www.astro.wisc.edu/~townsend/static.php?ref=mesa-web
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      Table 1 

      High-resolution observations of V838 Mon used in the analysis of the Li I line.

      
        


	Epoch
	Obs. date (UT)
	Telescope
	Instrument
	Resolution, R
	Reference





	2005
	13.10.2005
	Keck
	HIRES
	34000
	1



	2009
	02.01, 13.02, 22.03.2009
	VLT
	UVES
	60000
	2



	2012
	06.01.2012
	VLT
	UVES
	12000
	3



	2018
	27.10.2018
	Subaru
	HDS
	20 000
	4



	2020
	23.12.2020
	SALT
	HRS
	40 000
	5





      

      
References. (1) Kamiński et al. (2009), (2) Tylenda et al. (2011b), (3) Kamiński et al. (2018a), (4) Kamiński (in prep.), (5) Kamiński et al. (2021b).




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Profiles of the λ6572 line of Ca I and the λ6707 line of Li I in V838 Mon. Normalization of the spectra is uncertain, in particular for the Li I profile from 2005, which may display a profile with (dashed purple) or without (solid purple) emission (see text). The alternative profile normalization for the 2005 epoch shown with a dashed line was divided by 1.3 for better clarity. The Ca I profile is contaminated by two weak telluric features (light green), whose position and depth is different for all epochs but is close to the sample telluric spectrum, presented as the light green line. The dashed vertical line indicates the velocity of the SiO maser, which usually is indicative of the systemic velocity. The left panel shows changes in each profile over time, while the right panel compares profiles of both species for two sample epochs. Spectral regions highlighted in cyan and yellow were measured for relative line intensities (Table 2).

      

    

  
    
      Table 2 

      Equivalent widths of the Li I and Ca I lines in V838 Mon.

      
        


	
	W (Å) for Li I



	Component
	2005 (a)
	2009
	2012
	2018
	2020





	total (b)
	1.8
	3.4
	3.6
	1.1
	1.1



	VmaxL
	
	0.4
	0.4
	0.2
	0.2



	VmaxC
	
	0.8
	0.8
	0.3
	0.2



	Vmid
	
	1.4
	1.5
	<0.1
	<0.1



	Vwind
	
	0.8
	0.8
	0.6
	0.6





        


	
	W (Å) for Ca I



	Component
	2005
	2009
	2012
	2018
	2020





	total (b)
	1.5
	2.4
	2.4
	0.8
	0.6



	VmaxL
	
	<0.1
	<0.1
	<0.1
	<0.1



	VmaxC
	
	0.5
	0.5
	<0.1
	<0.1



	Vmid
	
	1.3
	1.3
	0.3
	0.2



	Vwind
	
	0.5
	0.6
	0.47
	0.4





        


	
	log of the Li to Ca abundance



	Component
	2005
	2009
	2012
	2018
	2020





	total (b)
	−4.1
	−4.0
	−4.0
	−4.0
	−3.9



	VmaxL
	
	
	
	
	



	VmaxC
	
	−4.0
	−4.0
	
	



	Vmid
	
	−4.2
	−4.1
	
	



	Vwind
	
	−4.0
	−4.1
	−4.0
	−4.0





      

      
Notes. (a) Spectrum was normalized as shown with the dashed line in Fig. 1.(b)Integration over the entire profile.




    

  
    
      Fig. 2 
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        Profiles of absorption lines toward the star located behind the southern lobe of the CK Vul outflow. The left panel shows circumstellar absorption of Li I and Ca I in the circumstellar gas (upper lines) and interstellar features (lines shifted down by 0.3). Note the different central velocities of the two groups. The right panel shows features of the Na I doublet and Hα that combine circumstellar, interstellar, and photospheric absorption. The filled cyan area shows absorption common for both lines of the blending Na I doublet and approximates the shape of the intrinsic Na I absorption.

      

    

  
    
      Fig. 3 
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        Spectra of V1309 Sco from 2016 near the lithium and calcium resonance lines. Neighboring features are identified. To better illustrate the contribution of TiO and CrO emission, simple simulations of their emission are shown in orange and green, respectively. The simulations were performed as in Kamiński et al. (2015a). Spectra were de-reddened but were not corrected for the spectroscopic baseline (which is not the true continuum of V1309 Sco).

      

    

  
    
      Fig. 4 
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        Profiles of the Ca I and Li I resonance lines in X-shooter observations of V1309 Sco from 2012 (upper lines) and 2016 (lower lines). The Ca I flux in 2016 was divided by 7. In 2016, at velocities higher than about 0 km s−1, the Li I line partially overlaps with a blend of TiO and [S II].

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Sample spectra near the Li I and Ca I resonance lines, as observed by UVES in 2009, in V1309 Sco (Mason et al. 2010). The observing epochs are indicated as UT times for each pair. Spectra were not normalized and, for each pair, are to scale. The area highlighted in pink is where the strongest Ca I absorption is observed and where Li I may have a weaker corresponding feature. The vertical dotted line marks the central velocity of this component. The dashed line marks the peak position of the Li I and Ca I emission lines in the 2016 spectrum.

      

    

  
    
      Fig. A.1 
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        Sample correction of the spectrum near lithium lines via a simulation of TiO bands. The observed spectrum (gray) was obtained with the Southern African Large Telescope (SALT) in 2020. The simulation (magenta) included TiO opacity of a cool (800 K) slab of circumstellar gas. Aside from Li I absorption components, most of the spectral features are TiO rotational lines in the P2 (Jlow=24–27) and Q2 (Jlow=36–40) branches. Weak absorption from a couple of Fe I lines may be present as well.

      

    

  
    
      Fig. A.2 
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        Best-fit synthetic spectrum (orange) attempting to reproduce the observed spectrum (blue) of the field star observed behind the outflow of CK Vul. The model spectrum was reddened by AV=6 mag. The main features are identified.
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