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ABSTRACT

We report the detection of carbon monoxide (CO) and dust, formed under hostile conditions, in recurrent
nova V745 Sco about 8.7 days after its 2014 outburst. The formation of molecules or dust has not been recorded
previously in the ejecta of a recurrent nova. The mass and temperature of the CO and dust are estimated to be
Tco = 2250 4 250 K, Mco = (1 =5) x1078 Mg and Tguse = 1000 & 50 K, Maust ~ 1078 = 1072 M,
respectively. At the time of their detection, the shocked gas was at a high temperature of ~ 107 K as evidenced
by the presence of coronal lines. The ejecta were simultaneously irradiated by a large flux of soft X-ray radiation
from the central white dwarf. Molecules and dust are not expected to form and survive in such harsh conditions;
they are like snowflakes in a furnace. However, it has been posited in other studies that, as the nova ejecta plow
through the red giant’s wind, a region exists between the forward and reverse shocks that is cool, dense and
clumpy where the dust and CO could likely form. We speculate that this site may also be a region of particle
acceleration, thereby contributing to the generation of ~y-rays.
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1. INTRODUCTION

A classical nova eruption results from a thermonuclear run-
away (TNR) on the surface of a white dwarf (WD) accret-
ing material from a companion star in a close binary sys-
tem. The accreted hydrogen-rich material forms a degen-
erate layer on the WD’s surface with the mass of the layer
gradually increasing with time. As the accreted matter is
compressed and heated by the gravity of the WD, the crit-
ical temperature and pressure at the base of the layer reach
the ignition point for the TNR that produces the nova erup-
tion. Observationally, the outburst is accompanied by ejec-
tion of ~ 107% — 10=* M, of matter at high velocities and
a large brightening, generally with an amplitude of 7 to 15
mags. In time mass-transfer from the secondary resumes,
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leading to another eruption. All novae recur, but some do so
on human (S 100 yrs) timescales. To distinguish them from
“classical novae” (CNe), which have inter-eruption periods
of ~ 10* yrs, these are the “recurrent novae” (RNe), defined
by the selection effect that they have been seen to undergo
more than one explosion.

Currently there are 10 known Galactic RNe (T Pyx, IM
Nor, CI Aql, V2487 Oph, U Sco, V394 CrA, V745 Sco, T
CrB, RS Oph, and V3890 Sgr) of which the last four belong
to a sub-class having red giant (RG) secondaries. The sec-
ondary in V745 Sco has been classified as a giant implied by
the luminosity class III M6=£2 (Duerbeck 1989; Sekiguchi
et al. 1990; Williams et al. 1991; Harrison et al. 1993; Anu-
pama & Mikotajewska 1999) with an orbital period of 2440
4 500 days (Schaefer 2022a). V745 Sco is a very fast nova
with ¢5 and ¢3 of 6.2 and 9 days respectively (%o, [t3] is the
elapsed time to decline 2 [3] mags from peak brightness).
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V745 Sco lies at a distance of ~ 8 £ 1 kpc in the Galactic
bulge (Schaefer 2022a).

Because the RG secondary in V745 Sco (and in RS Oph-
type systems in general) is expected to have a substantial
wind, the high-velocity ejecta from the nova eruption plows
into the RG wind creating a strong shock resulting in y-ray
and X-ray emission (Cheung et al. 2014; Drake et al. 2016;
Orio et al. 2015; Page et al. 2015), optical and near-infrared
coronal line emission (Duerbeck 1989, this paper) and non-
thermal radio emission (Kantharia et al. 2015). The shocked
gas has high temperatures, 107 —10® K (Banerjee et al. 2014;
Orio et al. 2015; Drake et al. 2016), producing hard X-rays
and coronal lines associated with highly-ionized atoms (e.g.,
[Fe XIV], IP =361 eV).

Further, the ejecta are subjected to additional x-ray radi-
ation from the central ionizing source during the supersoft
phase recorded between days 3 to 10 (Page et al. 2015; Drake
et al. 2016). This is the earliest onset of the SSS phase in a
nova. In such a harsh environment, molecules and dust can-
not form or survive. Yet, the main result of this work shows
that carbon monoxide (CO) and dust did form in V745 Sco
between 8 to 10 days after outburst.

The formation of either dust or CO in the ejecta proper of
a RNe is unprecedented though dust features have been de-
tected in the winds of the RG components of both RS Oph
(Evans et al. 2007) and V745 Sco itself (Evans et al., in
preparation). In both cases the features arise in dust that is a
permanent feature of the binary. Here, we estimate the mass
and temperature of the CO and dust and also investigate the
formation site.
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Figure 1. The left panel shows the entire NIR spectrum (available
as data behind the figure) of V745 Sco 8.7d after the 2014 eruption
(Banerjee et al. 2014). The right panel shows a magnified view of
the first overtone CO emission (black). Superposed on the emission
are the absorption band heads of *2CO and '3CO (vertical ticks).
The spectrum of a typical M6 III, HD 18191 (blue), is also included
to show the expected CO absorption band heads. The red line is an
LTE model fit to the CO emission. The flux axes in both panels have
the same units.

2. RESULTS
2.1. Carbon monoxide in emission

Figure 1 shows the near infrared (NIR) spectrum (R ~
6000, A = 0.8 - 2.5 um) of V745 Sco on 2014 Feb 15.46
(+8.7 d after outburst) obtained using the Folded Port In-
frared Echellette (FIRE, Simcoe et al. 2008) spectrograph on
the 6.5m Magellan Baade Telescope. These data, presented
by Banerjee et al. (2014) and which were focused on the
shock evolution, are re-examined here. Figure 1 right panel,
shows a magnified view of the first overtone CO in emission.
Superposed on the emission are '2CO and '3CO bandheads
(marked in blue) which most likely arise from the secondary
with perhaps some contribution from neutral portions of the
equatorial density enhancement discussed later in section 2.3.
Absorption bands are expected from the cool secondaries in
RS Oph-type systems — it is the emission feature that is so
unexpected. CO in emission is not seen that often in novae.
When it is detected it is always in Fell-type novae (Banerjee
et al. 2016), generally forming at maximum light (e.g., V705
Cas; Evans et al. 1996) or a few weeks thereafter and being
subsequently rapidly destroyed in a few days to weeks. It in-
variably precedes dust formation in CNe. Its duration and the
rapidity of its destruction are not understood (Pontefract &
Rawlings 2004), but are clearly seen V2615 Oph (Das et al.
2009) and V3662 Oph (Joshi et al. 2017). Banerjee et al.
(2016) provide a list of CO forming novae and their CO emis-
sion properties up until 2015. Since 2015, four additional no-
vae (V6567 Sgr, V435 CMa, V3662 Oph, V1391 Cas) have
CO detections (Joshi et al. 2017; Rudy et al. 2018; Russell
et al. 2020; Woodward et al. 2020).

We have estimated the mass of CO using the LTE model
developed by Das et al. (2009), which assumes optically thin
emission. Adopting d = 8 kpc, the temperature and mass
are found to be 2250 & 250K, Mco = (1 —5) x107% M.
These are typical of values found in other novae and shows
that in V745 Sco a substantial amount of CO was formed.
For any other choice of distance, the CO mass scales as
(d/8 kpc)?. The FWHM of each ro-vibrational line is found
to be 2600 + 300 km s~ (close to the 2200 km s—! FWHM
of the Paj line in Banerjee et al. 2014). This indicates a high
expansion velocity and explains the lack of band heads in
the emission feature. It also implies that the emission origi-
nates from high velocity material i.e., from material associ-
ated with the shocked gas. It cannot originate from the dis-
tant unshocked RG wind which would typically have a small
expansion velocity of 5 to 10 km s~!. The CO emission is
also seen to be blueshifted by ~ 2000 km s~1, the reason for
which is discussed in section 2.3.
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Figure 2. The top two panels show the JHK(L) light curves from
the 1989 (Sekiguchi et al. 1990) and the 2014 eruption (ANDICAM
data). The error bars in the plots are smaller than the symbol sizes.
An IR excess due to dust is seen around day 9. The bottom panel
shows the SED of the excess fitted with model fits of silicate (red)
and amorphous carbon (blue) dust.

2.2. Dust in the ejecta

Dust too appears to have formed in the ejecta around the
time that CO was detected. Figure 2, upper right panel,
shows high cadence JHK photometry from the Cerro Tololo
1.3-m (+ANDICAM, Walter et al. 2012). Between days 8 to
11, a clear bump is seen in the K band (marked by the ar-
row) and also in the H band albeit to a lesser extent. The
bump is also present in the JHKL photometry of the 1989
eruption (Sekiguchi et al. 1990) which is shown in the up-
per left panel. Again, the IR excess is seen in the H and K
bands and most prominently in the L band. We interpret this
IR excess as emission by dust. This interpretation is consis-
tent with the simultaneous appearance of CO. As mentioned
earlier, all novae that have shown CO in emission have in-
variably proceeded to form dust. From the NIR light curves,
the maximum excess over the local continuum, assumed lin-
ear in the region between 7 to 12 days, is measured to be 6H
=0.062 £ 0.010 and 6K = 0.155 £ 0.014 for the ANDICAM
data and 6L = 0.360 + 0.2 for the Sekiguchi et al. (1990)
L band data. Converting these into fluxes, after dereddening
using Ep_y= 1.0 (Schaefer 2022a,b), and assuming that the
L band excess would be the same in both 1989 and 2014, the

spectral energy distribution (SED) of the excess based on the
HKL fluxes is shown in the bottom panel of Figure 2.

There is good evidence for dust with the SED being well fit
by models (based on the formalism of Banerjee et al. 2023, in
press) comprising of silicate (Draine & Lee 1984) or amor-
phous carbon (ACAR sample, Zubko et al. 1996) dust grains.
Assuming the dust emission is optically thin and d = 8 +
1 kpc, a dust mass and dust temperature of 1078 =10~ M,
and 1000 =£ 50 K respectively are suggested for both silicates
and amorphous carbon grains. The dust mass is within the
range typically observed in novae (Gehrz et al. 1998; Evans
& Gehrz 2022). Lastly, even if the L datum is excluded from
the fit in the bottom panel because it is not contemporaneous
with the H and K data, the H and K points taken by them-
selves show a rising continuum indicating dust

The dust temperature is considerably lower than the con-
densation temperature of ~ 2000 K for carbon dust, and
closer to the condensation temperatures of silicates like
forsterite, 1440 K and enstatite, 1350 K (Speck et al. 2000).
The most likely condensate is therefore silicate, which might
be consistent with the presence of silicate features in the mid-
IR spectrum (Evans et al. in preparation).

The lifespan of the dust emission in V745 Sco is short with
the bump disappearing within a few days. Grain destruction
may be by sputtering by high energy particles that diffuse
across the shock fronts into the neutral zone or by the soft
X-ray flux as proposed by Evans et al. (2017) for V339 Del
and Gehrz et al. (2018) for V5668 Sgr.

2.3. Site of the CO and dust

Between days 8.5 and 11 when CO and dust were detected,
the ejecta were extremely hot (a few times 107 K or more) be-
cause of shock heating (Banerjee et al. 2014; Orio et al. 2015;
Drake et al. 2016). Collisional ionization is hence expected
to be dominant, forming highly ionized species. It is very un-
likely for molecules (CO) or dust to exist in this environment.
Evidence for the high-ionization conditions prevailing in the
ejecta on day 8.7 can be seen from Figure 3 wherein emission
in several coronal lines are shown. Many of these ions, giving
rise to the associated coronal lines, need energies 2 350 eV
to form. In addition to the high kinetic temperature prevailing
in the shocked gas, modeling of the supersoft x-ray emission
shows that the black body (BB) temperature of the central
ionizing source, after having peaked at ~ 95 eV (1.1 x 106 K)
onday 5.5 — 6.5, was between 7.5 X 105 K and 6 x 10° K on
days 8 to 10 respectively (Page et al. 2015). Thus the temper-
ature was very high and the radiation field was harsh, and in
such an environment it appears unlikely that molecules could
form or grains condense within the ejecta.

However, in the radiative shock-driven model of Derdzin-
ski et al. (2017) there exists a region where molecules and
dust could potentially form. These authors show that as a
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shock is driven into the ejecta, molecule and dust forma-
tion can occur within the cool, dense shell created between
the forward and reverse shocks (Derdzinski et al. 2017, their
Figure 1). While the forward and reverse shocks have tem-
peratures of 107 K and a few megaKelvins respectively, the
intermediate clumpy shell is cool and dense enough due to
radiative shock compression (particle density ~ 10'* cm—2)
to allow CO formation and rapid dust nucleation. We thus
propose the CO/dust seen in V745 Sco formed in this region.
Based on this framework, Figure 4 shows a schematic of the
V745 Sco geometry. This figure includes important revisions
to the system spatial dimensions necessitated by the recent
revision of the orbital period (Schaefer 2022b) which differs
significantly from earlier estimates.

Although (Schaefer 2009) had proposed the orbital period
of V745 Sco was 510 &£ 20 days , this was shown to be incor-
rect by Mréz et al. (2014, 2015) based on long term OGLE
data. As a result Schaefer (2022a,b) has re-estimated the or-
bital period using the SED method. Assuming masses of the
WD (M1) and RG (M2) tobe 1.39 and 1.11 M, respectively,
Schaefer (2022a) finds the Tg}(} and radius Rrg of the sec-
ondary to be 2020 £ 60 K, and 370 £ 50 R respectively
and the orbital period to be 2440 4+ 500 days. As the esti-
mated 7, appeared to be on the lower side for a M6 IIT
secondary, we have independently redone the analysis.

We constructed a SED using V, I magnitudes from OGLE
(Mréz et al. 2015) as listed in SIMBAD, JHK magnitudes
from 2MASS (Skrutskie et al. 2006), and WISE (Wright et al.
2010) W1, W2 magnitudes (Ep_y= 1.0 was used for dered-
dening). The WISE W3 and W4 magnitudes were excluded
from the SED fit as they are heavily affected by dust in the
V745 Sco system as shown by Spitzer spectra (Evans et al. in
preparation). The SED analysis suggests 7.7} = 2350 +
50 K with the corresponding radius of the donor being 290
+ 44 R (assuming d = 8 £ 1 kpc). Assuming the star fills
its Roche lobe, the orbital period is ~ 1700 days, and orbital
separation is ~ 810 R . M1 and M2 are taken from Schaefer
(2022a). We adopt these parameters in our analysis. These
estimates of the orbital period and separation are marginally
smaller (20% to 30%) than the Schaefer (2022a,b) estimates.

The spatial dimensions estimated above are used to pre-
pare Figure 4 which is more or less to scale. Our primary
focus is to locate the position of the clumpy CO and dust
emitting zone with respect to the RG (i.e., did the CO form
before or after the blast wave encountered the RG?). Figure 3
of Banerjee et al. (2014) shows the decline of the FWHM of
the Paj line with time. Taking the expansion velocity of the
shock V(exp) as equal to half the FWHM, we find from the
data of Banerjee et al. (2014) that V(exp) can be well rep-
resented by the polynomial V(exp) = vg + at + bt% + ct3,
with “t” being the time (in days) after outburst and with v =
2689 km s~1, a =-229, b =5.45 and ¢ = 0.075, respectively.

Using the above polynomial, it is found the shock reaches the
RG’s WD-facing surface within 2 to 2.2 days. So it is obvi-
ous that the CO and dust, which formed between 8 to 10 days,
did not form in the intervening gap between the WD and RG.
In fact, at 8.7 d when the CO is detected, the CO emission
zone was located ~ 2000 R away from the WD. That is,
the shock had reached and engulfed the RG, refracted around
it and was located at a distance of ~ 2000 R (9.3 au) from
the WD when the dust/CO were detected.

It is moot to ask whether or not there is anything spe-
cific about the physical conditions (gas density, gas temper-
ature, etc.) at this site/position that is specially favorable for
dust/CO formation. However, it is essential to have newer 3D
simulations that use the revised values for the orbital separa-
tion and radius of the donor instead of the old (but incorrect)
values used by Orlando et al. (2017) which were: secondary
star radius = 126 R ; binary separation a=1.7 au=364 R.
It would be of particular interest to see what the revised 3D
simulations show and whether they can reproduce a clumpy,
cool zone in between the forward shock (FS) and the reverse
shock (RS) as predicted by (Derdzinski et al. 2017).
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Figure 3. High resolution spectra (R = 120000) of V745 Sco
obtained on the Cerro Tololo 1.3-m (+CHIRON) on 2014 Feb 16
(~ +10 d past outburst) showing coronal lines from highly ionized
species. The Ha profile in the lower right panel is from 2014 Feb
09 (~ 3 days after the outburst) and shows structures which are
discussed in the text.

3. DISCUSSION

This study presents a rare example of a nova in which dust
and CO formation are likely triggered by shocks
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Figure 4. Schematic of the V745 Sco system with the equatorial
density enhancement (EDE) that collimates the ejecta into a bipolar
flow. The forward and reverse shocks (FS, RS) are shown with a
cold clumpy shell in between that is proposed to be the site of the
CO and dust formation. The positions and sizes of the WD, RG
and shock region are roughly to the following scale (section 2.3)
viz. Rra = 290 R, Rwp = 65 Rg (at outburst, Orlando et al.
2017), WD to RG separation = 810 R, inner Lagrangian point
(L1) ~ 450 R from the WD. The distance of the FS from the WD
is shown at 1070 R assuming a representative value of the shock
velocity, vs = 1000 km s~ . The actual distance lies at 2000 R,
almost twice that shown. The shape of the EDE, as shown here, is
only schematic.

(another example of a shock-induced dust forming nova is
V2891 Cyg, Kumar et al. 2022) This study is also the first
to record dust and CO formation in a RN. With typical re-
currence timescales of a few tens of years and assuming a
high mass accretion rate of 1078 M, yr—!, not much more
than 10~7 My, can be accreted and subsequently ejected in a
RN nova eruption. The ejecta are hence unlikely to be dense
enough to be conducive to grain nucleation or molecule for-
mation. It is however difficult to understand why similar sys-
tems (RS Oph, V407 Cyg, V3890 Sgr) failed to form CO and
dust. All three objects have high cadence JHK spectra from
the start of their respective outbursts; the first two on an al-
most daily basis (Das et al. 2006; Banerjee et al. 2009; Evans
et al. 2022).

Among other plausible explanations, the blue-shifted CO
emission seen in V745 Sco could be a consequence of the
equatorial density enhancement (EDE) being viewed edge-
on thereby hiding the receding red component from view.
This needs to be verified through morpho-kinematic model-
ing (e.g., SHAPE, Steffen & Koning 2011) of high-resolution
line profiles, for example the Ha profile in Figure 3. The
shoulders in the Ha profile at ~ 6480 and 6640 A profile
indicative a collimated polar flow and therefore give obser-
vational support for an EDE.

This study’s robust evidence for a cool compressed zone
between the forward shock (FS) and reverse shock (RS) sug-

gests that the magnetic field lines from the RG should get
compressed in this region due to the compression of matter
(assuming the lines of force are frozen in; Tatischeff & Her-
nanz 2007). Future exploration is necessary to determine if
this site is a region of particle acceleration (along the lines
proposed for RS Oph in Tatischeff & Hernanz (2007, 2023)),
thereby contributing to the generation of ~y-rays.

4. SUMMARY

We have reanalyzed spectra and infrared light curve data of
the recurrent nova V745 Sco shortly after its 2014 outburst.
Carbon monoxide (CO) and dust in the ejecta of recurrent
nova V745 Sco are reported. This is a rare instance of what
appears to be shock-induced dust formation in a nova. The
mass and temperature of the CO and dust are estimated to
be Tco = 2250 + 250 K, Mco = (1 —5) x 1078 M
and Tquse = 1000 £ 50 K , Mgust ~ 1078 = 1072 Mg,
respectively. Lastly, the site of the CO/dust emission, when
it was first detected, is estimated to lie at ~ 2000 R (9.3 au)
from the white dwarf. In comparison, the binary separation
is 810 Re.
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