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Abstract

The physical mechanism driving mass ejection during a nova eruption is still poorly understood. Possibilities
include ejection in a single ballistic event, a common-envelope interaction, a continuous wind, or some
combination of these processes. Here, we present a study of 12 Galactic novae, for which we have premaximum
high-resolution spectroscopy. All 12 novae show the same spectral evolution. Before optical peak, they show a
slow P Cygni component. After peak, a fast component quickly arises, while the slow absorption remains
superimposed on top of it, implying the presence of at least two physically distinct flows. For novae with high-
cadence monitoring, a third, intermediate-velocity component is also observed. These observations are consistent
with a scenario where the slow component is associated with the initial ejection of the accreted material and the fast
component with a radiation-driven wind from the white dwarf. When these flows interact, the slow flow is swept
up by the fast flow, producing the intermediate component. These colliding flows may produce the y-ray emission
observed in some novae. Our spectra also show that the transient heavy-element absorption lines seen in some
novae have the same velocity structure and evolution as the other lines in the spectrum, implying an association
with the nova ejecta rather than a preexisting circumbinary reservoir of gas or material ablated from the secondary.
While this basic scenario appears to qualitatively reproduce multiwavelength observations of classical novae,
substantial theoretical and observational work is still needed to untangle the rich diversity of nova properties.

Unified Astronomy Thesaurus concepts: Novae (1127); Cataclysmic variable stars (203); Classical novae (251);
White dwarf stars (1799); Compact objects (288); High resolution spectroscopy (2096); Spectroscopy (1558)

1. Introduction

A classical nova (CN) is a transient event powered by
thermonuclear runaway on the surface of an accreting white
dwarf in an interacting binary system (e.g., Starrfield et al.
2008, 2016). The thermonuclear runaway leads to the ejection
of at least part of the accreted envelope (107’107 M) with
velocities ~200-5000km s ™' and an increase in the optical
brightness of the system by 8 to 15 mag (Payne-Gaposchkin
1957; Gallagher & Starrfield 1978).

There is agreement that thermonuclear runaway leads to the
expansion of the accreted envelope, but the mechanism(s)
powering the ejection of this envelope is still highly debated
and poorly understood. The energy output of the nuclear
reactions may lead to the prompt ejection of part of the

envelope (e.g., Starrfield et al. 2008; Shore 2014; Mason et al.
2018, 2020). The envelope will engulf the binary (for main-
sequence donor stars), and the binary orbital motion energy
may help eject the envelope (Livio et al. 1990; Lloyd et al.
1997). Some accreted material remains on the surface of the
white dwarf and undergoes sustained nuclear burning in a
steady-state, near-Eddington luminosity phase (Wolf et al.
2013); the resultant radiation pressure can drive a wind that
lasts for days to months (Kato & Hachisu 1994; Friedjung
2011). Unfortunately, there are essentially no theoretical
studies that consider all of these potential mass-loss mechan-
isms and model them self-consistently, so it remains difficult to
predict which mechanism will dominate and under which
conditions. Meanwhile, observations suggest that multiple
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mechanisms may be relevant, even within an individual system
(e.g., Friedjung 1987; Strope et al. 2010; Chomiuk et al. 2014),
and multiple ejections may occur over a single eruption (e.g.,
Pejcha 2009; Aydi et al. 2019, 2020).

Images of old nova shells show that ejecta geometries are
often far from spherical. The ejecta show diverse structures
including elliptical morphologies, rings, clumps, and polar caps
(e.g., Shara 1995; Downes & Duerbeck 2000; O’Brien &
Bode 2008). These static images imply that mass loss from
novae is complex, but unfortunately, these observations years
to decades after eruption are not sufficient to reveal the physics
that shaped the ejecta nor its early-time evolution. Observations
obtained during the eruption itself—which can track changes in
mass ejection as they occur—are needed. High-resolution
optical spectroscopy during the first days of the eruption can
track the velocity (and to some extent, the morphology) of the
ejecta and can therefore be used to constrain ejection scenarios
in novae (e.g., McLaughlin 1945, 1947; Payne-Gaposchkin
1957; Friedjung 1987; Williams & Mason 2010; Arai et al.
2016; Aydi et al. 2019).

1.1. Revisiting the Classics: McLaughlin, Payne-Gaposchkin,
and Friends

Novae have been studied with optical spectroscopy for over
a century (e.g., Clerke 1892). McLaughlin (1944) and Payne-
Gaposchkin (1957) tracked the evolution of nova spectra from
light-curve maximum to eventual quiescence and noticed the
appearance of multiple absorption and emission systems. These
pioneering studies divided the observed systems of spectral
lines into five classes based on their chronological appearance
throughout the eruption, calling them the ‘“premaximum,”
“principal,” “diffuse-enhanced,” “Orion,” and “nebular” spec-
tra. These historic classifications linked these systems to
distinct ejecta components or shells, but did not offer extensive
speculations about their origin.

Based on the classification of McLaughlin (1944), the
premaximum spectrum appears before optical peak and is
characterized by P Cygni profiles with absorption troughs at
velocities of a few hundred kms™'. The principal spectrum
appears at or several days after optical peak, with its absorption
troughs characterized by higher blueshifted velocities. The two
coexist as distinct systems for a few days before the
premaximum system disappears. The difference in velocity
between the premaximum and principal spectrum ranges
between ~100-700 km s~ and correlates with the speed class
of the nova."” According to McLaughlin (1944), once the nova
has faded by ~2 mag from optical peak, the diffuse-enhanced
absorption system appears and is characterized by velocities
around twice that of the premaximum components. It also
shows broad emission components whose width is again
correlated with the nova speed class (Payne-Gaposchkin 1957).
Less than 3 mag below optical peak, the Orion system
sometimes appears, with more extreme velocities than the
diffuse-enhanced spectrum and from more highly ionized
species. The last distinct system of the nova eruption is the
nebular spectrum, characterized by emission features of nebular
and auroral forbidden lines, such as the [O III] lines and high-
ionization forbidden lines of iron.

19 Payne-Gaposchkin (1957) introduced the “speed class” classification of
novae, which is based on the time it takes for the light curve to fade by 2 mag
from optical peak.
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Although McLaughlin (1944, 1947, 1964) and Payne-
Gaposchkin (1957) provide eloquent descriptions of the
evolution of the different spectral systems, the spectra
themselves are not clearly illustrated in these works. This is
mainly due to the use of different tools ~70 years ago, which
makes it difficult to compare with recent nova data sets. For
example, early spectra were recorded with photographic plates,
and when published, were represented in gray scale; the spectra
have not reproduced well electronically (e.g., McLaughlin
1944) and are difficult to compare with modern one-
dimensional spectra extracted from CCDs. Therefore, a primary
aim of this paper is to revisit this pioneering work with a more
modern data set and clearly illustrate the spectral evolution of a
large sample of novae near optical peak.

1.2. Proposed Explanations for Multiple Spectral Components

McLaughlin (1947) unequivocally concluded from his
spectroscopic observations that there must be multiple ejecta
components or shells in a given nova eruption, with the
premaximum component external to, and expanding relatively
slowly compared to, ejecta associated with the diffuse-
enhanced component (see Section 3.1 for modern examples).
He speculates that the intermediate-velocity principal comp-
onent may represent material from the premaximum ejection,
swept up and accelerated by radiation pressure from the hot
white dwarf (McLaughlin 1943). While Russell (1936) agreed
that there must be multiple ejecta components, he proposed that
the principal system forms due to shock interaction rather than
radiation pressure.

This scenario was revisited in a series of studies by Friedjung
(19664a, 1966b, 1966¢, 1987), who agreed that the light curves
and spectral evolution of novae could not be explained by a
single ballistic ejection and instead conclude that multiple
outflows are present. Friedjung explained McLaughlin’s
observations by suggesting that the principal spectrum
originates from a shell that is formed by the collision of two
flows—a fast wind, associated with the diffuse-enhanced and
Orion spectra, slamming into a slow flow, which is associated
with the premaximum spectrum. Friedjung (1992, 2011) also
interpreted the observed acceleration of the spectral compo-
nents after optical peak in the context of a continuous radiation-
driven wind from the white dwarf.

In contrast to multiple ejections, Shore et al. (2011, 2013,
2016) and Mason et al. (2018, 2020) suggested that nova ejecta
are expelled in a single impulse and expand ballistically,
structured as a clumpy medium with a biconical geometry.
Changes in the profile of a particular line may be attributed to
changes in the optical depth and ionization state of the
expanding ejecta (e.g., Shore et al. 2011). Mason et al. (2020)
studied the spectra of the nova ASASSN-17hx and argued that
some spectral features are observed at the same velocities in
different species at different stages of the eruption, implying
that they originate in clumps frozen in from the very start
of eruption.

Recent work by R. E. Williams et al. has highlighted the
possibility that not all spectral features originate in nova ejecta
expelled from the white dwarf surface. Williams et al. (2008)
pointed out the presence of absorption lines from heavy
elements, such as Ti, Ba, Sc, and Y, with relatively low
velocities (~400 to 1000 km sfl). The lines are present from
early on in the eruption and last for a few days/weeks after
optical peak before disappearing—they are therefore named
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transient heavy-element absorption (THEA) lines. Williams
et al. (2008) and Williams & Mason (2010) associated these
lines with a preexisting circumbinary reservoir of gas, perhaps
from nonconservative mass transfer funneled out of the
binary’s outer Lagrangian points (e.g., Taam & Spruit 2001;
Sytov et al. 2007). However, to explain the strengths and
kinematics of the THEA lines, the amount of mass and energy
in this circumstellar material (CSM) would need to be
uncomfortably high, rivaling the nova ejecta themselves. There
is no evidence for such circumbinary reservoirs in observations
of cataclysmic variables during quiescence (e.g., Dubus et al.
2004; Froning 2005; Hoard et al. 2014). Williams (2012, 2013)
revised the hypothesized origin of the THEA lines to be
material irradiated or ablated from the secondary star during the
nova eruption. Today, the origin of the THEA lines remains a
matter of debate.

1.3. Why Revisit the Basics Now?

The presence of multiple spectral features and a possible link
to multiple ejections and shock interaction is not limited to
novae, but extends to supernovae (SNe), particularly to those
showing evidence for interaction between the ejecta and a
dense CSM, such as Type IIn, Type Ia CSM, and super-
luminous SNe (e.g., Chugai & Danziger 1994; Chugai et al.
1995; Smith et al. 2008; Fox et al. 2015; Dessart et al. 2016;
Gangopadhyay et al. 2020; Jerkstrand et al. 2020). Several of
these studies argue that the diversity of spectral features
observed in the optical and infrared spectra of SNe originate in
shells created by the interaction of the SN ejecta with a
complex CSM.

In addition, understanding how mass is ejected in novae has
gained new urgency with the detection of GeV ~-ray emission
from Galactic novae by the Large Area Telescope (LAT) on the
Fermi Gamma-Ray Space Telescope (Ackermann et al. 2014;
Cheung et al. 2016; Franckowiak et al. 2018). The «-rays imply
that shocks are (1) present in novae, (2) energetically
important, and (3) can dominate the optical luminosity of
eruptions (Metzger et al. 2015; Li et al. 2017b; Aydi et al.
2020). The first GeV-detected nova was V407 Cyg in 2010, a
system with a Mira giant secondary (Abdo et al. 2010). The
white dwarf in V407 Cyg is surrounded by a dense CSM
enriched by the giant wind, so it was proposed that the v-ray
producing shocks occur between the nova ejecta and this
preexisting medium (Nelson et al. 2012; Martin &
Dubus 2013). However, many other Fermi-detected novae
have dwarf companions and thus are characterized by low-
density CSM. In these cases, the shocks are likely to be internal
to the nova ejecta—the result of interaction between multiple
colliding flows (Chomiuk et al. 2014; Metzger et al. 2015).

Radio interferometric imaging of the ~-ray-detected nova
V959 Mon over the first ~2 years of eruption showed the
presence of two flows. Chomiuk et al. (2014) interpreted these
two flows as an initial slow torus directed by the binary motion
in the equatorial plane, followed by a fast wind that propagates
more freely in the polar directions. At the interface of these two
flows, there are shocks that produce radio synchrotron and ~-
ray emission (see Figures2 and 3 of Chomiuk et al. 2014).
Imaging of the peculiar helium nova V445 Pup also shows a
bipolar shell, equatorially confined by a dusty disk (Woudt
et al. 2009), and evidence of shocks and particle acceleration in
the form of luminous radio synchrotron emission (Rupen et al.
2001). Again, high-resolution radio imaging shows that that the
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synchrotron emission originates near the dusty disk (Nyamai
et al. 2020).

These multiwavelength observations highlight the complexity
and importance of mass loss in novae, and optical spectroscopy
remains a critical tool for understanding it. However, only a few
studies presenting modern premaximum spectroscopic observa-
tions of novae are available in the literature. These consist
mainly of very slow novae that rise to optical peak over several
weeks and focus on explaining the peculiarities of individual
novae such as HR Del (Friedjung 1992), V723 Cas (Iijima et al.
1998), V5558 Sgr (Poggiani 2008; Tanaka et al. 2011),
and ASASSN-17pf (Aydi et al. 2019). Thus, for more than
70 years and since the pioneering work of McLaughlin
(1944, 1947, 1964) and Payne-Gaposchkin (1957), no studies
have tackled the early spectral evolution of a large sample
of novae, particularly during the premaximum phase and
early decline.

Given the ongoing debate about the mass ejection scenario in
novae, we aim to solidify a unifying picture for how novae
eject their accreted envelopes. In the current paper, we present
premaximum optical spectra for a sample of 12 novae and
compare them with later spectra to test whether the mass-loss
scenario proposed for V959 Mon can be extrapolated to other
novae. Here we present a sample that uniquely combines early-
time coverage and high spectral resolution for a relatively large
and diverse sample of novae, at least doubling the sample of
novae with near-optical-peak spectra in the literature. Section 2
describes our sample and the observations. In Section 3, we
present the spectroscopic results, illustrating the early spectral
evolution of our nova sample and offering more details on two
particularly well-observed novae, V906 Car and FM Cir. In
Sections 4, we discuss these results in the context of nova mass
ejection and interaction between different flows, while in
Section 5, we present our conclusions.

2. Observations
2.1. Sample Selection

Because novae rise to optical peak in a short period of time
(from a few hours to a few days to weeks in some extreme
cases), observing novae spectroscopically before they reach
optical peak is a challenging task. However, with new all-sky
surveys such as the All-Sky Automated Survey for Supernovae
(ASAS-SN; Shappee et al. 2014; Kochanek et al. 2017) and the
advanced capabilities of citizen scientists, it is becoming more
feasible to discover and report on novae before they reach their
optical peak. In addition, with large telescopes capable of rapid
follow-up, such as SALT, SOAR, and VLT, it is also becoming
more feasible to obtain high-resolution spectra for novae near
optical peak. Some citizen scientists have telescopes equipped
with spectrographs and can obtain time series of high-
resolution spectroscopy for bright sources (e.g., Teyssier 2019).

Therefore, we selected all recent (2013-2019) southern
novae for which we obtained at least one premaximum
spectrum (using one or more of SOAR, SALT, Magellan, or
VLT). In addition, we include four novae that were bright
enough to be observed by citizen scientists during the rise to
optical peak. Our nova sample sums up to 12 novae, all of
which were observed before and after optical peak with optical
spectroscopy. Each of the selected novae also had a light curve
of sufficient cadence to constrain the date of the optical peak. In
Table 1, we present the nova sample, listing the date of first
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Table 1
The Nova Sample

Name to Discovery Fmax Vinax t Fermi Detected?”
(UT date) Ref.? (UT date) (mag) (days)
V1369 Cen 2013 Dec 02.7 (1) 2013 Dec 06.3 3.6 14 Y (13)
V5855 Sgr 2016 Oct 20.5 ?2) 2016 Oct 24.8 7.8 13 Y (14)
V549 Vel (ASASSN-17mt) 2017 Sept 23.4 3) 2017 Oct 17.4 9.0 100 Y (15)
ASASSN-17pf (LMCN-2017-11a) 2017 Nov 17.2 ) 2017 Dec 07.2 11.8 121 N
FM Cir 2018 Jan 19.7 5) 2018 Jan 28.7 6.4 150 N
V906 Car (ASASSN-18fv) 2018 Mar 16.0 6) 2018 Mar 26.5 5.8 44 Y (16)
V435 CMa 2018 Mar 24.5 @) 2018 Mar 29.0 10.3 60 N
V613 Sct 2018 June 29.6 8) 2018 July 01.0 10.5 52 N
V1706 Sco (ASASSN-19mo) 2019 May 13.2 9) 2019 May 22.0 12.3 108 N
ASASSN-19qv (SMCN-2019-07a) 2019 July 04.3 (10) 2019 July 06.4 11.2 15 N
LMCN-2019-07a 2019 July 29.1 €h)) 2019 July 31.4 10.9 20 N
V1707 Sco 2019 Sept 14.1 (12) 2019 Sept 16.0 11.5 6 Y (17)
Notes.

 Discovery references: (1) = Guido et al. (2013); (2) = Nakano et al. (2016); (3) = ASAS-SN (Stanek et al. 2017); (4) = ASAS-SN (Chomiuk et al. 2018);
(5) = Seach et al. (2018); (6) = ASAS-SN (Stanek et al. 2018); (7) = Nakamura et al. (2018); (8) = Sakurai et al. (2018); (9) = ASAS-SN (Stanek &
Kochanek 2019); (10) = ASAS-SN (Stanek 2019); (11) = Jacques et al. (2019); (12) = Itagaki et al. (2019).

® References for Fermi-LAT observations: (13) = Cheung et al. (2016); (14) = Nelson et al. (2019); (15) = (Li et al. 2017a, 2020, in prep); (16) = Aydi et al.

(2020); (17) = Li et al. (2019).

detection in eruption (#y) and a reference to the announcement
of discovery. We also list the time of optical peak (f,,x; or first
optical peak in the case of a nova with multiple peaks) and the
V-band magnitude at optical peak (V.x). Also cataloged are
the time for the light curve to decline by 2 mag from optical
peak () and whether the nova was detected by Fermi-LAT.
The quantities #y, fmax, Vmax,» and #, were derived using data
from ASAS-SN and the American Association of Variable Star
Observers (AAVSO; Kafka 2020; see Section 2.3). 1, is
measured as the duration between the first peak and the last
time the nova reaches 2 mag fainter than this peak.

2.2. Spectroscopic Observations
2.2.1. The Spectra of the 12 Nova Sample

We carried out medium-resolution optical spectroscopy for
several novae using the Goodman spectrograph (Clemens et al.
2004) on the 4.1 m Southern Astrophysical Research (SOAR)
telescope located on Cerro Pachén, Chile. Most observations
used a setup with a 2100 Imm ™' grating and a 0795 slit,
yielding a resolution of R ~ 5000 in a region centered on Ho
or Hf that is 570 A wide. The spectra were reduced and
optimally extracted using the APALL package in the Image
Reduction and Analysis Facility (IRAF; Tody 1986). A few
low-resolution spectra were obtained using the 400 1mm™'
grating and a 0”95 slit, yielding a resolution R =~ 1000 over the
wavelength range 3820-7850 A.

We also obtained spectra using the High Resolution
Spectrograph (HRS; Barnes et al. 2008; Bramall et al
2010, 2012; Crause et al. 2014) mounted on the Southern
African Large Telescope (SALT; Buckley et al. 2006;
O’Donoghue et al. 2006) in Sutherland, South Africa. HRS
was used in three distinct modes with a range of moderate to
high resolutions, yieldirlg R ~ 14,000, 40,000, and 65,000, over
the range 4000-9000 A. The primary reduction of the HRS
spectroscopy was conducted using the SALT science pipeline
(Crawford et al. 2010), which includes overscan correction,
bias subtraction, and gain correction. The rest of the reduction
was done using the MIDAS FEROS (Stahl et al. 1999) and

echelle (Ballester 1992) packages. The reduction procedure is
described by Kniazev et al. (2016).

We obtained high-resolution spectra from the ESO/MPG
2.2 m telescope with FEROS (Kaufer et al. 1999) and from the
ESO-VLT 8 m telescope with UVES Dekker et al. (2000). The
UVES data were reduced using the reflex environment
(Freudling et al. 2013) while the FEROS data were reduced
using the ESO-MIDAS data analysis software (Warmels 1992).

We also make use of publicly available medium- and high-
resolution spectra from the Astronomical Ring for Access to
Spectroscopy (ARAS?"; Teyssier 2019). For nova ASASSN-
17pf, we use data from Aydi et al. (2019). These data were
obtained using the Magellan Inamori Kyocera Echelle (MIKE)
spectrograph mounted on the Magellan Clay telescope
(Bernstein et al. 2003; Shectman & Johns 2003) and the
Echelle Spectrograph mounted on the 2.5 m Irénée Du Pont
Telescope.

In Table 2, we present the details of all spectroscopic
observations, such as the times of the spectroscopic observa-
tions relative to optical peak (f; — fnax), the instruments used,
the resolution (R) of the spectra, and their spectral ranges.

2.2.2. Additional Observations of Specific Novae

Nova V906 Car and FM Cir were two bright, naked-eye
novae for which we have dedicated, high-resolution spectra
during the rise to maximum and early decline phases.
Therefore, in Sections 3.3 and 3.4, we discuss in detail the
early spectral evolution of these two novae, respectively. The
spectra obtained over the first 30 days of the eruption of nova
V906 Car are presented in Aydi et al. (2020), and a log of these
observations can be found in Table D1 in the Appendix.

The premaximum spectra of nova FM Cir, during the first
week of the eruption, were obtained using the CHIRON echelle
spectrograph (Tokovinin et al. 2013) mounted on the CTIO
1.5 m telescope. All observations were made in queue mode by
professional observers. Integration times were typically 10

20 http:/ /www.astrosurf.com /aras / Aras_DataBase /Novae.htm
21 http: //www.Ico.cl/?page_id=904
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Table 2
Log of the Spectroscopic Observations of the Novae in Our Sample
Name ti1 — tmax Instrument R A Rgnge tor — tmax Instrument R A Rgnge
(days) A) (days) (A)

V1369 Cen -1.0 ARAS 11,000 6400-6720 3.0 FEROS 59,000 3750-9000
V5855 Sgr -14 ARAS 1,500 3800-7260 7.2 ARAS 1,500 3800-7260
V549 Vel —13 SOAR-Good. 5,000 4500-5170 41.9 SOAR-Good. 1,000 4500-5170
ASASSN-17pf —4.0 Mage-MIKE 65,000 4850-4920 3.0 Du Pont 40,000 4840-4905
FM Cir -0.3 SALT-HRS 67,000 3900-8800 4.3 SALT-HRS 67,000 3900-8800
V906 Car —4.4 VLT-UVES 59,000 3050-9000 L5 VLT-UVES 59,000 3050-9000
V435 CMa —0.2 ARAS 9,000 4000-7500 5.8 ARAS 9,000 4000-7500
V613 Sct -0.2 ARAS 11,000 4250-7550 2.8 SALT-HRS 14,000 3900-8800
V1706 Sco —0.0 SALT-HRS 14,000 3900-8800 7.9 SALT-HRS 14,000 3900-8800
ASASSN-19qv -0.0 SOAR-Good. 1,000 4050-8000 3.8 SALT-HRS 14,000 3900-8800
LMCN-2019-07a -0.0 SOAR-Good. 5,000 4500-5170 1.8 SOAR-Good. 5,000 4500-5170
V1707 Sco —0.0 SOAR-Good. 5,000 4500-5170 1.8 SALT-HRS 14,000 3900-8800

Table 3 with multiple peaks/flares, we consider the peak as the date

able

Log of the Spectroscopic Observations of the Very Fast Novae V659 Sct
(ASASSN-19aad) and V407 Lup (ASASSN-16kt)

Name tor — tmax Instrument R
(days)

V659 Sct 5.3 SOAR-Goodman 5,000
V407 Lup 5.0 VLT-UVES 59,000

minutes in a single integration, but multiple integrations were
obtained and summed on some nights. Spectra were taken in
both “fiber mode,” with 4 x 4 on-chip binning yielding a
resolution of R = 27,800, and with the image slicer (“slicer
mode”), with 3 X 1 on-chip binning yielding a resolution of
R ~ 78,000 over the range of 4100-8900 A. A log of these
observations is presented in Table D2.

2.2.3. Sample Bias and Very Fast Novae

Our sample is biased toward slower evolving novae, because
faster novae rise to maximum in <1 day and therefore are more
challenging to observe before peak. We have obtained
postmaximum spectra of two very fast novae (V407 Lup and
V659 Sct). We did not have premaximum spectra for these
objects, so they are not included in our main sample. Still, these
postmaximum spectra, obtained using VLT-UVES and SOAR
during the early decline, are useful for extending conclusions
about spectral evolution to the fastest-evolving ejections. The
log of these observations is listed in Table 3.

2.3. Light Curves

We construct an optical light curve for each nova using V-
and/or g-band data from ASAS-SN and the AAVSO. For some
novae, we augment V and g light curves with visual and CV
(unfiltered observations with V magnitude zero-point). We
present the light curves for all the novae in the sample in
Appendix A (Figures A1-A12). These light curves are plotted
around optical peak to highlight the early evolution and show
the dates of the spectroscopic observations on the plot. The
peak is measured from the V- or g-band light curves as the date
when the light curve reached its highest brightness. For novae

when the light curve reaches its first peak.

3. Results and Analysis

In this section, we first present the early spectral evolution of
the Balmer lines for all of the novae in our sample. Then, we
present a more detailed view on the spectral evolution of novae
V906 Car and FM Cir, considering lines beyond the H Balmer
series and including THEA lines during the rise to peak and
early decline. At the end, we highlight some general trends that
we noticed in these two novae and other well-observed novae
in our sample.

3.1. Consistent Evidence for Two Flows in All the Novae of
Our Sample

In Figures 1 and 2, we present the Ha: or Hf line profiles,
shortly before and after optical peak, for each nova in our
sample. The novae are grouped in increasing order of the full
width at zero intensity (FWZI) of the postpeak emission lines
for a better illustration. The reason we choose to highlight the
evolution of the Balmer lines for all novae is that several of our
medium- and high-resolution spectra cover limited spectral
ranges centered on Ha: or HB. Additional lines are studied for
some well-observed novae in our sample and will be discussed
in the following sections.

All of the novae show a similar spectral evolution: before
optical peak, the emission lines show P Cygni profiles with
absorption troughs at velocities ranging between —200 and
—1000 kms ™', correlated with the speed class of the nova.
Shortly after optical peak, a broad emission component
emerges with the base of the emission extending to velocities
>1000 kms~" (more than twice the velocity of the premax-
imum component), while the preexisting P Cygni profiles are
superimposed on top of the broad emission-line profiles. The
broad emission is sometimes accompanied by a blueshifted
absorption feature that is relatively weak compared to the
emission. For some of the fast novae in our sample, such as
V1707 Sco (Figure 2), the narrow component is difficult to see
after optical peak without a zoom-in on the absorption of the P
Cygni profile. This is mainly due to the nova being very fast
and thus the absorption feature weakening rapidly.

Hereafter ,we call the premaximum P Cygni profile the
“slow component” and the postmaximum broad emission +
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Figure 1. The line profiles of Ha or HB before (top) and after (bottom) optical peak for novae LMCN-2017-11a (ASASSN-17pf), FM Cir, V1706 Sco (ASASSN-
19mo), V906 Car (ASASSN-18fv), V1369 Cen, and V435 CMa. The red dashed lines represent the rest velocity (v, = 0 km s~ 1). The blue and green dashed lines
represent the velocities of the slow and fast components, respectively; they are centered at the minima of the absorption features or the edge of the broad emission. The
numbers in brackets are the day of observation relative to the optical peak (f; — f,.x). Heliocentric correction is applied to the radial velocities in all the plots

throughout the paper.
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Figure 2. Same as Figure 1, but for the novae V613 Sct, LMCN-2019-7a, ASASSN-19qv (SMCN-2019-7a), V5855 Sgr, V549 Vel (ASASSN-17mt), and
V1707 Sco. Note the broader velocity scale here, as compared with Figure 1; the novae plotted here show relatively fast outflows.

higher-velocity P Cygni absorption the “fast component.” quantitative comparison between modern one-dimensional
These are probably the same as the “premaximum” and spectra extracted from CCD images and reproduced older
“diffuse-enhanced” systems of McLaughlin (1944), though two-dimensional photographic plate spectra is challenging.
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Figure 3. The Ha line profiles of the very fast novae V407 Lup (left) and
V659 Sct (right), taken around 5 days after their respective optical peaks.
Despite the very rapidly evolving light curves of these novae, we still observe
the slow (blue dashed line) and fast (green dashed line) components coexisting
in their line profiles. The red dashed line represents v,,q = 0 km s~
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The coexistence of the slow and fast components indicates
the presence of at least two physically distinct flows, a slow and
a fast one. The superimposition of the slow P Cygni profile on
top of the broad emission indicates that a significant portion of
the fast flow is inside the slow flow. We return to these points
in Section 4.1.

3.2. Very Fast Novae

The light curves of very fast novae reach optical peak in
roughly a day, which makes it challenging to obtain spectro-
scopic observations before peak brightness (Warner 2008). For
the fast novae in our sample, which we manage to observe
before or at optical peak (V1707 Sco and ASASSN-19qv in
Figure 2), we observe the same spectral evolution as seen in
slower novae.

For other very fast novae, observations before optical peak
were not feasible, but the postmaximum spectra still show
evidence of the slow and fast components. In Figure 3, we
present two additional examples of very fast novae, V407 Lup
(ASASSN-16kt) and V659 Sct (ASASSN-19aad). These novae
have 7, ~ 3 days (Aydi et al. 2018) and 6 days (based on
AAVSO data), respectively. The Ha line profiles of both novae
show a slower P Cygni profile superimposed on top of a
broader emission base. This is additional evidence that the two-
flow scenario is common to all novae, regardless of their speed
class.

3.3. The Spectral Evolution of Nova V906 Car

Nova V906 Car (ASASSN-18fv) was discovered in eruption
in March 2018 by ASAS-SN (Stanek et al. 2018) and peaked at
~5mag in the optical. The nova was observed extensively
from radio to 7-ray and has already been the topic of multiple
studies (Aydi et al. 2020; McLoughlin et al. 2020; Molaro et al.

2020; Pavana et al. 2020; Sokolovsky et al. 2020; Wee et al.
2020). Aydi et al. (2020) detected a correlation between flares
in its optical and 7-ray light curves, which led them to conclude
that shocks are the source of a substantial fraction of the nova
optical luminosity (in contrast to the standard picture of a
nuclear-burning white dwarf powering the bolometric lumin-
osity). High-resolution optical spectra were obtained for this
moderately fast nova during the rise and early decline, with a
cadence of around 1 day, making it an ideal case to study the
spectral evolution of novae near optical peak.

Figure 4 shows two full spectra of V906 Car, obtained
before and after optical peak. In addition to the typical nova

Aydi et al.

emission lines of HI, Fell, and OI, the spectra are
characterized by large numbers of absorption features, which
we associate with THEA lines and which we discuss in
Section 3.3.4. These lines appears less prominent in the
postmaximum spectrum because at this stage, the emission
lines become very strong.

3.3.1. The Balmer Lines

In Figures 5 and 6, we plot the line profile evolution of Ha
and HS for V906 Car. During the rise to maximum, the lines
show P Cygni profiles with absorption troughs centered at
blueshifted velocities of ~200-250kms~"' (the slow comp-
onent). The emission components of the P Cygni profiles fade
relative to the continuum during the rise to maximum, as the
equivalent width (EW) of the emission components weakens
from EW = —5 A on day —4 to EW = —0.3 A around peak.

Around a day after peak, a broad emission-line component
emerges with the P Cygni profile superimposed on top of it.
The broad emission is accompanied by a broad and relatively
shallow P Cygni absorption component at ~—1200 kms ™' (the
fast component). Note how suddenly this fast component
appears, between day O and 1. The fast emission-line
component gradually broadens after optical peak, and its P
Cygni absorption moves blueward. After the light curve peaks,
the premaximum P Cygni profile changes gradually into a
double-peaked emission profile, which becomes prominent
around 10 days after optical peak.

3.3.2. The Fell (42) and O I Lines

The other prominent lines in the spectrum such as the FeII
(42) multiplet and OT lines show the same spectral evolution as
the Balmer lines (Figure 7). They start with premaximum slow
P Cygni profiles, and later develop another broader P Cygni
component, while the original slow absorption remains super-
imposed on the fast component, showing that this evolution is
consistent across the different prominent lines.

3.3.3. The Intermediate Component

A closer look at the low velocities of the prominent lines
shows that at optical peak a new distinct component appears at
a VGIOCIty of around —300km s~ coex1st1ng with the slower
premaximum component at —200 km s~! (see Figure 8, where
we plot the NaI D, HI, Fell, and OT lines, focusing on the
lower velocities). This intermediate-velocity system is what
McLaughlin calls the “principal system” (McLaughlin 1944;
Payne-Gaposchkin 1957), and we call it the “intermediate
component,” hereafter. While initially blended with the slower
premaximum component, a few days after peak, the inter-
mediate component starts replacing the slower, premaximum
component. Moreover, both components move blueward,
showing a gradual acceleration after peak. In Section 4 we
interpret the origin of the intermediate component.

For the NaI D line the slow component disappears after a
couple of days from peak, while for the Balmer lines the slow
component lasts a bit longer and stays dominant until around 4
days after peak, when the intermediate component starts
replacing it. This means that comparing the Balmer line
evolution near optical peak for other novae and assuming that
the same slow component is still superimposed on the fast
component a few days after optical peak are reasonable.
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Figure 4. UVES high-resolution spectra of nova V906 Car. The numbers in brackets are days relative to optical peak. Prominent lines are labeled, and telluric features
are marked with an Earth symbol.
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Figure 5. The evolution of the He line profile of nova V906 Car. The numbers in brackets are days relative to optical peak. The red vertical dashed line represents
Viaa = O km s~ ! (rest wavelength). The blue vertical dashed line marks a velocity of —250 km s'to highlight the velocity variation of the slow component. The green
dashed line marks a velocity of —1200 km s~ to highlight the velocity variation of the fast component. The profiles shown in blue with a centered “notch™ are
saturated and are shown to illustrate the changing width of the fast component (see Aydi et al. 2020).
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Figure 6. The evolution of the Hf line profile of nova V906 Car. The red vertical dashed line represents v;,q = 0 km s7! (rest wavelength). The blue vertical dashed
line marks a velocity of —200 km s~ to highlight the velocity variation of the slow component. The green dashed line marks a velocity of —1100 km s~ to highlight
the velocity variation of the fast component. The numbers in brackets are days relative to optical peak.

3.3.4. The THEA Lines

The spectra of nova V906 Car show a large number of
THEA lines present from the first epoch obtained 4 days before
optical peak (see Figure 4). We show some of the THEA lines
in comparison with the Nal D2 line at 5889.9 A in Figure 9.
More THEA lines are plotted in Figures B1-B4.

Four days before peak, the lines show an absorption feature
at around —200kms ™' (consistent with the slow component
seen in other lines). Around optical peak, a new system appears
at a velocity of around —300kms~ ', coexisting with the
slower feature (the intermediate component). A couple of days
after peak, the intermediate component replaces the slower,
premaximum system and shows a gradual acceleration.

Unlike the Na1 D, HI, Fell, and O1 lines, we do not detect
the “fast component” of ~—1200km s~ in the THEA lines. In
Figure B5, we show some THEA line profiles plotted with an
extended velocity scale to —1500km s~ to show the absence
of a fast component. It is possible that the THEA lines do not
develop a fast component, or that the fast component in the
THEA lines is too weak to be detected. We compare the EW of
the premaximum components of the Fell (42) lines with the
EW of the same components in THEA lines. The THEA EW
are 0.1 x—0.6x the EW of the Fe II lines. Therefore, if the line

ratio between the slow and fast components in a specific
transition is the same for all transitions (e.g., the EW ratio
between the slow and fast components of Fe I 5018 is equal to
that of the THEA lines), we should expect to detect the fast
component in some THEA lines, particularly the stronger ones.
However, the optical depth of some transitions of Fe Il (42) is
larger than for the THEA lines and therefore might affect this
ratio. Also, the difference in densities and possibly abundances
between the fast and slow flows might be another reason for
why we do not observe a fast component in certain transitions,
particularly the THEA lines.

Except for the fast component, the THEA lines show the
same evolution as the Nal D, Fell (42), and OI lines
(Figure 8). That is, they develop the same slow and
intermediate components at approximately the same velocities
at approximately the same time.

3.4. The Premaximum Spectral Evolution of THEA Lines in
Nova FM Cir

Nova FM Cir was another bright nova (peaking at ~5 mag),
discovered in January 2019 by Seach et al. (2018). The nova
rose to peak in around 9 days, allowing dedicated premaximum
spectroscopy on a daily cadence. In Figure 10, we present the
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Figure 7. The line profile evolution of one of the Fe 11 (42) and O 1 lines for nova V906 Car. The red vertical dashed line represents v,,g = 0 km s71 (rest wavelength).
The blue vertical dashed line marks a velocity of —200 km s~ highlighting the slow component. The black dashed line marks a velocity of —1200 km s~
highlighting the fast component.
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Figure 8. The line profile evolution of some of the Balmer, Fe 11 (42), and O I lines in comparison with one of the THEA lines and Na I D2 for nova V906 Car. The
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Figure 9. The line profile evolution of a sample of THEA lines plotted in comparison to Na D2 at 5889.9 A for nova V906 Car. The red vertical dashed line
represents v,q = 0 km s~ (rest wavelength). The blue vertical dashed line marks a velocity of —200 km s, highlighting the slow component. The black dashed line
marks a velocity of —300 km s, highlighting the intermediate component.
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Figure 10. The premaximum line profile evolution of a sample of THEA lines for nova FM Cir. The red vertical dashed line represents v, = 0 km s7! (rest
wavelength). The blue vertical dashed line marks a velocity of —550 km s, highlighting the slow component. The magenta vertical dashed line marks a velocity of
—730 km s~'. The numbers between brackets are days relative to optical peak.

evolution of some of the THEA lines during the rise to optical
peak. Initially, we observe a broad absorption component at a
velocity of around —730kms~' (highlighted in magenta),
which disappears in ~1 day, as the narrower slow component
(at a velocity of —550 km s~ ') becomes dominant. While rising
to peak, the absorption troughs of the slow component moves

11

redward, receding to a velocity of around —400km s~ ' near

peak. The implications of this apparent deceleration is
discussed in the following sections. A gap in our spectroscopic
coverage after peak, followed by secondary maxima, compli-
cates the later spectral evolution and identification of the
principal component for this nova.
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Figure 11. For each of four novae, the V-/g-band light curve (top panel) is compared with the evolution of velocity for the slow Ha and/or H3 component (bottom
panel; measured as the velocity of the absorption trough center). Novae V906 Car, V435 CMa, V549 Vel, and V5855 Sgr are shown. The black dashed lines represent
the date of the optical peak. For V906 Car, we use the BRITE optical light curve from Aydi et al. (2020); all others are from AAVSO/ASAS-SN (Section 2.3). The
blue dashed lines in some panels represent the tentative replacement of the slow component by the intermediate component.

3.5. Additional Conclusions about the Early Spectral Evolution
of Novae

In this section we list some of the aspects of the spectral
evolution we found in novae V906 Car, FM Cir, and the other
novae in our sample. For some novae, particularly those with
slowly evolving light curves, it was feasible to obtain multiple
spectra before the light curve reached its optical peak. In
Figure 11 we present the evolution of the velocity of the
absorption trough of the slow component of Ha and/or HS in
comparison to the optical light curves for novae V906 Car,
V453 CMa, V5855 Sgr, and V459 Vel. The full evolution of
the line profiles for the last three novae are also presented in
Figures C1 and C2. In addition to the early slow component,
followed by—and superimposed upon—a fast component

12

(Section 3.1), we find several other intriguing patterns in their
spectral evolution:

1. A premaximum deceleration of the slow component. The
trough of the blueshifted absorption feature moves
redward while the nova is rising to its peak (Figure 11).

2. A gradual postmaximum acceleration of the slow
component. After the nova reaches optical peak, the
troughs of the blueshifted absorption features of the slow
component move blueward. We observed the same
acceleration in the intermediate component as well, in
nova V906 Car. Nova V5855 Sgr shows a sudden large
increase in the velocity of the slow P Cygni absorption
component 2 days after peak (see Figure 11). This is
likely due to the slow component being replaced by the
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intermediate component. A distinction between the slow
and intermediate components was not feasible for this
nova due to the poor cadence. McLaughlin (1944) noted
that dedicated monitoring is needed to simultaneously
detect the slow and intermediate components.

3. A postmaximum acceleration of the fast component.
Similar to the other components, the fast component
appears to accelerate (the emission-line base gradually
broadens and the broad absorption feature moves blue-
ward; see Figures 5 and 6). This line broadening has been
observed in many novae after peak (see, e.g., Friedjung
2011 and references therein).

4. Discussion
4.1. A Universal Ejection Scenario

The coexistence of the premaximum P Cygni profile (slow
component) on top of the broad emission lines (fast
component), and the large velocity difference between these
two spectral components, leads us to conclude that there are at
least two physically distinct flows. Because all of the novae in
our sample follow the same spectral evolution, we suggest that
this behavior is common and may even be ubiquitous in
classical novae.

Our findings here echo the results of McLaughlin (1947, p.
248), who states:

The broad emissions of the “diffuse-enhanced”
system extend across the emission and absorp-
tion of the same lines from the principal shell.
Nevertheless, the principal absorption remains
strong and well defined, without the filling in
that would surely occur if the atoms that pro-
duce the “diffuse-enhanced” emission were
outermost.

McLaughlin concludes that “the ‘diffuse-enhanced’ emission
and absorption must be assigned to a P Cygni-—like expanding
atmosphere close to the central star and wholly inside the
principal shell.” Decades worth of progress in spectroscopic
observations leave these basic conclusions unchanged. In order
for the slow absorption to be superimposed on the broad
emission, much of the ejecta associated with the fast or diffuse-
enhanced components must be located at smaller radius,
compared to the slow or premaximum ejecta.

McLaughlin (1964) pictured the two ejections as spheres,
with the fast component entirely within the slow component.
However, given their relative velocities, the fast component
should quickly catch up with and grow beyond the confines of
the slow component. Let us take, for example, V906 Car. The
slow component expands at ~200 km s~!, and we assume that
it is expelled at the beginning of optical rise (11 days before
optical peak; Aydi et al. 2020). The fast component is observed
to begin expanding ~12 days later, a couple of days after peak,
at ~1200km s~ '. This implies that the fast component would
catch up with the slow component just 2.4 days after the launch
of the fast component (i.e., 14.4 days after the start of the
optical eruption). The fact that the fast component is not clearly
seen to decelerate around this time and instead actually
accelerates (Figure 5) implies that some portions of the fast
flow continue to freely expand beyond the radius of the
slow flow.
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Therefore, the spectroscopic observations imply that the two
ejections are aspherical, as illustrated in Figure 12. Although
the fast flow begins after the expansion of the slow component,
it is able to expand relatively freely and unimpeded in the polar
directions. Absorption associated with the slow component
weakens over time, as the emitting area of the fast component
expands beyond the extent of the slow flow.

Chomiuk et al. (2014), Metzger et al. (2015), and Li et al.
(2017b) have suggested a similar scenario to explain high-
resolution images, y-ray emission, and shock formation in
novae. Initially, parts of the accreted envelope expand due to
the energy of the thermonuclear runaway and engulf the binary
system in a common-envelope stage. The binary motion might
help to expel the envelope due to frictional drag (e.g.,
MacDonald et al. 1985; Shankar et al. 1991; though see Kato
& Hachisu 1991a, 1991b for another view), or at least direct the
ejection, concentrating it in the orbital plane (Livio et al. 1990;
Lloyd et al. 1997). This manifests as a slow flow with P Cygni
spectral line profiles and velocities <1000km s~ ', apparent
from the earliest times in the eruption (i.e., during the light
curve rise to its peak).

The slow flow is followed by a faster wind, which
propagates more freely in the bipolar direction because the
slower flow is concentrated in the equatorial plane. The origin
of the fast flow is possibly a radiation-driven wind from the
continuous nuclear burning on the surface of the white dwarf
(Bath & Shaviv 1976; Kato & Hachisu 1994). As discussed in
Section 4.2, the interaction of the two flows gives rise to high-
energy emission and additional spectral features.

4.2. The Origin of the Intermediate Component and the Link to
~-ray-emitting Shocks and Optical Peak

McLaughlin (1944, 1947) pointed out that the intermediate
component (principal spectrum) appears a ~few hours to a
couple of days after optical peak and has an intermediate
velocity between the slow and fast components. The observed
change is quite abrupt and both components (slow and
intermediate) coexist for a few days.

As stated by McLaughlin (1943, p. 191), the intermediate
component originates in a swept-up shell, but it is unclear if it
is swept up by shock interaction or radiation pressure:

At this point we must attempt to account for the
emergence of the principal spectrum and the
disappearance of the premaximum one. In Nova
Herculis, Russell suggested that an inner and
swifter shell of gas swept up the outer one. If
that were a unique case we might accept such an
interpretation, but it taxes one’s credulity to
suggest that each nova had two such discrete
shells and that the inner one has overtaken the
outer one just after maximum light in each case.

One possibility appears to be that the temp-
erature of the inner star has continued to rise,
with consequent increase of the radiation pres-
sure which acts upon the thick “shell” from
within. This may become so great that it blows
the inner layers right through the outer ones...
This is admittedly the most conjectural feature
of the suggested model.
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Figure 12. Our proposed universal model of nova ejection: (a) before optical peak, the accreted envelope puffs up due to energy output from the thermonuclear
reactions, engulfing the system in a common-envelope phase and becoming concentrated in the equatorial plane (e.g., Livio et al. 1990; Chomiuk et al. 2014;
Sokoloski et al. 2017). This is the slow or premaximum component. (b) A continuous fast wind starts, driven by radiation from the ongoing nuclear burning on the
surface of the white dwarf (e.g., Bath & Shaviv 1976; Kato & Hachisu 1994). The fast flow could propagate more freely in the polar directions due to the oblate shape
of the preexisting slower ejecta. (c) As the fast flow collides with the slow flow, it leads to shock interaction and physically accelerates the slow ejecta. This interaction
could form a shell that sweeps through the slow flow and is the origin of the intermediate spectroscopic component (Friedjung 1987). This same interaction could
power the v-ray and a substantial fraction of the optical emission of the nova (Aydi et al. 2020). (d) Several days/months after optical peak, the continuous ejection of
the fast outflow stops, and the ejecta dissipate and become optically thin to the remnant nuclear burning on the white dwarf, observable as a supersoft X-ray source.

We argue that, in fact, the shock interaction hypothesis does
not “tax one’s credulity.” First, as shown in Section 3, the
presence of two flows is common to all the novae in our
sample. Second, as discussed in Section 4.1, it is inevitable that
the fast component will catch up with the slow component, and
given their relative velocities, this should occur soon after the
ejection of the fast component. Third, shocks internal to nova
ejecta appear to be common. More than 15 novae have been
detected with Fermi-LAT since 2010 as ~-ray sources (e.g.,
Ackermann et al. 2014; Cheung et al. 2016; Franckowiak et al.
2018), and even more as sources of hard X-ray or radio
synchrotron emission (e.g., Taylor et al. 1987; Mukai &
Ishida 2001; Mukai et al. 2008; Weston et al. 2016). The time
of ~-ray detection of novae coincides with their optical peak
and therefore around the same time as the intermediate
component emerges. If the intermediate component is the
result of the collision of the fast and slow flows, this could be
the same shock interaction responsible for the ~-ray emission.

Friedjung (1987) discussed the formation of the intermediate
component in the context of shock interaction between the fast
and slow flows. He hypothesizes that the shell created by the
shocked material sweeps through the slow flow, and when most
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of the slow flow is swept up, the slow component disappears.
Friedjung (1987) also pointed out that the shell responsible for
the intermediate component may lose its internal energy via
radiative cooling. Additionally, Friedjung (1987) derived a
shock temperature that would produce X-ray emission and
conjectures that it could be absorbed by the dense medium
ahead of the shell, explaining the lack of X-ray detection with
the limited X-ray facilities at the time.

McLaughlin (1943) noted that the emergence of the
intermediate component always occurs around optical peak,
so this timing cannot be a coincidence. In this case, correlation
may indeed imply causality: the interaction (shock) that creates
the intermediate component could also produce the optical
peak. This would explain the coincidence between the optical
peak and emergence of the intermediate component for all
novae. Munari et al. (2017) suggested that the optical light
curves of some novae around maximum can be decomposed
into one peak from the fireball expansion, followed by a
brighter “v-ray” peak powered by shock interaction. Li et al.
(2017b) and Aydi et al. (2020) demonstrated that ~-ray-
emitting shocks can indeed power a significant fraction of the
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optical luminosity during the early days of nova eruptions,
rivaling the radiative luminosity from the white dwarf.

4.3. The Premaximum Deceleration

The deceleration of the slow flow before optical maximum,
which we observe in some novae (Figure 11; particularly those
characterized by slowly rising light curves), could be explained
by two effects. First, it could be an optical depth effect. If the
slow flow is homologous (composed of ejecta with a range of
velocities, where v o r), as the slow flow expands, the
photosphere will retreat to slower-moving interior layers,
leading to a shift of the absorption to lower velocities
(Friedjung 1992; Mason et al. 2018).

The second possible explanation is that it is due to a real
physical deceleration of the slow flow. Unless the slow flow is
ejected with velocities substantially larger than the local escape
velocity, the material will quickly decelerate in the combined
potential of the secondary and the white dwarf, leading to an
observed deceleration in the spectral line profiles. Pejcha et al.
(2016) showed that mass ejected through the L2 outer
Lagrangian point could stay bound to the system, depending
on a number of parameters such as binary mass ratio,
temperature, and degree of corotation of the envelope.

Based on the observed velocities of the slow flows in most
novae (~500-1000kms™"), the average mass of the binary
system, and the estimated radius of the photosphere, we can
test if the second explanation is plausible. For a total system
mass of 1M, and a photospheric radius of 10" cm at
maximum light (see, e.g., Bath & Shaviv 1976; Bath 1978;
Kato & Hachisu 1994), the escape velocity from the system
would be around 50 kms~'. This value is small compared to
the observed velocity of the slow flow near optical peak. In
addition, we see a deceleration of around 150 km s~ !in FM Cir
during a week. This is 210 times larger than the expected
deceleration based on the gravitational potential of a ~1 M,
binary. All of these imply that the optical depth effect must be
the main contributor in the apparent velocity deceleration
observed before optical peak. Nevertheless, there is a chance
that some of the material near the binary system might not
reach escape velocities and fall back into the system.

4.4. The Postmaximum Acceleration

We also observe a gradual acceleration in the slow and
intermediate components after the optical peak (Figure 11).
Again, this is not a new result; for example, Hutchings (1970)
pointed out a similar movement of absorption components to
more extreme blueshifts as the eruption of LV Vul proceeded.

We suggest that this acceleration is caused by interaction
with the fast flow. Steinberg & Metzger (2020) show that, as
the fast outflow adds momentum to the swept-up shell
separating the fast and slow outflow components, this can
manifest as an acceleration in the spectral lines of the
intermediate-velocity component (assuming the latter is
generated in the shell).

The fast flow also shows evidence for acceleration as the
base of the emission lines broaden with time and the
accompanying absorptions increase in velocity (see Figure 5).
The broadening of the fast spectroscopic component can
be explained as a wind whose velocity increases with time,
as expected for nova radiation-driven winds (Kato &
Hachisu 1994).
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4.5. The Origin of the THEA Lines

In Figure 9, we showed that the THEA lines of nova
V906 Car exhibit a slow (premaximum) component and an
intermediate component, essentially identical to the velocities
and evolution demonstrated in the HI, FeII, O 1, and Nal lines
(Figure 8). Therefore, the THEA absorptions originate from the
same body of gas responsible for the P Cygni profiles in
prominent lines, which we associate with the slow nova ejecta.

The THEA lines observed in nova FM Cir (Figure 10) shows
an apparent deceleration by around 150km s~ ' during the rise
to optical peak. In addition, the lines appear to be broader
initially, and they become narrower as the nova rises to peak.
Again, this mimics the evolution of more prominent lines
associated with the slow ejecta, like Fe II.

As discussed in Section 3.3.4, no fast component is
associated with the THEA lines. Although this could be an
optical depth effect (i.e., the THEA lines are too weak to be
detected in the fast flow), it is possible that this observation
denotes a real absence. The THEA lines are s-process elements,
and therefore, it is unlikely that they are synthesized during the
thermonuclear runaway. The THEA elements that are accreted
onto the white dwarf throughout the years prior to the nova
eruption might selectively diffuse into the white dwarf interior
(Williams et al. 2008). It is therefore possible that these
elements are freshly accreted onto the white dwarf or that they
still reside in the accretion disk prior to the eruption and thus
are ejected during the early common-envelope phase.

4.6. Alternative Scenarios

In this section we explore alternative explanations for the
origin of the different absorption systems.

4.6.1. Circumbinary Material?

As mentioned in Section 1.2, Williams et al. (2008) and
Williams & Mason (2010) suggested a circumbinary reservoir
as the source of the THEA lines. However, these studies missed
the presence of similar low-velocity components in the HI,
FeII, and O1 lines during the premaximum stage. This suggests
that the THEA lines are associated with the nova ejecta rather
than a circumbinary reservoir. If the THEA lines and the slow,
premaximum P Cygni profiles of HI, Fe II, and O I all originate
in a preexisting circumbinary reservoir, then there would be no
features in the premaximum spectra to explain and associate
with the rise to peak phase, when the nova brightness increases
by 8 to 15 mag.

Similar to the other lines in the spectra, the THEA lines show
deceleration during the rise to optical peak (Section 3.4), which
is consistent with a photosphere receding through expanding
ejecta (Section 4.3), rather than a preexisting circumbinary
reservoir of gas. Before eruption and in its early stages, we
would expect the CSM to exhibit constant velocity. In later
stages, Williams et al. (2008) and Williams & Mason (2010)
used the acceleration of the THEA lines observed postmax-
imum to argue for a circumbinary origin, with the CSM
accelerated outward by the radiation pressure from the white
dwarf.

Williams (2012, 2013) argues that the intermediate comp-
onent (and potentially the slow component), along with the
THEA lines, is ablated/irradiated from the secondary star
rather than originating from the white dwarf. He cites as
evidence the velocities of these components that are consistent
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with the escape velocities of the secondary star (~a few
hundreds km sfl). While this is true for slow novae, faster
novae such as ASASSN-19qv and V1707 Sco show premax-
imum P Cygni profiles with absorption troughs at velocities
>1000-2000 km s~ ', much higher than the escape velocities of
the secondary star (see Figure 2). In addition, we observe a
correlation between the velocities of the slow and fast flows
with that of the speed class of the nova (see the marked
velocities in Figures 1 and 2). McLaughlin (1944) also points
out that the fast component always has around twice the
velocity of the intermediate component (see also Gallagher &
Starrfield 1978). This means that both the slow/intermediate
flows and their velocities are associated with the eruption and
not with the secondary star.

The first spectra of nova FM Cir show a component in the
THEA lines at around 800 km s~ ' (marked by magenta lines in
Figure 10) coexisting with the slow component (550 kms™")
before disappearing in one day. The large velocity and behavior
of this component is also not consistent with a preexisting
circumbinary reservoir. The origin of this early component
could be early ejection of a small body of gas during the
thermonuclear runaway (TNR). This low-density body of gas
dissipates rapidly before the bulk of the ejecta expands and
engulfs the binary. We see a similar behavior in the early
spectra of nova V435 CMa (Figure C1).

Recently, McLoughlin et al. (2020) suggested the presence of
a circumbinary disk rich with Fe and O in nova V906 Car. Their
evidence consists of particular emission lines of Fe Il at 5991 A
(46), 6432 A (40), 6456 A (74), and 6516 A (40), in addition to
[O1] 6300 A, which are characterized by double-peaked profiles
and modest expansion velocities (FWZI ~ 900 km sfl).
These lines do not develop a broad emission component
(FWZI =~ 2500 kms™ ") like the other lines in the spectrum,
such as HI, and other transitions of OI and Fell (42).
McLoughlin et al. associate these double-peaked emission lines
with a circumbinary disk and suggest that this disk could also be
responsible for the THEA lines.

In Figure 13, we plot two of these lines in comparison with
HB and Fell 5018 A (42). All four lines show “slow
component” P Cygni profiles before optical peak, as do other
lines in the spectrum. After optical peak, all of the lines also
develop an intermediate component. A few days after optical
peak, the Fell (40) and (46) lines develop a double-peaked
narrow emission, but not a fast component. The narrow double-
peaked emission is not unique to these lines and is present in
the other lines in the spectrum, such as the Balmer and Fe Il
(42) lines, but these other lines are superimposed on top of a
broad emission (see also Figure 6). The spectral evolution of
the lines presented in McLoughlin et al. (2020) is then similar
to other prominent lines associated with the ejecta, and
therefore, it is reasonable to associate them with the slow flow
rather than a circumbinary disk. The slow flow could propagate
aspherically, leading to the observed double peak in the slow
component emission profiles.

One explanation for the absence of a fast component in the
Fe II (40 and 46) multiplet lines could be the f value (oscillator
strength) of these transitions. The f values of the Fell (42)
multiplet transitions are ~10*3—10*2, while the f values of the
Fe 11 (40 and 46) multiplets are ~107>. The two to three orders
of magnitude smaller f values for the (40 and 46) multiplets
could result in relatively weak, and possibly undetectable,
broad emission lines produced by the lower-density fast wind.
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4.6.2. A Single Ballistic Ejection?

Shore et al. (2011, 2013, 2016) and Mason et al. (2018,
2020) model nova line profiles as a single biconical and clumpy
ejection. When the (pseudo)photosphere recedes through the
homologously expanding ejecta, lines can appear to decelerate.
On the other hand, lines can appear to accelerate if a
recombination wave sweeps outward through the ejecta (Shore
et al. 2011). Mason et al. (2018) point out that some absorption
components are present at the same velocities in earlier spectra
(in low-ionization lines) and later spectra (in high-excitation
lines). This led them to conclude that the ejecta are stationary in
velocity, characterized by a single ballistic explosion. In this
scenario, shock signatures can be produced at early times if the
ejecta are expelled with a large range in velocities. Clumps will
crash into one another as the flow relaxes to homologous
expansion (Shore et al. 2013).

A single ballistic ejection cannot explain the early spectral
evolution of novae: specifically, a relatively slow absorption
component superimposed on fast emission. As pointed out
decades ago by McLaughlin, the fact that the slow component
is seen in absorption necessitates that it is external to the fast
component—and this, in turn, necessitates that the fast
component must have been ejected after the slow component
(Section 4.1). Mason et al. (2018, 2020) did not tackle the early
spectral evolution of the novae they consider; instead, their
observations are obtained at later stages (more than 100 days
after eruption). During this late stage, the ejecta probably are
expanding ballistically, after the mass loss has ceased. On the
other hand, Hauschildt et al. (1994, 1995, 1996, 1997) were
able to explain many aspects of the early spectra of novae with
a single ballistic ejection, but their models always predict lines
composed of a single P Cygni profile; they provide no
explanation for the slow/intermediate component superim-
posed on top of the fast component.

In addition, in a scenario where impulsively ejected clumps
of different velocities collide to produce the shocks and ~-rays,
these collisions should occur immediately and last no longer
than the impulsive ejection itself. Instead, we see that y-rays do
not appear until optical maximum and can remain detectable
for weeks (e.g., Cheung et al. 2016). In order to explain the
prolonged periods of ~-ray detection and other shock
signatures, mass ejection itself must be prolonged in time.

While a photosphere receding through homologously
expanding ejecta can reveal slower spectral components with
time, and while a recombination wave moving outward through
the ejecta might reveal faster components, neither phenomena
can explain the sudden appearance of an intermediate-velocity
component. Take, for example, V906 Car. Its intermediate
component appears at optical peak (day ~ 0; Figure 8), around
the same time as the fast component (Figure 5). The fact that
the fast component is visible would imply, in the ballistic
outflow scenario, that the recombination wave has reached the
outer extent of the ejecta. Meanwhile, the slow component is
also present (Figure 8), which would imply that inner ejecta are
contributing to the line profile. The appearance of the
intermediate component cannot be explained by changes in
opacity or ionization state of the ejecta and therefore implies an
actual change in the ejecta configuration (i.e., a new swept-up
shell). In addition, the acceleration of spectral components after
optical peak (e.g., Figure 11) is difficult to explain as a
recombination front, given that the fast component tracing the
outer ejecta is present in the line profile.
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Figure 13. The line profile evolution of a sample of Fe 11 5018 A and H/3 in comparison with Fe 11 5991 and 6516 A for nova V906 Car. The red vertical dashed line
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5. Summary and Conclusions

Based on the near-peak evolution of the Balmer line profiles
of all the novae in our sample and the spectral evolution of
novae V906 Car and FM Cir, we reached the following
conclusions:

1. All 12 novae show the same spectral evolution: before
optical peak, the line profiles are dominated by P Cygni
profiles characterized by slow velocities (<1000 kms ™).
After optical peak, a broad emission base emerges
characterized by faster velocities (more than double that
of the slow component), while the preexisting P Cygni
profile is superimposed on top of the broad emission
component.

2. The coexistence of the fast and slow spectral components
(slow P Cygni superimposed on top of the fast
component), the large difference in velocity between
them, and the abrupt transition of the spectral profiles in a
matter of ~a day indicate the presence of at least two
physically distinct flows. It also indicates that the faster
flow originates from inside the slower one.

3. For novae with multiple observations before and after
peak, we notice that the spectral components also show
similar velocity evolution. The absorption trough of the
slow component decelerates until peak, then accelerates.
The fast component accelerates once it appears.
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4. The THEA lines in nova V906 Car show the same

spectral evolution of the Balmer, Fell, and OI near
optical peak, except they do not show the emergence of a
fast component. In FM Cir, THEA lines in the premax-
imum spectra appear to decelerate during the rise to peak.
We argue that the THEA lines are associated with the
nova slow flow, rather than a preexisting circumbinary
reservoir of gas.

. The fast, internal outflow must be launched after the slow

outflow, but even so, it is expected to quickly catch up
with the slow outflow. However, the fast component
persists in the spectrum long after the time when collision
is expected, implying that the ejecta are likely aspherical
and the fast flow expands relatively unimpeded in some
directions.

. For nova V906 Car, we detect the emergence of an

intermediate component with slightly bluer velocities
compared to the slow component. This intermediate
component replaces the slow, premaximum one a few
days after optical peak. We suggest that this intermediate
component originates in a shell formed by the collision of
the slow and fast flows.

. Because all of the novae in our sample follow the same

spectral evolution, we suggest a common scenario to explain
the observations. The scenario consists of an initial ejection
of the slow flow, which could be expelled preferentially
in the orbital plane during a common-envelope phase.
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This is followed by a fast flow—Ilikely a radiation-pressure-
driven wind—which sweeps through the slow flow and
causes it to accelerate.

8. The shocks formed by the interaction between these two
flows could also be responsible for the 7-ray emission
observed in some novae and may power a significant part
of the optical emission of the nova, contributing to its
optical peak. This can help explain the coincidence of
timing commonly seen in novae: that the fast and
intermediate component appear just around optical
maximum.

The ~-ray luminosities of novae have been shown to span at
least two orders of magnitude (Franckowiak et al. 2018), but
the link between shock luminosity and nova properties—and
the cause of this diversity in 7-ray luminosity—remain poorly
understood (e.g., Finzell et al. 2018; Franckowiak et al. 2018).
To first order, we might expect shock luminosity to be
determined by the density and velocity of the ejecta (Metzger
et al. 2015). Because we can measure the differential velocity
between the fast and slow flows with optical spectroscopy, we
can use this to estimate the luminosity of the shock—if we
know the distance to the nova and have an estimate of the mass
of the ejecta from, e.g., radio observations (Chomiuk et al.
2012, 2014; Weston et al. 2016; Aydi et al. 2020). Future work
should be dedicated to making such observations for a large
sample of novae, in order to test theories about nova shocks
and ~-ray production, and to understand the diversity of shock
luminosities observed for «-ray-detected novae.

In this paper, we proposed a qualitative scenario explaining
the spectral evolution of novae near maximum light. The next
step would be to construct a quantitative model with radiation
hydrodynamical simulations to attempt to describe the
observed spectra. Given the modest size of our current sample
of early nova spectroscopy and the observed diversity of novae,
more premaximum spectral observations will also inform our
understanding of mass ejection in novae.
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Appendix A
The Optical Light Curves

In this appendix, we present the optical light curves of our
nova sample (Figures A1-A12). These light curves are
produced using V, g, CV (clear filter with V magnitude zero-
point) or visual data from ASAS-SN and AAVSO. The time
ranges were selected to highlight the timing of our spectro-
scopic observations around light-curve peak.
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Figure A1l. The optical light curve of nova V1369 Cen color- and symbol-coded as indicated in the legend. The black solid line represents the date of the first optical
peak (some novae exhibit multiple maxima). The red dashed line represents the date of the first optical spectrum, and the blue dotted line represents the data of the

second optical spectrum (see Table 1).

7.0 T v .
1 8 +
1 : Vis.
7.54 1 Lg% 0B V5855 Sgl‘
| Pae o bocv
10&32 o t{ § 'oogt?‘; ° ] + "4
8.0 f co® o gcnoo o:g .° og
1 @00d O om o o o
i o o o : o o o o
8.5 ol oo ¢ : ooo gog o
° : o
§ 2 : 0:10 oo
£ 90/ ! : o050
5 i : o oo o
g ] _ oo
951 o I :
1 : oo
o I .
° 1 . °
10.01 1 .
] : o o
1 5
10.54 : , * &
I : o
1 .
11.0 T T T - .
0 5 10 15 20 25

Days since t0

Figure A2. Same as Figure Al but for nova V5855 Sgr.

19

30



THE ASTROPHYSICAL JOURNAL, 905:62 (33pp), 2020 December 10

8 I
I
: V549 Vel v
8 ! ASASSN-17mt ¢ g
',
" * : L ]
101 I : =
1 . E* * "
£ 111 I g o o
g F .
= I
|
12 1 "
1
I
I
13 I
|
I
I
14 L . . i N ey . . . "
0 10 20 30 40 50 60 70 80 90 100 110 120
Days since t0
Figure A3. Same as Figure A1l but for nova V549 Vel (ASASSN-17mt).
R b g
12.0/ ASASSN-17pf ! j Lo
LMCN-2017-11a | ] :
I : t Vv
12.5 :‘t :
4
§13'0 4 ,"i .i 1
£ A |
& 13.5 " 1y ’.
= ' 1 ¥ "“ ) '
| 4 AL
: TR 1T
! LTS PP BN
14.51 I
|
I
|
15.0 .

5 10

15

20 25 30 35 40
Day since tp

Figure A4. Same as Figure Al but for nova LMCN-2017-11a (ASASSN-17pf).

20

Aydi et al.



THE ASTROPHYSICAL JOURNAL, 905:62 (33pp), 2020 December 10

5 -
I : -
I : . ¢ \Vis.
: : FM Cir Y
61 I - o
. o
-
e : o) w o
7] ¢ ol a0 %y R, 2|
:GD@&OOt v p 2.5 *Igeo, 1@l
§ I:*‘: 5 ™ o:cf ta%g) **: t;%
c 8 I :
3 I :
= I .
A :
] I .
9 I :
I ;
I .
I .
101 I :
I .
I .
| .
11 L, - - v - - ;
10 15 20 25 30 35 40 45 50
Days since t0
Figure AS. Same as Figure A1l but for nova FM Cir.
5.0 I .
1 2
ASASSN-18fv : : 4 Ccv
5.5 V906 Car : : } Vv
I .
1 -
1 :
6.0 I * *; :
1 *
® I ¥ & o
3 : 0* : ‘ x ¥ +
65 i s w: W b
o : ¢ i
S { : * o»
E = *
1 g
7.0 '+ 1 :
1 )
I .
1 .
1 & :
751 '§ 5
I .
* ¥ E
* : :
8.0 : = : : .
0 5 10 15 20

Days since t0

Figure A6. Same as Figure A1l but for nova V906 Car (ASASSN-18fv).

21

Aydi et al.



THE ASTROPHYSICAL JOURNAL, 905:62 (33pp), 2020 December 10

9 -
| :
| : ¢ cv
ol i 0 V435CMa  } Vv
| PR, N
[ T t g
> : *
*l *i**;s * i—*t n *
11 1 " .+ JSer S
i ; U L "I
| 5 ¢ *, %
s [ Hl 14
) | . w
o i :
@ :
= | .
| .
] ] H
13 i :
| H
| .
| .
144 | .
| a
| .
| .
15 i F ' . ‘ . ‘ . '
0 5 10 15 20 25 30 35 40 45 50
Days since t0
Figure A7. Same as Figure A1l but for nova V435 CMa.
10.0 -
: V613Sct + V
10.5 1
A
..
11.01 ,'l " 8
. ¥
. #a -
1ns{{| : ‘ '* o d 4*“
T “'w,
2 120{] : B
9 " f * *
= : *
12.51 % “
E *'* 2 !!* *y " *
1301 . ¥ = i .
: * * t*
. +*
13:55
14.0 : : . ; . :
0 10 20 30 40 50 60

Days since t0

Figure A8. Same as Figure A1l but for nova V613 Sct.

22

Aydi et al.



THE ASTROPHYSICAL JOURNAL, 905:62 (33pp), 2020 December 10 Aydi et al.

12 .
ASASSN-19mo T o
V1706 Sco :
13- b ;
v % }
. 1 ju Py } !
) s 5 §
: s
o 141 ’ . : t “‘uﬁ!’f
g H
2 :
= :
T |3 :
=5 ¢
16 1
174 : ; - ; ;
0 o] 10 15 20 25 30
Days since t0
Figure A9. Same as Figure Al but for nova V1706 Sco (ASASSN-19mo).
10.0 .
: ASASSN-19qv t g
10.51 SMCN-2019-07a
11.0
11.5 -
B :
=] :
£ 1200 . #
g 2
125 : . A
13.01 :
g : C
13.51
14.0 % — : ;
0 5 10 15 20

Days since t0
Figure A10. Same as Figure Al but for nova SMCN-2019-07a (ASASSN-19qv).

23



THE ASTROPHYSICAL JOURNAL, 905:62 (33pp), 2020 December 10

Magnitude

Magnitude

10.0

i : LMCN-2019-07a ¢ ¢

11.01
11.59
12.04
12.51
13.01

13.57

14.0 - : : . y .
0 5 10 15 20 25
Days since t0

Figure A1l. Same as Figure Al but for nova LMCN-2019-07a.

125

30

B0] o 4 V1707Sco ¢ ¢
1359 .
14.0 1
14.5 1
15.01

15.5 : ;

o | LEETEERY

17.0

0 5 10 15
Days since t0

Figure A12. Same as Figure Al but for nova V1707 Sco.

24

20

Aydi et al.



Aydi et al.

THE ASTROPHYSICAL JOURNAL, 905:62 (33pp), 2020 December 10

(Figures B1-B4). In Figure B5 we show some of the
THEA lines plotted in comparison to Na D, with velocities
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Figure BS. The line profile evolution of a sample of THEA lines plotted in comparison to Na D at 5889.9 A. The red vertical dashed line represents vy, = O kms ™'

(rest wavelength). The blue vertical dashed line marks a velocity of —200 km s, highlighting the slow component. The black dashed line marks a velocity of
—300 km s, highlighting the intermediate component. The green dashed line marks a velocity of —1200 km s~', highlighting the fast component, which can only be
seen in the Na D line.
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Appendix C
The Line Profile Evolution of Some Novae

In this appendix, we present the evolution of the line profiles
of Ha for novae V435 CMa, V5855 Sgr, and V549 Vel
(Figures C1 and C2).

V435 CMa
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Arbitrary flux

[+10.1]

Arbitrary flux

~1500 O 1500 -1500 O 1500 -1500 O 1500
Vrad (km/s) Vrad (km/s) Vrad (km/s)

Figure C1. The evolution of the Hor line profiles for nova V435 CMa. The red, blue, and green dashed lines represent v, = 0 km s ' (estimate of the line center),
—700 (the slow component), and —1100 (the fast component), respectively. The numbers in brackets are days after discovery. The numbers in brackets are highlighted
in blue and green for observations taken before and after the first optical peak, respectively. The one highlighted in red is taken during the second optical peak.
Heliocentric corrections are applied to all radial velocities.
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Figure C2. The evolution of the Ha line profiles for novae V5855 Sgr (top) and V549 Vel (bottom). In the top panel, the red, blue, and green dashed lines represent
v, = 0km s7! (rest wavelength), —900 km s7! (the slow component), and —1600 km s7! (the fast component), respectively. In the bottom panel, the red, blue, and
green dashed lines represent v, = 0 (rest wavelength), —950 km s~ (the slow component), —1500 km s~ ' (the fast component), respectively. The numbers in
brackets are days after discovery. The numbers in brackets highlighted in blue and green are for observations taken before and after the optical peak, respectively.
Heliocentric corrections are applied to all radial velocities.
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Appendix D
Complementary Tables

In this appendix, we present complementary tables including
logs of observations for nova V906 Car (Table D1) and
FM Cir (Table D2).

Table D1
Log of the Spectroscopic Observations of Nova V906 Car Adopted from Aydi
et al. (2020)
(ts — tmax) Instrument R Range
(days) (V)
—4 VLT-UVES 59,000 3050-9000
-2.5 VLT-UVES 59,000 3050-9000
-2 ARAS 11,000 6400-6720
-1 ARAS 11,000 6400-6720
-0.5 VLT-UVES 59,000 3050-9000
0 ARAS 11,000 6400-6720
+1 ARAS 11,000 6400-6720
+1.5 VLT-UVES 59,000 3050-9000
+2 ARAS 11,000 6400-6720
+4 VLT-UVES 59,000 3050-9000
+5 HERCULES 41,000 4000-10000
+6 ARAS 11,000 6400-6720
+7 HERCULES 41,000 4000-10000
+8 ARAS 11,000 6400-6720
+9 HERCULES 41,000 4000-10000
+10 HERCULES 41,000 4000-10000
+11.5 VLT-UVES 59,000 3050-9000
+13.5 VLT-UVES 59,000 3050-9000
+14 ARAS 11,000 6400-6720
+16 ARAS 11,000 6400-6720
+16.5 VLT-UVES 59,000 3050-9000
+20.5 SALT 67,000 3900-8800
+21.5 SALT 67,000 3900-8800
+24.5 VLT-UVES 59,000 3050-9000
Table D2
Log of the CHIRON Spectroscopic Observations of Nova FM Cir
(s — tmax) Instrument R Ragge
(days) (62V)
=7 CHIRON-SMARTS 27,000 4100-8900
—6 CHIRON-SMARTS 27,000 4100-8900
=5 CHIRON-SMARTS 78,000 4100-8900
—4 CHIRON-SMARTS 78,000 4100-8900
-2 CHIRON-SMARTS 78,000 4100-8900
—0.5 CHIRON-SMARTS 27,000 4100-8900
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