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1 INTRODUCTION

ABSTRACT

We present an analysis of the red giant component of the recurrent nova V3890 Sgr,
using data obtained before and after its 2019 eruption. Its effective temperature is
Ter = 3050£200 K for log g = 0.7, although there are modest changes in Teg. There
is an overabundance of both carbon (0.20 £ 0.05 dex) and sodium (1.0 £ 0.3 dex)
relative to their solar values, possibly the result of ejecta from the 1990 nova eruption
being entrained into the red giant photosphere. We find 2C/13C = 25 + 2, a value
similar to that found in red giants in other recurrent novae. The interpretation of the
quiescent spectrum in the 5-38 ym region requires the presence of photospheric SiO
absorption and cool (~ 400 K) dust in the red giant environment. The spectrum in the
region of the Na1 D lines is complex, and includes at least six interstellar components,
together with likely evidence for interaction between ejecta from the 2019 eruption
and material accumulated in the plane of the binary. Three recurrent novae with giant
secondaries have been shown to have environments with different dust content, but
photospheres with similar 12C/!3C ratios. The SiO fundamental bands most likely
have a photospheric origin in the all three stars.

Key words: circumstellar matter — stars: AGB and post-AGB — stars: abundances
— stars: individual (V3890 Sgr) — novae: cataclysmic variables — infrared: stars

rals onto the surface of a white dwarf (WD) via an accretion
disc (AD). In time, the base of the accreted layer becomes

Novae are semi-detached binary systems in which a cool star
fills its Roche lobe. Material from the cool star (the sec-
ondary) flows through the inner Lagrangian point and spi-
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degenerate, and a thermonuclear runaway (TNR) occurs on
the WD surface. This results in the explosive ejection of up
to ~ 107* Mg of material at several 100s to several 1000s of
kms~!: a nova eruption has occurred.

After the eruption, mass transfer resumes and in time
(<108 yrs), conditions again become suitable for another
nova eruption. All novae are therefore recurrent, but those
that repeat on a human timescale ( S100 yrs) are known
as Recurrent Novae (RNe; see Evans et al. 2008; Schaefer



2 B. Kaminsky et al.

2010, for reviews), as opposed to the more leisurely Classical
Novae (CNe).

While several hundred CNe are known, only about a
dozen RNe are known (see Anupama 2008, for a summary).
A CN loses its “classical” status if it is seen to erupt again
within less than a few decades of eruption: undoubtedly
there are systems that are RNe, as normally defined, mas-
querading as CNe (see, e.g. Pagnotta & Schaefer 2014, and
references therein). Indeed, it has been suggested (Pagnotta
& Schaefer 2014; Della Valle & Izzo 2020) that as many as
30% of CNe may be recurrents.

RNe are of particular interest in that the WD in these
systems are thought to be close to the Chandrasekhar limit
(Starrfield, Iliadis & Hix 2016), and potentially therefore
progenitors of Type la supernovae. The latter of course are a
crucial tool in the determination of large-scale cosmic struc-
ture (Reiss et al. 1998; Perlmutter et al. 1999), so an under-
standing of RNe has wide application.

In this paper we report on the analysis of the op-
tical, near-infrared (NIR) and mid-IR spectra of the RN
V3890 Sgr, obtained while it was in quiescence, both before
and after its 2019 eruption (see Section 2). A discussion of
the NIR spectra obtained during the 2019 eruption will be
presented elsewhere (Evans et al. 2022b).

2 THE RN V3890 Sgr

The RN V3890 Sgr has undergone eruptions in 1962, 1990
(e.g., Anupama 2008), and most recently on 2019 Aug 27.87
(Pereira 2019). The orbital period of V3890 Sgr is listed by
Schaefer (2009) as 519.7 + 0.3 days, with semi-major axis
362 Re. However, a more recent analysis, using extensive
spectroscopic and photometric data (Mikolajewska et al.
2021), gives the orbital period as 747.6 days with binary
separation asini ~ 430 Rg, where i is the binary inclina-
tion. Mikolajewska et al. (2021) found that ¢ ~ 68°, so the
system is not eclipsing. While these orbital parameters are
consistent with a red giant (RG) that fills (or almost fills)
its Roche lobe, there seems to be no clear evidence in the vi-
sual light curve that can clearly be attributed to ellipsoidal
variations (Mikolajewska et al. 2021). Indeed data from the
OGLE survey (Soszynski et al. 2013) suggest that the light
variations of V3890 Sgr can be quite erratic.

Darnley et al. (2012) have discussed the quiescent opti-
cal and NIR colours of V3890 Sgr. Its optical properties sug-
gest a sub-giant secondary, while its NIR colours are more
consistent with a RG secondary. Darnley et al. suggest that
this discrepancy indicates a high accretion rate and hence
high luminosity AD, especially if the binary system is close
to face-on; however this conflicts with the inclination deter-
mined by Mikolajewska et al. (2021). Its quiescent K, mag-
nitude and orbital period place it together with RS Oph (al-
though Darnley et al. 2012, use the Schaefer (2009) period).
Its rate of decline from maximum, and its high ejection ve-
locities, during eruption (see, e.g., Evans et al. 2022b) also
place it in Darnley et al.’s “RG-Novae” category.

The mass ratio is ¢ = 0.78 £ 0.05 for V3890 Sgr
(Mikolajewska et al. 2021). Using the dependence of log g
on q (see Figure 1 of Pavlenko et al. 2020b), this translates
to logg = 0.72 £ 0.02 for the RG in V3890 Sgr. We assume
logg = 0.7 here, although the calculated spectral energy

distribution (SED) is not sensitive to the value of log g as-
sumed.

The secondary star in V3890 Sgr has been variously
classified as M8 IIT (Williams et al. 1991) and M5 III (Harri-
son, Johnson & Spyromilio 1993; Anupama & Mikolajewska
1999); the observations on which these classifications were
based were carried out before (Williams et al. 1991) and after
(Harrison et al. 1993; Anupama & Mikotajewska 1999) the
1990 eruption. The effective temperature corresponding to
these classifications ranges from T.g ~ 3100 K to ~ 3400 K
(see, e.g., van Belle et al. 2021).

The reddening to V3890 Sgr has been discussed in detail
by Page et al. (2020), who found that various authors have
deduced E(B — V) values in the range 0.46-1.1, depending
on the method used. Page et al. also found that the ultravi-
olet (UV) data are best dereddened with a SMC extinction
law (Prévot et al. 1984), which is steeper in the UV than the
“conventional” Galactic extinction law and lacks the 2175A
extinction bump. The SMC law is required to give a satis-
factory account of the “2175A” bump, and leads to a high
UV flux. A reddening value E(B — V) = 0.59, based on an
analysis of the interstellar Na1 D lines from CHIRON spec-
tra (see below), was obtained by Munari & Walter (2019).
In view of the various uncertainties we shall treat the red-
dening as a parameter to be determined as part of the fitting
routine. However we use a conventional Galactic extinction
law (Cardelli, Clayton & Mathis 1989).

3 OBSERVATIONS OF V3890 SGR IN
QUIESCENCE

V3890 Sgr was observed both before and after the 2019 erup-
tion, at optical, NIR and mid-IR wavelengths, covering the
wavelength range 4070A-38 um. None of the observations
are contemporaneous. We summarise the observations be-
low, and in Table 1. In order to model the SED of the RG,
we must determine whether the RG photosphere is irradi-
ated by the WD. Using the ephemeris of Mikotajewska et
al. (2021), we find the orbital phases given in Table 1; phase
zero is when the RG component is at inferior conjunction.

3.1 Before: Spitzer IRS

V3890 Sgr was observed on 2007 October 11.27 UT with
the Spitzer Space Telescope (Werner et al. 2004; Gehrz et
al. 2007) InfraRed Spectrograph (IRS; Houck et al. 2004) as
part of the Spitzer programme PID 40060 (P.I. A. Evans).
The spectrum was retrieved from the Combined Atlas of
Sources with Spitzer IRS Spectra (CASSIS; Lebouteiller et
al. 2011), and is shown in Fig. 1. The spectrum is almost
featureless. The only possible feature is the SiO fundamen-
tal in absorption (see Fig. 1), which was also seen in the
Spitzer IRS spectrum of the RNe T CrB (Evans et al. 2019)
and RS Oph (Rushton et al. 2022). The V3890 Sgr Spitzer
data were obtained at orbital phase 0.52, when the WD was
in front of the RG; irradiation effects may therefore be im-
portant in this case.

© 2021 RAS, MNRAS 000, 1-15
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Figure 1. Quiescent spectrum of V3890 Sgr, using post-2019-eruption ground-based data from 2020 June 6 (black), pre-eruption Spitzer
IRS data (blue; obtained in 2007 October) and pre-eruption WISE survey data (red points; obtained in 2010 March). The sharp feature
just longward of 1 um is Hel A = 1.083 um, that at 1.8 um is Pa-a. The location of the SiO fundamental at 8 um is indicated. See text
for details

Table 1. Dates and orbital phases for the observations.

Facility Instrument Wavelength Resolution UT Date JD - Orbital
Range A/OA YYYY-MM-DD.DD 2450000 phase*
Before 2019 eruption
Spitzer IRS 5-38 pm ~ 100 2007-10-11.27 4384.77 0.52
WISE** — 3.6-22 pm ~1 2010-03-27.60 5283.10 0.72
" — 3.6-22 pm ~1 2010-09-25.85 5465.35 0.97
SMARTS CHIRON 4071-8908A 27800 2018-05-13.35 8251.85 0.69
SMARTS CHIRON 4071-8908A 27800 2018-05-16.32 8254.82 0.69
After 2019 eruption
SMARTST CHIRON 4070 — 8907A 78000 2019-08-29.06 8724.56 0.33
SMARTST CHIRON 4070 — 8907A 27800 2019-09-03.03 8730.53 0.34
SMARTS?* CHIRON 4070 — 8907A 27800 2019-09-16.02 8742.52 0.35
SMARTS* CHIRON 4070 — 8907A 27800 2019-09-26.02 8752.52 0.36
IRTF SpeX 0.7-2.6 pm 750 2020-05-20.53 8990.00 0.68
IRTF SpeX 0.7-4.2 ym 1200 2020-06-06.56 9007.06 0.70
LBT PEPSI 4219-7426A 130000 2020-06-10.27 9010.77 0.71
IRTF SpeX 0.7-2.6 pm 1200 2021-05-25.48 9360.02 0.18
IRTF SpeX 0.7-2.6 pm 1200 2021-07-07.40 9402.90 0.23

*From the ephemeris of Mikolajewska et al. (2021). Phase zero is when the RG component is in front of the WD
** WISE photometry was taken over the period 2001 March 27 — September 26. Ssee text for details.

tThese spectra were taken close to the peak of the 2019 eruption.

iThese spectra were taken during the decline of the 2019 eruption.

3.2 WISE Evans et al. but are given here (Table 2) for completeness,

and plotted in Fig. 1.
V3890 Sgr was detected in the Wide-field Infrared Survey

Explorer survey (WISE; Wright et al. 2010) in 2010 March While Evans et al. (2014) stated that WISE data are
and September. WISE data for CNe and RNe were presented consistent with a blackbody photosphere at 2310 K, with no
by Evans et al. (2014). The fluxes for V3890 Sgr are listed in evidence of line or dust emission, the blackbody fit was not

© 2021 RAS, MNRAS 000, 1-15
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Table 2. Fluxes for V3890 Sgr from the WISE survey (Evans et
al. 2014).

WISE A Flux density  Flux error
band  (pm)  (mJy) (mJy)
w1 3.3 216 5
w2 4.6 119 2
W3 12 33.2 0.6
w4 22 12.93 1.42

entirely satisfactory. This is clearly because the WISE data
cover only the Rayleigh-Jeans tail of the stellar photosphere
and do not capture the intricacies of the stellar emission (see
Fig. 1).

The WISE data were obtained over the period 2010
March 27 — September 26. However the survey passes were
concentrated in ~ 1 day-long “bursts”, around MJD 55282.5
and MJD 55464.0; the mean MJD values are 55282.60
(2010 March 27.60: “epoch 1”) and 55464.85 (2010 Septem-
ber 25.85: “epoch 2”), the values entered in Table 1. The
weighted mean WISE magnitudes for these two epochs are
W1 = 7.842 £ 0.025, W2 = 7.841 £ 0.020 (epoch 1) and
W1 =7.935+0.030, W2 = 7.952 + 0.023 (epoch 2) respec-
tively. The mean values of W1 and W2 for these two epochs
differ significantly at better than the 0.5% level. This differ-
ence can be attributed to the fact that epoch 1 data were
obtained at quadrature (when any ellipsoidal effect would
have been at its greatest extent), while epoch 2 data were
obtained when the RG was in front of the WD (see Table 1,
but also Section 2).

3.3 Before and after: SMARTS

V3890 Sgr was observed as part of the Stony
Brook/SMARTS Nova program (Walter et al. 2012),
on 2018 May 13.35 and 16.32 (both UT), with the CHIRON
echelle spectrograph. The spectra covered the wavelength
range 4071A-8908A, at resolution R = A/O0X = 27800. In
this paper we discuss mainly the 2018 May 16 pre-2019
spectrum; similar data were also obtained on 2019 Septem-
ber 16.02 and 26.02 (both UT), after the 2019 eruption.
High resolution (R = 78000) data, covering the same
wavelength range, were obtained on 2019 August 29 close
to the peak of the 2019 eruption, and are also discussed
here.

The data were retrieved from the SMARTS Nova pro-
gram website!. These data were obtained at a variety of
orbital phases, as detailed in Table 1.

3.4 After: IRTF

NIR spectra of V3890 Sgr were obtained on 2020 May 20.53
and 2021 May 25.48 UT with the infrared spectrograph
SpeX (Rayner et al. 2003) on the NASA Infrared Telescope
Facilty IRTF. Full details of the data reduction are given
in Evans et al. (2022b) and are not repeated here. In each
case the spectra showed essentially the “normal” SED of
the RG component, with few emission lines superimposed.

1 http://www.astro.sunysb.edu/fwalter/SMARTS/NovaAtlas

By these dates the system had essentially returned to quies-
cence (Woodward et al. 2019). The spectrum for 2020 June
6 is included in Fig. 1, to give an overall impression of the
SED in quiescence.

As noted in Table 1, the post-eruption IRTF data were
obtained at two distinct orbital phases. These two spectra
are shown in Fig. 2, together with the spectra of two M
giants (EU Del, M6, and HD175865, M5) from the IRTF
Spectral Library (Rayner, Cushing & Vacca 2009). The data
for the two M giants have been reddened by E(B — V) =
0.4, to enable comparison with the observed spectrum of
V3890 Sgr.

3.5 After: PEPSI

High spectral resolution (R = 120000) optical observations
of V3890 Sgr in quiescence were obtained with the Potsdam
Echelle Polarimetric and Spectroscopic Instrument (PEPSI;
Strassmeier et al. 2015) on the Large Binocular Telescope
(LBT; Hill et al. 2012) on 2020 June 10.2653 UT with the
200 pm fibre using both apertures of the twin 8.4-m mirrors.
Two sets of blue/red-arm cross-dispersing (CD) combina-
tions were used, ITI/V (4800-5441 A /6278-7419 A) and T1/TV
(4265-4800 A /5441-6278 A), with an integration time for
each pair of 40 minutes x2 exposures. The average seeing,
as measured from the peripheral wavefront sensors, was 1701
and V3890 Sgr was near 2.34 airmasses at the start of the
observation. The spectrophotometric standard 58 Aql was
also observed with a similar instrumental setup. The raw CD
data were processed through the standard PEPSI pipeline
(SDS4PEPSI version: 20210715), in which the barycentric
wavelengths were corrected for a —8912.305 m s~ ! radial
velocity to the barycenter of the Solar System. The various
CD exposures were combined with a weighted average, and
then flux normalized (dimensionless units).

4 MODELLING THE RG SPECTRUM

To fit the observed SED over a wide spectral range we used
classical model atmospheres computed in local thermody-
namic equilibrium (LTE; Pavlenko 2013). The contributions
of selected diatomic molecules and HoO to the model SED
in the wavelength range 0.7 ym—2.6 um are shown in Fig. 3,
in which each model curve includes the contributions of the
molecule and H™ only. The H™ is responsible for the peak
at ~ 1.6 pm.

4.1 Synthetic spectra and model atmospheres

To generate synthetic spectra, we used the SAM12 model
atmosphere code (Pavlenko, Yurchenko & Tennyson 2020a;
Pavlenko et al. 2020b, and references therein). The proce-
dure for computing synthetic spectra is described in Evans
et al. (2019), which also gives sources for the molecular line
lists. Line profiles were computed using Voigt profiles, and
damping constants were taken from the line list databases,
or computed in the Unsold (1927) approximation. Syn-
thetic spectra were computed in wavelength steps of 0.025 A
(0.025A to 1A for the Spitzer data). We determined the
value of the turbulent velocity (V;) simultaneously with car-
bon isotope ratio for all individual spectra. Also, our fitting

© 2021 RAS, MNRAS 000, 1-15
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Figure 2. The two IRTF spectra obtained post outburst. Also shown are the spectra of EU Del (M6 IIII) and HD175865 (M5 III) from
the IRTF Spectral Library (Rayner et al. 2009). EU Del and HD175865 have been reddened by E(B — V) = 0.4 (see text).
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Figure 3. Identification of the H2O bands and the main diatomic molecules that contribute to the SED of the RG in V3890 Sgr; the
individual molecular contributions have been displaced vertically by arbitrary amounts for clarity. Diatomics that have minimal effect
on the spectrum (such as FeH) are not shown. The spectrum of V3890 Sgr is from 2020 May 20 and has been dereddened.

procedure did not reveal any notable rotational velocities?
v sin ; therefore the theoretical spectra were convolved with
a pure Gaussian profile in order to model the instrumental
broadening.

We computed a grid of RG model atmospheres for the

2 Here i is the inclination of the RG rotation axis, not the orbital
inclination.

© 2021 RAS, MNRAS 000, 1-15

effective temperatue range Tex 2800-3700 K in steps of
100 K and having solar (Asplund 2009) abundances; log g
was taken to be 0.7 for all models.

The best fit to the observed spectra was achieved by
the x? procedure described in Pavlenko (2014). We give a
few details here to aid understanding of our procedure. As
part of the fit, the function
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S=> s 1)

is minimised, where s; = |FPS — FF°™P|; PP and FPO™ are
the observed and computed fluxes, respectively, and NN is the
number of the wavelengths points used in the minimisation
procedure. Three parameters were used in our minimisation
procedure: the heliocentric velocity of V3890 Sgr in kms™?,
the flux scale normalisation parameter, and the full width at
half maximum (FWHM) used for the smoothing Gaussian.
They were determined for every fitted spectral range. In
our analysis we omitted some spectral ranges that contained
artifacts provided by strong noise, telluric absorption, bad
pixels, etc. The minimisation sum S was computed on a
3D grid of radial velocity sets, flux normalisation factors,
and FWHM parameters. Errors in the fit were evaluated as
AS = Z Si/N.

The data were dereddened by E(B — V) = 0.4,0.5,0.6
(cf. Mikolajewska et al. 2021) prior to fitting.

5 RESULTS
5.1 The IRTF data
5.1.1 SED, Teg and abundances

While our approach is simplified, we obtained good fits
to the NIR spectra using solar abundances, with the ex-
ception of carbon (see Figs 4 and 5). We adopt® [C] =
+0.20 4 0.05 dex to reduce the effect of absorption by the
water and TiO molecular bands, which are too strong if the
solar abundance of carbon is assumed (see Fig. 5). This is
because the additional carbon captures oxygen, resulting in
a decrease in the abundance of HoO and TiO. The only ex-
ception to the quality of the fit is in the 1.00-1.45 pm region,
where we see a significant overestimation of the opacity in
the theoretical model (note that the theoretical curve falls
below the observed spectrum). All four IRTF spectra yield
the same discrepancy in this wavelength region, even though
the spectra were all obtained approximately at quadrature
(see Table 1). In general, it is found that theoretical fluxes
are larger than observed due to a lack of opacity in the mod-
els. In the case of the IRTF data on V3890 Sgr, however, we
see the opposite effect: in our model the opacity is over-
estimated. Alternatively the temperatures at the depths at
which the 1.00-1.45 pm flux originates differ from our mod-
els. This undoubtedly points to the limitations of the model
used, and that a more sophisticated model than that used
here is needed for such a complex object.

The values of Teg and E(B — V) for all four dates,
obtained from the fitting procedure, are given in Table 3,
and the best fit for 2020 May 20 is shown in Fig. 4. From
Table 3 one may see that we obtained two different values
of Teq, namely 3000 K and 3100 K. These values do not
differ within the uncertainty of £200 K, and both values
were found for dates with similar orbital phase (~ 0.7 and
~ 0.2) so any difference cannot be due to irradiation effects.
We adopt Tes = 3050 + 200 K from fitting the NIR data.

We obtained the same solution for the reddening (E(B—

3 [C] = [C/Fe] = (C/Fe)y 3500 sar — (C/Fe)q.

V) = 0.4) for all four dates, and this value is at the lower
end of the range given in Page et al. (2020). Our low value of
E(B —V) =04 is based on fitting the SED, but according
to Mikotajewska et al. (2021), the SED of V3890 Sgr may be
affected by additional flux from the AD. Such addional flux,
which increases to the blue, provides partial compensation
for the reddening, and leads to a lower E(B — V') value.

There are a number of strong absorption lines in the
NIR spectrum of V3890 Sgr. Some of the stronger atomic
features are identified in Fig. 5. In general, the determination
of atomic abundances by fitting the stronger lines in low
resolution spectra is affected by a number of uncertainties
(such as non-LTE, saturation of lines, etc.). Nevertheless we
have determined the abundances of a number of species by
fitting observed line profiles.

In general the abundances are close to solar, but there
is an overabundance of sodium relative to solar, by a factor
~ 1.0 £ 0.3. Since the NIR Nal lines used in the analysis
are not resonance lines, we are confident that they can not
be interstellar. Such an overabundance is not unexpected as
a result of the TNR (Starrfield et al. 2009, 2020). However,
as discussed by Pavlenko et al. (2020b), the extent to which
the TNR products pollute the RG photosphere is unclear.

5.1.2  The 2C/*C ratio

We have determined the '2C/'3C ratio for four separate
datasets after V3890 Sgr had returned to quiescence. These
values, together with the determined values of T.g and the
microturbulent velocity V;, are summarised in Table 3.

The fit of our synthetic spectra across the first over-
tone CO bands to the 2020 May IRTF spectrum is shown
in Fig. 6; details of our procedure are given in Pavlenko et
al. (2020Db).

We have now determined the *2C/**C ratio for the RG
components of three RNe, as summarised in Table 4. These
values all seem to be consistent with that expected (~ 20)
after first dredge-up, for stars with initial masses 2 2Mg
(see, e.g. Karakas & Lattanzio 2014), and are significantly
lower than the solar value of ~ 90. However as with the
sodium abundance, the RG photosphere may be polluted by
the products of the 1990 TNR and the measured *C/**C
ratio in these systems may reflect this process.

5.1.3 Si0 first overtone absorption

The spectrum obtained on 2020 June 26 extends to 4.2 ym,
and clearly shows the presence of first overtone SiO in ab-
sorption (see Fig. 7). A fit of the model atmosphere already
used to model the NIR data to this spectral range suggests
that the Si abundance is essentially solar ([Si] = 0.0£0.5 in
Fig. 7); the uncertainty in the abundance of Si is greater than
it is for C because of the noisier data in the 4 um band. This
has implications for the modelling of the SiO fundamental
(see Section 5.3.3 below).

5.2 The CHIRON and PEPSI optical spectra

In this subsection we discuss the CHIRON and PEPSI spec-
tra, and consider what they imply for the wind and environ-
ment of the RG.

© 2021 RAS, MNRAS 000, 1-15
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Figure 4. Model fits (red) to the dereddened SED of V3890 Sgr (black) on 2020 May 20 (orbital phase 0.68). The model atmosphere
has Tog = 3100 K, log g = 0.7; solar abundances are assumed, except for [C] = 0.2. The best fit is for F(B — V) = 0.4. The flux scale
has been normalised so that the maximum f) in the observed spectrum has value unity.
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Figure 5. Fit to the dereddened NIR SED of V3890 Sgr for 2020 May 20; atomic features are identified. Red curve is a synthetic
spectrum with Tog = 3100 K, logg = 0.7 and [C] = +0.2; blue curve has [C]=0.0. The broken line indicates the extent of the water
band. The first overtone '2CO bandhead is just visible at 2.29 pm.

5.2.1 CHIRON

One day after the 2019 eruption (2019 Aug 28), the flux
has clearly increased significantly, but only interstellar Na1
D lines appear to be present in this region (Fig. 8 top left).
At high resolution, at least six interstellar features are ev-
ident, all at positive radial velocity. The radial velocity of

© 2021 RAS, MNRAS 000, 1-15

the main interstellar Na1 feature is the same as that of the
interstellar K1 resonance doublet.

The first post-outburst low resolution spectrum was ob-
tained on 2019 September 3. While the flux has decreased by
a factor of five, only the interstellar lines are present, shown
in red in the top left panel of Fig. 8. By 2019 September
15, the flux had decreased by a further factor of seven, and
broad blue-shifted Na1 emission from the expanding ejecta
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Figure 6. Best fit to the observed first overtone CO bands in V3890 Sgr. Data from 2020 May have been dereddened. The 3CO band

heads and Ca1 are identified.

Table 3. Determination of the '2C/13C from four separate datasets. R is the effective spectral resolution.

Date Tot Vi 2¢/13¢ E(B-V) R Orbital
YYYY-MM-DD  (K) (kms™1!) phase
2020-05-20 3100 2.2 27 0.4 1050  0.68
2020-06-06 3000 2.2 24 0.4 1300  0.70
2021-05-25 3000 2.2 21 0.4 1300  0.18
2021-07-07 3100 2.2 27 0.4 1300  0.23

appears. Possibly this component was present, but obscured,
at earlier times because of the high outburst flux. On 2019
September 26, the flux had decreased by a further factor
of three, and the broad Na1 emission features had become
relatively stronger.

In the top right panel of Fig. 8, the black/green curves
correspond to the black/green curves in the top left panel,
but now the pre-outburst spectrum (magenta) from 2018
May is included. The flux level in the latter is some 23 times
lower than the 2019 September 26 value (green). The wings
of the broad Nal emission features arising from the ejecta
(green) are clearly present in the 2018 May spectrum. How-
ever, as shown in the bottom left panel of Fig. 8, two blue-
shifted absorption features are seen superimposed on the
broad emission. Of these, one component (the stronger) at
5887.6/5893.5A (D2 and D; respectively) at radial velocity
—17kms ™', the other at 5888.8/5894.7A has radial velocity
+44km s~ . There are weak absorption features in the post-
outburst high resolution data that correspond to the stronger
—17kms™" component, which we suggest is the wind of the
RG. P Cygni profiles may be present as well.

In the bottom left panel of Fig. 8, we show the Na1
D lines for 2018 May 16 in velocity space. These data were
obtained 18 years after the 1990 outburst, and 1 year before
the 2019 outburst. All the above-mentioned features are la-
belled in the bottom left panel of Fig. 8. Two absorption

features have radial velocities +44kms~! and —17kms .
These lines are weak one month after the (2019) outburst,
but much stronger in the pre- and post-outburst PEPSI
data. The profiles of the Nal D lines, and the changes
therein, are likely due to the complex interactions between
the RG wind and material ejected in the 2019 and previous
eruptions, and material remaining from the common enve-
lope phase of evolution (see Booth, Mohamed & Podsiad-
lowski 2016).

The bottom right panel of Fig. 8 shows the permitted
lines of Her 5875A, 6678A, and the forbidden [O 111] 5006A
line before the 2019 eruption. This is included here for com-
parison with Fig. 9 below.

5.2.2 PEPSI

Segments of the 2020 Jun 10.27 UT spectra are presented
in Fig. 9. These data span a gap in the Mikotajewska et al.
(2021) spectral coverage, being at a phase of 0.71, and were
obtained with higher resolving power (R = 130,000), en-
abling study of subtle structures in various line regions. The
PEPSI spectra show a range of features, including emission
lines of H1, Hel, [O111], O1, and weaker emission from N 11
and Cal1. The He11 4686A and the [N 11] 6583A lines are not
detected within the SNR-limit of the spectrum. The Na1
D12 region is complex, with many absorption components

© 2021 RAS, MNRAS 000, 1-15
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Table 4. The 2C/3C ratio, dust temperatures, and SiO in the RG components of RNe.

RN Dust SiO

12¢/13¢ Reference

RS Oph 600 + 100 K silicate
400-500 K silicate

Absorption: photospheric
T CrB None Absorption: photospheric

V3890 Sgr 400 K; composition  Absorption: photospheric

Evans et al. (2007b)

Rushton et al. (2010)
16 £3 Pavlenko et al. (2010)

Rushton et al. (2022)
10+2 Evans et al. (2019), but see

Evans et al. (2022a) for important erratum
25+2 This work

indeterminate
3.5x10° 14
3x1071 t -
E  2s5x10
N
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Figure 7. Fit of model atmospheres having various Si abundances to the first overtone SiO bands. Black curve: V3890 Sgr, dereddened as
discussed in text. Red curve: computed first overtone SiO, assuming solar Si abundance. Blue curve: as red curve but with Si abundance
[Si] = —0.5. Green curve: as red curve but with Si abundance [Si] = +0.5. Blue and green curves have been displaced upwards and
downwards respectively for clarity. The emission feature is H1 Brackett o (5-4) at 4.052 pm.

(but note the comment in the caption about the number of
distinct absorption systems). The He line is the strongest
observed line with very broad wings, fit well by a Lorentzian
with a double-peaked profile, the red peak being stronger
than the blue peak (see Fig. 9 top panel). On the other
hand, the Hf line resembles more a Gaussian in overall line
profile shape, with a FWHM of ~ 165.18 kms ™. Both lines
have absorption components of their blue wings, with the
strongest component blue shifted ~ —30kms~* with respect
to the binary systemic velocity (94kms™", Mikolajewska et
al. 2021), while Ha has another component at ~ 100 kms™*.
The PEPSI spectrum, together with the CHIRON spectrum
from 2020 March 8, clearly demonstrate that this feature was
quite strong for at least 94 days, from 2020 March 8 through
2022 Jun 10, before diminishing in intensity 13 days later
(see Fig. 7 in Mikolajewska et al. 2021).

Williams et al. (2008) reported transient absorption fea-
tures, with velocities of a few hundred kms~', in high-
resolution (R = 48000) optical spectra of CNe shortly after
outburst. These features arise in a wide range of heavy ele-
ments (e.g., Sc, Ti, V, Cr, Fe), and progressively weaken with

© 2021 RAS, MNRAS 000, 1-15

a few weeks of the eruption. They suggest that these fea-
tures arise in material ejected by the secondary, and which
pre-dates the nova eruption. The behaviour of the HS ab-
sorptions in V3890 Sgr is reminiscent of that described by
Williams et al., and may arise in the same way.

The broad Her 5875A, He1 6678A profiles are symmet-
ric about the systemic velocity, while the forbidden emission
line profile [O 111] 5006A line is sharply peaked with a FWHM
~ 35.28kms~! (see Fig. 9 middle panel).

The permitted O1 5014A and adjacent He1 5016A fea-
tures are symmetric, with similar integrated line intensi-
ties with FWHM ~ 83.89kms™' and a narrower FWHM
~ 56.62kms™ !, respectively. The Fel 5018A line, seen in
other symbiotic spectra (Quiroga et al. 2002), is not de-
tected. The ratio of the integrated [O111] to OT intensity is
~ 1.58.
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Figure 8. Top left: high resolution spectra of V3890 Sgr in the region of the Na1 D lines on the dates indicated. The numbers attached to
each spectrum give the flux densities at 5883A. Top right: post-2019 eruption spectra on the dates indicated; the 2019 August 28 (black)
and 2019 September 26 (green) spectra from the left panel are replicated here, with the same colour coding. The 2018 May spectrum
(magenta) was acquired before the 2019 eruption. The spectra have been normalised to the same continuum, for ease of comparison. The
blue dot denotes telluric emission. Bottom left: 2018 May 16 spectrum in the region of the Na1 D lines, plotted in velocity space. The
systemic velocity (—94kms~!; Mikolajewska et al. 2021) is shown by the dashed line. The blue dot denotes telluric emission. See text
for discussion. Bottom right: permitted lines of He1 5875A, 6678A, and the forbidden O 111 5006A line before the 2019 eruption; compare

with the middle panel of Fig. 9.

5.3 The Spitzer IRS spectrum
5.8.1 FEmission lines

While there were strong emission lines (including coronal,
fine structure and recombination) in the IRS spectrum of
RS Oph, in data taken after its 2006 eruption (Evans et
al. 2007a,b), there are no emission lines in the Spitzer IRS
spectrum of the RN T CrB in quiescence (Evans et al. 2019).

A segment of the Spitzer IRS spectrum of V3890 Sgr,
obtained in 2007 October, is shown in Fig. 10. It shows
marginal evidence for two emission lines, namely the [Ne1]
12.813 um (flux 8.4[+2.3] x 107 W m™?) and [Ne]
15.555 um (flux 8.1[+2.3] x 107'® W m™?) fine structure
lines. The flux ratio is

F(INe1)
f([Nerm))

We assume that the upper levels of the Ne transitions are
excited by electron collision. We take the effective collision
strengths from the Iron Project* (Badnell et al. 2006), and
the ionisation equilibrium data for neon from Arnaud &
Rothenflug (1985). We determine the temperature of the

~1.04+0.2 .

4 http://cdsweb.u-strasbg.fr/tipbase/home.html

gas in which the neon lines originate by an iterative process,
and find that T'(Ne) ~ 6.3 x 10* K. This does not seem
unreasonable for a gas that is ionised by a WD and an AD.

There is no clear evidence for the presence of the [O1V]
fine structure line at 25.89 ym (ubiquitous in CNe; Helton et
al. 2012), and present in the spectrum of RS Oph (Evans et
al. 2007a,b), to a 30 upper limit of 3.7 x 107 W m~2. At
10* K, the critical electron density above which the upper
level of the [O1v] 25.89 um line is collisionally de-excited is
9.9 x 10® ecm™3, implying that the electron density in the
gas from which the [O1v] line would originate in the envi-
ronment of V3890 Sgr exceeds this value.

5.8.2 The SED

In Section 5.1.1 we found Teg = 3050 & 200 K from fitting
the NIR data. There were no NIR observations of V3890 Sgr
at the time of the Spitzer observation so we have no value
for Teg. However, as this spectral region is on the Rayleigh-
Jeans tail of the RG’s photospheric emission, the fit is not
sensitive to Teg. However the abundances ([C] +0.2,
[Na] = +1.0, [Si] = +0.0) we determined in the fits to the
NIR data will be the same at the time of the Spitzer observa-
tions and we adopt these here. We again assume log g = 0.7,
but explore different values of Teg.

© 2021 RAS, MNRAS 000, 1-15
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Figure 9. The PEPSI (R = 130, 000) observed velocity profiles of various strong emission lines in V3890 Sgr post the 2019 RN eruption
at a phase of 0.709. Top: Hao and HB. Middle: Permitted lines of He1 5875A, 6678A, and the forbidden O 111 5006A line. Bottom: The
region of the Na1 D lines, for which the velocities are calculated with respect to the Da line (5889.995A air). The two narrow features
marked by the blue circles are night sky sodium lines. Velocity components of various absorption features are indicated. Note that there
are only three distinct Na1 D absorption systems: the features at —110.21 kms~! and —190.47 kms~! are from the same systems as those
at +112kms~—! and +193kms—1!, but for D;. The spectra are not absolutely flux calibrated, but are presented in continuum normalised
intensity. These data have not been dereddened. The dashed vertical line in all the panels is the systemic velocity of the binary system,

taken as —94kms~! (Mikotajewska et al. 2021).

Around Tes = 3000 — 3100 K (close to the value we
deduced for the NIR), the water bands are too strong. They
may be decreased by further increasing [C] to +0.25, but
this is not an option as this strongly affects the SED in the
NIR (see Fig. 5 for the effect of the water bands): the C

© 2021 RAS, MNRAS 000, 1-15

abundance is constrained by our fit to the NIR data. The
alternative is to increase Teg, because at Teg = 3300 K the
water bands disappear completely.

The fit to the IRS spectrum of V3890 Sgr is shown in
the left panel of Fig. 11, in which an excess flux relative
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Figure 10. Possible detection of neon fine structure lines in the
Spitzer IRS spectrum of V3890 Sgr.

to the RG photosphere (red curve) is evident longward of
7 pm. This additional flux is most plausibly provided by a
dusty envelope around the RG, as reported by Rushton et
al. (2010, 2014, 2022) for the case of RS Oph. However in
the case of RS Oph, the dust shows strong silicate emis-
sion (Evans et al. 2007b; Woodward et al. 2008; Rushton et
al. 2022), which is not present in V3890 Sgr. We follow the
scheme of Rushton et al. and add a contribution from the
dust, with temperature T4ust = 400 K, to the photospheric
flux (Teq = 3300 K). The additional blackbody emission
greatly improves the fit, as shown by the blue curve in the
left panel of Fig. 11.

We find that the model spectrum with T.g = 3400 K
resembles that for Teg = 3300 K, but for this case
Tauwst = 450 K: there is some “degeneracy” in the Tug
and Taust values. For example, we have the same fit for a
3400 K:450 K photosphere/dust temperature mix as we do
for 3300 K:400 K, etc. However higher dust temperatures
provide a greater contribution at shorter wavelengths. The
fact that we see no evidence for dust in the NIR data sets
limits on Tyust and Teg.

The value of Teg required to fit the Spitzer data is some-
what higher than that obtained from fitting the NIR data
(3050 K). The absence of the water bands, and the require-
ment that the carbon abundance must be +0.2 dex to fit the
NIR data, limits Teg at the low end to 3300 K. On the other
hand, there is no evidence for dust in the NIR data, limiting
Tesr to 3400 K at high end. Thus, despite the fact that the
SED is not sensitive to Teg in the Spitzer spectral range,
our value of Teg is quite robust. Noting that the Spitzer
data were obtained when WD was in front of the RG, while
all the NIR data were taken at quadrature, it is likely that
we see real changes in temperature (see Section 3.1). A sim-
ilar effect was found in our analysis of RS Oph (Pavlenko
et al. 2016), in which the overall effect of irradiation was to
increase Teg by 100-200 K.

5.8.8 The SiO fundamental band

The presence of the SiO fundamental band near 8 ym in the
spectrum of T CrB was reported by Evans et al. (2019).
The Spitzer IRS spectrum of V3890 Sgr, shown in Fig. 11,
resembles that of T CrB in that there is no 9.7 ym silicate

emission feature (as there is in the case of the RN RS Oph;
Evans et al. 2007b; Woodward et al. 2008; Rushton et al.
2014, 2022) but there is weak absorption in the SiO funda-
mental. As in the case of T CrB, this likely arises in the RG
photosphere (Evans et al. 2022a).

The lines of the various SiO isotopologue fundamen-
tal transitions are strongly blended, and the resolution of
the Spitzer IRS data is too low to identify the individual
features. In general, including the higher mass isotoplogues
provides a stronger 8 um SiO band. We have no informa-
tion about the Si isotopic ratios in V3890 Sgr: high resolu-
tion spectroscopy in the 4 ym first overtone is required to
robustly determine the Si abundance ratios. We have there-
fore computed synthetic spectra on the assumption of solar
Si isotopic abundances. As in case of modeling the IRS SED,
the SiO fundamental band shows a weak dependence on the
adopted Teq in our temperature range.

The fit to the SiO fundamental is shown in Fig. 11. At
Terr = 3300 K, the 8 um band is somewhat weaker than it
is at 3100 K, but still stronger than it is in the observed
spectrum.

The properties of the circumstellar dust, and of the ab-
sorptions in the SiO fundamental transition, are summarised
in Table 4; note that, in Evans et al. (2019), the fit to the
SiO fundamental was incorrect; see erratum in Evans et al.
(2022a).

6 CONCLUSIONS

We have presented optical and infrared spectroscopy of the
recurrent nova V3890 Sgr, covering the wavelength range
4070A-38 um. We find that

(i) the surface gravity of the red giant component is
logg = 0.72 + 0.02, and its effective temperature is in the
range Teg = 3050£200 K to Teg = 3300£200 K;

(ii) there is an overabundance of both carbon (0.2 dex)
and sodium (1 dex) relative to the solar value;

(ili) the '2C/'3C ratio = 25 & 2, a value similar to that
found in red giants in other recurrent novae;

(iv) the interpretation of the quiescent spectrum in the
5-38 um region requires the presence of photospheric SiO
absorption and of cool (~ 400 K) dust in the red giant en-
vironment;

(v) the region of the Na1 D lines includes a number of
interstellar components. There is also evidence for interac-
tion between ejecta from the 2019 eruption and material
accumulated in the plane of the binary.

(vi) there is evidence for two neon fine structure lines,
namely [Nell] 12.813 yum and [Ne111] 15.555 um, the flux ra-
tio of which implies an electron temperature of 6.3 x 10* K;

(vii) the three RG in RN systems we have considered thus
far have in common an overabundance of carbon and simi-
lar '2C/*3C ratios; both properties are typical of RG photo-
spheres after first dredge-up in stars of low initial mass. All
three also have photospheric SiO in absorption.
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