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Abstract

Multifibre spectrographic observations of the bipolar helium nova V445 Puppis were made
over five nights (two nights in January 2006 and three nights in January 2007) using the
IMACS Integral Field Unit spectrograph on the Magellan I Telescope. Of these, spectra from
the two best nights. 4 January 2006 and 8 January 2007. were reduced. extracted, calibrated
and analysed in this thesis. The spectra extracted from seven target frames in 2006 and
six target frames in 2007 were combined for 400 individual fibres. The two-dimensional
spectra were then recombined into a data cube to create a three-dimensional picture of the
emission from the nova. A combined spectrum, consisting of seven central fibres from the
nova shell. features strong emission lines of [OIII] A5007. He I A3876. He I A7075 and the
doublet [O1I] A7320/7330, with no evidence of hydrogen. I discuss two main results that
arise from a spatial-intensity and spatial-velocity analysis of the spectra. Firstly, there are
excess regions of |O III] A5007 and |OII] A7320/7330 emission at the extremes of the bipolar
lobes that move outwards by ~ 072 from 2006 to 2007. They can therefore be associated
with the fast moving knots in the nova shell. Secondly, the deprojected radial velocities of
these excess regions exceed + 14000 kins ™! if the inclination of the polar axis with respect to
the plane of the sky is 3.9 + 0.4° and the emission is along the polar axis. These extremely
high velocities suggest the excess regions could be due to either an ionisation front or to a

bow-shock from a highly collimated outflow.
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Chapter 1

Introduction

V445 Puppis (Nova Puppis 2000) is the first observed helium nova and. as such, provides an
important empirical benchmark against which to test current theories of helium novae. Per-
haps some of its most remarkable spectral features are the total lack of hydrogen emission,
and the early abundance of carbon and helium after its outburst. This unique nova exhibits
an expanding bipolar shell with a central dust disc that is still obscuring the nova remnant in
2011. Currently. the best model for this helium nova is a very massive white dwarf accreting
mass from a helium star. It is possible the white dwarf will gradually gain mass through
repeated outbursts and eventually, as it reaches a critical mass limit, explode as a supernova
type la (Iben & Tutukov 1994, Wang et al. 2009) or a sub-luminous supernova .Ia (Bildsten
et al. 2007). V445 Puppis is, therefore, a very intriguing object and an ideal candidate for

multi-wavelength spectroscopic and photometric studies.

1.1 Novae

Helium novae. such as V445 Puppis (V445 Pup), are a sub-class of Cataclysmic Variable
{CV7) stars: see also Warner (1995) and Hellier (2001) for a detailed overview of Cataclysmic
Variable stars. A CV is a semi-detached mass-transferring binary consisting of a cool donor
star (the secondary star) and a degenerate white dwarf accretor (the primary star). The
secondary star can be either a main sequence star, a red giant. a helium star or a white
dwarf. The components of a non-magnetic CV are illustrated in Figure 1.1. In this figure,
material that overfills the donor star’s Roche Lobe is pulled through the inner Lagrangian
point (denoted by L; in Figure 1.1) by the deep potential well of the more massive white

dwarf (WD, the primary).

Due to the tidallv-locked rotation in a non-magnetic CV, material moving through L,
will have angular momentum. Therefore, instead of directly accreting onto the WD, the

infalling material spirals around the WD, eventually settling into a circular orbit. As more
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Figure 1.1: The components of a non-magnetic Cataclysmic Variable. Material overfills the
Roche Lobe of the cool secondary star and accretes through the inner Lagrangian point,
Ly, onto the white dwarf via an accretion disc. A very luminous spot is formed where the
material stream initially interacts with the accretion disc. The entire tidally-locked systemn
rotates as indicated (Warner 1995},

material is transferred, its potential energy is converted to heat as adjacent layers shear,
causing the material to move into smaller radii. In order to conserve angular momentum,

material also moves outwards and an accretion disc is formed around the WD.

In Dwarf Novae, a sub-class of CVs, instabilities in the mass transfer rate of the accretion
disc occur when the mass transfer rate of the secondary star is greater than the accreting
mass transfer rate causing a build up of material on the accretion dise (Osaki 1974). Once
the disc reaches a critical density, the material is both expelled and deposited onto the sur-
face of the WD. The dramatic release of potential energy in these dwarf novae outbursts
cause the system to increase in brightness by around two to five magnitudes and can remain
in this state for between two and twenty days (Warner 1995). These outbursts repeat on
time scales of weeks to years (Warner 1995) and subsequent outbursts could lead to a greater

build up of material on the WD.

More explosive outbursts (novae) occur when enough material accumulates on the sur-
face of the white dwarf to ignite a thermonuclear runaway causing an abrupt increase in the
system brightness of several magnitudes. In Classical Novae, the outburst is only known to
have occurred once in recorded history, but if there is more than one recorded outburst for

a specific system, they are then classified as Recurrent Novae.
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1.1.1 Classical Novae

Classical Novae (CN) are a class of cataclysmic variable star systems. that each undergo an
explosive outburst due to a thermonuclear runaway (see Bode & Evans (2008) for a compre-
hensive overview of novae). In these novae, enough mass is accreted from a donor star onto
the partially degenerate surface layer of a massive white dwarf to cause the temperatures
and densities of the accreted layers to rise. Nuclear burning starts which eventually causes
a thermonuclear runaway explosion to take place. Although it can take anywhere from 10
to 10 vears berween successive nova outbursts to reach the required fusion temperatures,
the runaway takes a matter of several seconds and ceases when the Fermi temperature is
reached (Starrfield et al. 1974). This causes the expelled matter envelope to expand greatly
and the system to reach a peak luminosity that can increase the system’s brightness by
around 11 magnitudes (Bode & Evans 2008). Afterwards, optically thick winds will occur,
the envelope will reach a steady state and the novae will gradually decrease in brightness
over a time that could stretch from days to months. The continuous low velocity wind in the
nova after maximum outburst originates in the extended photosphere or common envelope

of the nova (Williams 1992). The idealised light curve of the novae can be seen in Figure 1.2.

The spectrum of a nova will evolve through various stages during the outburst: The
pre-maximuim brightness spectrumn is rarely observed but when it is {usually during the pre-
maximuin halt and rise shown in Figure 1.2), it features broad blue-shifted absorption lines
over the spectrum of an optically thick, expanding and cooling shell. The spectrum may
also feature P Cygni profiles. The spectrum then evolves to the ‘principal phase™ during
maximum brightness. Here, the absorption lines become stronger and more blue-shifted
and P Cygni lines form at the H I, Ca II, Na I and Fe II lines. For around 1 to 20 days
after maximum brightness (depending on speed class), the spectrum moves into a ‘diffuse
enhanced phase” where the lines broaden and, along with a few P Cygni profiles, are further
blue-shifted. Once the nova has decreased in brightness from maximum by about 1 to 2
magnitudes. the spectrum will move into a ‘Orion spectrum phase’ where emission lines,
such as He L. C II, |N II]. |O II], N I}, |[N V] and occasionally H I, are formed and some
line strengths dramatically change. Finally, the spectrum moves into the ‘nebular phase’
where emission lines of O I}, [N II], |O I} and |Ne III] form alongside intense Balmer ernis-
sion lines. and the spectrum evolves to resemble a planetary nebula spectrum. The early
emission spectrum of a CN is created by the evolution of the photosphere. the wind, and any
surface nuclear reactions and, over time, these emission lines will evolve to become narrower

due to non-uniformity in the gas expansion (Williams 1992).

Although no two novae are alike, most can be lovsely classified according to certain
similarities in their composition type and brightness evolution, post-outburst. For example,
the light curves of novae can be grouped according to the rate at which their magnitude
decreases from maximum brightness. This classification system, shown in Table 1.1, was

introduced by Pavne-Gaposchkin in 1957 (Gaposchkin 1964) and has not changed greatly
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Figure 1.2: Idealised light curve of a classical nova (McLaughlin 1939,1960)

Table 1.1: Classification of nova light curves with to the number of days taken to fall two
magnitudes from peak brightness, and 7y the implied rate of decline (Bode & Evans 2008).

Speed Class to

my
(days) {(mag d—1)
Very fast <210 - 0.20
Fast 11 - 25 0.18 - 0.08
Moderately fast 26 -80 0.07 - 0.024
Slow 81 -150 0.024 - 0.013

Very Slow 151 - 250 0.013 - 0.008

in the last 50 years (Bode & Evans 2008). There exists a direct relationship between the

amplitude of eruption and the time taken to decrease by two magnitudes from peak (#;)

such that the faster the decay in the light curve, the greater the range of eruption (Warner

1995).

A more modern classification takes into account the spectroscopic features of novae. Im-

mediately following outburst, Balmer lines are usually the most intense emission features.

Therefore, Williams (1992) classified the CN according to the next most abundant lines in

the 3500 A to 7500 A region of the spectrum; namely either the permitted transition Fe II

lines or the He and N lines. Williamns (1992) theorised that the spectrum originated from a

two component gas; the discrete shell ejected at maximum light causing the broader He/N
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emission lines. or from a continuous wind causing the narrower Fe emission lines. The pro-
files of the emission lines from the wind are generally P Cygni-like if they are optically thick
but if the lines are optically thin, they are more likely to have broader and rounder peaked
profiles. On the other hand, the emission lines that originate in the shell (which is uniformly

expanding at a coustant velocity) will have rectangular profiles.

In Fe II Novae, which account for ~ 60% of all novae, the spectrum takes longer to de-
velop (on the order of weeks) and are therefore classified as slow novae with shell expansion
velocities between 1000 = v, (kins™!) < 3500 (Bode & Evans 2008). Compared to He/N
Novae. they have a lower ionisation level with pronounced P Cygni absorption components
in the Fe IT and Balmer lines. In these novae, most will evolve to either a "standard” nova or
a neon nova, developing forbidden lines which are initially auroral transitions or low ionisa-
tion lines such as [N II] A5755, the doublet |O II] A7320/7330, |O III] A4363 or |O I} A6300
(Williams 1992). These forbidden lines are expected to occur in the expanding gases of the

nova shell as the density decreases.

On the other hand, novae can be classified as He/N Novae. The spectrum of these fast
novae develop within days and consist of flat-topped broader line profiles with little absorp-
tion. These novae have larger shell expansion velocities (.., > 2500 km s~1 (Bode & Evans
2008)) and higher ionisation levels than the Fe IT Novae. Unlike the Fe II novae, which
radiate relatively strong auroral transitions of N and O in the initial forbidden line phase,
He: N novae evolve to a nebular spectrum. They either do not produce forbidden lines at
all. produce coronal forbidden lines, or result in a neon nova with lines of |Ne III] or [Ne V|
(Williams 1992). These spectra exhibit strong lines of either He II A4686. He I A5876, N 11
A5679.5001 or N TIT A4640 which develop in the shell, as matter is ejected at high velocities

from the WD surface at maximum outburst.

Due to the difficulties in modeling the hydrodynamics during the outburst, there is still
much uncertainty in determining the amount of mass ejection in the thermonuclear reac-
tion of a nova (Williams & Mason 2010). Williams et al. (2008) attempt to address this
uncertainty by proposing to model the novae ejecta as colliding shells. In their studies of
the high resolution spectrum of several nova, post outburst, they suggest the possibility of
two distinct components of novae ¢jecta originating from different locations in the binary
system. In the early spectrum of 15 novae, they found that 12 of the novae exhibited a
spectrum consisting of multiple heavy element absorption lines having observable lifetimes
of 2-8 weeks (Willlams et al. 2008). The absorption lines in these systems, named tran-
sient heavy element absorption (THEA) systems, have different radial velocities. While the
higher radial velocity lines are thought to originate from the innermost ejecta corresponding
to the nuclear reactions from the WD surface, a circumbinary outer ejecta. existing prior to
outburst. is the cause of the lower radial velocities. This large reservoir of slowly expanding

gas is believed to be a common envelope formed from a spiral density wave which develops
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when the accretion dise interacts with excess material moving through an outer Lagrangian
point from the secondary star (Sytov et al. 2009). The collision of the faster moving WD
ejecta with the outer gas ejecta converts the absorption spectrumn to an emission spectrum
and decelerates both ejecta components (Williams & Mason 2010). In this scenario, the WD
ejecta gives rise to the observed ‘diffuse enhanced’ spectrum while the secondary ejecta is
associated with the ‘principal” spectrum (Williams et al. 2008). This model has implications
for dust formation within the nova; since the dust is likely to be destroyed in the cloud

collision, any dust model would have to consider the properties of both expanding shells.

Some novae have been observed to exhibit bipolar outflows, possibly due to jets in one
theory described by Sokoloski et al. (2008). One such nova, RS Ophiuchi (RS Oph), is a
recurrent nova containing a red giant secondary transferring mass to a massive white dwarf
(Hachisu & Kato 2001). Although the origin of the bipolar outflow in RS Oph is uncertain,
current theories suggest that jets shaping the outflow could be the result of either asym-
metric explosions within the shell, the ejecta moving into inhomogeneous surroundings; or
highly collimated outflows (Sokoloski et al. 2008). Alternatively, the bipolar structure could
result from interactions with a pre-existing red-giant wind (Bode et al. 2007, Ribeiro et al.
2009). From radio observations of RS Oph, Sokoloski et al. (2008) found that the mecha-
nism of highly collimated outflows was the most likely explanation for the observed bipolar
outflows. In RS Oph, material is expelled from the WD in a nova outburst approximately
every 20 years (Bode 1987). Strong shocks that accelerate particles to relativistic speeds
are created in the nova when the expelled matter interacts with a circumbinary gas that
is formed due to winds from the red giant (Eyres et al. 2009). Although Sokoloski et al.
(2008) suggests that the nova explosion could have provided enough energy for the highly
collimated outflow, it is uncertain what fuels the outflow later. They theorise that if the
accretion disk survived the nova outburst, it could possibly collimate the flow, or it could
result from some nonstandard way. This model is useful in understanding the highly colli-
mated outflows in other novae, such as the recurrent nova U Sco (Kato & Hachisu 2003a),
the fast nova V1494 Aql (Iijima & Esenoglu 2003) and the target of interest in this thesis,
the helium novae V445 Pup (Woudt et al. 2009).

1.1.2 Helium Novae

The helium nova was first theoretically predicted by Kato et al. (1989). In a helium nova,
helium-dominant (and hydrogen-deficient) mass is accreted from a secondary donor star to
the surface of a (0.6 — 0.8 M,,) carbon-oxygen (CO) white dwarf. Once the helium layer
reaches a critical limit, weak unstable helium shell flashes occur on the surface of the white
dwarf that cause the resultant outburst (Kato et al. 1989). As the system goes into out-
burst, the star maintains a constant brightness, lasting a length of time that is dependent
on the ignition mass (the mass of the envelope) (Ashok & Banerjee 2003). After outburst,

the V-magnitude decreases slowly at first and then very rapidly later.
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The donor star in the binary system of a helium nova is believed to be either a non-
degenerate helium star (Iben & Tutukov 1991, Yoon & Langer 2004) or a semi- fully de-
generate star. In the latter case, Bildsten et al. (2007) suggested that helium novae were
the result of ultra-compact binary star systems called AN Canum Venaticorum (AN CVn)
binaries where a CO WD accretes helium from a WD donor in a doubly-degenerate binary

system. These progenitors have very short orbital periods and therefore weak helium flashes.

Currently, the only observed helium nova to date is V445 Pup (Woudt et al. 2009).
Detailed analysis of this prototype will hopefully help distinguish between the various the-
oretical models of helium novae by highlighting essential differences. Depending on the
stellar components of the binary system in V4435 Pup, the overall brightness of the system
will change and therefore affect the kind of model used. For example, V445 Pup could not be
a symbiotic nova (containing a red giant donor) as the deduced pre-outburst colour ((V-K)°
= 1.58 mag) is too blue (Woudt et al. 2009), high-excitation emission lines have not been
observed in the early decline phase and the light curve has declined faster than the expected
decline rate of a symbiotic nova (Ashok & Banerjee 2003). Also. the luminosities observed
are better described by a binary system containing a luminous accretion flow. a bright donor

and a massive white dwarf rather than a less luminous AN C\n system (Woudt et al. 2009).

1.2 The Outburst and Evolution of the Helium Nova
V445 Puppis

A wide range of observations exist for V443 Pup (V445 Pup) from which system param-
eters have been derived. These range from pre-outburst archival photometry (which sets
the luminosity of the progenitor), photometry and spectroscopy during outburst and decline
(observed hydrogen deficiency, light curve modeling) and post-outburst multi-wavelength
photometry. spectroscopy and high resolution imaging (for distance calculations). In this
section. I give an overview of V445 Pup at the various stages of its outburst with some of

the syvstem's parameters deduced from previous observations.

1.2.1 Discovery and Pre-outburst

V445 Pup was discovered in outburst on 30 December 2000 by K. Kanatsu and was reported
as a star with V & 8.6 mag (Kato et al. 2000). The exact date of outburst is uncertain but
VSXET™ reports can be used to constrain the time of outburst by identifving the progenitor

and its brightness.

“http:- ‘www.kusastro.kvoto-u.ac.jp.vsnet
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By using the US Naval CCD Astrograph catalog (UCAC1), Platais et al. (2001) deter-
mined that the progenitor was a 13.6 magnitude star. Using photographic plates (IAUC
7552), Ashok & Banerjee (2003) identified an object brighter than 14 magnitudes between
March 1994 and December 1999 in the position of V445 Pup. They found in later VSNET
photographic records that the object was fainter than 12 mag on 26 September 2000, and
then brighter at 8.8 mag on 23 November 2000. Therefore, the outburst most likely fell

between these dates.

In order to reach the expected pre-outburst colours of the likely donor stars, (Woudt
et al. 2009) deduced a pre-outburst brightness of 10.1 mag < V¢ < 10.4 mag (V° is the
extinction-corrected pre-outburst brightness including Galactic and circumstellar reddening
corrections). For a distance of 8.2 kpe, this corresponds to a pre-outburst luminosity of
log(L/L&) = 4.34 + 0.36 based on the expansion parallax of the nova shell and the amount
of dust obscuration ( F{B-V) = 0.62) (Woudt et al. 2009). This high luminosity likely reflects
a combination of a luminous companion (helium star) and a high mass transfer rate onto a

massive white dwarf.

1.2.2 Outburst

V445 Pup is considered to be a slow nova, decreasing by ~ 1 magnitude in the first six
months (Ashok & Banerjee 2003). Inn June 2001, there was a sudden drop in brightness due
to the optically thick wind ceasing and the photosphere shrinking rapidly. The brightuness
then declined more rapidly and a thick dust shell, rich in carbon, formed (Kato & Hachisu
2003b). Figure 1.3 is an up-to-date optical and near-infrared light curve illustrating the
brightness of the nova before, during and after outburst. The most recent data point corre-
sponds to 11 October 2011.

No hydrogen lines were identified in early infrared and optical observations in January
2001 by Ashok & Banerjee (2003) and Wagner et al. (2001), respectively. Both observed
many permitted Fe I, Ca T and Ca 11, O I and Na [ emission lines. Ashok & Banerjee (2003)
also found the spectrum to be unusually full of C I lines. Later, in mid-January, Kato &
Hachisu (2003b) observed unconfirmed high excitation lines of O IV and He II, implying

that the shell was still dense and illuminated by a rich UV source.

In an in-depth study of the early post-outburst spectra, Iijima & Nakanishi (2008) iden-
tified P Cygni absorption components in emission lines of Fe IT, Ti I, Cr II, Na II and MgIIL.
Considering a system velocity of +224 + 8 kins ', they deduced that the components were
blue-shifted by ~500 kms ™! which relates to the outflow velocity of the equatorial dust
during outburst (Iijima & Nakanishi 2008).

Nova eruptions have bolometric luminosities that are at or slightly above the Eddington

luminosity (Bode & Evans 2008). As the luminosity of the nova approaches or exceeds the
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reddening of B2V = LAL) which v Lherefure pgeeater than the Bddinglon Luminosity
Tlhis I alsey scon ji0 OX sneboae V1974 Cypm which often bave peok homoosities rhal exeasd

thie Eddington laminesizy (Bato & Haebnsn 2005),

1.2.3  Post-ontburst Appearance and Evolution

Fipure 14: The evidving navie shell of ¥440 Pup obtained nothe NIR &, bamd The data
were obigined vrer o years using NAGES JCONICA ou the VLT, Al Bges are ploceed on
thie sume seale with g sampling af 27,15 mus pivel " (Woudt oo ol 2009)

As shown in the detalsd Talse colour near-intrared K fmstges of V445 Pap i Figure
1.4 taken fonr Lo six vears afler oueburst, ehe noe s expanding aursnirds 110 bipolar Jobes;
one priemtated north-cast (NE) and the olher soutli-wedl (SW), wilh 2 indinaeion of 3.9
to the plane of the sky [Woude er al, 20097, The ova swvstenn expands rom voe epoch La
the next, which s cearly wsteared by the initdally narrow szt of the wovn widening over
tiae, At all epochis, an equatoeisl duse dise sbieoweds che noven rerunane aned high speed lonos
are alworvisd foowoewve cutwards sl che exirenmes of elig shell along ehe polar s, The cjecta
spasns glumt 2 2 37 aevoss Lhe sky and e pova hag a position angle of <o 6658° [Wondt of al.

00

Tl expanding slell of ¥ 445 Pup s unlike aony classtenl nova observee Bistend, 10 elosely
resernlley the cxpanding shells seen o some planetacy nebulae [PNel awl prowoplanetary
nebulae (pPPNel. The major differenee bevween V445 Tup and other P'Ne or pPNe s the
larpe expansion welocity (pelar shell expansion velovity », = 6720 650 kms~t), thar is
ture Lypical [alchough on the high end] of & nova outbursl, From voe-ditensional (1T
bl roedv rimtnical madels of PXe esoiution [Sehonberner et al, 2003, Rapa o al. 20051, the

ubmerva] wlpes of 4 PN shell are either due to an onisation wave or Lo a shodk leone meving
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at velociries that cannat Te messured spectroscopically, Chservations of the nova speesrym
i 2006 ad 2007 reveal o lack of [N I AGSE% and [5 TT) A6T17/46731 lines which may be a
pusitive indicaciom of shock iouisscion o the spectium of ¥445 Pup (Woude et al, 2009),
This maw not bee the case with V443 Pup as veseatch by Allen en all (2008) snzgest chat in
sumie: svinbiotic stars, the density may be too bigh for |§ 1] 1o exist. As they only created

shock maodels for veloeities less rhan 1000 kmes !

these madels will have o be adapted to
the higher velucitiss observed in V445 Pup in order to deteninine whether [S 17 b= to he

exprected intho spetmin.

Thres vears after mavinnnn brightness, Lyneh on al. (2004) observed a thermal contin-
uum ewission using L9 - 25 pm abservations. They also identified vwo narvow helium lines,
prubably originasing from the hor incerior segiow of the s when viewed through the dust
shell. At this spoct, ne He 1 or coroual lines weee ideutified o the near-infrared spectra
cLyneh enoal 20040, They tesscned thar this way Lecanse the ionising sonrie was not hot
emongl and there was oo kard radistion from the shell notil Tarer after oncburst. According
1o their pear-infranad observagions an 16 Novewber 2005, oo more thermal dust eiission

was bserved.

Later post-outburst spectra, observed fve to six years after pegk brighroness, show a
uebular vnised spectnum with emission lines of He T, (O T [0 1T, [0 I} auud & very weak
oontinau | Weandr ef ol 2000). This spererung is analvsed and discussed iu decail 1o Later
rhaprors of this thesis.

1.2.4 Dust in V445 Puppis

Gelrz [1989) predicted thar dust would Tors in Gast wovae, cansing a sharp drop in optical
brightness when the dust obseursd the conteal system. This dust i evpieally not foroeed for
many months lollowing outburst, o el cose of ¥445 Pupe dose is believed to have furmed
approsimately & maonth after tlee 2000 cutbursr [ Ashok & Banerjes 20031, Allhough this is
unusual fur novae, there have boen spoctal coses before, such as V&35 Her, which develuped
thast just eight davs after antburst [Chandrasekhbar ec al, 1992), Tl central binary star
srstorn 1% sH1] abscured eleven vears later s shown in Figure 1.3 This is nosnal for the

typical clagsieal o ( Wendt o 2l 20007

A month after che 2000 outburse, fw infrandd ohservadions were carvied out. resulcing
in coutrary discussions about hew ehe dust was formed. These were JHIC band observations
on the 2 January [Ashok & Banerjee 2003) and 314 pmomid-infrared obsereations on tlhe 31
Jamary 2001 [Lynch et al, 2000, Lynch et al. (2001 abserved wosmaooth featureless spec-
trum with no leace of the Llack-hody distribution fen wogld be consistenl with thermal
cmission. They theorised chat the strong ufraved contimaym that featnred so enrly after the
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outburst cousl suggest previons gunhursts as 16 wis oot possible for dust ro foem s oarls,
However, Ashok & Banerijee 72003) arpued ihat, since Lvnch er al. (2001) estimated thar
the 2000 vulburst had ceotred in Decemler 20000 {a month Jater than their own estimares),
thedr dedwetions were incorrect, Bather, Ashiok & Banecjes (2003) believed thers was snoogh
rime aftor onrbnrst for the dust to form o Jaoaey 2000, Thedr 3K obsersationg revenled
# tassive optically-thin dust shil] formacion which they believed was released just after rhe
2000 gurdurst,

Using an interstellar exeineeion of £008-V ] — 0,31 wmag (Tijlna & Nakanishi 2008}, Woudt
et ol (2009) calenlated a pre-oorhurst colour of (V-K) " 5= 158 wag fur V445 Pup, They
siggestod this colenr conld be due to the presence of substaneial cirommestellar reddening
before the 2000 auchurst.

1.3 A Spatio-kinematic Model of the Nova Shell

1.3.1 Radial Velocities of V445 Puppis

—— T —
A Tz He | TIRE b - D dmod—
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: LN R FIR Y
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E O i
E I
=
i =
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E —oug g
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i |
- = | TR T o ML, W LRTRPTITE Y PP NSNS T e
2L " 3, i3 ~La —RbO¢ -leed 6 000 2000

mb&si.tiun along shell o) Velasily (km s}

Fignre 1.5 Lefr: Spatially resolyed voloeity wap of the e 1T 4 7065 emission line. The
velovity of surmmed spectra ave sampled along the major axis runoing from West to Last,
Righe: He T ATG5 crossion Naes from twa epoeh ace cinpared with thie emission line e 1
220581 [, band) [rom a different epoch (reprodiesd from Wiande ef al. 200097

brom obssrvarions made m 20068, Wonde er al. [2009) were able to megsuee radial veloe-
irtes aof the He 1 ATORS ernission loe slong vhe major axis of ¥445 Pop, The He T ATOGS Jine
has two vompurents, a domioanl Dloesslufted corponent and a weaker red-shifred conipo-
nent, dx llustrated i Figure L5 These pespectively coreespond to the material in the ngva

that is approsching the vhserver, aml the recoding matetial observed theongh the lobes, A
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slight shift in the average velocities, moving from West to East in the shell. is also observed.
This corresponds to a slight inclination to the line-of-sight, with the polar axis of the SW
lobe inclined away from the observer and the polar axis of the NE lobe pointed towards the
observer. From the data, Woudt et al. (2009) deduced radial velocities of the red-shifted and
blue-shifted components for the NE lobe of ~ +1140 kms ! and ~ —1270 ks~ !, respec-
tively; and for the SW lobe ~ +1720 kms™! and ~ —760 ki s~ respectively. The average
of the mean radial velocities for each lobe is therefore . = +210 kms~! which agrees with
the systematic velocity of 224 + 8 kms™! found by Lijima & Nakanishi (2008).

Woudt et al. (2009) modeled the velocity profile of V445 Pup using a bipolar velocity
field model (Solf & Ulrich 1983) on the He I A7065 emission line. Solf & TUlrich (1985)

describe the model using the equation:

Ve (0) = ve + (vp — ve) sin®(fo)) (1.2)

where ¢ is the latitude angle (with the poles at + = 90° and the equator at o = 0°). 1,
is the equatorial velocity, 1, is the velocity at the poles and o is the bipolarity degree where
a larger o implies a stronger bipolarity.

The equatorial velocity was kept constant at ~ 300 km s+

. as this is the velocity of the
optically thick outflow deduced by Ilijiina & Nakanishi (2008) from the blue-shifted P Cygni
absorption components. Woudt et al. (2009) found that the nova had a very large polar
outflow velocity of 6720 + 650 kms~! and that, for a range of models. V445 Pup comprises
a bipolar shell aligned along the plane of the sky and an orthogonal dust disc aligned along
line-of-sight. They found that the inclination of the bipolar shell was 7 = 3.9 & 0.4 °

(Woudt et al. 2009).

1.3.2 The Distance to V445 Puppis

From early outburst observations, Wagner et al. (2001) estimated that the distance to V445
Pup had an upper limit of 3 kpe. Their result was derived using the the equivalent width of
the interstellar absorption band at 5780 A. They also deduced an interstellar reddening of
E(B-V) < 0.8 mag. By comparing the absolute magnitude of their theoretical light curves
with their observed apparent magnitude, Kato & Hachisu (2003b) calculated a distance of
around 640 pc or 700 pe, depending on the model. This agreed with the upper limit esti-

mation from Wagner et al. (2001).

Based on the upper limit of 3 kpc, Ashok & Banerjee (2003) used extinction maps from
Neckel & Klare (1980) and the relation Ay = 3.1 F(B-V) (Koornneef 1983) to deduce a red-
dening of F(B-V) = 0.25 mag. They confirmed this result by comparing photometric U BV’

data, taken by Wooden (1970), of 110 stars in a 5 x 5 degree field surrounding V445 Pup.
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As these stars have known spectral classes, and therefore known intrinsic ( B-V), colours,

they could calculate the excess colour E(B-V) from the star’s observed ( B-V) colours.

Using a theoretical light curve model and the assumption of black body radiation from
the nova’s photosphere, Kato & Hachisu (2003b) deduced a distance of d < 1 kpe. They
later revised their model and distance estimate as new considerations came to light. Tijima
& Nakanishi (2008) observed Na I doublet absorption lines at velocities of 16 kms ™! and
73.5kms~!. This implied that V445 Pup was located in or beyond the Orion Arm of the
Milky Way with a distance that could be as large as 3.5 kpe < d < 6.5 kpe, contrary to earlier
estimates. lijima & Nakanishi (2008) further deduced that F(B-V) = 0.51 mag, which was
consistent with Wagner et al. (2001) but greater than the E(B-V) = 0.25 mag suggested by
Ashok & Banerjee (2003). By considering these larger distance estimates and the observed
colour indexes during outburst, Kato et al. (2008) revised their model to consider a free-free
emission dominated light curve based on an optically thick wind theory (Kato & Hachisu
2003b).

The latest distance estimate, based on the expansion parallax of V445 Pup, is d = 8.2 +
0.5 kpc calculated by Woudt et al. (2009). They reached this result using combined adap-
tive optics spatio-kinematic observations and the velocity model described in Equation 1.2.
(Solf & Ulrich 1985). Using this model, they also calculated a bulk velocity of v, = 6720
+ 650 kins~!. This is relatively fast when compared to hydrogen-rich novae, although not
an unreasonable result. The recurrent nova U Sco has very high velocities with a full width
at zero intensity (FWZI) of ~ 10000 kms~! (Kato & Hachisu 2003a) and RS Oph has a
similarly high bulk velocity of v, = 5600 £ 1100 kms~! (Bode et al. 2007).

Woudt et al. (2009) used their distance estimate of d = 8.2 £0.5 kpe to place the nova at a
height of 313 + 19 pe below the Galactic plane. Therefore, they could use the IRAS/DIRBE
Galactic reddening maps (Schlegel et al. 1998) to deduce the Galactic reddening towards
V445 Pup. By comparing the location of V445 Pup to open clusters within 10 degrees of
it, they were able to deduce a Galactic reddening of 0.51 mag < F(B-V) < 0.68 mag. By
using the equivalent widths of the Na doublets observed by Iijima & Nakanishi (2008), they
could infer that E(B-V) = 0.68 mag was the maximum limit (Woudt et al. 2009).

The distance to V445 Pup is not well known and current estimates remain fairly uncer-
tain. As distance is used in determining possible parent populations, it is important that
improved spatio-kinematic models are produced with better spectral sampling and higher
angular resolution. It is possible that the observed material seen at high resolution is not
associated with the true expansion velocity of the shell, but rather with a post-shock ion-
isation front instead. This is the critical pitfall of any expansion parallax and remains a

problem, even with perfectly resolved images.
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Woudt et al. (2009) believe it is unlikely that their distance measurement of 8.2 kpc was
severely underestimated, as a greater distance would imply velocities approaching those of
a supernova rather than those of a classical nova. They suggest that more detailed (mag-
neto)hydrodynamic simulations (e.g. Dennis et al. 2009) are needed in order to estimate by

what amount the expansion parallax could underestimate the true distance to V4435 Pup.

1.3.3 The Mass of the White Dwarf

The mass of the white dwarf in V445 Pup has so far been poorly determined as it has only
been inferred from models and not directly measured. Using their initial blackbody emission
model, Kato & Hachisu (2003b) inferred a very massive white dwarf of the order M., >
1.33M . They found that this mass provided the best fit for pre-outburst light curves using
VSNET data. Using their revised free-free emission light curve model, they later found that

the mass was closer to A,.q > 1.35 M (Kato et al. 2008).

1.4 V445 Puppis as a SN Ia Progenitor

1.4.1 The SNe Ia

Type Ia supernovae (SNe Ia) are important astronomical phenomena, as they produce heav-
ier elements such as iron, and can be used as standard candles in determination of cosmolog-
ical distances. This is due to the luminous homogeneity of their stellar explosions (Mazzali
et al. 2011). NMuch research is dedicated to the identification of the progenitor binary system
of SNe Ia. The favoured progenitor scenario is a CO white dwarf that accretes hydrogen
from a companion donor star (Branch & Nomoto 2007). As the accreting CO white dwarf
in SNe Ia are all at the Chandrasekhar limiting mass, this leads to the homogeneity of the
explosions (Livio 2000). In a second scenario, the supernova Ia is due to the merger of two
white dwarfs with a combined mass that exceeds the Chandrasekhar limit (Mazzali et al.
2011).

1.4.2 V445 Puppis: a SN Ia Progenitor?

It has been suggested that V445 Pup is a candidate progenitor of the type Ia Supernova
(Kato et al. 2008) or the sub-luminous type .Ia supernova (Bildsten et al. 2007). In systems
with He donors. the accreted helium accumulates on the surface of the white dwarf (Kato

~1 estimated

& Hachisu 1999). Due to the high accretion rate of several times 1077 M- yr
for V443 Pup. an ignition mass greater than 10 ® M., and a massive WD mass that is
greater than 1.35M -, the helium flashes are very weak. Therefore, in the models of Kato

et al. (2008). less than 30% of the envelope is blown off, while the rest accumulates on the
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white dwarf surface. After several helium flashes, the growing white dwarf mass reaches
the Chandrasekhar limit, resulting in either a supernova explosion or an accretion-induced

collapse to a neutron star (Kato et al. 2008).

Woudt et al. (2009) investigated the possibility of V445 Pup having outbursts prior to
one in 2000. Using plate archives at the Harvard Smithsonian Center for Astrophysics, they
were unable to identify any outbursts in the time frame 1897-1955, even though V445 Pup
was frequently identified at a constant brightness and the observations were well-sampled.
They were also unable to find any pre-outburst spectra or an orbital period for the system

that could give further clues as to the nature of the progenitor and its eventual outcome.

In a recent paper, Li et al. (2011) suggest that a V445 Pup like object is unlikely to
be the progenitor of type la supernova SN 2011fe. Using historical images. they could not
identify the progenitor system of SN 2011fe and thus were able to place an upper limit on the
luminosity of the potential progenitor. This luminosity is 10 - 100 times fainter than previ-
ous SNe Ia progenitor limits and is therefore more suited to doubly-degenerate systems than
to singly-degenerate systems. Although this excludes V445 Pup, lower luminosity helium
novae are still possible candidates. Li et al. {2011) go on to state that given how diverse the
class of SNe Ia arc observed to be, multiple progenitor channels, including singly-degenerate

systems, are still possibilities for this class.

1.5 Thesis Outline

Similar to observations made by Woudt et al. (2009), this dissertation presents data observed
with the IMACS IFU iustrument in 2006 and 2007. However, the analysis of Woudt et al.
{2009) only considered the velocity profiles along the major axis for one night of observa-
tion. The research conducted in this dissertation considers the full spatial velocity map for
several dominant lines over two nights. Improved estimates of radial velocities are reached,
and ultimately these results can be used in one-dimensional hydrodynamic models and to

coustrain better estimates of the distance.

In this thesis, the IMACS IFU, situated on the Magellan Telescope at Las Campanas
in Chile, was used to make multi-epoch spectographic observations of V445 Pup. These
observations and the IFU spectrographic observing techniques are discussed in Chapter 2.
The reduction techniques, using various IRAF routines, and the data cube reconstruction
process are reviewed in Chapter 3. In Chapter 4, spectral emission from the nova is in-
vestigated in both intensity and velocity space, and the results are modeled in Chapter 5.
Also, the changes from 2006 to 2007 and an excess of oxygen are discussed in detail. Finally,

in Chapter 6, future prospects concerning the use of the results from this thesis are reviewed.



Chapter 2

Observations

Muliifibre spectographic observationg of Y445 Pup and Its surmoundings [inelndimg st
dard srars and o planetary nebula) were made over five piphls in 2006 and 2007 using the
[MACS IFU on the Magellan Teleseope at L Campanes Observatory o Chile. The five
two ghservations were made oo the 3 and 5 Jameary 2006 and the last thres obseryaions
woere made a vear lacer on the 8, 9 and 10 January 2007, OF these, only spectra from rao
nighrs (4 January 2008 e § Janvaey 2007) were chosen for furtlier anatvsis as they both

reach simibar depeh and were observed under excellenl weather condinons.

2.1 The Magellan Telescope

Figure 210 The 6.5 m owwin Magellan Teleseopes situared ar Tas Campanas Ohbser-
vatory in Chiles [(Creedine  hide: e ool belesrapes-information ‘magellan felescopes-
irformation Smapellan )
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The multi-epoch spectrographic observations reduced and analvsed in this dissertation
were made using an Integral Field Unit on the Magellan I. or Walter Baade Telescope.
Built by the Carnegie Institution of Washington. the 6.5 metre telescope is situated at the
Las Campanas Observatory in Chile alongside its twin telescope. the Clay Telescope. Both
telescopes have an alt-azimuth design with principal foci of £ 11 at the Nasmyth positions
and f 15 foci at the Cassegrain positions. The f 11 focus is in a Gregorian configuration,
which assists with the collimator optics performance in the wide-field spectrograph IMACS
(Dressler et al. 2011). The primary mirrors consist of {1.23 paraboloid mirrors coated with

aluminium surfaces. The Magellan telescopes are shown in Figure 2.1.

2.2 Spectroscopy

2.2.1 Integral Field Unit Spectroscopy

Integral Field Unit (IFU) spectroscopy is the ideal tool for spectral imaging of extended
sources. which gives it a huge advantage over traditional long-slit spectroscopy. In IFU
spectroscopy. data are collected from a two-dimensional (2D) field of view and then con-
verted into a three-dimensional (3D) data cube format. This data cube consists of two
spatial axes (right ascension (RA) and declination (DEC). or  and y) and a dispersion axis
which is in wavelength or velocity units. With an IFU. spectra are svstematically recorded
from all over the field of view. Therefore, this method of spectroscopy can be used to create
spatial maps of your target for specific wavelength or velocity regions. as well as line ratio
maps. The IFU is designed to be primarily used in the optical red or near-infrared regions,
as it is difficult to manufacture optical fibres that transmit blue light as effectively as red

light.

Integral field spectroscopy consists of two components: namely a spectrograph, which
disperses the spectra, and the IFU which divides the 2D spatial plane into a continuous

arrayv. The three main types of IFUs are illustrated in Figure 2.2

In a lenslet array, light from an image is separated by a microlens array. where it is
condensed into small individual points. A spectrograph then disperses these points into
spectra. As the points are small, the spectra can be aligned at an angle with no overlapping,

provided that the spectra are not too wide.

In a lenslet and fibre IFU, light from the image falls over a 2D fibre bundle array. Light is
transferred via the fibres to a continuous slit or slits, which then disperses it into row-stacked
spectra. As the fibres are cylindrical, they do not cover the field entirely. Therefore, ad-

jacent square lenses are used to focus light onto the fibres, while still covering the entire field.
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Figure 2.2: The three main methods nsed i integral Held spectroscopy { Allington-Smith &
Cuaieenn 19987,

The image slicer TFU copsists of stpips of mivrars thar foeous the ineoming light of the
rarget auto a seoondary ser of mirrors. The secowd ser of mirrors aligns the light continn-
ousiy along o dispersing slit. As mreors are inherently acheomarie and easy 1o ecool, these

TFU s are will suited o infrared spectroseopy.

The raw data produced by an IFU contain several hundred spectra which need o be re-
duieed and analysed. Onee these spectr are ssctracted, they can be oeassermbled ioees o dacs
enhe In Figare 2.3, che IFU proeess i illnstrated wsiog data analysed in this dissortation.
The backgroumd mage s o wide-field image of Y145 Pup and s sueronndings (307 % 30°,
based an dara [rom the Digitised Sky Survey 2 [Credic; ESG/ Digitsred Shy Swreey 2. Y444
Pup 15 projecisd] otte a 16 « 25 hexaponal array of fbees, sammpled at 072, Each of the 400
spatial pixels, or spaxels, shows the siemoed nensity from a portion of the spectra that lies
alonge the third dimension in the daraceabe, and the spoctrum for ane of the spasels eovering,

V445 Pup iy displayied in the hottom inset of Fignre 2.3

2.2.2  INMACS IFU an the Magellan Telescape

The Tnamor: Magellan Areal Camera and Spectrograpd (IMACS) (Schmall er gl 2004) s
A malti-ohjeet spectrographic inserammek designed to o nsed on e Magellon T Telescope,
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Figure 2.3 Elstration of iesral field spectroscapy osing 4 Digitised Sky Survey inwage of
Viddi Tup and observarions apalvsed mnodhos dissectalion. The top inset 15 o summied on-=ky
projection of the He T ATOGH emission in the —900 kma=" Lo =700 kma—! rasge. Each
aperture can be exprossod ss o two-dinensional spectiaen as idicaled i the lower insel.
North Fast configuration is as indicared and the background field is 307 by 307 Backprounl
erodin: WSO THgptized Shy Swreey 2}

place] at the Nasmyrh foens 10 has fwo caneras; o DP2068 long catnera for 17 aremin
[eldis snanpled ar 0.2 areses, and o £/ 049 corera loe 27 accmin figlds sanpled ar 0.4 arcses
[ Dresslor ot al, 20110 Boch cameras ean work in spectrascepic or imaging mades, and toed
thivensh (oo B1492 % 8192 pixel OO array. Lhis four by we CCD arvray [each CCTY has
wodhimension of 2048 « 4098 pixeds) is shown in Figore 240 While the lonp cuiners uses
prating dispersers fur spectrographic maging, the short camera uges grismes of varicos low
disperstoms. The speetral resololion s £ — 27845 <2 0000 for “he long camera and K =

MM < 1R for the shorm earnera,

Obgervations of V445 Pup were made using the IMACS 1FU (Schmall e al. 2004) which
= Nbee lenslet TFRD bault spewifieadly for Lthe IMACS specirograph, covering the specrral
range from 400 omote 90 mo with a spectral resclution of /& TR0, The IMACS IF1
consisly uf wwo conally sized 5 by 7% recangoiae fields, separated by -1 aremin. The con-

Gpuration of a separace object and backpround Geld alliws for beam switching by nodding
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Fipure 2.4; Avvangemeut of  the  eiply CCDs oo the  IMACS  spoctro-
graph. The dot indieates che position of poel{00) o esch CCDL ([ Credic:
http:/ oby carnegueacienes. edu Coide S eosinas S Bate tand )

the teleseope. Fach Held consises of an arvay of 1000 fihves, with each fibre saoupled ar 092
Half of the adjacenn fibrey prajocs Tighr onra fiorr of the eighs CODs. Simlarly, the other
half of Lhe [ibres project anlo the ocher four CCDs The mapping of these fields is illasreaccd
in Figure 2.5, whirh is reproduced from Scheooll of al, (20043, In Lhis fgure, the abject and
backeround Helds are alternated in blocks of 50 fibres each, This helps to avoid any larpe
changes i the behaviour of the spactropraph when subtracting sky from the tarpet tnages
during reducrions, A few manufaciuring errors with the IMACS CCDrs need to be considered
when reducing: namely, the eiphihe and nineh Backpround Blocks need 1o be switched and
the second Object Block contains two braken fibres,

2.3  Multi-cpoch IFU Spectroscopy of V445 Puppis

Speciroseopic obserwalions were taken over [ve nighes in two vears [B006 and 2007} using
the IMACS [FU v vhe Baade Nelescope by Professor Danny Stesgliy wsing, the Grasm G,
This dispersing elerment covers the optical wavelengeh singe from 4000 4 to 9000 A with an
cxpected pixel scale of 0038 A/ pixe]l (Woudt et al. 2009). The Gebd of siew (5700 by 4715} i=
idenl for covering vhe nova which is appeoximarely 29 - 3 across. The sampling of 092 15 alsn
ideal for artempeing Lo tesolve parts of vhe mova shell. A central portion of vhe jong cameta,
vansisting of the Object and Backpround Blocks 7-14, was used (See Fipure 2.5). Therefore,
eavh image contained 00 fibres, and ghins 400 spoetric Te etract.

In 2006, VA13 Pup was observed on cwo nighls, 4 January and 5 Janeary, and the nova
was positianed in the Backpround Blacks (with the Object Blocks vontainitg sky expasures).
In 2007, rhe nova was obseryved over thicee niphis; 8 Jannaey, Y Januaey and 10 January and
Vad4a Pup was conversaly posilionsd ovle Object Blocks (with ile Backpround Blocks
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nn LA lanuwary 2 IF] might 2. 3 January M06
M. b B lanuary 2007 ~ichy 4 9 January 2007

e Night 30 10 Jonuware 2007

Fipure 2.6 Nightly sarmple spectra of aw target exposices from Backpround (e 2006} and
Object (in 207 Bload 11 00 CO 1 The spestea arg centreed on the (3 11 AT32007300
dobilet emissian lne. The dispersion axiz Is along the p-axis.

now containing sky cxposwes). Aloug with V445 Pup. absereations were alse made of the
planwrary nelmla, TE216S, and Lhe standard stacs; GO, TTT205 and LTTISE4. The fyl.

abserving log B all five niphls can be seen in Appendix A.

I Figlve 2.6, a cotmnpari=on is tade of a smoall subsed of speclis consisting of 50 spectra
from Object Block 11 eentred oo the [0 1] ATI200°7530 doublet smission line from each
of the nights, The images e it vt been redueed andd are therefore coversd in cosinic
rays that still nesd 10 be suldcacted. Exposures of V445 Pup were either 12005 for the first
four nights, or 1T20s for rhe Jast night. The seeing for each uight is shown in Figure 2.7
Although all of the Images come I the same Mack, there 15 a chance that the camera
wits tnoved Detwesn niphts and 8 diffecend pare of the oova s being looked at, This being

siid. there was no evidence of a sipual o any of the spectea oom OCD 20 This = probably

due ro the extrenely variable sseing as shown in Figuee 2.7 and clondy wearher on Lhis night.
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Table 2.1: Observations of V445 Pup in 2006

Object UT Start  Exposure Time RA DEC Airmass
(s) (hh:mm:ss)  (dd:mm:ss)

V445 Pup  03:11:31 1800 07:37:56.1 -25:57:33.7  1.144
V445 Pup  03:43:10 1800 07:37:56.1 -25:57:33.0  1.079
V445 Pup  04:14:43 1800 07:37:56.0 -25:57:34.0  1.036
V445 Pup  04:50:46 1800 07:37:55.8 -25:57:46.1  1.009
V445 Pup  05:22:26 1800 07:37:56.6  -25:537:52.9 1.001
V45 Pup  06:16:41 1800 07:37:56.7  -25:57:50.8 1.024
V445 Pup  06:48:18 1800 07:37:56.6 -25:57:50.5  1.06

(a) Night 1: 4 January 2006

Object UT Start Exposure Time RA DEC Airmass
(s) (hh:mm:ss)  (dd:mm:ss)

V445 Pup  02:33:37 1800 07:37:57.2 -25:57:44.1  1.244

V445 Pup  03:05:34 1800 07:37:57.3 -25:57:43.1  1.149

V445 Pup  03:37:07 1800 07:37:57.3  -25:57:42.1 1.083

(b) Night 2: 5 January 2006

2.3.1 2006 Observations

The first night (4 January) was the clearest of all five nights. This can be seen in Figure
2.6a. where the spectral feature has the greatest overall intensity. The seeing was relatively
stable at around 075 during the duration of exposures from 3:11 am to 6:48 am (UT time).
This is shown in Figure 2.7a which displays the seeing conditions during our observations.
Observations from the first night included V445 Pup, dome flats. arcs, the planetary nebula
1C2165. the standard star GD30 and twilight flats. On this night. seven exposures of 1800
seconds each were made of V445 Pup. After five target exposures were taken as the telescope
was moving through the meridian, the observers noticed that the target had moved off the
central position of the CCD. After a few spot images, theyv repositioned the nova to the
centre of the CCD. Hence the 20" difference seen in the declination between observations

on the 4 January in Table 2.1.

Unfortunately. on the second night (5 January), the seeing was very variable the whole
night and no spectral features were visible in the spectra. This can be seen in Figures 2.7b

and 2.6b. respectivelv. Also, only three exposures were made of V445 Pup during the night.
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Table 2.2: Observations of V445 Pup in 2007

Object UT Start Exposure Time RA DEC Airmass
(s) (hhimmess)  (ddinmess)
V445 Pup  05:23:03 1800 07:37:59.8  -25:56:35.9  1.003
V445 Pup  06:06:56 1800 07:37:59.8  -25:56:33.9  1.029
V445 Pup  06:43:57 1800 07:37:59.8 -25:56:33.5  1.076
V445 Pup  07:16:20 1800 07:38:00.0 -25:56:33.8  1.141
V445 Pup  07:52:44 1800 07:38:00.1 -25:56:35.7  1.247
V445 Pup  08:25:05 1800 07:38:00.2  -25:56:37.8 1.384
(a) Night 3: 8 January 2007
Object UT Start Exposure Time RA DEC Airmass
(s) (hhimmess)  (dd:nm:ss)
V445 Pup  04:59:27 1800 07:37:59.3 -25:56:37.9  1.002
V445 Pup  05:31:48 1800 07:37:59.5 -25:56:36.0  1.008
V445 Pup  06:04:12 1800 07:37:59.5 -25:56:34.5  1.03
(b) Night 4: 9 January 2007
Object UT Start Exposure Time RA DEC Alrmass
(s) (hh:mmess)  (dd:mmss)
V445 Pup  07:09:02 1200 07:37:54.4 -25:57:30.0 1.142
V445 Pup  07:31:20 1200 07:37:54.5 -25:57:30.3 1.203
V445 Pup  07:53:39 900 07:37:54.6 -25:57:304  1.28

{c) Night 5: 10 January 2007

2.3.2 2007 Observations

Night 3 (8 January) was the clearest night in 2007. It is shown in Figure 2.7¢ that the seeing
was very stable and less than 075 when the exposures were being taken from 5:23 am to 8:25
am (UT time). Along with V445 Pup; dome flats, the standard star, LTT2415 and twilight

flats were observed. Six exposures of V445 Pup were made on this night.

Only three exposures of V443 Pup were made on both nights 4 and 5 (9 and 10 January
respectively). Night 4 was cloudy and the sceing was very unstable during exposure times
from 4:59 am to 06:04 am (UT time). Ou night 5, the seeing was better and, from 7 am to
8 am, varied between 075 and 077. However these conditions were still not as good as either

night 1 or 3.

2.3.3 Final Data Set

In this dissertation, I have chosen to reduce and analyse only the high quality data of night
1 (4 January 2006) and night 3 (8 January 2007). These observations are approximately
equal in quality and length, and allow for a good comparison of the spectral features of V445

Pup in 2006 and 2007.



Chapter 3

Data Reduction and Analysis

When working with raw data from the TMACS IFU, several hundred spectra need to be
carefully reduced. extracted and processed into a data cube format. As no publically avail-
able pipeline exists, T had to process all of the reductions using standard IRAF ~ routines.
Due to the complex nature of the data reduction procedure, I initially extracted a small
subsample of spectra from CCD 1 to test the extraction routines. Once this extraction was
processed successfully, T expanded the reduction procedure to run on the full dataset and
assembled the data cube for analysis. The extraction process was also performed on spectra
taken of the planetary nebula IC2165 to verify the accuracy of the wavelength solution and

quantify the uncertainties in the radial velocities.

3.1 Extractions of Spectra

3.1.1 Extractions of a Small Subsample

The small subsample, consisting of 3 flats, 2 arcs and 1 object exposure, were taken during
observations on the first and clearest night (4 January 2006). Each image contained 100
spectra from Object and Background Block 11, coveriug the [OTI] A7320: 7330 doublet line.
V445 Pup was centrally positioned across the Background Blocks and the Object Blocks

consisted of skyv exposures.

I reduced the raw data using tasks from the IRAF packages hydra, imred, ccdred,
stsdas, imutil and dohydra. The task, setinstrument resets the instrument identifica-
tion image header in order to be able to analyse multifibre data, which in turn allows the
task ccdproc to trim and bias subtract the images. Although the images contain two bias

regions: a strip along the top of the image and a strip along the right side of the image,

“IRAF is distributed by the National Optical Astronomy Observatories. which are operated by the As-
sociation of Universities for Research in Astronomy. Inc., under cooperative agreement with the National
Science Foundation. (Tody 1993)

27
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only the blas from the oversean replon along the side was subtracted. In order oo aeesatedy
define the biag and orim ropions, the commend implot way vsed to plol either o lne o
coliten from which the restons wore mnessnred directly, 1 chen gsed the lask codproc Lo fil
a splited [onciion of order 3 o the eversean resion and subrracted Lhis from the rest of the

pnleinured o

All the irnages contained asignificant, ameant, of costnic tavs, In order do subiroaet theo
the show bl chorongl oA Cearic task in che stadas paclope was o, This cask works
vory well ami minimal ks of line delinicion can be seen. Developed by wan Dokkoam (20013,
the prograo uses s vriation of Laplacian edge desection Lo identify and vemaowne cosmie rays
of arbicrary sizge aml shape. In order to achieve a pood subitaction, the gain and readout
noige sperificarions of the lnstroment eate Be input oo the task, Thess were foand from the
nage header of OO 1 to he 000 &7 JADY and 4.9 7, pespectively. The befare and after

unapes of Backgroomd Bloek 11 in the target image can be seet in Figate 3.1,

Fignre 3.1 Backeronnd Block 11 of CCD 1 fretn the subsarnple targes image {Frame 84,
1 Janwary 21060 before (left panel] and after (right paoel] cosmic ray sohtracrion nsing
L.&.Commic (v Prokkam 20075

After the roduetions had sneeessfully prooessed cle rawe leages. 100 gpectra from the
cenlral Block 11 of GCTF 1 were extracted wsing the modripuepose task, dohydra, along with
il subitask, parame. For this process, the object and sk Tiapes Trom Block 11 {eack con-
gisring of B0 specinng were worked o soparacely,

dobydra first finds amd esteacts the relacively clearly dofined apertures associated wich

chir Hhros from g Har feld mape, The task Gis A trace that teacks the apertare posicioning

along che disprosion axis, and then applies this exiraction mareic ta thee other are and target
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images. Pixel-to-pixel sensitivities in the images are corrected for by dividing the science
image with an extracted uniformly-lit flat field, observed with the same instrument. This
flat fielding is done in the dohydra task, using either a dome flat or a sky flat. Any differ-
ences in the sky throughput between each aperture across the CCD is normalised using the
sky counts of each fibre in a sky flat. dohydra calculates a dispersion solution from the first
arc spectrum which is then applied to the other arc spectra. Each arc image is associated
with the appropriate target spectrum, which is in turn assigned the dispersion solution and,
therefore, an appropriate wavelength scale. Finally the spectra are plotted using the task

splot.

The size of the apertures were measured by carefully separating the peaks from the
troughs using implot along a central column. Each aperture could be fit with a Gaussian
curve that had a Full Width at Half Maximum (FWHM) of ~ 4 pixels. dohydra used the
tasks apfind and apedit to automatically identify the 50 apertures with fixed widths of
6 pixels as seen in Figure 3.2. The trace was fit using a spline3 function of order 3 and a sky
flat was used both for flat fielding and as a throughput image, fitted with a spline3 function
of order 10. The aperture extraction was chosen to be weighted by the variance which uses
the gain and readout noise specifications to create a Poisson/CCD model that is compared
to the data values. Once the spectra are extracted, the pixel axis can be calibrated into a

more suitable wavelength axis. This is discussed in more detail in Section 3.2.

3.1.2 The Full Data Set

The extraction procedure used on the small subsample was expanded to run on the central
eight blocks of the 12 Object and Background blocks from each of the 8 CCDs. After a
visual inspection, only eight of the blocks were used as there was no signal in the remaining
four blocks. Once a full spectrum was successfully extracted, the procedure was repeated for
all science and calibration frames on night 1 (4 January 2006) and night 3 (8 January 2007).
On night 1. V445 Pup was positioned over the Background Blocks and the background sky
was positioned in the Object Blocks. Conversely, on night 3, V445 Pup was placed over the
Object Blocks and the Background Blocks contained comparative sky exposures. Also, in
2007. the position angle of the spectrograph was changed so that the major axis of the nova

shell was North-South aligned on the IFU.

Running the initial reductions on the other CCDs was straight-forward and, therefore,
all the images were easily trimmed, bias-subtracted and cosmic-ray reduced using the same
fitting parameters that was used in the subsample reductions. On the other hand, the flat
fielding. throughput corrections and, in particular, aperture identifications became trickier
when considering the rest of the data set. This was due to the gradual decrease in aper-
ture clarity in CCDs 4 and 7, correspouding to the bluest portion of the dispersion axis.

The apertures disappeared and blended into each other, making aperture identification very
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Figure 3.2 fdentification of 50 aperboees [rowe the cantral Backpround Block 11 using
apfind. ‘The apertures are assigned a munber froe 1- 300 with labeling above the apertures,
‘The abseissa units aee pxels and the ordimate unmits correspond to infensity,

diteult. In order tao eorreet for this problem, the dome Hats for cach COD were summed,
reduced and used as aperture idegritication for the orher mages. As thes wens exposed n
conrrolled settings. the summed dome Hats were mestly vors elear and ideorified the apoer-
tures well, Figure 3.3 compares the aperture idenrifivation from o teilight Aar field and o
clorne fal In Backgreood Block 11 of CCTr 4

The dome Aoty marie awlso used as far fields in ordor 1o correct for pleel-tospixel sensitivi-
Lies, Aperture throushput cotrections were made nsine the Hat fields taken doring twalight,
Iowever, hefiare che Dats in OCD: 7 ard 8 eouid be wsed, thew had o he cleaned of any bad
cobuines thiat added Intensity spikes to the spectra . To meost cases, this was done simply by
interpolating the bad cobunos with adjacent good colurmns.

3.2 Wavelength Calibration

3.2.1 Calibration of a Small Subsample

T the initial subsampls (Scetia 301, the fiest are loage (Frame 83 on nipht 1, see s

b A1) was ysed to wlentifs the spoetral lines for the dispersion solution. Lo oeder o adjes
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Figuns 3.3 Top pasel shows failed idenrificarion of 30 aperiioes using apt 1ad on Backeronmnd
Block 14 from CCD 4 of an unsuiceble wilight Qal feld, I che bottom panel, the same
Backpround Block 14 of COD 4 frow the summed dome [lals is fac cleanr wilh o aperfurce
blendimg, Apermnres e assigned a oumwber [rom 1 - 300 with labaling alwsae the apermices,
The alseisss univs aoe pixels and the ondinace woils correspond 1o inlensity.
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the pixel scale to an appropriate wavelength scale. the unidentified emission lines in the
arc were matched with those from the HeNeAr Spectral Atlas (Crosswhite 1975) which has
known wavelengths in the 6850 A to 7600 A range (the same range as CCD 1). Line identifi-
cation was straightforward as there was a good spread of ~ ten strong emission lines across
the entire wavelength range, as shown in Figure B4 in Appendix B. From the solution,
a dispersion of ~ 0.38 A pixel ™! could be deduced. The dispersion fit was interactively
adjusted for each aperture of that first arc. and badly fit lines were deleted where necessary
resulting in a good fit with an average Root Mean Squared (RNIS) value of ~ 0.011 A. This
dispersion solution was then applied to the other arc spectra using the idhenear.dat coor-
dinate list in IRAF for general helium, neon and argon line identification. These solutions

were fit using spline3 functions of order 3.

Next. the task specplot was used to compare groups of spectra at a time. By examining
the changing emission line profiles across the two groups of 25 consecutive apertures from
Background Block 11, a rough positioning of the spectra on the two-dimensional spatial
image could be deduced. Firstly, the dominant emission lines (attributed to the target) had
the greatest intensity in the spectra that were positioned in the middle of each of the two
groups. implving that the spectra should be placed side-by-side along each row. Secondly,
it was deduced that the placement of spectra snaked back and forth. as this would place
similar line profiles next to each other. Lastly, it was reasoned that the spectra would read
from top to bottom and from left to right in a logical sense. These three rules served as a

starting point for the spectral mapping which is discussed in more detail in Section 3.3.

After the object spectra were extracted from the target image. the sky spectra needed
to be subtracted in order to remove trends and sky lines. dehydra was run on all the back-
ground images, similarly to the previous extractions but with a few parameters changed
appropriately. The target and the sky images were trimmed to be the same dimensions and
the task imarith was then used to subtract the skyv spectra from the target spectra. This
produced a fairly linear, vet still noisy, spectra for each of the apertures. The extracted and

calibrated sky-subtracted spectra for a central target aperture is shown in Figure 3.4.

From this process, some very strong helium and forbidden oxyvgen lines in the spectrum
of V445 Pup could be identified, as seen in Figure 3.4 which is the extracted spectrum of the

central target aperture 38 in Object Block 11 (CCD 1) from the 4 January 2006 observations.

3.2.2 Calibration of the Full Data Set

The other CCDs were similarly calibrated using the appropriate comparison charts from the
HeNeAr Spectral Atlas (Crosswhite 1975), which are shown in the upper panels of Figures
B.1. B.2. B.3 and B.4 in Appendix B. For comparison. the lower panels in these figures

show the extracted spectrum from an arc image (Frame 83 on 4 January 2006 in Table A.1)
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Figure 34: Fxrracted central target spectrum fromn apertire 38, Backpround Block 11
{CCD 11, afrer sky subiraction. The spectra a5 exlracled from Frame #1 on che 4 Jao-
uary 2006 (sex Table A1), The |GII] 473207330 doublee and the He 1 reecbination line
al 7065 A are cleardy idemtified

rhar was uscd to croare the dispersion solution for the nther selonee twages. Vnfortunarcely,
this identitication technigue meaus that the dispersion solution accnraey 15 dependent on
the mamber of lines o the ace feame that ean be denrilied from the specoral atlas. There-
forve, L eegions where few or no emission lines could be identified in the ares, the solution
increasingly worsened and becamwe unreliable, Table 3.0 lists the wavelengil vange and the

pixel seale with oreor for cach CCL,

Both fine chares for CCT 1 and COIY 2, seen in Figoees 1.4 and B3 respeclivels, had -
13 elear strong emission ines rhan wore well sproad across the waselongth range and cpsily
idemifiable in the ave spectiom. These Tdentiled lines provided a good dispersion solmion
with mikboal error In the i1, O the obher hand, Lhe thoes idemifcacion lines in each of
the charts corresponding to CODs 3, 4, 7 aud 8 (Floire B2 and 1.1 respeetively) were ot
as well spread and therefore the o values (shown in Tahle 314 are unphysical. This is
heeanse idertify, the task nsed roddenrify and connpare lines, reguines more lines o order
to calenlare a peasonable BMS value, Fortunarely, boch of the wain emnission lines i these
regions, O] AS00T in CODY 4 and He [ A5576 in OCD 3, fell within identifiable lines,
Therelore, the Ot is expected to be better I these mepions which sbonld allow for reliable
analyzis of these lines In future secions Also, e Is encowcaging thar the pixel seale s faicy
comstant al — 038 & pixel ™' across al) of Lhe CCDs,
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Table 3.1: Table of pixel scale for each CCD

Wavelength  Number of 2006 2007

Range Arc Lines Pixel Scale oy ¢ Pixel Scale oy ¢
CCD (A) Used (A/pixel) (A) (A pixel) (A)
1 6850 to 7600 < 13 0.384 0.016 0.385 0.030
2 6000 to 6850 < 15 0.383 0.011 0.383 0.044
3 5250 to 6000 3 0.351 1.76E-10 0.369 1.42E-10
1t 4500 to 5250 3 0.373 2.00E-12 0.375 2.25E-12
3 6000 to 6850 < 15 0.383 0.020 0.383 0.037
6 6850 to 7600 < 13 0.384 0.065 0.385 0.029
70 4500 to 5250 3 0.373 2.33E-10 0.375 2.46E-10
8?0 5250 to 6000 3 0.351 6.21E-10 0.369 7.94E-10

% oyt is the error to the fit, calculated by IRAF routines during the identify task
b As only three lines were fit in these CCDs, identify produced unrealistic
o rir values

As the target was clearest on the 4 January 2006. spectra from this night were fully
extracted and calibrated first. The resultant spectrum for all CCDs through the central
fibres is presented in the results section of this dissertation (Chapter 4). The entire dataset
from the third night, a year later, was also reduced and the spectra extracted, although the

signal was weaker than in 2006.

3.2.3 Verification of the Wavelength Solution on IC 2165

In order to verify the dispersion solution, spectra from the planetary nebula IC 2165 were
extracted and calibrated using the same reduction procedure that was used on the full data
set of V4435 Pup. The circular 8-diameter nebula is ideal for verification purposes as it has
published spectral lines and velocities that the observations can be compared with (Pottasch
et al. 2004). The fully extracted, calibrated and sky-subtracted spectrum is shown in Figure
3.5.

By fitting a single Gaussian to each of the main observed emission lines, their respective
wavelengths could be found. When compared to results found by Pottasch et al. (2004), all
of the expected emission lines were identified. along with their respective intensities. The
observed lines were converted into velocities using a standard Doppler shift conversion and
the average radial velocity for the spectral lines of IC 2165 was found to be v, = 51.1 +
1.9kms~!, as shown in Table 3.2. This agrees with the literature radial velocity for IC 2165
of 52.6 kms~! retrieved from the SIMBAD database aud calculated by Wilson (1953).

It is encouraging to see that the radial velocities derived for the bluest part of the spectra
of IC2165 (CCDs 3 and 4) show 1o systematic offset from the mean (within the measured
uncertainty). despite the earlier mentioned uncertainty in the wavelength calibration of these

CCDs given the limited number of arc lines in this spectra range.
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3.3 Reconstructing the Data Cube

3.3.1 Fibre Allocation

Once the entire spectral set was extracted and calibrated. the spectra could be spatially
mapped out according to their original fibre positioning. This created a 3D data cube with
a 16 by 25 r/y axis and a z axis that spanned the entire wavelength range. The spectral
placement was challenging as there was no documentation describing the positioning se-
quence for the observations and all of the CCDs had a few mis-identified apertures (due to
blended or null apertures). Fortunately, standard star exposures were made for both years.
As stars are expected to be point sources, their spectra need to be positioned such that the
intensity is centred in a circular region on the CCD. The standard stars from each yvear were
therefore ideal objects for testing fibre allocation once the basic lavout had been deduced as

mentioned in Section 3.2.1.

In Figure 3.6, a schematic is drawn up of the fibre allocation that best visualises the
standard star mapping and consequently, the mapping of V4435 Pup at both epochs. Each
fibre is numbered and positioned, snaking back and forth as indicated in the figure with
the pattern in one CCD mirrored in the other CCD on the other half of the image. This
mapping was used to create the on-sky projections of the standard stars GD 50 (2006) and
LTT2415 (2007) shown in the upper and lower panels. respectively. of Figure 3.7. Visually,
both standard stars appear circular with a centralised intensity peak which is a promising
indication that the mapping was successful. In order to quantifv this result. intensity profiles
across the horizontal and vertical axes of the star were plotted. with each profile consisting
of nine summed pairs of fibres (as indicated in the figure). A Gaussian distribution was then
fit to each profile to get au idea of the FWHM. In 2006. the FWHNI of the horizontal axis
was 07632 + 07029 and 07628 + 07010 across the vertical axis. In 2007. the respective axes
values were slightly larger at 07655 £ 07069 and 07635 + 07011. As these values indicate

the stars are roughly circular, the mapping is therefore successful.

3.3.2 The Data Cubes of V445 Pup

With successful fibre allocations for both years, it was possible to create 3D pictures of the
spectral emission from V445 Pup in the form of data cubes. Each of the spaxels in these
data cubes are the combination of spectra from four CCDs to get the full wavelength range
for each spaxel. In addition, each of these spaxels are also the combination of spectra from

seven 30-minute exposures in 2006 and six 30-minute exposures in 2007.

Separate data cubes were created around prominent emission lines in order to compare
the 3D emission of the nova for different elements. Unfortunately. spectra from CCD 3 and

CCD 8 were poorly extracted as there were not enough emission lines to compare with arc
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the radial velocity of Lhe line. The Dopplae Shift equation s

g 5 g (3.1

white v 1% tlae raddial weloeiny, A. i the tpeasured wavelengrh, A, 15 thie poest wavelongrh
2

and ¢ is the speed of light where ¢ — 29088 « 10% g2,
A detailed anadysls of V445 Pup o both wavelemgeh and velovioy space is made in Chap-
ter 1. Brata cubes of (hree prominenr smission lnes are compared and Interesting leatures

are interpreced,
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Chapter 4

Results

A combination of spectra from V445 Puppis, observed on 4 January 2006 and 8 January
2007. are analysed and assembled together to create a three dimensional picture of the chang-
ing nova shell. In this chapter, T analyse the summed spectra from the centre of the nova
at the two epochs and identify prominent emission lines and discuss what they signify. T as-
semble a data cube of spectra for the three clearest emission lines: He I A7065, |O 111} A5007
and the doublet [OII] A7320/7330, and discuss and quantify interesting features, such as
the apparent positional shift in peak intensity within the shell over a specific velocity range.
Next I combine spectra from fibres in each of the lobes to identify and quantify their velocity
structure. From position-velocity maps of each of the three lines, an unexpected excess of
emission in the forbidden oxygen lines (|O I} A7320/7330 and [O III] A5007) is identified at

both extremes of the shell. This excess is quantified and discussed.

Unless otherwise stated, all spectral analyses of V445 Pup in this Chapter, including all
the figures shown, refer to the full data sets for 2006 and 2007, respectively. The data set in
2006 consists of seven 30-minute exposures (Frames 84-86, 88-89 and 93-94 in Table A.1),
whereas the data set in 2007 consists of six 30-minute exposures (Frames 138, 141, 143-144
and 146-147 in Table A.3). The date of outburst, {y, was chosen to be 1 November 2000.

4.1 Spectrum of V445 Puppis

Before I analyse individual features in the spectra, I present the 2006 spectrum of V445 Pup
in Figure 4.1. The spectrum was created by sumining the extracted spectra from the seven
fibres positioned around the central region of the nova shell, with the positioning indicated
in the left inset of the figure by star markers placed over an on-sky projection. The major
axis of the nova shell is indicated in the right inset. Both insets display a map of the summed
He I A7065 intensity in the -900 kimus™! to 700 kins ! range.

39



i

— = — oy 2006
L0
o]
B
& H
}' a
£ Aok T
Ann (] i
[e )
el |
4000 |
1|
| Jl | |
. (L] Hix || 1l IM
i o ‘I ll“"‘\- HM\ . Il"""— S
L 'y T W 540 “HBEE (S0 B i IO

wawedlength [A)

Figuee 110 Conteal spectonnm of V445 Puppis (2006). Inset. left: The mrckess adicate Bhee positions. Inset. dght:. The major axis of the nova
is Indicared, Both insets are plotted over a spatial map of the combined intensity conteed wround thie He T ATIGS enidssion of the nova in thee
vegicn of =900 ks ™ to =T kms ' The spectim consises of fout sepnents, cach relirmg ro cthe combination of two of the eight CCDs
Mrominent enission s are morked.

| ST



I san 2007
Bl |
5004
400
=z b .+
2 o Kt Lot
1]
= _
2024 (om] e " |
00| | |
| ¥
| ¥ |
[l I fe ar It el
"l-l I —vim L’— I | lll..
o i e Wssgram ' e e Y kb T e Nrr . citpepete e
i T hobu SEOD T g T EEOn Tonn R
wavdlength (Al

Figure 4.2: Central spectiiin of V25 Papps dHI0T) . Tuser, lefl; The warkers wolivate e positions. [sen, viht: The mgjor aods of the o
is indivated, Both insets are plotted over & spatial map of the combined intensity centred around the He T ATOBS emission of the nova in the
region of 900 kst to =700 ks LU he spectrum consists of four segments, cach relating to (he combination of two of the cight CCDs
Promiinent ctuission loes are marked

spddngg orp A j{} nirisdg 7'



2 - 7 Results 4

Table 4.1: Noise (Standard Deviation in the Mean) for each segment in the full spectra of
V445 Puppis

2006 2007
CCD noise  noise

1/6 169  1.96
2/5 194  1.82
3/8 163 168
4/7 140 145

Each of the four wavelength segments in both Figures 4.1 and 4.2 represent the sum of
spectra extracted from two of the eight CCDs. A slight difference in noise level between
the segments is observable, with CCD 2 and CCD 5 (both berween 6000 A and 6850 A)
being the noisiest in 2006. This is quantified in Table 4.1. where the noise levels (standard
deviation in the mean) are calculated from small 50 A wavelength regions containing no
lines within each segment. Table 4.1 also shows a factor of ten decrease in overall intensity
from 2006 to 2007. This is likely due to a different gain setting in 2007 and a decrease in

syvstemn brightness from 2006 to 2007.

The prominent emission lines are identified in Figure 4.1 and presented in Table 4.2. As
expected for this object, no hydrogen is observed, and emission lines of He I, [O 1], [O1]]
and |OIII] are clearly identified. Along with the lack of continuum emission, these lines
suggest that the nova is in the nebular phase of its spectral transitions during post-outburst
decline. reminiscent of a planetary nebula spectrum. This is also clear from the presence of
forbidden lines which indicate that the nova consists of a low density gas (similar to what is
seen in planetary nebulae). The lack of absorption lines suggests that the absorbing gas has
dissipated and that wind and radiation from the white dwarf is causing increased ionisation
(Williams et al. 2008). The presence of |OI] A6300 either indicates that a neutral outer
envelope (due to inner ionising photons) is causing the ionised gas to be ionisation-bound,
or that there are higher density ‘blobs’ in the ejecta (Willlams 1994). The forbidden ionised
emission lines of |O II] and |O III] most likely originated in lower density regions in the shell.
According to Lynch et al. (2004), the He I recombination lines probably appeared once the
white dwarf unveiled a sufficiently hard photosphere sometime berween October 2001 and
January 2004. The He I lines are thought to originate from the hot interior region of the
nova as viewed through the dust shell, thus giving rise to their observed velocity structure

which matches that of the shell.

In Table 4.2, a single Gaussian was fit to each of the emission lines in order to get the
peak intensity of the line and the wavelength at that peak intensity. Also in this table,
the peak intensity for each line has been normalised to the peak intensity of He I A7065.
From these normalised intensities, it can be seen that the doublet [O 1] A7320/7330 has the
strongest emission of all the lines. The ratio of [OIIT] A3007 to [OIII] 4958 is ~3.6 +£0.2.
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Table 4.2: Intensity and radial velocity of the highest peaked emission of V445 Puppis lines
identified in 2006

2006 ANIST Ameasured Velocity Peak Intensity,,orm b
(A) (A) (kms—1)
[OIII] 1958.31 4945.07 £ 0.42 —801 + 25 0.210 + 0.012
[OTIII] 5006.84 4992.75 4+ 0.37 —844 + 22 0.909 + 0.046
Hel® 5875.62 5866.60 + 0.55 —461 + 28 0.518 + 0.027
(O] 6300.30 6283.73 £ 0.51 —789 &+ 24 0.098 + 0.003
01 6363.78 6346.50 + 0.69 —814 + 32 0.037 £ 0.003
Hel 6678.15 6659.84 + 0.50 822 + 23 0.122 + 0.006
He I 7065.19 7045.04 + 0.38 —855 + 16 1.000 + 0.037
He I 7281.35 7260.75 + 0.55 —848 + 23 0.125 + 0.007
[O I1] 7319.92 7300.34 + 0.39 802 + 16 3.518 + 0.122
[O 1] 7330.19 7308.12 £ 0.39 —-903 + 16 3.244 + 0.101

@ Since He I A5876 was positioned on CCD 3 and CCD 8, it was poorly extracted
and thus any measurements for this line are unreliable.
b Intensities are normalised with respect to the He I A7065 peak intensity.

This approximately agrees with the expected 3:1 ratio deduced by Storey & Zeippen (2000).

All of the emission lines exhibit two clear components separated in radial velocity by
~2360kms~!: a strong blue-shifted component and a much weaker red-shifted component.
The blue-shifted components are the result of the material in the nova shell moving towards
the observer. Conversely, the red-shifted components are due to the material seen moving
away from the observer, just visible through an optically thick shell. In the spectrum, each
of these blue and red components can be further broken down into two parts separated in
radial velocity by ~ 450 kms~!. This is evidence that the lobe axis is slightly inclined away
from the plane of the sky, with one lobe more inclined towards the observer. This is not
so obvious in Figure 4.1 as only central region apertures are taken into account. A more

in-depth study of the difference between the lobes is made in Section 4.2.2.

The 2007 spectrum remains largely unchanged, as shown in the final nova spectrum in
Figure 4.2. Similarly to Figure 4.1, the spectrum is the result of seven summed fibres from
the central region, the positions demarcated by stars in the inset of the figure. In 2007, the
overall counts are lower than in the 2006 data. This is in part due to a decrease in brightness
from 2006 to 2007 (V - 18.95 mag in 2006 vs. V — 19.74 mag in 2007. D. Steeghs. private
communication), which results in a factor of 2 intensity decrease. Also, the change of gain
setting of the INJACS/IFU spectrograph from 0.9 in 2006 to 1.2 in 2007 will contribute to
the decrease in intensity. Despite the lower intensity in 2007, most of the same emission
lines (along with their respective components) can be observed. Prominent emission lines

in the 2007 spectra are presented in Table 4.3.

In a comparison of Table 4.2 with Table 4.3, only He T A5876 shows a significant difference
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Table 4.3: Intensity and radial velocity of the highest peaked emission of V445 Puppis lines
identified in 2007

2007 ANIST Mneasured Velocity Peak Intensity,orm ©
(A) (A) (kms—1)
[O HI} 4958.31 4944.27 £ 040 849 + 24 0.290 £+ 0.013
[OIII]  5006.84 4992.17 + 0.40 —879 + 24 0.960 £+ 0.043
He I? 5875.62 5845.38 + 0.39 1543 + 20 0.940 + 0.037
[O]] 6300.30 6284.29 + 0.79 —762 = 38 0.070 + 0.005
01 6363.78 6346.67 + 0.66 —806 + 31 0.040 + 0.003
Hel 6678.15 6659.03 £ 0.56 —8538 + 25 0.090 % 0.005
He I 7065.19 7046.19 + 0.40 —807 + 17 1.000 + 0.044
He I 7281.35 7262.21 + 042 788 £ 17 0.150 £ 0.008
[0 1T 7319.92 7302.83 +£ 0.36 —700 + 15 3.530 + 0.113
(O 1) 7330.19 7310.33 +£ 0.37 —-813 = 15 3.580 + 0.117

@ Since He T A5876 was positioned on CCD 3 and CCD g, it was poorly extracted
and thus any measurements for this line are unreliable.
b Intensities are normalised with respect to the He T A7065 peak intensity.

in its normalised intensity from 2006 to 2007. Also, He T A5876 has a largely different radial
velocity from the other lines in both years. This is most likely due to the poor dispersion
solution in CCDs 3 and 8 resulting from a lack of arc identification lines (See Appendix
B.2). The ratio of |OIII] A5007 to |[OIII] A4958 in 2007 is now ~ 3.3 + 0.2. This is in
better agreement with the 3:1 ratio deduced by Storey & Zeippen (2000) than the 2006
ratio. The average velocity (without considering He T A5876) is —831 + 12 kms~! in 2006
and —807 £ 18kms~! in 2007.

The blending of these various components with each other make identification of the
specific wavelengths difficult. For further kinematic analysis of V445 Pup in both years, 1
chose to analyse the most dominant lines; namely He I A7065, |O I1I] A5007 and the doublet
[OTI] A7320/7330. Although He I A5876 is also a very strong line, it was not analysed as
a bad column in CCD 8 fell directly over it and the line falls within the CCD 3 and 8
segment (which has poorly fit dispersion solutions due to limited arc identification lines,
see Appendix B.2). The He I A7065 emission line provides the clearest view of the velocity

structure of the nebula for the two epochs.

4.2 Intensity Profiles of V445 Puppis

4.2.1 General Appearance of V445 Puppis

The extracted spectra of V445 Pup can be arranged to create a data cube with two spatial
axes and a velocity axis, which can then be used to obtain a three-dimensional picture of

the nova shell for various emission lines. This is shown for 2006 and 2007 in the Hel A7065
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on-sky projections in Figures 4.3 and 4.4, in the |OTI] 2732077330 on-sky projections in
Figures 4.5 and 4.6 and in the |O III] A5007 on-sky projections in Figures 4.7 and 4.8.

In all the projections, the data cube is presented in 20 snapshots across the velocity range
of the respective emission line with each snapshot a combination of summed intensity maps
in 200 kms~! intervals. The snapshots cover the range —1700 kms~! to +2300kms™;

' to

where panel A covers —1700 kms™! to —1500 kms~!, panel B covers —1500 km's
—1300 kms~!, ete. The mean radial velocity of V445 Puppis is covered in panel K (224 +

0.8 kms~?! (Iijima & Nakanishi 2008)).

In all of the figures, the blue-shifted and red-shifted components can be distinguished.
The blue-shifted component is mostly seen in panels A to J (corresponding to a displacement
of 2000 kms™!) and the red-shifted component is mostly visible in panels M to T (corre-
sponding to a displacement of 1600 kms—!). As the intensity of the red-shifted components
is far smaller than that of the blue-shifted components, panels N to T are presented with a
lower intensity range in order to be able to make out the emission features. In all figures,

the intensity peaks in panel E (-900 kins™! to —700 kms™!).

Each of the panels in Figures 4.3 and 4.4 consist of fibres from CCD 1 (left eight columns)
and CCD 6 (right eight columns). There is only a marginal difference in the noise level be-
tween the two CCDs: the average o for background regions consisting of seven fibres across
the entire wavelength range is 12.27 in CCD 1 and 16.40 in CCD 6.

In Figure 4.3. the nova reaches a peak intensity in panel E and has a major axis that
is slightly inclined to the horizontal axis. In this panel, the intensity peaks in the centre
of the nova and gradually decays outward along the major axis. As V4435 Pup is known to
have a bipolar shell, this appearance is the result of a sceing-limited projection of the nova
and its lobes. For further analysis, I will refer to the the two respective lobes as North-East
(NE) and South-West (SW), relative to the North-East configuration marker in panel T.
Although V445 Pup exhibited a pinched waist in Figure 1.4 (Woudt et al. 2009), it cannot
be seen in the figures as a result of seeing-limited observations (as opposed to the adaptive

optics data shown in Figure 1.4).

The on-sky projections from 2006 (Figure 4.3) and 2007 (Figure 4.4) do not differ greatly
from each other. The extent of emission from the red-shifted and blue-shifted components
and the ratio between them remains the same in 2006 and 2007. In both Figures 4.3 and 4.4,
the peak intensity appears to move from the NE lobe to the SW lobe as vou step through
the panels for each of the shifted components, e.g. the peak intensity appears to shift from
the NE lobe in panel B to the SW lobe in panel H, back to the NE lobe in panel M and
finally to the SW lobe in panel R. This feature arises from the fact that the lobe axis is

at an inclination to the plane of the sky. As the material in the NE lobe is moving faster
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towards us than the SW lobe material, we can deduce that the NE lobe is inclined slightly to-

wards us with respect to the plane of the sky. This feature is studied further in Section 4.2.2.

The on-sky projections of |OII] A7320/7330 in 2006 and 2007 are presented in Figures 4.5
and 4.6 respectively. The general appearance of the nova emission in these figures remains
the same as in the projections of He T A7065 (Figures 4.3 and 4.4). Also. the same shift in

intensity of the blue- and red-shifted components can be seen.

There is an interesting difference between the on-sky projections of He I A7063 and [0 I1|
A7320/7330 that manifests itself in panels D through H and then again in panels M through
R. In the [O 1] A7320/7330 emission of Figure 4.5. there appears to be an excess of emission
in both the NE region and more clearly in the SW region of the nova at distinctly different
locations than the bipolar shell. This feature is not apparent in the He I A7065 emission
(Figure 4.3). As each of the apertures is sampled at 072, the excess regions appear ~170
away from the centre of the nova in 2006. In a comparison of the |O1I] A7320/7330 emission
from 2006 (Figure 4.5) and 2007 (Figure 4.6). they are mostly similar in appearance except
for the excess regions which appear to be expanding linearly outwards from 2006 to 2007.
According to results presented by Woudt et al. (2009). these emission peaks could possibly
relate to the NE and SW knots of the nova. A more detailed analyvsis of these regions is

presented in Section 4.3.2.

In Figures 4.7 and 4.8, on-sky projections of [O III] A3007 emission in 2006 and 2007 are
visualised. The spatial maps centred around the |O I A5007 emission are clear with a few
blank fibres in a bad column due to blended apertures. In these two figures. the general
appearance resembles the on-sky projections of He I AT063 except for an excess of oxygen.
As seen in Figure 4.5, the excess region features in panels M to P of this figure, but with
a weaker intensity than the excess in [OII] A7320,7330. In 2006. the SW excess emission
of [OIII] A5007 (Figure 4.7) has a weaker intensity than the SW lobe. On the other hand,
in 2007 (Figure 4.8) the same SW excess emission is now brighter than the SW lobe. This
can be seen when comparing panels N, O and P from both vears. This does not feature in
the |OII] A7320/7330 emission over the two years. Possible explanations are discussed in

Section 5.1.

4.2.2 Shift of Intensity Peak Across Major Axis

The on-sky projections of Figure 4.3 and Figure 4.5 reveal a shift in peak intensity from the
NE lobe to the SW lobe relative to the blue- or red-shifted components of the He T 7065
emission line or the [OII] A7320/7330 doublet. It was remarked in the previous section that
this is the result of an inclination of the polar ocutflow axis. such that the central axis of the
NE lobe is closer to the observers line-of-sight than the SW lobe. In Figure 4.9, this result

is quantified.
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For 18 of the 20 on-sky projections shown in Figoee 4.3 (panels B o 8, an iutensicy
proile was constructed along the major axis. A Gaussian was o to the intensity pafile
[in cach velooity intervald which pave o peak intewsity and position along che rmajor axis
[tedarive to the ceutve of the wovs whepe the pesk oecarred ), The pesitions of the surmned
fibes along the major axs (over a He 1T A7065 on-sky peojection n the imterval —900 kms—!
tin — 700 kms 1) are indicated in the uppet right panel of Figare 190 The shift o peal in-
tensity of the He 1 AT065 emission line from the nova centee is guantified with uneertainries
it the upper left panel. This process wias repeated for che |G L ATA20 7830 doublers line in
20000 and then azain for boch Boeg u 2007 (Figuee 4.10),

I the left panel of Figure 492, the frend line can be broken up into three seotions: The
first seevion runs o — 1400 kms=" v 4200 ks~ which corresponds to the blne-shifted
cornponent. of the e [ ATORS line (panels B 1o J o Figure 4,33 The second runs from
+E00kms ! to —1800 ks T oand eoreesponds the red-shifted compoment of the line (pan-
els Nt T dn Figure 4.35. To the thivd section, at —400 ks D and —600 kms 7, there is
no signal from either shifted line component and therefors the onosetainty is highe These
chires sections can be seen clearly ar the same veloooy intervals i Fipuee 490 and o wear
later in Figyee 4,10

The trends for horh lioes o Fiegmes 48 and 4000 appear to approcdmstely Bollow the
sarwe patteri, [ each of the sections relating to spoecific Hoe compemonts, the peak inteosity
shifiz by about U5 from East o West. A year later o 2007, a shift of -~ 605 can sl
L icentified. This quanrity is reasonable as it falls wichin the nova ejecta span of 27 - 37
obmerved by Woudt et wl. [2008],

When anulysing the |G 1] AT320/7530 deubles lne inall of the figures, a seeond Gans-
simn his 1o be fin to the red-shifted somponent or ro the blne-shifred component. Show in
Figures d.490 and 4.10k, there are two extra teends berween + 1000 kens 1 and 1600 kms ',
relating Lo the SW exvess region and between — 1000 kues™! and 4200 kst relaring o
the NE excess region. In 2006, the NE exeess was nol bright enongh and foo elose to the NE
shell to sneeessfully distinguish between the sanponents wich Ganssian profiles. Thepefore,
in Figure 4.9 a ved dashed line indicates the expected position of the exeess from visual
inspection. These trend cannut beoseen in the He T ATU63 (igores Troan either vear. Incerest-
ingly, the tremd appears toomoye ontwards by - GF2 from the oemtre of ¢he wnva shell from
206t 2007.
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4.3 Velocity Proliles ol V445 Puppis

4.4.1  Position-Veloeity Plots
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Figure 4.11: Spatially-resalved velacity preotiles of erission line He T 4 765 in 2006 (upper
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besth imnages, specira fron snmomed paivs of {ibees are ploteed along the wmajor axis of V445
Pup. rumming from West Lo Bast (lefs ro vighe) Dashed lines indicaie the systematic velocity
1224 — B krns ' {lijimad Nakanishi 20081) and Lhe mean radial velosisics for cach lobe are
e ateed.

In order {0 anmlvae Lhe spalio-kinennatic propertics af V445 Puppis, position-velocity
{PV] maps are presented fur ench of the theee prominenl emnission lines i 2006 amd 2007,
The PV plogs of He T 47063 from 2006 amd J07 are compared i Figure 4,11, 1o chis fignre,
the velocily profiles of ¢he He T lines teoan 13 snmmned paies of fibres ave plotted. The fibres
are sampled ol F'2 across the major axis fron Fase to West on the sky, as indicared in the
right panels of Figmores 4.9 and 1,180 A dashed loe in the figures indicates the systemnarke
velocisy of V445 Pup al 224 = 8 kmea ', as reported by Liima & Nakanishi (2008),
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In the 2006 He 1 AT065 line PV plot in Figure 4.11, there are two separate regions of
increased intensity (to either side of the dashed line) centred around +1200 kms™! and
—900kms~! between ~ -078 and +0”5. These regions correspond to the red- and blue-
shifted components of the He T X\7065 line. Each region also contains two distinct compo-
nents. one on the western side (left of the nova centre) and one on the eastern side (right of
the nova centre). corresponding to emission from each side of the nova shell. The offset of
the components is due to the inclination of the nova ejecta to the plane of the sky. Although
the velocity structure of the nova for the He T A7065 line does not appear to change signifi-
cantly from one year to the next, the western red-shifted component is relatively weaker in

2007 than in 2006, perhaps indicating changes in transparency of the SW nova shell.

In 2006. the peak intensity for the red-shifted and blue-shifted components of the NE
lobe is at ~ +1110 kms™! and —1270 kms~! respectively. Similarlv. the components of the
SW lobe are situated at ~ +1700 kms~! and —860 kins~! respectively with a measurement
error of = 40 kms™! for both lobes. It follows that the mean radial velocities for the NE
and SW lobes are then —80 kms™! and +420 kms™!. respectively. This results in a mean
radial velocity for both lobes of ~ 4170 kms~!. Considering possible measurement errors,

this agrees with the systematic velocity of +224 = 8 ks ™1,

The 2006 and 2007 PV plots of |[OIIT] A5007 and [OTI] A7320 7330 are compared in
Figure 4.12. In this figure, the velocity profiles from 13 pairs of summed fibres along the
major axis from West to East (left to right) are plotted for the two lines in 2006 and 2007
and the dashed line indicates where the systematic velocity lies. The intensity range of the
[O III] A5007 line profile is smaller than that of the |OII] A7320 7330 line profile for easier

comparison of the different components at the two epochs.

Compared to the PV profiles of the He T A7063 line previously shown in Figure 4.11,
the general appearance of the emission remains the same. The red- and blue-shifted com-
ponents of the lines can clearly be scen between —076 and +076 at around —900 kmg™!
and +1350kms~! respectively, with the blue component having the greatest intensity. As
the |OII] A7320/7330 line is a blended doublet, the emission appears to extend further than
that of the He I lines. Most clearly seen in 2006 for both oxyvgen lines. each component has
separate emission from the NE and SW lobes, such that the emission from the NE lobe is

traveling faster towards us.

In the PV profiles of both forbidden oxygen lines. the western red-shifted line component
is relatively weaker in 2007 than in 2006. This was also the case in the PV profile of the
HeI AT065 line and therefore implies that this feature is possibly the result of an evolving

nova shell. This is discussed in more detail in Chapter 5.1.

The forbidden oxygen PV line profiles differ from the He T line profiles at the extremes
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of the shell, where there appears to be an extra amount of emission, more clearly seen in
the |O1I] A7320/7330 profile. These excesses relate to the excess regions seen in the on-sky
projections of the forbidden oxygen lines (Figures 4.5, 4.6, 4.7 and 4.8). According to the
[OII] A7320:7330 PV profile, the excess emission for the NE lobe and SW lobes lies ~ + 170
from the novae centre in 2006 and ~ + 172 from the nova centre in 2007. This increase in
distance from the centre, from one epoch to the next, can be clearly seen by comparing the
two [OII] A7320.7330 PV plots.

4.3.2 Velocity Measurements

Table 4.4: Measured blue-shifted (wvpy.) and red-shifted (v,..q) He T A7065 radial velocities

NE LOBE
Year Ublue F\VHKI'U{,]W Ured F\VH.\I,»,—;d
2006 | —1280 + 16 450 +1065 + 17 249
2007 | —1174 + 17 503 +1118 + 17 230
SW LOBE
Year Ublue F\‘VH-\T('I)I we Ured F\\YH-\II'('(I
2006 | —822 £ 17 320 +1703 £+ 19 515
2007 835 + 17 253 +1578 + 48 899

Year | NE average SW average | Total average

2006 | —107 £23 4441 £ 25 +167 £ 35

2007 —28 + 24 +371 £ 51 +172 £ 56

All calculated values have units of kms =1,

In order to improve the accuracy of velocity measurements for each of the line compo-
nents. I extracted and summed spectra from a group of seven fibres in each lobe for the Hel
A7065 line at both epochs (fibre positions are indicated in the right panels of Figures 4.13
and 4.14). The He I A7065 line was chosen since it provides the clearest view of the velocity
structure of the nebula for the two epochs with no significant contamination from neigh-
bouring lines. Although some seeing-limited blending occurred, I was able to fit a Gaussian
to each of the components and could therefore calculate separate velocities. as shown in
Table 4.4. In Figures 4.13 and 4.14, the separate line components of He I A7065 for the two

lobes are compared in 2006 and 2007 respectively.

From 2006 to 2007, the line profiles and their ratios do not change significantly and the
FWHNM appears to stay approximately constantly between each component. Most of the line
profiles have one steep side and one gradually declining side (except for the red components
of the SW lobe where the signal was too weak). This profile shape is possibly due to an

optical depth effect within the nova shell (Bode & Evans 2008).
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4.3.3 The Excess Oxygen Emission

WE Qxcoss SN aurEsa
rinlr ) A ZCOR R

MF axcass LK mare
2007 o 2007 ¥

e T

Figuee 415 Comparative ob-shy projections of che [OTT] A73200 7330 doublen e showing
the KE amd W exeese ernissicon (indicace] by white stars in the deft and right panels,
respectively | abserved o 2006 (upper pabeds) and 2007 Jewer pancls). Maps in pancls 4
and € eomsisr of snmrmed spectra foom — 900 ks © we =70 kms ! and panels Boand C
are swioimed spectra from 4 1300 kmy 1 oto — 1600 ks~ ALl niaps have ab intensioy range
o L- 103

T Section 2.1, 1 disenssed the on-vky projeciions of the prosmmont eneission lines in
V445 o Tnothe spatinl intensary maps of the [0 AT320:7330 and [OII1] A00T lines
in 2006 and 2007 (Figures 4.5, 446, 4.7 and 4.8), unexpected regions of emission oconr at
the extremes of che nova shel' with velacities execsding Lhat of Lhe main shel! components.
Also infrigmng is thao the cycess emisstan is oot obvios in the on-sky projections of the
He T AT06%5 line ar che same velocities. In Fignre 4150 the NE and 8%W exeess mogions
are highlighted [using white star markers) and cosmpared i cn-sky projections of che [(OT1]
ATRR0-TAA demblet for 2006 and 2007, Dach projection is che sgmmed spectra from a
2N kms | welovity range, with sumnied spectra from 90 kms~' 1o 700 kms C in pan-
s A and O, and from 41300 kine™?! to =134 ks~ in pancls B and 13,

The middle pancls of Figures 416, 4,17, 4,18 and 4.19 show the specira cenired an each
reginn ol cxerss cmission as identitied o Figore 4,15, In the niddle panel of Figuee 416, rhe
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206 exeess eoission along the W estension of the major axiy s presented. In this spee-
trum, the presenee of Bluc-shifted cmission fraom the |G 1] A73200T330 line udicates chat
there is somne conramination from che SW shell (due o seeing smearing). The spectoum
of the SW shell (in 2006) 15 showa in the top panel of Figure 4.16 and indeed, the |11
blus-shifted ernssion 1= the doninam eomnponent here, In seder Lo subreact ohis contamina-
tiomn, I first sealed the SW shell spectenmn to the peak of the |0 blue-shilted emission in
the mceess cnnizsion spectnum and then subroacted the scalad shell spectoun frome the exeess
eradssion spectenem. This resnlied bn che ‘deaned’ specteam of the eocorss emission shown i
the lower panel of Figore 416, This procedure was repeated for 307 in order to romeove o
sintilar contamination oo the SWoshel] in che excess enmilssion specteur of 2007 (Figume
117}

In the lowee pancl of Fignre 4106, o cmission Snes, (0111 AS0T and O L] AT32 /T3,
are clearly present and can Le eleanly resalved with one or two Gagssian profiles af ced-
shifted velocities. These two emission lines are also prosent in 2007 (visible in the lower
panet of Fipure 4.17), in wddition 1o o weak [O T A49349 line which is nor oealy visible in
the 2006 spectruoe Cowparing 2007 data with 2006 data, the JO I ASO07 Intensity peak
is relatively stronger eomparsd to the O] AT3240 /7330 infensity peak i 2007, For future
reference, I will vofer to the line ratio of [0 U] ABOT to [CVITE AT330 as O

The procedure to suldract the NE shell contammacion foomn the excess emission region
dlong the NE axis o 206 dud 207 wies more dillealt. o the middle panel of Figoee 115,
the NE excess emnission specttunn is presented, In this speciroon the (O 1) and [OI1) lines
thar wre due te shell contamination have hlended with the blueshifred eceesy eocission lines,
Theoefore, in ocder to subtraet the contaminacion, the NE shell specrrum (upper panel of
Figure 4.18) is first scaled 10 the He T AT063 lioe in the excess spectrunn. This sealed spoee-
trum s then subtracted from the exoess snission spectrum 1o ger the "vlean exoess emission
spectriumn shown in the lower panel of Fipure 4,18 This procedure was repeated o the

spectrinl of the excess emission plong the NE wwis in 2007,

The cleaned NE eweess emission spectra m 2008 exhibits three emission lnes: (31|
ATA20/ T30, O T 23007 and o weaker O TIT] A19539 lne. Tn 2007, only the two erission
lies, |OVTT] AT3200 7330 and |OTH] ABUUT are clearly visllle m che oxeess sainission speetrom.
Tuthe NE exeess spectruin, Gy appeard to be greater in 2006 than u 2007 (in eontradiction

with the SW eocoess spectouin).
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cxpeeted from a hipolar oontflow . The velocitices lisied o Table 4.6 result in excessively high
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e, This s discussed o detad] In Chapter 301,




4.3 Velocity Profiles of V445 Puppis o

Table 4.5: Excess emission velocity measurements

|O 11| \\’a\’el(%rlgtll Intensity ,orm b Velocity

(A) (kms™1)
NE 2006 4992.68 = 1.35 0.398 + 0.016 —848 + 81
SW 2006 5027.74 = 1.40 0.218 + 0.012 +1252 + 84
NE 2007 4990.32 = 1.33 0.256 + 0.021 —989 + 80
SW 2007 5026.41 = 1.25 0.461 + 0.029 +1172 £ 75
[O11)¢ Wavelength  Peak Intensity ,iorm Velocity

(A) (kms™})
NE 2006 G1  7300.30 = 1.41 0.362 + 0.017 —779 + 58
NE 2006 G2 7309.96 = 1.35 0.293 + 0.081 —823 £+ 33
SW 2006 GG1 7349.34 + 1.36 1.100 + 0.028 +1238 + 36
SW 2006 G2 7355.66 + 1.43 1.000 £+ 0.028 +1181 + 58
NE 2007 G1  7299.64 + 1.46 1.146 + 0.066 —816 + 60
NE 2007 G2 7309.49 = 1.16 0.764 £+ 0.057 —826 + 47
SW 2007 G1  7350.57 = 1.43 1.052 + 0.056 +1256 + 58
SW 2007 G2 7358.31 = 1.43 1.000 + 0.066 +1151 + 59

@ This doublet line is fit with two Gaussians, G1 and G2.
» Intensities are normalised with respect to the |OII) A7330 peak
intensity of the SW knot at each epoch.

Table 4.6: Average velocity, < v >, for each knot

2006 <v> < U ?
Knot (kms™ 1) (kms™1)

NE —817 + 114 —1041 + 114
SW +1224 + 117 +1000 £ 117
2007 < v > < U > @
Knot (kms™1) (kms™1)

NE —877 £ 110 -1101 =+ 111
SW +1193 £+ 155 +969 £+ 155

a

< U > is the < v > with respect to the system-

atic velocity of V445 Pup (v, = 224 = 8 kins~1!.

(Iijima & Nakanishi 2008))
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Chapter 5

Discussion

The velocity profiles of the emission lines observed in this thesis can be modeled using
the bipolar velocity field model described in Chapter 1, Equation 1.2 (Solf & Ulrich 1985).
Woudt et al. (2009) derived best-fit model parameters while using this equation to model
the velocity profile of He T A7065. In this chapter, I analyse the similarities and differences
between this model and the results presented here. In addition, two main results are dis-
cussed in this chapter, namely the variations and similarities in the data between 2006 and

2007 aud the possibility of highly-collimated outflows and jets within the nova shell.

5.1 Spatio-kinematic Modeling of V445 Pup

The best-fit model parameters calculated by Woudt et al. (2009) are shown in Table 5.1. In
Figure 3.1. these parameters are used in the bipolar velocity model to illustrate the velocity
profile of V445 Pup at the two epochs analysed in this dissertation (4 January 2006 and
8 January 2007). In this figure, the bipolar lobes of the nova and the narrow waist are clearly
visible. The inclination is such that the NE lobe is closer to the observer. With the aid of
the illustration in the lower panel of Figure 5.1, it is possible to visualize some of the results
in this dissertation, such as the on-sky projections of the nova emission in Figures 4.3 to
4.8. The peak intensity in each of the on-sky projections shift from the NE lobe to the SW
lobe, back to the NE lobe and then to the SW lobe again. This is understandable in light

of the observed inclination of the nova axis to the plane of the sky in Figure 5.1.

In Figure 5.2, I plotted some results of this dissertation over the spatio-kinematic model
shown in Figure 5.1. While the radial velocities of He I AT065 agree well with the model, the
model] fails when trying to describe the radial velocities associated with the excess emission

regions. This is discussed in more detail later in this section.
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Table 5.1: Best-fit bipolar velocity model parameters calculated by Woudt(2009)

Model Parameter Value

PA shell 66 deg

% 12

Lshell 3.9 + 0.4 deg
Ve 500 kms™!

Up 6720 = 250 kms™!
Tknots 8430 + kms™!
d 8.2 + 0.3 kpc

From 2006 to 2007, the radial velocities in the spatio-kinematic model shown in Figure
5.1 did not change significantly. This agrees with the results presented in this work. For
example. the central spectrum of the nova shell (Figures 4.1 and 1.2} did not change signifi-
cantly from 2006 to 2007. In both years, the spectra featured strong emission lines of |O II1]
A5007. He I X3876. He 1 A7065 and the doublet |OII} A7320.7330. It also featured a few
weaker emission lines and no evidence of hydrogen. which is consistent with previous spec-
trographic observations (Woudt et al. 2009). As the spectra from both vears feature these
specific emission lines, it follows that the shell maintained its chemical composition from
2006 to 2007, consisting of regions of high- and low-density ionised gas with a hot ionising
interior, associated with the white dwarf. The normalised intensity (with respect to the He
I A7065 emission line) of all but one of the emission lines remained approximately constant
from 2006 to 2007. Although the exception to this. He T A3876. increased significantly from
2006 to 2007, this is most probably due to the poor extraction in CCD 3 and CCD 8.

While analyvsing the differences between 2006 and 2007 position-velocity maps of three
of the lines (He T A7065, |OIII] A5007 and [OII] A7320 7330). it became apparent that a
portion of the nova shell had evolved differently from the rest of the shell. In the maps,
the red-shifted component of the SW shell was relatively weaker in 2007 than in 2006. This
component originates in the material moving away from the observer in the South-Western
lobe. Therefore, it is possible some event occurred between the two epochs to cause the SW
lobe to become less transparent to light on the far side of the nova. This event would have
to be localised to the SW lobe as the NE lobe did not exhibit the same features. More recent

observations of the nova shell should help to determine the source of this spectral feature.

The appearance of He I A7065 emission within the nova shell remains largely unchanged
from 2006 to 2007. On the other hand, in both vears. an interesting excess of oxygen is
observed at the extremes of both lobes in the spatial inteusity maps of the doublet |OTI]
73207330 (Figures 4.5 and 4.6) and in the maps of O II] A3007 (Figures 4.7 and 4.8).
This should be compared to the intensity and velocity maps of He I A7065 where no excess
was observed in the same regions. It is in these excess emission regions that the bipolar shell
velocity model begins to fail. This is shown in Figure 5.2 where the excess emission points

clearly lie outside the model.
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svinbiotic nova CH Cygni (Weston & Sokoloski 2011).

In 2007. the intensity of the [OIII] A5007 SW excess appears to be greater than the
intensity of the nova shell. Yet in 2006, for the same line emission. the SW excess intensity
is weaker than the nova shell intensity which can be seen when comparing Figures 4.8 and
4.7. This observation possibly implies that the ratio of low-density ionised gas surrounding
the fast-moving SW knot to the low-density ionised gas in the nova shell was greater in
2007 than in 2006. This is not observed in a comparison of the (O TI] A7320/7330 excess
emission where. in both years, the intensity of the excess emission is weaker than the nova

shell emission.

V445 Pup exhibits unusually large expansion velocities for the typical classical nova, es-
pecially for the knots and in the excess emission regions. From their spatio-kinematic model,
Woudt et al. (2009) deduced a bulk velocity of v, - 6720 + 650 kins™~'and a knot expansion
velocity of tpnors > 8000 km s ! from measurements of the knots™ motion across the sky. For
comparison. the average classical nova has an expansion velocity of > 2000kms~! (Bode &
Evans 2008). Although V445 Pup has a comparatively higher expansion velocity, the nova
can be compared to the recurrent nova RS Oph, which expands at ~ 5600 £ 1100 kms™!
(Bode et al. 2007).

Due to the inclination of the nova axis to the plane of the skyv. the deprojected velocities
are going to be significantly higher than the observed radial velocities. Therefore in 2006, the
deprojected radial velocities of the [OIII] A5007 excess emission regions for the NE and SW
lobes (in the frame of the nova) are ~ - 15300 kms~! and +14700 kins ™!, respectively, and
then ~ —16200 kms™! and +14200 kms~!. respectively. in 2007. Such huge high-velocity
jets (> 10000 kms ') indicate the presence of a massive white dwarf in V445 Pup, as was
modeled in U Sco by Kato & Hachisu (2003a).

These deprojected polar velocities are a factor 2.2 larger than the documented bulk ve-
locity of v, 26720 kmn s~ and a factor 1.8 larger than the velocity of the knots, vjpors ™
8450 kms ™! (Woudt et al. 2009). There are two possible explanations for these excessively
high velocities. The high velocities either result from an ionisation front or they arise from
bow shocks due to highly collimated outflows in the nova shell. Both explanations are dis-

cussed further in Section 5.2.

5.2 Collimated Outflow and Jets in Novae

Highly collimated outflows in novae has been discussed briefly in Chapter 1 of this thesis,
where RS Oph was used as an example. This is because it consists of jets of relativistic

particles that are accelerated by shocks, producing syvnchrotron emission that can be de-
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tected at radio wavelengths (Sokoloski et al. 2008). In this nova, particles are accelerated by
shocks caused by the interaction of the WD ejecta with the surrounding nebula (Sokoloski
et al. 2008). From high resolution adaptive optics observations of V445 Pup, Woudt et al.
(2009) observed an initially narrow waist and two high speed knots in the NE and SW lobes
expanding outwards at the extremes of the nova shell. They associated these features with

highly collimated outflows (Woudt et al. 2009).

Although there are other novae that also feature a bipolar shell with collimated outflows,
such as the RS Oph and the classical nova HR Del (Harman & O'Brien 2003), V445 Pup has
the most highly colliated outflow. As it is possible to model the nova expansion of V445
Pup on the expansion of a narrow-waisted bipolar planetary nebula (Woudt et al. 2009), the
narrow waist of V445 Pup is possibly formed from collimated fast winds in high density gas

regions within the equatorial plane (Soker & Rappaport 2000).

It is possible that the excess oxygen, discussed in Section 5.1, arises from shock fronts at
the edge of the outward ejecta in the nova lobes. This can be compared to one-dimensional
hydrodynamical planetary nebula models (Schonberner et al. 2005, Raga et al. 2008) where
the measured edges of the planetary nebula shell have different velocities to those measured
with spectroscopy. Some planetary nebulae have been shown to have compact knots or jet
structures called FLIERS (fast low ionisation emission regions) moving away from the cen-
tral system with high velocities, similar to those seen in V4435 Pup (Raga et al. 2008). In
planetary nebulae, FLIERS are typically characterised by low-ionisation spectra counsisting
of prominent |O1]. |N II] and |SII| lines. In the planetary nebula IC 4634. there is an ob-
served enhancement of O III] A3007 to He due to ionising bow shocks that originate when
the highly collimated outflows interact with the surrounding nebula material (Guerrero et al.
2008). Bow shocks are also used to explain the caps of excess [OIII] A3007 associated with
jets in the planetary nebula NGC6543 (Balick & Hajian 2004).

In order to test if there was evidence of shocks in the excess regions of V443 Pup. I tried
to identify any shock lines in the excess only spectra (Figures 4.16 to 4.19). I found that,
while the full NE and SW excess spectra for 2006 and 2007 featured strong emission lines
of |OII] A7320,7330 and [OIII] A3007 (a good indication of bow shocks (Guerrero et al.
2008)), there was no evidence of [N II| aud |S II| A6717/6731 that would relate to shock
ionisation (Woudt et al. 2009), ¢f RS Oph (Iijima 2009). It is possible this could just be an
indication that the density in the nova is too high for these lines to form according to models
by Allen et al. (2008). Unfortunately, these models have only been tested on velocities less
than 1000 kms~! and therefore needs to be expanded for greater velocity systems like V445

Pup.

On the other hand, the extreme deprojected velocities could be due to a moving ion-

isation front. If this were the case, one-dimensional hvdrodynamical models of planetary
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nebulae suggest these extreme velocities do not represent the bulk motion of the ejecta or
of the knots (Schonberner et al. 2005). Although this mechanism was initially proposed by
Fernandez ct al. (2004) to explain the high velocities originating from the complex structure
of the planetary nebula NGC 7009, Steffen et al. (2009) later amended this, reasoning that
the high velocities could possibly represent the true bulk velocity as they had found that

the nebulae was fully ionised.

Further modeling of the results in this thesis may help to determine which of the two
explanations, either an ionisation front or shock waves, is the most likely reason for the high

measured velocities of the excess regions.



Chapter 6

Future Outlook

V455 Pup is the only observed helium nova to date and it therefore provides significant
insight into the properties of helium novae. The spectrographic analysis results from this
thesis can be used in various hydrodynamical models to further constrain the spatial kine-
matic properties of the nova and get a three dimensional picture of the expansion of the
nova. Also, more monitoring of V445 Pup across a range of wavelengths is required for
a better understanding of the nova source, the chemical abundances within the shell and

excess regionus, and the likelihood that this nova is a possible supernova Ia progenitor.

In Chapter 5 of this dissertation, the velocity profiles of the emission lines were mod-
eled using best-fit model parameters (Woudt et al. 2009) in the bipolar velocity field model
described by Solf & Ulrich (1985). Using the results of their best fit model, along with
high resolution observations of the expanding nova shell, Woudt et al. (2009) were able to
deduce a distance to the nova. As a more in depth study was made into the emission lines
in this thesis. an improved distance estimate can be obtained using the same procedure that
Woudt et al. (2009) used, by including two epochs of radial velocity information. T expect
this will not change much to the derived distance as the velocity profile has not changed
significantly over one year. By reducing the current uncertainty in the distance estimate,
certain measured properties of the nova (such as the mass of the dust shell) will be improved

and the nature of the helium nova progenitor can be better determined.

More importantly, it is possible to model the nova using the velocity measurements from
this work in hydrodynamic simulations of axis-symmetric planetary nebulae. Among other
possibly interesting results, this will help to estimate by what amount the documented ex-
pansion parallax underestimates the true distance to V445 Pup (Woudt et al. 2009). One
such simulation, designed by Raga et al. (2008), is used to model planetary nebula knots that
move supersonically with respect to the main ejecta (called FLIERS) as ionisation fronts,
bow shocks or photo-evaporated clumps. In this model, clumps of gas form a complex shock

field as they move rapidly through a uniform field and exhibit strong ionisation lines of

79
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|O III] A5007. This model, adapted for the higher velocities observed in novae, could be used

to understand the high speed knots and excess oxygen observed in V445 Pup.

It is very important that future obscervations of V445 Pup be made across a wide range
of wavelengths to understand all aspects of the nova. Recent optical observations, 11 years
after outburst, should be able to reveal the current state of the nova shell and jet structures
in V445 Pup. This can be combined with high resolution spectrographic observations in a
range of wavelengths to constrain the spatial kinematic properties of the nova for improved
hydrodynamical modeling. Tt would be of special interest to see how far the knots have
progressed and whether the excess spectrum has evolved sufficiently to indicate shock ion-
isation. In their paper, Woudt et al. (2009) mention that mid- to far-infrared observations
had been obtained using Spitzer that could better constrain the nova shell temperature,
although these results have yet to be published. Using radio observations, Sokoloski et al.
(2008) were able to model the highly collimated outflows of RS Oph. Such observations at
radio wavelengths may therefore reveal and help to explain some of the jet structure within
V445 Pup. Strong soft X-rays were not observed prior to outburst which is possibly due to
the substantial equatorial dust disc obscuring the nova remnant. Once the nova shell has
cooled enough to become transparent to the inner binary system, soft luminous X-rays are
expected to be observed but as of yet, the X-ray satellite ROSAT has not identified V445
Pup (Woudt et al. 2009).

The results in this thesis, in addition to previous research on this nova, indicates that
V445 Pup is a very unique and interesting object and is therefore a prime candidate for
future observations. Once the equatorial dust disc fades, the binary system components can
properly be deduced and therefore, the source of the collimated outflows can be investigated.
As the axis of the outward ejecta is almost aligned with the plane of the sky, it is expected
that the orbital plane of binary system is ~ 86°, implying that it will be an eclipsing binary
system (Woudt et al. 2009). If this is the case, masses of the individual components can be
obtained from detailed light curves and the possibility that V445 Pup could be the progen-

itor of a SN Ia can properly be explored.



Appendices A

Observing Log

Table A.1: Night 1: 4 January 2006

Frame Object UT Start Exposure Time RA DEC Alrmass
(s) (hh:mm:ss)  (ddimmess)

16 Dome Flat 19:21:13 300 21:40:10.9 -29:04:17.2 1

17 Dome Flat 19:28:15 300 21:47:14.1 -29:04:19.3 1

18 Dome Flat 19:34:48 300 21:53:48.2 -29:04:21.1 1

19 Dome Flat 19:41:22 300 22:00:23.0  -29:04:229 1

20 Dome Flat 19:47:54 300 22:06:57.1 -29:04:246 1

21 Dome Flat 19:54:43 300 22:13:46.9  -29:04:26.2 1

22 Dome Flat 20:01:17 300 22:20:22.1 -29:04:278 1

23 Dome Flat 20:07:50 300 22:26:56.1 -29:04:29.2 1

24 Dome Flat 20:14:23 300 22:33:34.4 -29:04:30.6 1

68 GD30 01:10:22 300 03:48:49.3  -00:59:20.6  1.138

70 GD50 01:23:30 600 03:48:49.3  -00:59:20.0 1.134

71 GD50 01:35:42 600 03:48:49.3  -00:59:21.7 1.133

72 ARC GD50 01:48:02 90 03:48:49.3  -00:539:21.9 1.135

75 ARC IC 2165 02:08:27 90 06:21:41.8  -12:39:54.3 1.175

76 IC 2165 02:11:40 300 06:21:41.8  -12:539:54.1  1.167

77 IC 2165 02:18:21 300 06:21:41.9  -12:59:54.1  1.151

78 IC 2165 02:24:54 300 06:21:41.9  -12:59:53.9  1.137

79 ARC IC 2165 02:32:02 90 06:21:41.9  -12:59:54.0  1.123

83 ARC V445Pup  03:07:58 90 07:37:56.0  -25:57:35.1  1.153

84 V445 Pup 03:11:31 1800 07:37:56.1 -25:57:33.7 1.144

85 V445 Pup 03:43:10 1800 07:37:56.1 -25:57:33.0  1.079

86 V445 Pup 04:14:43 1800 07:37:56.0  -25:57:34.0  1.036

87 ARC V445 Pup  04:46:56 90 07:37:55.9  -235:57:34.1 1.011

88 V445 Pup 04:50:46 1800 07:37:55.8  -25:57:46.1  1.009

89 V445 Pup 05:22:26 1800 07:37:56.6 -25:57:532.9  1.001

90 ARC V445 Pup  03:56:35 90 07:37:56.6  -25:57:53.0  1.011

93 V445 Pup 06:16:41 1800 07:37:56.7  -25:537:50.8  1.024

94 V445 Pup 06:48:18 1800 07:37:56.6  -25:57:50.5 1.06

95 ARC V445Pup  07:20:32 90 07:37:56.6 -253:57:50.4  1.117

96 Skyflat 07:24:01 300 07:37:536.6  -25:37:50.4  1.124

97 Skyflat 07:30:34 300 07:37:56.6 -25:537:50.4  1.139

98 Skyflat 07:37:07 300 07:37:56.6  -25:57:50.4  1.156
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Table A.2: Night 2: 5 January 2006

Frame Object UT Start  Exposure Time RA DEC Alrmass
(s) (hh:mm:ss)  (ddimm:ss)

13 Dome Flat 18:58:26 300 21:21:16.8 -29:02:58.6 1

14 Dome Flat 19:05:10 300 21:28:02.2 -29:03:00.8 1

15 Dome Flat 19:11:43 300 21:34:36.2 -29:03:02.8 1

16 Dome Flat 19:18:16 300 21:41:10.5 -20:03:04.8 1

17 Dome Flat 19:24:49 300 21:47:44.5 -29:03:06.7 1

18 Dome Flat 19:31:23 300 21:54:19.4 -29:03:08.5 1

19 Dome Flat 19:37:56 300 22:00:53.6 -29:03:10.3 1

20 Dome Flat 19:44:29 300 22:07:27.8 -29:03:12.0 1

21 Dome Flat 19:51:03 300 22:14:02.6 -29:03:136 1

22 Dome Flat 19:57:36 300 22:20:36.9 -29:03:15.1 1

23 Dome Flat 20:04:09 300 22:27:11.1 -29:03:16.5 1

24 Dome Flat 20:10:51 300 22:33:55.0 -29:03:179 1

50 GD50 01:04:22 600 03:48:51.0 -00:59:20.2  1.139
51 GDA30 01:16:01 600 03:48:50.9 -00:59:19.1  1.135
52 ARC GD50 01:28:09 90 03:48:51.0 -00:59:19.0  1.133
54 ARC IC2156 01:43:27 90 06:21:43.1 -13:00:02.0 1.235
55 1C2156 01:46:36 300 06:21:43.1 -13:00:02.0  1.225
56 1C2156 01:53:15 300 06:21:43.1 -13:00:01.9  1.205
57 1C2156 01:59:48 300 06:21:43.2 -13:00:01.7  1.187
58 ARC 1IC2156 02:07:00 90 06:21:43.2 -13:00:02.0  1.169
62 ARC V445 Pup  02:30:27 90 07:37:57.2 -25:57:44.9  1.255
63 V445 Pup 02:33:37 1800 07:37:57.2 -25:57:44.1  1.244
64 V445 Pup 03:05:34 1800 07:37:57.3 -25:57:43.1  1.149
65 V445 Pup 03:37:07 1800 07:37:57.3 -25:57:42.1  1.083

66 ARC V445 Pup 04:08:54 90 07:37:57.2  -25:57:42.8  1.039
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Table A.3: Night 3: 8 January 2007

Frame Object UT Start  Exposure Time RA DEC Alrmass
(s) (hh:mm:ss)  (dd:mmn:ss)

50 Dome Flat 21:41:06 180 00:13:18.4 -20:04:543 1

51 Dome Flat 21:46:24 180 00:18:37.6 -29:04:54.2 1

52 Dome Flat 21:51:42 180 00:23:56.8 -29:04:54.1 1

53 Dome Flat 21:57:00 180 00:29:16.0 -29:04:53.8 1

5% Dome Flat 22:02:19 180 00:34:35.1 -29:04:33.5 1

33 Dome Flat 22:07:37 180 00:39:54.1 -29:04:33.1 1

36 Dome Flat 22:12:55 180 00:45:13.3 -29:04:52.7 1

37 Dome Flat 22:18:13 180 00:50:32.2 -29:04:52.1 1

58 Dome Flat 22:23:31 180 00:55:51.4 -29:04:51.5 1

59 Dome Flat 22:28:49 180 01:01:10.4 -29:04:509 1

60 Dome Flat 22:34:07 180 01:06:29.5 -29:04:50.1 1

131 ARC LTT2415 04:23:03 90 05:56:26.0 -27:52:16.7  1.025

132 LTT2415 04:26:57 600 05:56:25.9 -27:52:15.1  1.028

137 ARC V445 Pup  05:19:07 90 07:37:59.4  -25:56:39.9  1.002

138 V445 Pup 05:23:03 1800 07:37:39.8 -25:56:35.9  1.003

141 V445 Pup 06:06:56 1800 07:37:59.8 -25:56:33.9  1.029

142 ARC V445 Pup  06:40:02 90 07:37:59.8 -25:56:33.8  1.07

143 V445 Pup 06:43:57 1800 07:37:59.8 -25:56:33.5  1.076

144 V445 Pup 07:16:20 1800 07:38:00.0 -25:56:33.8 1.141

145 ARC V445 Pup 074846 90 07:38:00.0 -25:56:33.9  1.234

146 V445 Pup 07:52:44 1800 07:38:00.1 -25:56:35.7  1.247

147 V445 Pup 08:25:05 1800 07:38:00.2 -25:56:37.8  1.384

148 ARC V445 Pup 08:57:34 90 07:38:00.2  -25:56:37.9 1.581

159 Skyflat 09:41:20 30 12:12:56.9  -29:00:28.2 1

160 Skvflat 09:44:11 30 12:15:48.0 -29:00:282 1
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Table A .4: Night 4: 9 January 2007

Frame Object UT Start  Exposure Time RA DEC Airmass
(s) (hhmmess)  (ddimm:ss)

40 Dome Flat 20:00:55 180 22:36:44.2 -29:04:399 1

41 Dome Flat 20:06:25 180 22:42:14.7 -29:05:01.1 1

42 Dome Flat 20:11:43 180 22:47:34.1 -29:05:02.2 1

43 Dome Flat 20:17:02 180 22:52:53.1 -29:05:03.3 1

44 Dome Flat 20:22:20 180 22:58:12.2 -29:05:04.2 1

45 Dome Flat 20:27:38 180 23:03:31.2  -29:05:05.1 1

46 Dome Flat 20:32:56 180 23:08:50.2 -29:05:06.0 1

47 Dome Flat 20:38:14 180 23:14:09.3 -29:05:06.7 1

48 Dome Flat 20:43:32 180 23:19:28.3 -29:05:074 1

49 Dome Flat 20:48:50 180 23:24:47.3  -29:05:08.1 1

101 ARC V445 Pup  04:55:32 90 07:37:58.8  -25:56:29.3  1.002

102 V445 Pup 04:59:27 1800 07:37:59.3  -25:56:37.9  1.002

103 V445 Pup 05:31:48 1800 07:37:59.5  -25:56:36.0  1.008

104 V445 Pup 06:04:12 1800 07:37:59.5 -25:56:34.5  1.03

105 ARC V445 Pup 06:36:48 90 07:37:59.4  -25:56:34.7 1.071

124 LTT3864 08:44:27 300 10:32:10.3  -35:37:56.9  1.022

125 LTT3864 08:52:35 300 10:32:10.3  -35:37:57.4  1.028

126 LTT3864 08:59:58 300 10:32:10.2  -35:37:54.9  1.035

127 ARC LTT3864  09:07:21 90 10:32:10.2 -35:37:54.9  1.042

Table A.5: Night 5: 10 January 2007

Frame Object UT Start  Exposure Time RA DEC Airmass
(s) (hhimmess)  (ddimmess)

15 Dome Flat 19:47:15 180 22:24:10.0  -29:21:12.3 1

16 Dome Flat 19:52:33 180 22:29:29.9 -29:21:22.7 1

17 Dome Flat 19:57:51 180 22:34:49.7 -29:21:32.5 1

18 Dome Flat 20:03:09 180 22:40:09.7  -29:21:41.8 1

19 Dome Flat 20:08:27 180 22:45:29.7 -29:21:504 1

20 Dome Flat 20:13:45 180 22:50:49.5 -29:21:58.5 1

21 Dome Flat 20:19:03 180 22:56:09.5 -29:22:06.0 1

22 Dome Flat 20:24:22 180 23:01:29.3 -29:22:13.0 1

23 Dome Flat 20:29:40 180 23:06:49.1 -29:22:19.3 1

24 Dome Flat 20:34:58 180 23:12:09.1 -29:22:25.0 1

25 Dome Flat 20:40:16 180 23:17:29.2  -29:22:30.1 1

77 GD50 00:42:29 300 03:48:51.0 -00:59:13.9  1.141

78 ARC GD50 00:50:28 90 03:48:51.0  -00:59:14.7  1.137

127 ARC V445 Pup 06:46:54 90 07:37:54.5  -25:57:20.4  1.095

131 V445 Pup 07:09:02 1200 07:37:54.4 -25:57:30.0  1.142

132 V445 Pup 07:31:20 1200 07:37:54.5  -25:57:30.3  1.203

133 V445 Pup 07:53:39 900 07:37:54.6  -25:57:30.4 1.28

134 ARC V445 Pup 08:11:00 90 07:37:54.6  -25:37:30.6 1.355

138 LTT3864 08:59:24 300 10:32:14.6  -35:38:25.1  1.038

139 LTT3864 09:06:52 300 10:32:14.7  -35:38:24.8  1.045

140 ARC LTT3864  09:14:19 90 10:32:14.7 -35:38:24.8 1.054
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Appendices C

List of Abbreviations

1D

2D

3D

AO

AN Cvn
B

BC
CCD
CN

cO

vV
DEC
FWHA\I
IFU
INIACS
IRAF
NE
NIST

0O

PN

RA
RNIS
RS Oph
SN Ia
THEA
SW

UT
V445 Pup
VLT
WD

One-Dimensional

Two-Dimensional

Three-Dimensional

Adaptive Optics

AM Canum Venaticorum star

Background Block

Bolometric Correction

Charge Coupled Device

Classical Nova

Carbon Oxygen

Cataclysmic Variable Star

Declination

Full Width at Half Maximum

Integral Field Unit

Inamori Magellan Areal Camera and Spectrograph
Image Reduction and Analysis Facility
North-East

National Institute of Standards and Technology
Object Block

Planetary Nebula

Right Ascension

Root Mean Squared

RS Orphiuchi

Type Ia Supernova

Transient Heavy Element Absorption system
South-West

Universal Time

V445 Puppis

Very Large Telescope

White Dwarf
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