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A B S T R A C T 

V906 Carinae was one of the best observed novae of recent times. It was a prolific dust producer and harboured shocks in 

the early evolving ejecta outflow. Here, we take a close look at the consequences of these early interactions through study of 
high-resolution Ultraviolet and Visual Echelle spectrograph spectroscopy of the nebular stage and extrapolate backwards to 

investigate how the final structure may have formed. A study of ejecta geometry and shaping history of the structure of the 
shell is undertaken following a spectral line SHAPE model fit. A search for spectral tracers of shocks in the nova ejecta is 
undertaken and an analysis of the ionized environment. Temperature, density, and abundance analyses of the e volving nov a shell 
are presented. 

Key words: atomic processes – line: profiles – shock waves – stars: mass-loss – stars: winds, outflows – transients: novae. 
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 I N T RO D U C T I O N  

lassical nova events are characterized by observed increases in
isual brightness of 6–12 magnitudes and are due to eruptions on
he surface of a white dwarf in a binary system. Much has been
earned from the optical photometric evolution of novae and they are
ormally classified by their optical eruption spectra and light curves.
he photometric decline time of a nova is characterized by its t 2 or
 3 , the time taken to decline by two or three magnitudes, respectively,
rom maximum optical light. Strope, Schaefer & Henden ( 2010 )
lassify a variety of nova eruption light curves and give physical
xplanations for many of their features. Many of these light curves
an be characterized simply by a fast rise and a smooth decline.
o we v er, the y can often feature transitional features such as plateaus,
at-tops, cusps, jitters, plus other fast and slow temporary increases

n brightness during the nova decline phase. 
Spectroscopic observ ations, ho we ver, are usually required to

istinguish novae from other transients as well as classifying them
ithin established nova taxonomy. For this reason, novae have
een observed spectroscopically since T Aur (1891; see Payne-
aposchkin 1957 ), and have been studied systematically since
illiams et al. ( 1991 ). A commonly adopted classification scheme

or nova spectroscopy is that known as the Tololo scheme, first
 E-mail: eamonnharv e y@gmail.com 
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t  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
resented in Williams et al. ( 1991 ) and Williams, Phillips & Hamuy
1994 ). Nova spectra are characterized by several observable stages
uring and post-eruption. The spectral fingerprint of a nova may be
erived either if the nova shows some critical features, or else if the
ova does not show certain stages. However, a new paradigm now
xists following the detection of novae in the gamma-ray regime
Fermi-LAT-Collaboration 2014 ) as well as the growing availability
f high-cadence, medium/high-resolution spectroscopy from large
round-based telescopes (Aydi et al. 2020b ). No vae hav e also been
ecently unveiled as one of the main lithium factories in the universe
Molaro et al. 2020 ). 

The shaping mechanisms of nova shells are probes of the processes
hat take place at energy scales between planetary nebulae and su-
ernov a remnants. Ho we ver, the three-dimensional structure of nova
hells is difficult to untangle when viewed on the plane of the sky.
his is true even when spatially resolved imaging of the nova shell is
vailable, which is not the case for recent nova events. In order to pin
own the geometry, one must use the observations that are commonly
ccessible to them. In the optical domain this is mostly photometric
bservations and a growing wealth of spectroscopic observations.
lthough, polarimetric and spectro-polarimetric observations are

ncreasingly being gathered for their diagnostic potential on system
rientation and scattering properties (Evans et al. 2002 ; Harv e y et al.
018 ; Kawahita et al. 2019 ). 
V906 Carinae (2018) was a bright nova that was observed across

he electromagnetic spectrum. It has ev en serv ed as a basis for
© 2023 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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he development of a classical nova unification theory (Aydi et al. 
020b ). V906 Car was disco v ered on the rise (UT 2018-03-16.32),
aturating the 14 cm Cassius telescope detector, reported in Stanek 
t al. ( 2018 ). As it was disco v ered by the All-Sk y Automated Surv e y
or Supernovae (ASASSN) network in 2018, it was named ASASSN- 
8fv (Shappee et al. 2014 ). Long baseline optical and near-infrared 
hotometry are provided in Wee et al. ( 2020 ) of the DQ Her-like
ight curve, where the extinction towards the nova as well as distance
re derived. Wee et al. ( 2020 ) report M WD < 0 . 8 M � (or 0 . 71 M �,
rom modelling the accretion disc of the quiescent system) and a 
ompanion star possibly of G or K type with mass 0 . 23 −0 . 43 M �. t 2 
s difficult to define for novae with non-smooth declines. The nova 
as not detected in the radio regime Ryder, Kool & Chomiuk ( 2018 ).
he X-ray characteristic behaviour is summarized in Sokolo vsk y 
t al. ( 2020 ), where solutions to column densities, temperatures, 
nd elemental abundances are presented. Pavana et al. ( 2020 ) find
n ejected mass of 6 × 10 −4 M � from a detailed photoionization 
nalysis of the ejecta. 

V906 Car is the brightest gamma-ray detected nova to date (Piano 
t al. 2018 ; Aydi et al. 2020a ). With the gamma-ray emission
eing associated with shocks internal to the ejecta. The shocks are 
ypothesized to originate from the interaction of an initial slower, 
quatorial bound, denser ejection, and subsequent higher velocity, 
ut less massive ejection events. The presence of faster subsequent 
jections (or high-velocity winds of finite duration) are seen by the 
ppearance of high-velocity features in optical spectroscopy shown 
n Aydi et al. ( 2020b ). The appearance of high-velocity features in
he spectra appear coincident with short-duration flare episodes in 
he early light curve. The interaction of the ejection episodes then 
ppear to coincide with longer-duration optical rebrightenings. This 
s affirmed through the analysis of the concurrence of the optical and
amma-ray emission peaks, albeit only available at later times due 
o Fermi-LAT down-time. 

The geometrical structure of the expelled shell from the V906 
ar nova has been studied primarily in Pavana et al. ( 2020 ), where

hey fit an evolving morpho-kinematic model using the SHAPE 

ode (Steffen & Lopez 2006 ) o v er sev eral epochs. The y find an
nclination of the system of 53 ◦ and arrive at a slightly asymmetric
ebular morphology. The spectral lines used for modelling are not 
et in their frozen state, although are primarily isolated lines. This
s suspected to lead conclusions towards an asymmetric structure, 
t odds with the population of well-resolved classical nova shells 
hat are found to be axisymmetric structures. Before nova shell lines
ave entered their frozen state they are subject to internal reddening 
ffects in an optically thick shell. Pavana et al. ( 2020 ) give solutions
n the position angle of the shell, ho we ver, we hold the position
ngle of the nova shell constant as the object is much less extended
han the slit width at time of observation, and do not have access
o polarimetric data to inform the structure’s position angle. With 
his said, the shell inclination and structural components found in 
avana et al. ( 2020 ) are similar to those found in this work. Also, the
esults of the CLOUDY simulations conducted in Pavana et al. ( 2020 )
re found to complement our own, considering the base models 
re for different epochs. In the work McLoughlin et al. ( 2021 ),
he geometry of the outflow of V906 Car is also discussed. The
nterpretation of McLoughlin et al. ( 2021 ) suggests the spectral line
ignatures to be related to a slow-moving spherical ejection, jets, 
nd an accretion disc. The jet paradigm relies on the accretion disc
eing, at least, partially responsible for the launching of a jet, such
hat the accretion disc must re-establish before the jet is launched. 
 theoretical model and explanation of the launching of gamma- 

ays within this model is assumed to be in progress. Considering the
haping mechanism of nova shells to be still open question, jets may
ave a role. 
The origin of transient heavy element absorption (THEA) lines in 

ova spectra has proven to be a point of contention in the literature.
hey were first proposed by Williams et al. ( 2008 ) to originate in
 circumbinary disc, fed by an outflow from the companion star.
dding to this McLoughlin, Blundell & Lee ( 2020 ) arrive at the

onclusion of the existence of circumbinary Fe and O for the V906
ar system and claim this reservoir may provide the origin of the
HEA lines. The argument for the spectral features not originating in

he shell itself is from the lower velocities observed. Ho we ver, in Aydi
t al. ( 2020b ) it is suggested that the THEA lines originate instead in
he ejecta, the dense (equatorial dominated) outflow expelled from 

he white dwarf i.e. the early, slower component. The evolution of
he THEA lines were found to have the same structure as Balmer,
e, and other lines associated with the expelled nova shell. Also, in

his work we find the ‘M’ spectral line shape to be representative of
n unblended shell line at the corresponding epoch to McLoughlin 
t al. ( 2020 ). 

The reader is recommended to refer to Aydi et al. ( 2020a , b ) for the
volution of the high-velocity features observed early on in the nova
nd to Pavana et al. ( 2020 ) for a classical treatment of the pre-nebular
hase spectral evolution. 

 OBSERVATI ONS  

.1 VL T -UVES optical spectroscopy 

his publication is based on a series of spectra of V906 Car obtained
ith the ultraviolet and visual Echelle spectrograph (UVES) (Dekker 

t al. 2000 ) mounted at the UT2 telescope of the European Southern
bservatory (ESO) in Paranal, Chile (Obs ID. 0100.D-0621 PI: 
aolo Molaro; Obs ID. 2100.D-5048 PI: Paolo Molaro; and Obs 
D. 0103.D-0764, PI: Luca Izzo). Out of a set of 20 obtained
pectra, concentrated during the early evolving epochs from 2018 

arch 20.65 to 2018 July 5.0 (that have been co v ered e xtensiv ely
n Molaro et al. 2020 ; Aydi et al. 2020a , b ) we instead focus here
n the later spectrum from 2019 March 22.1 (day + 395 post-
aximum (used in this paper), or day 405 post-eruption as used

n Aydi et al. ( 2020a , b ), co v ering the nebular phase of the nova. The
nstrumental configuration for all the epochs was the DIC1 346–
64, with central wavelength of 346 nm (range 305–388 nm) in
he blue arm and 564 nm (460–665 nm) in the red arm. Every
bserv ation was follo wed by another with setting DIC2 437–760,
hich co v er the 380–490 nm region and the 700–1000 nm region.
he log of early UVES observations is reported in table D.1 of
ydi et al. ( 2020b ) and available at http://www.astr osur f.com/ar as

Aras DataBase/ Novae/ 2018 No vaCar2018.htm (Te yssier 2019 ). A
ull list of observations used in this work can be seen in Table 1 . The
bservations were reduced using the reflex environment Freudling 
t al. ( 2013 ). 

.2 Goodman spectrograph on SOAR 

 spectrum was obtained on 2020 December 12 at 07:55:10 UTC in
rder to view the shell in its pure nebular state, this corresponds
o the + 1001 post-eruption epoch. The spectrum was obtained 
sing the Goodman spectrograph mounted on the 4.1 m Southern 
strophysical Research (SOAR) telescope. The spectrograph was 
sed in its red configuration, with a 0.95 arcmin long slit and an
ntegration time of 60 s at an airmass of 1.23. The 2100 lines mm 

−1 

rating was used, providing a dispersion of 0.15 Å per pixel. The
MNRAS 521, 4750–4762 (2023) 
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M

Table 1. Diary of the UVES observations used for this work. The slit width 
was 0.6 arcmin for all observations using filter Her 5. A wavelength range 
of 3050–9000 Å. 

MJD Day Exp (s) R /1000 Exp (s) R /1000 
a.m. 346 nm 564 nm 

58199.1438 − 6 60 59 60 66 
58199.1452 300 59 300 66 
58201.1412 − 4 300 59 60 66 
58203.0924 − 2 300 59 60 66 
58205.0687 0 300 59 60 66 
58207.0599 2 600 59 120 66 
58209.0218 4 600 59 120 66 
58213.0665 8 600 59 120 66 
58215.1292 10 600 59 120 66 
58217.0686 12 600 59 120 66 
58220.1292 15 600 59 120 66 
58223.1262 18 600 59 60 66 
58228.0002 22 150 59 30 66 
58235.9959 30 300 59 60 66 
58303.9851 98 1400 59 13 ×60 66 
58598.0729 395 460 59 90 66 
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pectrum w as reduced, w avelength and flux calibrated using standard
outines in IRAF and can be seen o v erlaid in Fig. 1 . 

 ANALYSIS  

.1 Distance 

 distance estimate is given in Aydi et al. ( 2020a ) based on the
VES data set with Galactic reddening maps (Chen et al. 2019 ) and
 reddening value E ( B − V ) = 0.36 ± 0.05 mag, to derive a distance
f 4.0 ± 0.5 kpc for the nova. 
For additional constraints on the distance, we carried out Gaussian

tting of the interstellar Na and K lines. The interstellar line profiles
onsist of four components in Na I D and K I 7699 Å lines and six
n Ca II 3933 and 3968 Å lines, see Fig. 2 , which indicates that the
ine-of-sight absorption consists of a number of discrete clouds each
f which has some specific mean radial velocity with respect to the
ocal standard of rest ( V LSR ). In particular, velocities derived from
oth Na I D1, D2 and K I lines indicate a range of mean cloud
elocities of −37 to −7.5 km s −1 , whereas the Ca II lines indicate
43 to −1 km s −1 range. If the velocity is due to Galactic rotation it

an be used to derive a lower limit to the distance. In particular, the
ourth component in Na I D and K I indicates a distance d � 4 kpc
hereas the fifth component in Ca II indicates distance d � 4.5 kpc. 
The velocity and intensity structure of the interstellar Na I D and

a II lines in V906 Car are practically identical with those in two
earby well studied B1 Ib stars, HD 93 827 and HD 94 493 [see fig. 4
f Sembach, Danks & Savage ( 1993 )]. Although their line of sight
re very close to each other, ( l , b ) = (288.55, −1.54) and (289.01,
1.18) for HD 93 827 and HD 94 493, respectively, as well as to that

f V906 Car (286.6, −1.09) the distance to HD 93 827, d = 8.3 kpc, is
uch larger than that for HD 94 493 ( d = 3.3 kpc), which means that

he interstellar lines can offer limited constraints for distances larger
han ∼ 4 kpc in the field/line of sight of V906 Car. The reddening
ow ards these tw o B1 Ib stars is also similar, E ( B − V ) = 0.23 and
.20 for HD 93 827 and HD 94 493, respectively (Sembach et al.
993 ), consistent with a lack of interstellar clouds beyond a distance
f ∼4 kpc in this line of sight. 
NRAS 521, 4750–4762 (2023) 
.2 Unblended line evolution analysis and modelling: 
orpho-kinematics with SHAPE 

he asymmetry in the lines at earlier times is opposite to those of the
-ray lines reported in Sokolo vsk y et al. ( 2020 ), i.e. X-ray region is
right in the blue, but in the optical regime spectral lines are brighter
n their red side for coincident observations. Implying the X-ray
mitting region is at the shell exterior, probably due to the X-rays
eing heavily absorbed by the gas and the dust compositing the main
hell. 

Blending of spectral lines is common for all optical nova spectra,
part from very late time nebular spectra where the strong nebular
O III ] and [N II ] lines can often be orders of magnitude brighter than
ny remaining lines. The strongest lines of the Balmer series also
emain visible during these late times, where H α may be blended
ith the [N II ] lines on either side. 
Ho we ver, during the early times, when the object is still bright

nough to acquire observations of high signal-to-noise ratio (SNR).
ith many Fe II lines in these spectra line blending is a problem.

his is especially true if the brightest spectral lines are used for line
odelling, as they are more often than not blended. This is true

or even H α, H β, [O III ] 5007, 4958 Å, and [N II ] straddling H α.
herefore, care must be taken when choosing which lines to use to
odel the ejecta geometry. 
Telescope systems such as the eMerlin network, ALMA, large

round-based telescopes (with M1 > 8 m diameter), and Hubble
pace Telescope ( HST ) can begin to visually untangle nearby
 < 1 kpc), fast ( V exp > 1000 km s −1 ) nova shells in the first 100 d
f the nova shell evolution, however this type of data product
s not commonly available. In addition, imaging data need to be
omplemented by polarimetric and/or spectroscopic data to fully
ntangle these early-time nova shells – as line blending can also be a
roblem for narrow-band imaging, especially for the faster expanding
ova shell population. The V906 Car nova shell did not settle into
ts frozen nebular state until > 1 yr following maximum, and even at
 distance ∼4 kpc and an expansion velocity ∼500 km s −1 it could
e spatially resolved by the aforementioned space-based and large
elescopes. 

Through visual inspection of the day 395 post-max UVES spec-
rum, several lines were marked to be most likely unaffected by
eighbouring lines, see Fig. 6 . The selection of isolated lines with
ufficient SNR were identified. 

The isolated med/high SNR lines that can be compared in this
ay are: 3444 Å (O III ), 3797 Å (H I ), 3995 Å (N II ), 4686 Å (He II ),
876 Å (He I ), 6087 Å (N II ), 6678 Å (He I ), 7065 Å (He I ), as well
s 8599, 8750, and 8861 Å of the Paschen series. 

The He II 4686 Å line had the highest SNR of the sample, as well
s most level blue- and red-shifted peaks, such that it was chosen
s the most appropriate line to perform SHAPE fitting of. These
ines were also unblended in the SOAR spectrum, also shown in
ig. 1 , giving increased confidence in their identification. The main
ifferences seen between the + 395 and + 1001 spectra is the cooling
f the expanding shell, characterized by the growth in strength of
O III ] lines. 

Nova spectral lines, once frozen into their nebular state, can reveal
he inclination of the nova system as for any one geometry and axial
atio, although one or two solutions may exist, see Harv e y et al.
 2020 ). Unfortunately, we do not know the structure of a nova shell
efore it has been resolved. The most one can do is estimate the shell
eometry based on the resolved nova shell population. 
As the fitting geometry, a simple equatorial waist and polar feature
orphology was used, as it is a commonly employed basic physical
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Figure 1. UVES day + 395 spectrum with a SOAR day + 1001 spectrum o v erlaid in light blue. 

Figure 2. UVES spectrum showing absorption components used for distance derivation in Aydi et al. ( 2020a ). 
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Figure 3. Options for bipolar shell with equatorial waists. Best-fitting 

inclinations were derived for type (A) through to (E) assuming an axial 
ratio from 1.2 to 1.8. From these options type (E) with an axial ratio of 1.4 
was chosen for subsequent investigation. 

Figure 4. Type (E) shell of Fig. 3 for fitting geometry at 90 
◦

and the best- 

fitting inclinations for the observed spectral lines, i.e. 68.5 
◦

and 38.0 
◦
. 

Figure 5. He II fit of spectral line ‘crown’. Grey is 68.5 ◦ and red is 38 ◦
inclination of the two solutions from geometrical model shown in Fig. 4 . The 
models have been offset for clarity. 

s  

(  

H  

m  

2  

a  

i  

b  

i  

a  

c  

e  

d  

fi  

n  

s
 

F  

b  

f  

r  

b  

T
a  

s  

o  

b  

h  

s
 

g  

b  

c  

i  

i  

i  

o  

w  

a  

d  

a  

m  

p
 

s  

(  

t  

e  

(  

e  

m  

t  

b  

a
 

s  

o

 

r  

l  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/3/4750/7084052 by Liverpool John M
oores U

niversity user on 15 June 2023
NRAS 521, 4750–4762 (2023) 
tructure associated with nova shells, e.g. Porter O’Brien Bode
 1998 ), Ribeiro et al. ( 2011 ), Harv e y et al. ( 2016 ), Diaz et al. ( 2018 ),
arv e y et al. ( 2018 , 2020 ), see Figs 3 and 4 . Morpho-kinematic
odelling w as undertak en using the SHAPE code (Steffen & Lopez

006 ). Although, it is normal to observe tropical rings in nova shells
lso, they are left out of the model for the inclination fitting routine
n order to have fewer starting elements. As they are intermediate
etween equatorial and polar features their inclusion is less important
n line shape fitting. Tropical rings are often present closer in
zimuthal angle to the equatorial portion of the shell, as such they
an have the effect of broadening the equatorial spectral components,
specially for higher inclination systems. Without knowing the true
eprojected velocity of the system inclination determinations remain
rst-pass. This could be solved with high-resolution multi-epoch
arrow-band imaging of the resolved shell, or high-resolution IFU
pectroscopy. 

The best-fitting inclinations given are for an axial ratio of 1.4, see
igs 3 and 4 . These being 38.0 ◦ and 68.5 ◦. The approximation is
ased on that on average deprojected nova shells have axial ratios
rom 1.0 to 1.8, see e.g. fig. 6 of Bode ( 2002 ). For a different axial
atio, the velocity of the polar versus equatorial features would vary
y the same ratio and this would gi ve dif ferent inclination solutions.
hen for an axial ratio of 1.0 inclination solutions of 32 ◦ and 60 ◦

re found. In addition, for an axial ratio of 1.8 system inclination
olutions of 44 ◦ and 76 ◦ are found. The SHAPE model fits apply
nly to the top of the emission line since the line is further broadened
y the shell sitting on higher velocity pedestals, i.e. lower density,
igher velocity outflows also associated with the nov a e vent (again
ee Aydi et al. 2020a , b ). 

As seen earlier, two inclinations are possible with this given
eometry of polar caps and equatorial ring, i.e. 38 ◦ and 68.5 ◦. This is
ecause it is not known if the equatorial waist, or the polar cones are
ontributing as the faster component in the 1D spectral line, as this
s inclination dependent. Interestingly, the average of our estimates
s the same as that of Pavana et al. ( 2020 ). Fig. 5 shows both fits,
.e. whether the equatorial waist is contributing to the faster peaks
f the lines (68.5 o , dashed grey fit), due to line-of-sight effect, or
hether higher velocity peaks are associated with the polar cones

re responsible for the observed higher velocity components (38 o ,
ashed red fit). The almost flat section of the 68.5 o fit between −100
nd 100 km s −1 is due to an averaging out of the plane-of-the-sky
o v ement of the polar and equatorial components, i.e. a mix or a

rojection effect and assumptions on geometry. 
The fit in Fig. 6 is discussed here in an attempt to extrapolate the

haping history of the shell given what we now know from Aydi et al.
 2020a ), where an unequivocal relationship was observed between
he gamma-ray and optical emission from the early evolving nova
vent. As the shocks most likely originate from the equatorial region
at least initially; Metzger et al. 2014 ), this lends itself as a likely
xplanation, implied by viewing angle effects on the radial velocity
easurements. For later shocks one might expect them to consist of

wo components, an equatorial shock followed by shocks at the poles
etween the swept-up material from the previous interactions as well
s the most recent, at a given time. 

Interpretation of Aydi et al. ( 2020a ) allows to associate UVES
pectroscopy observation dates with the following nova phenomenol-
gy, as can be seen in Fig. 7 : 

Max −4 : Follows the first probable ejection. Average P-Cygni
adial velocity: −200 km s −1 (measured from Na I D 5889.95 A
ine). The initial shell ejection has begun, understood to be more

assi ve and slo wer than the subsequent ejection episodes. For no w

art/stad825_f3.eps
art/stad825_f4.eps
art/stad825_f5.eps


Shock shaping of nova V906 Car 4755 

Figure 6. Unblended lines with SHAPE fit of at 68.5 ◦ inclination ( SHAPE model o v erlaid in grey; Figs 4 and 5 ). 

Figure 7. Evolution of H β (solid colour lines) in comparison to the 8863 Å Paschen series line (black dot-dashed o v erlay) at corresponding epochs. To 
highlight a particular interpretation of the optical spectra and light curve the colour coding of the H β follows blue for optical rises and peaks not thought to be 
associated with shocks, red for spectra taken during suspected shocks, green for pre- and post-shock spectra, cyan for the end of the primary decline, and black 
for nebular. As elsewhere in this paper day 0 is defined as when the first suspected shock took place. Such that, for example, the second panel, labelled [Eject 
( −4)], corresponds to a suspected ejection event 4 d before the first suspected shock. 
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he P-Cygni line profile is best matched by a blue inverted fit. The
lue absorption dip is characteristically narrow, due to it coming from
 single, finite ejection. The velocity matches that of the inner peaks
f the nebular lines – this is thought to be coincidental. Ho we ver,
he inverted peak fit allows for the visualization of the acceleration 
f the main shell in Fig. 7 . The red emission component is not yet
isible. 

Max −2 : During second ejection. Average P-Cygni radial ve- 
ocity: two components: −200 and −280 km s −1 . The blue-shifted
bsorption profile broadens and increases in velocity. This is believed 
MNRAS 521, 4750–4762 (2023) 
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o be due to the pre-shock scenario where the slow flow visible at Max
4 and a new higher v elocity, less massiv e absorption component

re unresolved from each other. 
Max 0 : During first hypothesized shock. Average P-Cygni radial

elocity: two components: −220 and −300 km s −1 . An increase
n blue absorption line velocity, this is expected to be from the
nteraction of the line as described for Max −2 and a 600 km s −1 .
utflow traced in the Na D lines by Aydi et al. ( 2020a ). Now the red

hifted emission component is beginning to appear in the Paschen
eries. The blue profile is beginning to ‘grow’ out of its absorption
rough, with internal reddening effects becoming less important as
he shell expands. 

Max + 4 : After third, fourth ejections, and during fifth ejection.
he entire line is now in emission, however due to optical depth
ffects the blue component is still partially absorbed. 

Max + 22 : Follows Fermi-LAT’s second detection, i.e. post-
hock. Fermi-LAT’s two strongest detections show a secondary lower
mplitude episode. This can be explained by the initial stronger
omponent arising from interactions at equatorial latitudes, followed
y shocks in the system’s polar direction. This implies that Fermi-
AT did miss an earlier shock episode during its downtime. Fig. 7
emonstrates a change between Max + 4 to Max + 22 to an averaging
f Max + 4’s two blue-shifted absorption components, signifying the
eeting of two ejection episodes. 

Max + 394 : Now the shell is in the nebular stage, i.e. all major
jection and shock phenomenology have ceased and the forbidden
ines are strong. The thinned and shaped ejecta has now frozen in
tructure, although continuing in e xpansion. Final av erage shell radial
elocity is 370 km s −1 . All previous absorption components have
ecome their emission counterparts. Those that were due to later
jections that ran into the earlier ejected bulk shell, are now seen as
he pedestal on which the line sits. 

Here, we examine only the lower velocity features to look at the
ova shell growth. For a summary of the high-velocity features see
ydi et al. ( 2020a ). The time of appearance and velocity of the ejecta
ere traced in the Na D lines in Aydi et al. ( 2020a ). Three ejecta
elocities from Aydi et al. ( 2020a ) are recorded as v 1 < 600, v 2 

1200, and v 3 ∼ 2500 km s −1 . The post-shocked components of
he higher velocity features are eventually seen in the final nebular
hell lines as the pedestals of which the crown fits sit on, refer to H I

863 Å. 
In the context of the 38 ◦ model, it could be an outflow with an

quatorial o v erdensity that would be seen to emerge first. Then,
ubsequent ejections crash into the initial outflow and get funnelled
owards the poles, possibly creating tropical rings, akin to the
sweeping-up’ as described in Porter O’Brien Bode ( 1998 ). The
olar material is expected to be relatively unimpeded following the
rst shock episode, subsequent shock episodes are then expected to
ave a different gamma-ray light-curve profile to account for both
quatorial and soon later the polar material being shocked. This is
 xpected to giv e double peaked gamma-ray light curves, ho we ver
orward and reverse shocks may also give this effect. 

The central part of the line profile, which is stronger earlier on
and falls following the second hypothesized shock, i.e. between
ays + 12 and + 15) may be associated with the pseudo-photosphere,
ccretion disc, a section of the equatorial disc, or even part of a more
sotropic early outflow that is subsequently shaped. Sokolo vsk y et al.
 2020 ) state that this nova experienced no distinct supersoft phase,
ossibly due to a low-mass white dwarf. 
To unco v er shock footprints it is best to unco v er isolated lines,

s well as the Na D absorption lines, from before, during, and after
NRAS 521, 4750–4762 (2023) 
he shock episodes. Each of the three Fermi-LAT detection episodes
s followed by a more minor episode. This is possibly due to (a) an
quatorial shock, followed by a shocks in the polar directions; or
b) the double peaks in the Fermi-LAT detections could be due to
orward and reverse shock signature; or (c) shocks at different layers
f the ejecta. Considering the hypothetical first shock event (which
s thought to be missed during the Fermi-LAT down-time), if (a) is
rue, should only have a single peak, from a shock in the equatorial
egion. 

Later shocks should give the investigator a solution to the
ystem axial ratio, provided the correct velocity components can
e identified. Over the course of an individual shock episode the
aster component should lose velocity on the average and diminish
n strength. There should exist the two pre-shock velocities, one
ach for the slower and faster components, the appearance of a new
hock velocity (equi v alent to the dif ference between the two ejecta
ronts and depending on relative densities), and a post-shock velocity.

oti v ated by this we seek here to find the corresponding velocity
omponents within the UVES spectral data set. 

As usual with novae, care must be taken with line o v erlap. The
lended H β line and the relatively unblended Paschen series line at
863 Å are used to demonstrate this e x ercise (Fig. 7 ). We find, initial
utflow velocity of −200 km s −1 and a later ejection velocity of
540 km s −1 . During the first (suspected) shock a transient velocity

eature appears at −520 km s −1 . This transient velocity feature
educes to −460 km s −1 after 8 d, then 2 d later this feature jumps
ack up to −500 km s −1 before being washed out. The arri v al of this
500 km s −1 component corresponds to the second suspected shock.
or a summary of the higher velocity components observed in the
VES spectra see Aydi et al. ( 2020b ). A challenge encountered is in
etermining when specific line components should be in emission or
bsorption, for this we refer to Fig. 7 . The optical depth of the region
nder study is dependent on the relative placements of the various
omponents with respect to each other at that point in time. Ho we ver,
lending of even the strongest lines with weak neighbours can lead
he investigator to derive incorrect expansion velocity values for the
arious components. 

In Fig. 7 , it is evident in the earlier spectra that the H β line appears
rtificially faster than the Paschen series counterpart due to the
roximity of a line on its blue side. Highlighting the need to explore
nblended lines for this type of analysis. Ho we ver, comparing
nblended lines with strong blended lines lends information on what
ine features are real. This implies that the Paschen 8863 Å line should
e used to monitor the nova shell evolution for this nova. Referring
ack to Fig. 7 and analysing the 8863 Å line (dot-dash black line),
 characteristic ‘step’ can be seen where in the first panel a broad
-Cygni is observed, followed by a thinning of the P-Cygni profile

n the second panel [labelled eject ( −4)] and gradual appearance
f two additional (narrow) superimposed absorption components.
hese then become more apparent in the third panel [Eject ( −2)]
here the line appears to broaden but instead is comprised of at least

hree distinguishable velocity components. Then in the fourth panel
he P-Cygni profile has increased in velocity and has narrowed – the
pectral line signature of a shock. 

Following this the relative densities of the separate outflows can
e determined if the two responsible velocity components can be
isentangled. Interestingly, weak during this shock and stronger in
he next two panels we observe two sharp and apparently lower
elocity absorption spikes. With the suspected equatorial (side-on)
iew of the system these ‘lower’ velocity components may indeed
e the deprojected higher velocity polar components forming. In the
iddle panel, the suspected second shock, these two lower radial
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Figure 8. Grid showing the models run for this work in an attempt to pin down the blackbody temperature of the ionising source. The size of the markers are 
related to the shell hydrogen density, the colours related to the blackbody temperature, the shapes to the shell abundances, and deviation from in dex. The boxes 
indicated the measured values from our observations. We find that a range of abundances and temperatures can account for the observed line ratios. 
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elocity features weaken and by the panel marked the end of the
uspected 2nd shock when the main equatorial component (now in 
mission) narrows again. This is followed by the lower radial velocity 
omponents becoming important once more – falling in line with the 
dea of excitation of the polar components. This would make sense in
 system where following an equatorial shock, some material is swept 
p or ‘funnelled’ in the polar direction. In this picture, the shocks are
haping the shell. In later shocks, as the polar components should 
e well formed according to the proposed mechanism, an equatorial 
hock should then be followed by a polar shock. However, a means
o separate out forward and reverse shocked components as well 
s equatorial and polar shocks would require similar observations 
t a higher cadence with coincident gamma-ray and, ideally, radio 
bservations. 

.3 Density and temperature estimates 

n order to refine the parameter space for deriving solutions to 
hell temperatures and densities, we used the photoionization code 
LOUDY version 17.00 (Ferland et al. 2017 ), as well as several 

YTHON wrappers available for it, namely PYCLOUDY Morisset 
 2013 ), PYNEB Luridiana, Morisset & Shaw ( 2015 ) for diagnostics
nd, finally, PYCROSS (Fitzgerald et al. 2020 ) that pairs SHAPE 

nd CLOUDY . We begin by fixing the shell inner radius by assuming
 bulk shell velocity of 450 km s −1 , giving 1.25 × 10 15 cm inner
adius), distance (4 kpc), filling factor (1 per cent), and log luminosity
4.2 L �), i.e. from spectral fitting of the + 395 d UVES observation
nd a sanity check to the Balmer line ratio matching to the Mondal
t al. ( 2019 ) model grid. Then, as free parameters we iterate o v er
 eff (80 000–200 000 K), nH (10 6–10 9 cm 

−3 ), and the logarithmic
hift of the metallicity ( −1 to + 1 de x) relativ e to the CLOUDY

NOVA’ range exists in the early onset. For this grid instead of
sing an outer radius we assume the nova shell is radiation bound.
his is since greater velocities exist in the early spectra that are
eaker in emission (the pedestals) on day + 395. Instead we use a

imulation stop condition of a temperature of 100 K. Results can be
een in Fig. 8 , where the observed ratios are o v erplotted as box es.
mmediately problems are evident, solutions to the observations are 
pplicable o v er a large range of temperatures and metallicities. As
uch T eff is not determined in our model grid as every T eff cycled over
ts within the observed box of Fig. 8 . We also find that log (U) is
ot really a constraint and, regardless, will not give a reliable value
f nH given uncertainties in the radius, filling factor, and luminosity
f the ionising source. Interestingly, a broad set of abundances can
eplicate the observed results for the often used [O III ] diagnostics,
.e. the nova abundances as well as + 1 dex and −0.5 dex changes to
hem. This analysis demonstrates the challenges behind the curtain 
f using single ef fecti ve temperature estimates for single electron
ensity solutions, when in general a family of solutions exist within
he nova shell parameter space, sitting between the neat power-law 

ependencies of lower density and lower energy planetary nebulae 
nd the higher energetics of supernova remnants. 

When considering the reddening correction there is an issue where 
ome claim EBV to be 0.75 (Pavana et al. 2020 ). However, from our
bservations [i.e. the same used in Aydi et al. ( 2020a )] the reddening
s of the order of 0.35. This latter value would give H α/H β ∼
.85, which suggests an electron density of < 1 × 10 8 cm 

−3 . On
nvestigation of Figs 9 and 10 , products of the model grids as detailed
t the beginning of this section, we get a lower limit to n e of ∼
 × 10 6 cm 

−3 . We took measurements of the [N II ] and [O III ] line
MNRAS 521, 4750–4762 (2023) 
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M

Figure 9. [O III ] diagnostic, with observed ratio marked by the dashed line. 
This demonstrates that the commonly used temperature diagnostic line ratio 
is instead an electron density ratio for that observed here. 

Figure 10. [N II ] diagnostic, again with the dashed line showing our 
measured line ratio. Similarly to the [O III ] diagnostic, we have a strong 
lower bound of the electron density. 
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atio diagnostics from the line central plateaus and the secondary
ed shifted line peaks. The [N II ] diagnostic gave no discernible
if ferentiation, ho we ver the [O III ] diagnostic indicates that for any
iven T eff in the range a corresponding lower density is found for the
entral plateau than the red peak, and/or a lower temperature for a
iven density. 
Looking at Figs 9 and 10 , which were created using PYNEB

uridiana et al. ( 2015 ), we see that the typical [O III ] and [N II ]
iagnostics paired with the reddening would suggest likely electron
ensity in the region of (1–5) × 10 7 cm 

−3 . Ho we ver, the temperature
s poorly constrained. 

Looking at the largest radius (10 15 cm) and thickest shell (also
0 15 cm) co v ered in the results tables of Mondal et al. ( 2019 ) an n (H)
f ≤10 8 at a blackbody temperature of (1–5) × 10 5 K and bolometric
uminosity of 10 37 –10 38 ergs s −1 are found. 

Despite the difficulties in constraining the system, we wanted to
imulate the ionization structure of a purely photoionized look at
he V906 Car shell at about a year post-maximum. We used the
bo v e diagnostic information, including morphology, kinematics,
emperature, and densities, and with PYCROSS (Fitzgerald et al.
NRAS 521, 4750–4762 (2023) 
020 ) at hand we model the ionization structure of the nova shell,
ee Fig. 11 . Here, in this model neutral H is seen to occupy the
ntire shell, with neutral C and Fe brightest in the equatorial region.
or lines associated with the Balmer series, they appear almost
verywhere in the nebula. In our simulations He II lines, such as
686 Å are inner to He I lines, with He II near identical to the
 ++ and N ++ panels in Fig. 11 . Whereas [O III ] appears almost
 verywhere, sho wing that the observable nebula is cooling as a whole.
 I lines are the most localized, similar origin to He II but o v er a
ore narrow area. These ionization structure models can be used

o further interpret the spectral line profile evolution of the shell.
o we ver, these models show photoionization stratification, where
 different stratified structure would be expected to be observed if
hocks contribute to the ionization budget in part or in whole. 

CLOUDY , as used for the parameter search, assumes spherical
ymmetry or an open geometry (i.e. a small opening angle). Using
YCROSS , it is possible to run CLOUDY o v er axisymmetric geome-
ries, such as bipolar nebulae, it also hosts the ability to define
ifferent density laws for various regions of the nebula. Ho we ver,
ere this was not done as we did not have the diagnostic information
o separate components. Although possible with high-resolution line
pectra, this would be better done with IFU spectroscopy of a spatially
esolved nebula. One reason why we did show our attempt here is
ecause we found the diagnostic lines used were not sufficient in
heir accuracy to disentangle the subtle density variations between
hell components as their effect was drowned out when considering
ources of error. In any case, we are limited to axially symmetric
tructures with PYCROSS . If the nova shell were to deviate from axial-
ymmetry, then our simulations would be inadequate as they do not
o v er the comple xities that would imply. Ho we ver, near symmetric
tructure of the unblended spectral lines during nebular stage, shown
n Fig. 6 , suggest an axisymmetric shell. For reference we show
eadily identified non Balmer lines and equi v alent widths in Table 2 ,
hich with Table 3 makes clear the measurable lines for the epoch
nder study. 
In Table 3 , we show a model fit from an electron shell density of

.5 dex. The source distance was set at 4 kpc, covering factor of 0.3,
lling factor of 0.01, radius 1.25 × 10 15 cm, luminosity solar 10 4.2 [in
greement with Wee et al. ( 2020 )], age 395 d, and Cloudy V1500 Cyg
ova abundances from Ferland & Shields ( 1978 ). This model gives an
lectron temperature of 6500 K, and an energy density temperature
f 3600 K, such that grains would survive in the environment. In
his context for O, photoionization of upper levels of [O I ] reached
 per cent of the total O destruction rate. Photoionization of upper
evels of [O III ] reached 4 per cent of the total O + + photoionization
ate. Non-collisional excitation of [O III ] 4363 Å reached 1 per cent
f the total. This is the same fit as used to make Fig. 11 . This model
s shown for reference only, given that the conditions are difficult to
in down given the uncertainties demonstrated in Figs 8 , 9 , and 10 .
he consequences of shocks can be ignored at this stage as the shell
as entered the nebular phase, although as discussed in Derdzinski,
etzger & Lazzati ( 2017 ) early shocks influence the expected shell

ensity and clumping efficiency. 
Intrinsic and emergent line intensities for 1000 + lines for all grid
odels are available as supplementary data available online. Column

epths and averaged quantities of ionization parameters are also
rovided within the same data files, see Data Availability statement.

.4 Fe abundance 

he early evolving environment of novae is complex, as there is a
ombination of shock- and photoionization exciting the layered gas
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Figure 11. PYCROSS visualization of various ionization states of an equatorial structure and polar blobs (the components visible at top left and bottom right of 
each subplot) at 68.5 ◦. This grid shows the expected location of neutral H, He, C, N, O, and Fe as well as the first and second ionization states of C, N, and O. 
The x and y axes are normalized distances on the plane of the sky. The colourbar represents the ionized fraction within the species. These simulations are for a 
purely photoionized nebula. If partially or wholly shock ionized then the ionization stratification would be expected to deviate from that shown here. 
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nd dust shells. As such there exists a large abundance discrepancy 
specially for Fe as determined from X-ray and optical diagnostics, 
ee Shchekinov ( 2009 ). As the degree of ionization from shock
ontributions has been historically difficult to determine, with there 
eing additional ways to hide Fe from X-ray observations (Arimoto 
t al. 1997 ), a possible way to look at the problem would be in
nderstanding the correlation between temperatures derived from 

oincident X-ray and optical observations (Loewenstein 1999 ). 
Here, we calculate the nebular stage abundance of [Fe III ]. It is

autioned that the abundance calculations depend on density, for 
hich we assume the best-fitting value from the previous section, 

.e. of 7.5 dex. Line blending is taken into account, for example
he 5412 Å line could be either He II or [Fe III ], or a blend of both
nd as such is not included in the calculation. We refer to the solar
bundance value of Fe/H from Grevesse et al. ( 2010 ) of 3.16 × 10 −5 .

Looking at Table 4, the column density distribution of the Fe level
s shifted towards higher levels for the higher Fe nova abundance 
or V906 Car, as found in Table 5 . The large discrepancy in Fe
bundances found between X-ray ( < 0.1 Fe/Fe �) Sokolo vsk y et al.
 2020 ) and optical methods, found here (i.e. 5.4 Fe/Fe �), implies
hat Fe could be hidden in the X-ray spectra. This can be achieved
y acceleration of dust grains behind shocks. This is proposed by
hchekinov ( 2009 ) where they argue the freezing-out of heavy
lements is efficient due to betatron acceleration of dust grains behind 
hocks. 

 C O N C L U S I O N S  

 methodology for unco v ering blended lines has been laid out.
his can be achieved through fitting a line at the nebular stage to
evelop a template. Then using line lists and ionization codes lines
an be separated, provided a sufficient number of unblended lines 
or that species exists for regular nebular diagnostics. There is scope
or developing this methodology into a future fitting routine. It is
uggested in this work that it is best to wait until a nova has entered
he nebular stage in order to begin diagnostics, and then one can
 ork backw ards to try and understand the evolution up to the point
f lines freezing into their final structure. 
It was shown that the fitting of a simple 3D morpho-kinematic
odel to a 1D line profile crown can aid in deciphering the
MNRAS 521, 4750–4762 (2023) 
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Table 2. Spectral line identification of the optical spectra for lines not 
previously mentioned in Tables 3 and 5 . We list the EW and integrated 
flux of the lines for which an estimate was possible (some lines are 
not strong enough or blended and therefore accurate measurements 
for these parameters were not feasible). The listed measurements are 
for + 395 d after maximum. 

Line λ0 EW ( λ) Flux 
( Å) ( Å) (10 −13 erg cm 

−2 s −1 ) 

[Ne V ] 3346 − 17 ± 2 5.8 ± 0.5 
[Ne V ] 3426 − 22 ± 2 7.7 ± 0.5 
O III 3444 − 25 ± 2 9.0 ± 0.5 
[Ne III ] 3869 − 150 ± 30 21.3 ± 3.0 
[Ne III ] 3968 – –
[Fe XI ] 3978 – –
[Fe V ] 4071 – –
He I 4144 – –
C III 4187 – –
[Fe II ] 4244 – –
C II 4267 – –
[O III ] 4363 – –
He I 4471 – –
N V 4609 – –
N III 4638 − 250 ± 40 30 ± 2 
He II 4686 − 100 ± 10 12 ± 1 
He I 4922 – –
[O III ] 4959 − 800 ± 100 134 ± 10 
[O III ] 5007 − 2500 ± 200 422 ± 20 
He I 5048 – –
He II 5412 – –
[N II ] 5755 − 950 ± 50 104 ± 10 
C IV 5805 – –
He II 5876 − 180 ± 20 22 ± 2 
N II 5938 – –
[O I ] 6300 − 200 ± 20 22 ± 2 
[O I ] 6364 – –
He I 6678 − 60 ± 5 8.0 ± 0.5 
He I 7065 − 125 ± 5 17 ± 1 
[Ar II ] 6136? – –
[Ar II ] 6237? – –
[O II ] 7320/30 − 500 ± 50 70 ± 10 

Table 3. Line ratio models and observations for H β and the better 
known lines shown in Fig. 6 . Where lines could not be traced in 
the model, lines of the same species are chosen as replacements. 
Columns represent line i.d., wavelength, modelled, and observed 
line ratios with reference to H β. We assume Case B recombination 
for H. 

line λ ( Å) Model (L/LH β) Obs (L/LH β) 

H I 3798 0 .06 0 .04 
[O III ] 4363 0 .81 1 .09 
He I 4471 0 .08 0 .07 
He I I 4686 0 .09 0 .13 
H I 4861 1 1 
[O III ] 5007 2 .56 2 .68 
He I 5876 0 .29 0 .21 
He I 7065 0 .19 0 .15 
H I 8598 0 .02 0 .03 
H I 8750 0 .02 0 .03 
H I 8863 0 .02 0 .04 

Table 4. Log10 Column density (cm 

−2 ). Fe(a) are CLOUDY nova abundance 
(Ferland & Shields 1978 ), which are based on the very fast nova V1500 Cyg 
(Ferland & Shields 1978 ). Fe(b) = −3.77, which is in reference to the work 
presented here see Table 5 . 

Level 0 1 2 3 4 5 6 

H 22 .424 21 .461 14 .987 
He 21 .449 19 .861 18 .521 
Li 9 .38 13 .778 10 .79 9 .801 
Be 8 .558 11 .872 10 .294 8 .615 6 .559 
B 9 .801 14 .341 12 .517 12 .115 10 .183 7 .398 
C 15 .874 19 .431 17 .801 16 .373 15 .627 13 .05 5 .141 
N 20 .411 19 .419 18 .64 17 .455 16 .283 14 .972 11 .819 
O 20 .659 19 .584 18 .748 17 .646 16 .548 15 .133 13 .427 
Ca 11 .848 16 .755 16 .016 14 .134 13 .441 12 .527 11 .342 
Fe(a) 14 .01 18 .347 16 .411 16 .32 15 .198 14 .869 14 .053 
Fe(b) 8 .723 15 .716 17 .759 16 .797 15 .03 14 .591 13 .051 

Table 5. This table shows log (Fe/H) for a list of 
close and unblended [Fe III ] lines. Determinations 
are for the lines listed and an average at the end 
of the table, i.e. where −3.77 = 1.70 × 10 −04 , or 
5.4 × (Fe/H) solar. 

Species λ ( Å) log (Fe/H) 

[Fe III ] 4659 − 4 .050 
[Fe III ] 4702 − 3 .750 
[Fe III ] 4734 − 3 .725 
[Fe III ] 4755 − 3 .675 
[Fe III ] 4931 − 3 .650 
[Fe III ] Mean − 3 .77 
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volutionary history of unblended spectral lines as well as aiding
n the detection of weak lines. Sensitive spectroscopic observations
re key to uncovering the underlying physics of these enigmatic
vents. The slope of the broadened pedestal on which the line profile
rown sits contains information of the faster flows from the nova.
his information is restricted to velocity, as there is no discernible
hape to the pedestal. Therefore, if we assume the pedestal to belong
o an isotropically expanding spherical component then we can take
he 900 km 

−1 radial velocity at face value, otherwise we can deproject
ts velocity using the 38 

◦
or 68.5 ◦ inclination solutions. 

McLoughlin et al. ( 2020 ) state that the ‘M’ spectral line shape can
nly be reproduced by a rotating disc, ho we ver we find that the sloped
drop-off’ is well explained by the existence of faster moving material
f lower inherent flux and that the width of velocity components is
ell explained by a thicker shell or even a thin shell/disc/ring/barrel
iewed at any non-zero inclination. The argument presented in
cLoughlin et al. ( 2020 ) against the ‘M’ profile arising from the

hell is that it is too narrow (of too low a velocity) to arise from the
hell. Ho we v er, the observ ed line v elocity is well represented as a
omponent of the final (frozen/nebular) unblended shell line velocity.

In Aydi et al. ( 2020b ), the initial outflow is concentrated towards
he equator, this may be due to the oblate nature of the fast spinning
nderlying white dwarf (see Porter O’Brien Bode 1998 ) and/or the
ocation of where material is falling on to its surface. The subsequent
jections are expected to also originate in an equatorial dominated
utflo w, ho we v er the y are swept up into conical re gions as the y
nteract with the slow, dense initial ejection. The shocks between
hese outflows are the suspected origin of the gamma-ray emission
Metzger et al. 2014 ; Aydi et al. 2020a ). The shock velocities are
xpected to be the difference in velocity of the interacting regions. 
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It was found during this investigation that both fast recurrent and 
lo w classical nov ae tend to inhabit a rapidly v arying density and
emperature diagnostic space of commonly used nebular diagnostic 
ines. Meaning that one should tread with caution when making 
emperature and density estimates in novae. A larger sample of 
iagnostic lines of many species across the electromagnetic spectrum 

hould be used to better constrain densities, abundances, reddening, 
lling factor, geometry, and ionization f actors. It w ould be advisable
or the community to extend the grid parameters, in terms of radii
nd resolution of models from Mondal et al. ( 2019 ) as well as lines
o v ered, this would allow for a concerted diagnostic effort. 

In the resolved nova shell population where narrow band images 
f H α+ [N II ] and [O III ] are common the general ionization
tratification is similar to that seen here, see T Aur (Gallagher et al.
980 ), HR Del (Hutchings 1972 ; Duerbeck 1987 ; Moraes & Diaz
009 ), DQ Her (Williams et al. 1978 ; Vaytet, Brien & Rushton 2007 ),
1500 Cyg (Hutchings & McCall 1977 ; Becker & Duerbeck 1980 ),
476 Cyg (Duerbeck 1987 ), FH Ser (Gill & O’Brien 2000 ), CP
up (Duerbeck 1987 ), RR Pic (Gill & O’Brien 1998 ), and GK
er (Liimets et al. 2012 ; Harv e y et al. 2016 ). Unfortunately high-
esolution IFU observations (or channel maps) of easily resolved 
ova shells are rare. An example of such though are the IFU
bservations of Moraes & Diaz ( 2009 ), which also includes He II
686 Å, and the GK Per channel maps of Lawrence et al. ( 1995 ). 
We find an Fe abundance discrepancy between X-ray and optical 

bservations, parallel to that found in molecular clouds. The discrep- 
ncy between Fe abundances, found from optical and X-ray studies 
etected should contain shock information. It is also suggested in this
ork that spatially resolved narrow-band imaging of nova shells at 

arly times should reveal if ionization stratification is due to shock- 
r photoionization, or both. 
Prolonged and structured (e.g. wa ves/b umps) gamma emission 

nd/or non-thermal radio emission in a growing number of classical 
ovae has been observed over recent years (Cheung et al. 2016 ; Li
t al. 2017 ; Finzell et al. 2018 ; Babul et al. 2022 ). Supporting the
bservations are a series of theoretical works, e.g. Metzger et al. 
 2014 ), Derdzinski et al. ( 2017 ), Steinberg & Metzger ( 2020 ), and
achisu & Kato ( 2022 ). Slow evolving dust producing novae, similar

o V906 Car, have a tendency to feature the brightest (V1324 Sco
inzell et al. ( 2018 ) and longest duration (e.g. V5668 Sgr Cheung
t al. ( 2016 ) gamma ( > 100 MeV) episodes. Where some have
rgued for a white dwarf spin correlation to the gamma periodicity 
ASASSN-16ma Li et al. ( 2017 ), here we posit several forward and
everse shocks in both polar and equatorial nova shell regions to 
iv e the observ ed structured optical and gamma-ray light curve of
906 Car, similar to the theoretical work of Hachisu & Kato ( 2022 ),

f fecti vely leading to the shaping of the nova shell as observed in its
ebular phase. Steinberg & Metzger ( 2020 ) discuss varying velocity 
utflows o v er the course of a no va eruption leading to flares and
omple x v elocity evolution of absorption and emission components 
f spectral lines, which is what we propose here being observed in
906 Car. 
Shocks lead to clumping of shell material (Pittard 2007 ), and the

lump centres give a safe haven for dust formation in an otherwise
arsh environment (Joiner 1999 ). Lending itself linearly to infrared 
eaks (i.e. dust) following gamma peaks (i.e. shocks, e.g. V5668 Sgr
anerjee et al. ( 2016 ), Harv e y et al. ( 2018 ), and V809 Cep Babul
t al. ( 2022 ) and strongly shaped dust-forming novae, e.g. T Aur
Gallagher et al. 1980 ), HR Del (Hutchings 1972 ; Duerbeck 1987 ;

oraes & Diaz 2009 ), FH Ser (Gill & O’Brien 2000 ), and DQ Her
Williams et al. 1978 ; Vaytet et al. 2007 ). This leads us to conclude
hat shocks likely shape nova shells in both their equatorial and polar
hell shapes (giving the shell co v ering factor) and the clumping
ithin these regions (the filling factor). 
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