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Abstract 

:\lultifibn' spectrographic observations of the bipolar helium nova \'-1-15 Puppis were made 

m'er fiw nights (t\\'O nights in January 2006 and three nights in Januar~' 2(07) using the 

nlACS Integral Field Lnit spectrograph on the .\lagl'llan I Telescope, Of these. spectra froIll 

the two best nights. -1 January 2006 and 8 JanUal)' 2007. wen' reduced. extracted. calibrated 

and anal~'sed in this thesis. The spectra extracted from sewn target frames in 2006 and 

six target frames in 2007 were combined for -100 individual fibres. The two-dimensional 

specrra were then recombined into a data cube to create a three-dimensional picture of the 

emission from the nova. A combined spectrum. consisting of sen'n central fibres from the 

nova shell. features strong emission lines of 10 IIII '\5007. He I '\5876. He I ,\7075 and the 

doublet lOll] '\7320/7330. with no evidence of hydrogen. I discuss nvo main results that 

arise from a spatial-intensity and spatial-velocity analysis of the spectra. Firstly. thne are 

exCl'SS regions of 10 III] ,\5007 and 10 III ,\7320/7330 emission at the extn'ml'S of the bipolar 

lobes that IIlove outwards b~' ~ 0~12 from 2006 to 2007. The~' can therefore be associated 

\vith the fast moving knots in the nova shell. Secondly. the deprojected radial velocities of 

thest> excess regions exceed + 1-1000 km S-l if the inclination of the polar axis with respect to 

the plane of the sky is 3.9 ± OA O and the emission is along the polar axis. These extremely 

high wlocities 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 

"445 Puppis C:\oya Puppis 2000) is the first observed lH:'lium lIoya and. as such. pro\'ides an 

importallt empirical benchmark against which to test cur relit 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 noya exhibits 

an expanding bipolar shell with a central dust disc that is still obscuring the no\'a remnant in 

2011. Currentl~·. the best model for this helium nova is a yery' massiye white dwarf accreting 

mass from a helium star. It is possible the white dwarf will gradually gain mass through 

repeated out bursts and e\-eIltually. as it reaches a critical mass limit. explode as a supernova 

type Ia (Iben &: Tutukoy 1994, Wang et a!. 20(9) or a sub-luminous superno\'a .Ia (Bildsten 

et a!. 2007). "445 Puppis is, therefore, a very intriguing object and an ideal candidate for 

multi-wavelength spectroscopic and photometric studies. 

1.1 Novae 

Hl'lium lIo\'ae. such as Y445 Puppis (Y445 Pup), are a sub-class of Cataclysmic Yariable 

(CY) stars: see also Warner (1995) and Hellier (2001) for a detailed o\'eryiew of Cataclysmic 

"ariable stars. A C" is a semi-detached mass-transferring biliary consisting of a cool donor 

star (the secondar~' star) and a degenerate white dwarf accretor (the primary star). The 

secondary star can he either a main sequence star. a red giant. a helium star or a white 

dwarf. The COmpOIll'Ilts of a non-magnetic CY are illustrated in Figure 1.1. In this figure, 

material that owrfills the donor star's Roche Lobe is pulled through the inner Lagrangian 

point (denoted b~' LI in Figure 1.1) by tllP deep potential wdl of the more massive white 

dwarf ('YD. the primar~·). 

Due to the tidall~'-locked rotation in a non-magnetic C". material moying through LI 

will haw angular momentum. Therefore, instead of directly accreting onto tlll' 'YD, the 

infalling material spirals around the 'VD, eventually sl'ttling into a circular orbit. As more 

1 
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2 Introduction 1 

Bright Spot 

Figure 1.1: The components of a non-magnetic Cataclysmic Variable . .vIaterial overfills the 
Roche Lobe of the cool secondary star and accretes through the inner Lagrangian point, 
L 1 , 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 system 
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 \VD. 

In Dwarf )/ovae, 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 

lIlass transfer rate causing a build up of material on the accretion disc (Osaki 1974). Once 

the disc reaches a critical density, the material is both expelled and deposited onto the sur­

face of the \VD. 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 (\Varner 1995). These outbursts repeat on 

time scales of weeks to years (\Varnm 1995) and subsequent outbursts could lead to a greater 

build up of material on the WD . 

.YIore explosive outbursts (novae) occur when enough material accumulates 011 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 )/ovae, 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 .\'ovae. 
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1.1 .\" ovae 3 

1.1.1 Classical Novae 

Classical .\"ova(' (C.\") are a class of cataclysmic variable star Sy'stellls, that each undergo an 

explosiw outburst due to a thermonuclear runaway (see Bode &: Evans (2008) for a compre­

hensi ve overvit,w of novae), In these novae, enough mass is accreted from a donor star onto 

the partially degenerate surface la~'er of a massive white chvarf to cause the temperatures 

and densities of the accreted layers to rise, .\"uckar burning starts which eventuall~' causes 

a thermonuclear runaway explosion to take place. Although it can take anywhere from 10 

to 106 ~'ears between successive nova outbursts to reach the required fusion temperatures, 

tlll' runawa~' takes a matter of several seconds and ceases when the Fermi temperature is 

reached (Starrfield et al. 1974). This causes tlw expelled matter em'elope to expand greatly 

and the sysH'm to reach a peak luminosity that can increase the system's brightness by 

around 11 magnitudes (Bode & Evans 20(8). Aftl'rwards, optically' thick winds will occur, 

the enwlope will reach a steady state and the novae will gradually decrease in brightness 

over a time that could stret(,h from days to months. The continuous 10\\' wlocity wind in the 

nova after maximum outburst originates in the extended photosphere or COIIlInon em'dope 

of the nova (\Yilliams 1992). The idealised light curve of the novae ('an be seen in Figure 1.2. 

The spectrum of a nO\'a will evolve through vanous stages during the outburst: The 

pre-maximum brightness spectrum is rarely observed but when it is (usually' during the pre­

maximum 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 C:'gni profiles, The spectrum then evolves to the 'principal phase' during 

maximum brightness. Here. the absorption lines become stronger and mon' blUl'-shifted 

and P Cygni lines form at the H I, Ca II, ~ a I and Fe II lines, For around 1 to 20 days 

after maximurn brightness (depending on speed class). the spectrum mows into a 'diffuse 

enhanced phase' where the lines broaden and. along with a few P C~'gni profiles, are further 

blue-shifted, Once the' nova has decreased in brightness from maximum b~' about 1 to 2 

magnitudes. the spectrum will move into a 'Orion sppctrum phase' "'here emission lines, 

such as He I. C II. [.\" II]. [0 II], [~ III[, [.\" \'] and occasionally' H I. are formed and some 

line strengths dramatically change. Finally, the spectrum moves imo the 'nebular phase' 

where emission lines of [0 1[. [~ II], [0 III] and l.\"e III] form alongside intense Balmer emis­

sion lines. and the SPPctrUHl evoh'es to resemble a planetary Ill'bula spectrum, The early 

emission spectrum of a C.\" is created by the evolution of the photosphere. the wind. and any 

surface nuclear reactions and, over time, these' emission lines will evoln~ to become narrower 

due to non-uniformity in the gas expansion (\Villiams 1992), 

Although no t\\'O novae are alike, most can be loosely classifil'd according to certain 

similarities in their composition type and brightness evolution. post-outburst. For example. 

t he light curves of noval' can be grouped according to the rate at which their magnitude 

decreases from maximum brightness. This classification system. shown in Table 1.1. \vas 

illtroduced by Payne-Gaposchkin in 1957 (Gaposchkin 1964) and has not changed greatly 
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Figure 1.2: Idealised light curve of a classical nova (.vIcLaughlin 1939,1960) 

Table 1.1: Classification of nova light curves with 12 the number of days taken to fall two 
magnitudes from peak brightness, and ril v the implied rate of decline (Bode & Evans 200S). 

Speed Class t2 IIIV 

(days) (mag d- 1 ) 

Very fast 10 ·0.20 
Fast 11 - 25 O.lS - O.OS 
.v1oderatel~' fast 26 -SO 0.07 - 0.024 
Slow Sl - 150 0.024 - 0.013 
Very Slow 151 - 250 0.013 - O.OOS 

in the last 50 years (Bode & Evans 200S). There exists a direct relationship between the 

amplitude of eruption and the time taken to decrease by two magnitudes from peak (t2). 

such that the faster the decay in tlH~ light curve, the greater the range of (,ruption (\Varner 

1995). 

A more modern classificat.ion t.akes into account the spectroscopic features of novae. Im­

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

Therefore, \Villiams (1992) classified the C)J according to the next most abundant lines in 

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

lines or the He and )J lines. \Villiarns (1992) theorised that the spectrum originated from a 

two component gas; the discrete shell ejected at maximum light causing the broader He/.\" 

Univ
ers

ity
 of

 C
ap

e T
ow

n



1.1 :\O\'ae 5 
----

emission lines, or from a colltinuous wind causing the narrower Fe f'mission lines, The pro­

files of the emission lines from the wind are gerlPrally P Cygni-like if t he~' are optically thick 

but if the lines are opticall~' thin. they an~ more likely to have broader and rounder peaked 

profiles, On tllP other hand. the emission lincs that originate in the shell (which is uniformb' 

expanding at a constant velocity) will have rectangular profilf's, 

In Fe II :\O\'ae. \\'hich account for ~ 60'1r. of all novae. the spectrum takes longer to de­

wlop (on the ordl>r of weeks) and are therefore classified as slow novae with shell expansion 

velocities bet\wen 1000 V,.lf! (km s -1) 3500 (Bode &: Evans 2008), Compared to He /:\ 

:\ovae. they have a lower ionisation level with pronounced P Cygni absorption components 

in the Fe II and Balmer lines, In these novae, most will e\'olw to eitht>r a 'standard' nO\'a or 

a neon nova. developing forbidden lines which are initially auroral transitions or low ionisa­

tion lines such as [:\ III A5755, the doublet 10 III A7320/7330. 10 III I A-.l363 or [0 IJ A6300 

(\Yilliams 1992), Thesf' 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.:\ :\O\'ae. TIlt' spectrum of these fast 

novae den>lop within days and consist of flat-topped broader line profilf's with little absorp­

tion. These novae have larger shell expansion velocities (l'u!' / 2500 km s -1 (Bodt' &: Evans 

2008)) and higher ionisation levels than the Fe II :\O\'ae. Cnlike tht' Ft' II novae. which 

radiate relativel~' strong auroral transitions of .'i and 0 in the initial forbidden line phase. 

He :\ novae evolw 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 [:\e IIIJ or [:\e "J 

(Williams 1992). These spectra exhibit strong lines of t'ither He II A-.l686. He I A5876, :\ II 

A5679 5001 or :\ III A46-.l0 which develop in the shell, as matter is ejected at high velocities 

from the \YD surface at maximulIl outburst. 

Duf' to the difficulties in modeling the hydrodynamics during the outburst. there is still 

much uncertaiIlty in determining the amount of mass ejt'ction in the tllPrmonuclear reac­

tion of a nova (\Yilliams &: :'lason 2010). Williams et al. (2008) attt'mpt to address this 

uncertaint~, b~' 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 ejecta originating from different locations in tllt' binary 

system. In t ht' t'ariy spf'ctrum of 15 novae, they found that 12 of the novat' exhibited a 

spt'ctrum consisting of IIlultiplt' heavy element absorption lint's having observable lifetimes 

of 2-8 \\'f'eks (\Yilliams et al. 2008). The absorption lines in these systems. named tran­

sient hea\'~' f'lement absorption (THEA) systems, have different radial \'f'locities. \Yhile the 

higher radial velocit~, lines are thought to originatt' from the innermost ejecta corresponding 

to tllt' nuclear rf'anions from the \\,D surface, a circumbinary outer t'jt'cta. f'xist.ing prior to 

outburst. is the causp of the lower radial velocities. This largt' resen'oir of slowl~' expanding 

gas is believed to be a common envelope forrm~d from a spiral df'nsity waw which develops 
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6 Introduction 1 

when the accretion disc interacts with excess material moving through an outer Lagrangian 

point from the secondary star (Sytov et al. 2009). The collision of the faster moving \VD 

ejecta with the outer gas ejecta converts th~) absorption spectrum to an emission spectrum 

and decelerates both ejecta compoIHmts (\Villiams & ~lason 2010). In this scenario, the \VD 

ejecta gives rise to the observed 'diffuse enhanced' spectrum while the secondary ejecta is 

associated with the 'principal' spectrum (\Villiarns et al. 2008). This modd 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 ()t al. 20(8). Alternatively, the bipolar structure could 

result from interactions with a pre-existing red-giant wind (Bode et al. 2007, Ribeiro et al. 

20(9). From radio observations of RS Oph, Sokoloski et al. (2008) found that the mpcha­

nism of highly collimated outflows was the most likely explanation for the observed bipolar 

outflows. In RS Oph, material is expelled from the \VD 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 circuIllbinary gas that 

is formed due to winds from the red giant (Eyres et al. 2(09). Although Sokoloski et al. 

(2008) suggests that the nova explosion could have provided enough energy for the highly 

collimated outflow, it is uncertain what fuds the outflow later. They theorise that if the 

accretion disk survived the nova outburst, it could possibly collimate tlw flow, or it could 

result from some nonstandard wa:v. 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 intewst in this thesis, 

the helium novae V445 Pup (Womit 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 ~t.;) carbon-oxygen (CO) white dwarf. Once the hdiuIll 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 cnvelope) (Ashok & Banerjee 2003). After outburst, 

the V -magnitude decreases slowly at first and then vcry rapidly later. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



1.2 The Outburst and Eyolution of the Helium :\oya \'445 Puppis 
------~~---------------------

7 

The donor star in the binary system of a helium noya is belieyed to be either a non­

degenerate helium star (Iben & Tutukov 1991, Yoon & Langer 2004) or a semi-fully de­

generatl' star. In the latter case, Bildsten et al. (2007) suggested that helium noyae were 

the result of ultra-compact binar~' star systems called A:\I Canum \'l'naticorum (A:\I C\'n) 

binaries "'here a CO \YD accretes helium from a \YD donor in a doubl~'-degenerate binar~' 

s~'stCIIl. These progenitors haye very short orbital periods and therefore weak helium flashes. 

Curn'ntly. the onl~' obseryed helium nova to date is \'445 Pup (\Youdt et al. 2009). 

Detailed analysis of this prototype will hopefully help distinguish between the yarious the­

oretical models of helium novae by highlighting essential differences. Depending on the 

stl,llar components of tlw binar~' s~'stem in \'445 Pup. the owrall brightness of the system 

will change and therefore affect the kind of model used. For l'xampll', \'445 Pup could not be 

a symbiotic noya (containing a red giant donor) as the deduced pre-outburst colour (( V-K)O 

= 1.58 mag) is too blue (\Youdt et al. 2009), high-excitation emission lines haw not been 

obserwd ill the earl~' decline phase and the light ("urye has declined faster than the expected 

decline rate of a s~'mbiotic llova (Ashok & Banerjee 2003). Also, the luminosities observed 

are better described by a binary s~'stem containing a luminous accretion flow. a bright donor 

and a massiye white dwarf rather than a less luminous A:\I C\'n s~'stem (\YoUtit et al. 2009). 

1.2 The Outburst and Evolution of the Helium Nova 

V445 Puppis 

A wide range of obseryations exist for \'445 Pup (\'445 Pup) from which s~'stem param­

eters haw been derived. These range frolll pre-outburst archiyal photometr~' (\,'hicll sets 

the luminosity of the progenitor). photometry and spectroscopy during outburst and decline 

(obseITed hydrogen deficiency. light curve modeling) and post-out burst multi-wan~ll'ngth 

photoIrlPtry. spectroscopy and high n~solution imaging (for distance calculations), In this 

section. I gin' an on~rYiew of \'445 Pup at the various stages of its outburst with some of 

the s~'stem's parameters deduced from previous observations. 

1.2.1 Discovery and Pre-outburst 

\'445 Pup was discowred in outburst on 30 December 2000 b~' K. Kanatsu and was n'porred 

as a star with V ~ 8,6 lIlag (Kato et al. 2000). The exact date of outburst is uncertain but 

\'S:\ET' reports can be used to constrain the time of outburst by identifying the progenitor 

and its brightness . 

• http: ww\\".kusastro.k~·oto·u.ac .jp.vsnet 
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8 Introduction 1 

By using the US .\"aval CCD Astrograph catalog CCCAC1), Platais et a1. (2001) deter­

mincd that the progenitor was a 13.6 magnitude star. l:sing photographic plates (IAUC 

7552), Ashok & Banerjee (2003) identified an object brighter than 14 magnitudes between 

Yfarch 1994 and December 1999 in the position of V 445 Pup. They found in later VS.'iET 

photographic records that the object was fainter than 12 mag on 26 Sepwmber 2000. and 

then brighter at 8.8 mag on 23 .\lovember 2000. Therefore. the outburst most likely fell 

between these dates. 

In order to reach the expected pre-outburst colours of the likely donor stars. (\Vomit 

et a1. 2(09) deduced a pre-outburst brightness of 10.1 mag <:: vo <:: 10.4 mag (va is the 

extinction-corrected pre-outburst brightness including Galactic and circumstellar reddening 

corrections). For a distance of 8.2 kpc, this corresponds to a pre-outburst luminosity of 

log( L / U:)) = 4.34 ± 0.36 based on the expansion parallax of the nova shell and the amount 

of dust obscuration (E( 8-V) = 0.62) (\Vomit et a1. 2(09). 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 

V 445 Pup is considered to be a slow nova, decreasing by ~ 1 magnitude in the first six 

months (Ashok & Banerjee 2(03). In June 2001, there was a sudden drop in brightness due 

to the optically thick wind ceasing and the photosphere shrinking rapidly. The brightness 

then declined more rapidly and a thick dust shell, rich in carbon, formed (Kato & Hachisu 

2003b). Figun~ l.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 . 

.\lo 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 II, Ca I and Ca II, 0 I and ~a I 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 0 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 sp(~ctra, lijima & .\"akanishi (2008) iden­

tified P Cygni absorption components in emission lines of Fe II, Ti II, Cr II, .\"a II and :\Ig II. 

Considering a system velocity of +224 ± 8 kIll S 1. they deduced that tllP components were 

blue-shifted by ~500 km s ··1 which relates to the outflow velocity of the equatorial dust 

during outburst (lijima & .\lakanishi 2(08) . 

.\lova eruptions have bolometric luminosities that are at or slightly above the Eddington 

luminosity (Bode & Evans 2(08). As the luminosity of the nova approaches or exceeds the 
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Figure 1.3: L",,,,, p""'~' ,>,·,,.,-_infr;wu light. CW'V,," c>f Vl15 P up 1",10<", duriug and rutH 
"uth",,,- TOll' PalM'I, h lfr;\l"ed <o(lnUf evnlmion of \"1 15 Pup (wn""leJ fur Gat""i" f ....... -
~"'uT>d "xtiucl ionj . The ex.iC~ '.im~ 0: uutbunl, i, ('Ule'traiI",1 1-0 'he regie<l I",'"",n lh ,· 
,,·rtical d",lwJ lin"" iu hul"h Pl<lle)" iJ~t~ f"xu the "," "I~X"h, i"di('''T'') a,,' alLalp.'<l ill 
thi' \h~, ~figlue adapt.ed fnxIl \\'()\l dt et "I. X»JJ . 

EJdinglou Lirni'., a high wh·it.;- =!""Lrl ing' ,;h" 11 i, "j"'t<xl . rhe E<ldinRtolll ,urnino;;it;- of a 

"at wi,h m .. " .1.1 '''<11 1:><' exp,,~,.-d n.' 

(l.l J 

wlM'r>" (,' i, the gr"vitat~ll1'" ('nH,tam. '''p i; \00 rna,.. of a prown, i, ll~· 'p .. ,1 of light .. 

T i, th,· T(""pN'"ur~ of 'he 'la\', ""T j, 'he Th'J<Ilpeull cr"" ·"" ",i,Xl. ~!,o i, ,hO' rna« ,{ th,' 

S\llL ~lld L i, th,· >alar lumi",:"'; t\, (n "bitki k Ligh'm"Il 1979), 
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hl1mdur~ion I 

Fur a n '<}' 1l,.,,,jV£ ",hie<' GW"rr \ WD ~"'" .If" .• , '" 1.3.') n ,,) , tl", B<~!iu;C<Hl l11min."it.)' i; 

ti,,"-.{UTI' lug L.dJ/L _ ,t. tiJ . C$in~ d., dkHT"-" \0 V~~" I'Llp of 8_2 kpc (Wm<i' I ~. 'II. ZOOfl) 

'h" I~'ak l11nllllO"il), of ,.he n<..".-a ,lurjHg uuCLursL j, 101L/L.-_, = ~_9~ «ortw,,,,l [or" G"IHcti<: 

",jd"ning of RIR.V) _ 1I.,~!'i ~'hiltt j, Lh<-relure ~l'"alc~' llwu the F...Jdllli'.lull Lumi"",;,,-, 

Thi, i, ru"", ,,",x,n in C'> "Hi] ~ \'19i4 Cygni whi"b uflen hal" l>eak :\l:HHlU>ll;'" ,hal ex",",! 

lhe EdJillKwn l~miTlO!!i",- (K'\1o f,.- 11.,,·b;," If.(1~1, 

1.2.3 Post-out hurst App'-'''ran~'-' anu E~'olutioll 

Figure 1,~; T rw, e'\-'~nlli( no,'" , I ~'!l of V44,) P up I~~.'''U''! ill ,.he ~lII. H .• bal.!. The da< a 
"""" U],'';llN ""C! C""O ,'1'&" ,,'ing '> ,\() ~.:C()_\ IC.-\ I~r tl", V LT. All ilmg'" ''''e pl",.,."d Oll 
the ,arne ><'",j . ~'ilh a ,,,,,,pI,ng of ~7.15 m,,,, pin' - I Il\'0ud\ I~ "I. 2(0)) 

,\, ,bom] in the Jet,.jhl f~l"" ,'o)our n""r-infm'''G f{, imag(" "I' \'44r, I'lljl ill Figurr' 

4 tak'~l four Lo,u \~"'" Aler uu~tur't, th" nl ..... ' \0-. "-"p"nding ou'~' :ml' ill hipo[,,,- 1"1,,,<' 

'"'" uri.'ntHt", j norlb--(,."". ('>S) anJ ~h" uther "'-'-l~h-w,,"L (S \\-i, will! "jncii",,,iull of ·,,3.9 

(0 the pb"" of tl~' 'ky 1 \\'0\~!t. ... ,J, 200). llm "'~-" """"lL expaH<.b frum UH" epo.:h Lo 

'he Ilt'xl, ",hid, is doorly illn,!"",,,j hy th" init.i;,lI)' narro~; ,":n;1 ul' he ,.,ya "'i.l,,lLilLg OWl' 

ti]j'~, .\t "il ~pu< b" an C< ju"tl><hl J",~ (Ii", ;l",,,,L, ,he n",-a "~IHnant al.! higb 'I~""! krlO" 

"" , ol"'(n'.~! to "lOW oulwaIJ, " L lb e eXl"'!!"" u[ ~he ,hell aj,)ng the I"';\T axi, . ThO' '1<"1" 
'Pi"" "1",,1 'J!' _ :1" aITUO' Lhe"h ;1llJ Ll!e l"" a 1M· a p<~i\iC<1 "ngl" of '" liW I\\-owlt "t ,11_ 
:A()\l) _ 

Tbe "xp"'~!irJ~ "hell of \'-t45 1'up i, ,,~lib, '~'-" "",,,i.'al J<)"" oil",,,, ... ,L lU;LeM, il d",,~!}' 

re.eH,Lle' t ho "xp"nding ,]"ll, ""lL in ,.'HM' plaw.t,a,-v "dJul"" (PNe) ." ... 1 p"-,,op:~,"~~r" 

l>ebube (pPN":1 'T]., ,,,,,jor .hlferr"",,, L",ween \-~!~ Pup auJ ""Irer 1',," C<' pP:\,';" \1., 

IIIT~e ~xpalL,ju<, ,,'I" 'ily (I"'a, ,h"ll expan,ion \-eio<ilj' T'" _ 0,211 oCo(] kns-LI, thal k 

lnure t\pi(',\l Iyl, hoogh on \I~' higb el~!1 or ~ IlOva out.Lur,L [1'Im, LXL..-,hme!J>jolwl (lD) 

h"h'lH.l,I ",~njcru lllo .. h,],. nf p,>" ."":\1t.;0,, IS. honL,,,n .. , ,~ ai, 2()().'j, Il<wa el ~L 2IXlbi, lhe 

ul-""'1·" ... I ... I~", of H PN '",'II "T't' eith".- dw> to an i(.'(j",~lioll ~'a\'e or Lo a ,hock [,,'''' :noviT\1 
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" 
at. wi<><:iti"" t.h~t canna\ he mea.ur .. d 'P'''''-HII>('opi",il1r_ Ob" .. n,,';m .. , of til(' ILC"" 'p','trum 

in 2U()fj "'HI 21.17 re\' .. ",I" ]"d' of IN [I i M"l)S~ and l~ TT] \U717 'ti731 linc'S which m,,," be" 

l""'i"", iIldica,.~JIl of ,hod, i(Xlj ",,.;. ,n in '_he ")X'Ct, Um of \ ' 1·15 Pup (WUUdl el ,.), 20ll9), 

'l'li, may n<~ b,· til!' "', .. ~'i\h \'·145 Pup a, ,-""""rrh hAll",! '" a.L (2()JSj '"gg, .. t ,hat. ill 

oum" ,ymili",;,. >lar,. '_he J<.jj,jt~ Ill'"," he wo hil!;h [".-IS III to ",xi,1 ,h thc·,- only ' '''',,1.(,-j 
"h(~'k moueb f", wh'Ui", I"" "h"Il l())() kIlt, 1 th ,,,",· mO<i<,], will hav" t.u I,,· ad,,~\(,j Hl 

\be higber ,..luci!i"" "hsen',,] ill \'44.~ Pup in ,"'(\(.r to ,kt"nniu" whe\her IS 1I; b w he 

t'xp"",'<l in til" """,nun. 

Three y"",.. after maXiUJ\lUl Lrighlw,,, 1.)-11(;' (~ at. (2004) (*".,,'c'd a thermal ronl;n­

uum emi."iUll u>iug (),~ _ 2_~ Jim "I"""~,,tion,. They "Iso identifi<..J "';0 nanu" helium lilL,,", 

pr(JI~,hly (~igin,,'ing In"n t h, hO[ in""lur le."iull L>f tlw llLNa when vi~w"d tluuu~h th" du>t 

,h~lL At ,hi, ('P'~:h, no li e II ur OOIUl.tl lille> ""''' idelLl ified L1l t.1~' J:ear-iufnl..l'ed ,),...~ra 

~ Lynd) (~, al :tun].1 Tl"'~' le""'-"Jcd tha,. \hi, 1'ia, L"""",,,, t.lN' ioni'ing "JUn.'(' ' ... ,e, not bot 

('n"ngh aud th"''' w'"' llU hard radiation from Ih(, ,IM'II until hlt('r afler "n,bnr"l. ,\<"cordillJ!, 

to Iheir u"><r-irJfrlU,,1 "I""n·",ion< 011 IG Nuvelll"'''' 200~, rjU mOle lhe1111al du" emi",iulL 

w ... , uL,en'~d 

Late,. l"",l-uu\Lurot 'pe<"ra, "b,.,.-",d fiw In ,ix Y'''''' aft(', p('a' briRh'n",", ,bow a 

lLeLula.r imi. ... , ] 'I~' lrum with ('",i",ion Ii""", 01 lie I, 10 I;, 10 II;, 10 lIli ami a "er~' w..u. 
colllinuum ~ \\\"dt et a.L 200!)) Thi, sp"'trum is ~n~l""ed a[Jd di",."u,,,.,d ilL det"il ill later 

('hap"''' of lhi, 11>,,",_ 

1.2.'1 Dust in \-'445 Puppis 

Cehl7 ~lg8n) pmli<-tc'd tha, du,\ would h'Ul ill fa,! lLova", ('~",ing a ,harp d",]> in "pti",') 

bri~btn .. , wh"" the du,1 ubo..:ur",l tl~. '''Jtl'al 'ptmL '1 hi, 'l11>t i, 'ypi"ally n,,\ [m!!ted lor 

many mUlllh, IcJ.lo1'iill~ uutLm,l, In ,.he (',e,,, d \ 'HT, Pup. dn" is believe<.! to ha"e furmed 

aPl'n."'imatel~· a I1~JIllh "n", th,' 2(QJ ",thnroJ: ~Ashuk.le Ballet:i"" 2( jJJ), Allhou~h Ihl> i., 

wlu,ual fur [10\" ..... tiu',... h"w I~"n <pr.,.i,,1 (''''''''' t>.,fore, ouch ,,-, \'8J.> lIer, which ,level"!",,l 

dust ju" ,';ghl ,LJ.y. after ontbnr,! ~Ch,l.Jjdl'''''''har et ,,], 199'2) Th,' ('('nt.,,,1 him",. star 

'y"·m) i, "ill ob8cu,.c.ct, eJewll ~'ear' I~ter ,~, ,1m", in Fign'" 1.~_ Thi, i, n,"",,,,1 10' thi' 

Iy~i<a.l d""",,'al IlU\'a ( I"omlt. <1 "I. XOJ) _ 

,\ monlh after the :IO(jJ uutLun;" Iv", iul,an,l (~)",'ry"t.i("" ~-("'(' ,",,,r;,'d ("I. ",""lcing 

iu ("{I!llr"'y ct.i"",,,i,,,,, «b(J(lt how ,.h~ du,t ...,"', IOrH.'rl_ '1 he,,"' W(',,' JH h: b"n,1 ob",,"'~tiolls 

0<1 the 2 J<lnU<l1)- (,,,hok '" Uiill('rre 2(03) and :'.- 14 1'"' lnirl-iufrarc'd orn.....·'·a\iull' '" the JI 

J'~l\~"'}' ~l ~L)'nch ~I al 2Wl)_ L)-~J(lJ el- aL (XJ()I) "I,,,,,,'(,-j "'mouth !i'atm,I"" 'pee_ 

ITU", Wilh 'w lca.'e uf th~ LI",-k. borly di<lribu,ion th,," ~'(" Id be' co,,,,,tenl .lith thermal 

('I11",-<i"n_ They IhElU<ioed 'hal the 'Iron~ iul,a,..,-j "mtimlllm thol !i'atn~,-j SO early afler \he 
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IlIlro<luCI;oo 1 

ooLbum, cO<L.,l <~AA"'1 P""'O'lO "mbm", ." i, "..'"' no' p""ible fo!" rl",' '0 h>rm "0 ('"lly 

IIow" ... .,. A,h(Jk Ie n"""-Joo ~:!'IJ03) "wued lh~t, ,m", Lv"ctJ ,., a1- (~'lXn) "";ma",J lha' 

thp 2(XXI u<LlbuM h",1 uccut,eJ in IJ<.cel"b ... :!O:)() ~ a mOnLh kl~er Ihan lheir '-""U esti,nmesj , 

th<'ir oi<,-ju"tioll' "ere iill:otT"!',t, n"th...-, A,huk ~- U"'Le'j"" (200.1) L~I~'Y,,-j tl~'n' .. a, ..,mugh 

Tiu", aft",. ,""on"" for' h" flU'" to h'm in .l anual')" 2001, 1 heil JIIK ub,cn;clium r~,·~"l"fl 

a lJo«"h'e optinlly-thill J",'" "Iw'll h>rmm,hlll whieh t h('y h(>(i,"'(,-j w", ,,'I"","'fl ju" ;uln th(' 

:.'(OJ outUlll',t, 

C';'J~ an iHt..,-.tella, =,ilJc,;"Jjj ci L(fJ- Ii j _ U,;;1 LHag (T~iJlja & "ablli"hi :l«IS). WouJt 

..,-;J_ (2()f)f)) uJml;,.t,..-l a pl'e-uU1,Lurst <"Ole"r uf (V-K) 0 '" LiS llLag fur \'~ l :; Pu~. Thev 

,ngg(,>""l Ihi, , '(HOm ('()ulrl "" flue to 1-1". pn",,",ce of ,uW<lliJ"i..! cimlll"t~ll", r('(hleHing 

Wore th" :1000 ,,",hm,! 

1.3 A Spatio-kinematie Ivlodd of the ~ova Shell 

1.3 . 1 Radial Velf>('it.ie' of V44.; Pllppis 

1 

1 
,-

"" 

po,it"," .1on. 'holl C"I 

, -

" , 

"" ."'" - " .. ""'-
"" " .. " - ", ,-.. ,"'"",-"'''''' 

fif\ll!"" L~, L(-ti:: ~p"tbll)' H',<,l\,,-j wlu.'i,y map of the lie 1 A 7005 emi"iuu !ill". The 
whil)' ci ""ll,ned ",,'ctl~ ar" ,amplL'rl along tl-.. major axi, runnin~' fWll! W""l tu E ... l. 
Ili~k lie I ,I,I)!]:; (1l1b,;'m lint,,; frc." tv.., ('Jxw'h ar~ (·(llLlJ>llre.i with tlw "mi,,jolllin~ II" I 
~21l:>8 J (K, hand) fruLIl a Jilll'feUl epocb (!"('pru<Ill('"J from \\,,.,,1, ,'I...t, 2fl:lR)_ 

hoIU uh,..,-Ya,,;"m, mod" ill 2(X)o, \\'OllJt l~ al , ~~) "'"'~ ~l~" tn nMW'll!"p r...-li"l ,,'h:_ 

itic-. nf th(' 1\(' 1 ,\7Ofi:; elllls.';ollli",' alull.'\ .he majur "-'" uf \'H:; Pup, TIl<' lie T ,1700 :; line 

has '",u mlllpU<Jeni.>, a ,lemJlldlll Llllf'-;hifl ... 1 ooI1lIx,,"'nl anJ" ",,-('"1:('1 T('(l_"bifr"l C(lllll~'_ 

nelll. a, ilimtrl<I,·d ;'1 FiJ,;ure I.') The"., re'»e<:,i;e!v ,UW'>"'flJ to ,h(' ma\cri"l in 1 h(' 1lO'I"" 

l,hat;" "pp,oadting <he """",..:, ",,,11\,,, m:<'rling mat"""l oh".,.""l 'h!"Ongh lh~ i<*""<, A 
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1.3 A Spatio-kinematic :'Iodel of the .'l"ova Shell 13 

slight shift in the average n~locities. moving from \Yest to East in the shell. is also observed. 

This corrl'sponds to a slight inclination to the line-of-sight, with the polar axis of the S\Y 

lobe inclined away from tilt' observer and the polar axis of the :\E lobe pointed towards the 

obserwr. From the data, \Youdt et al. (2009) deduced radial wlocities of the red-shifted and 

bIUl'-shiftPd components for the .'l"E lobe of ~ + 1140 km s 1 and ~ -1270 km s -1. respec­

tively: and for the SW lobe ~ +1720 krns- 1 and ~ -760 kms- 1 . respectively. The average 

of tllt' mean radial n~locities for each lobe is therefore I',. = +210 kIll S -1 which agrees with 

the systematic velocit~· of 224 ± 8 km S-1 found by lijima &; :\akanishi (2008). 

Woudt et al. (2009) modeled the velocity profile of Y.145 Pup using a bipolar velocity 

field model (Solf &; Urich 1985) on the He I '>-7065 emission line. Solf &; Urich (1985) 

describl' the model using the equation: 

V,r(V) = V,. + (L'I' - v,) sill"(ld) (1.2) 

where l' is the latitude angle (with the poles at l' = 90 0 and the l'quator at l' = 00
), I', 

is the equatorial velocit~·. l'p is the velocity at the poles and !1 is the bipolarit~· degree where 

a larger 0 implies a stronger bipolarity. 

The equatorial velocity was kept constant at ~ 500 km s -1. as this is the wlocit~· of the 

opticall~' thick outflow deduced by lijima & .'l"akanishi (2008) from the blue-shifted P C~'gni 

absorption components. \Youdt et al. (2009) found that the nova had a wr~' large polar 

outflow velocit~· of 6720 ± 650 km s -1 and that, for a range of models. Y.145 Pup comprises 

a bipolar shell aligrwd along the plane of the sky and an orthogonal dust disc aligned along 

line-of-sight. They found that dw inclination of tllP bipolar shell was ishdl = 3.9 ± 0.4 0 

(\Youdt et al. 2009). 

1.3.2 The Distance to V 445 Puppis 

From earl~' outburst observations, \Yagner et al. (2001) estimated that the distance to Y.145 

Pup had an upper limit of 3 kpc. Their result \vas deriwd using the the equivalent \\'idth of 

the interstellar absorption band at 5780 A. They also deduced an interstellar reddening of 

E( B- \') S 0,8 mag. B~' comparing the absolute magnitudl' of their theoretical light curves 

with their obserwd apparent magnitude, Kato & Hachisu (2003b) calculated a distance of 

around 640 pc or 700 pc. depending on the model. This agreed with the upper limit esti­

mation from \Yagner et al. (2001). 

Based on dIP upper limit of 3 kpc, Ashok & Banerjee (2003) used extinction maps from 

:\eckel & Klan' (1980) and the relation Av = 3.1 F(TJ-q (KoorrJnel'f 1983) to deduce a red­

dening of E( B-V) = 0.25 mag. They confirmed this H'SUit by comparing photolIlPtric U B1' 

data. taken b~' Woodl'n (1970), of 110 stars in a 5 x 5 degree field surrounding Y.145 Pup. 
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14 Introd uction 1 

As these stars have known spectral dasst~s, and therefore known intrinsic (fl- V)o colours, 

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

1; sing a theoretical light curve model and HlP assumption of black body radiation from 

the nova's photosphere, Kato & Hachisu (2003b) deduced a distance of d ::; 1 kpc. They 

later revised their model and distance estimate as new considerations carne to light. lijima 

& .\"akanishi (2008) observed ~a I doublet absorption lines at velocities of 16 km s -I and 

73.5krns-l. This implied that V445 Pup was located in or beyond the Orion Arm of the 

:Ylilky Way with a distance that could be as large as 3.5 kpc ::; d ::; 6.5 kpc, contrary to earlier 

estimates. Iijirna & :\'akanishi (2008) further deduced that f7( H-V) = 0.51 mag, which was 

consistent with Wagner et al. (2001) but greater than the E(H-V) = 0.25 mag suggested b:-: 

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 V 445 Pup, is d = 8.2 ± 

0.5 kpc calculated by Woudt et al. (2009). They reached this result using combined adap­

tive optics spatio-kirwmatic observations and the velocity model described in Equation 1.2. 

(Solf & Ulrich 1985). Using this model, they also calculated a bulk velocity of 1'1' = 6720 

± 650 kms-I. 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 km s-I (Kato & Hachisu 2003a) and RS Oph has a 

similarly high bulk velocity Ofl'p= 5600 ± HOO kms- I (Bode et al. 2(07). 

Womlt et al. (2009) used their distance estimate of d = 8.2 ±0.5 kpc to place the nova at a 

height of 313 ± 19 pc below the Galactic plane. Therefore, they could use the IRAS/DIRBE 

Galactic reddening maps (Schlegel et al. 1998) to deduce the Galactic reddening towards 

V 445 Pup. By comparing the location of V445 Pup to open dusters within 10 degrees of 

it, they were able to deduce a Galactic reddening of 0.51 mag ::; E(IJ-V) ::; 0.68 mag. By 

using the equivalent widths of the ~a doublets observed by lijirna & ~akanishi (2008). they 

could infer that E( H- V) = 0.68 mag was the maximum limit (Woudt et al. 2009). 

The distance to V 445 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-kinernatic 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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1.4 \'445 Puppis as a S:\ Ia Progenitor 15 
- ---- ----

\Vomit et a1. (2009) believe it is unlikPly that their distance measurement of 8.2 kpc was 

severl'ly umierestimated. as a greater distance would impl.\' wlocities approaching those of 

a supernova rather than thosl' of a classical nova. Thl'y suggest that more detailed (mag­

nl'to )h.\·drodynamic simulations (e.g. Dennis et a1. 2009) are needed in order to l'stimate by 

what amount thl' expansion parallax could underestimatl' till' trul' distancl' to Y445 Pup. 

1.3.3 The Mass of the White Dwarf 

The mass of the white dwarf in Y 445 Pup has so far bel'n poorl.\· determined as it has only 

bl'en infl'lTl'd from models and not directly measured. C sing their initial blackbod.\· emission 

modeL Kato &: Hachisu (2003b) inferred a very massive white dwarf of the ordl'r .\fl/"d ::> 
1.33 ,\1::. They found that this mass provided the best fit for pre-outburst light curn's using 

YS:\ET data. C sing thl'ir revised free-free emission light curve mode!. the.\" later found that 

the mass was doser to M II ' d ::> 1.35 '\Ie (Kato et a1. 2008). 

1.4 V 445 Puppis as a SN Ia Progenitor 

1.4.1 The SNe Ia 

T'\'pe Ia supernovae (S:\e Ia) are important astronomical phenomena, as they produce heav­

ier l'leml'nts 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 (.\Iazzali 

l't a1. 2011) . .\Iuch research is dedicated to the identification of the progenitor binar.\· s'\'stem 

of S:\e Ia. The favoured progenitor scenario is a CO white dwarf that aceretes h.\"drogen 

from a companion donor star (Branch & :'I[omoto 2007). As the accreting CO white dwarf 

in S:\e Ia are all at the Chandrasekhar limiting mass. this leads to the homogenl'it.\· of the 

explosions (Livio 2000). In a second scenario. the supernova Ia is due to the merger of two 

whitl' dwarfs ,\"ith a combined mass that exceeds the Chandrasekhar limit (.\Iazzali et a1. 

2011). 

1.4.2 V 445 Puppis: a SN Ia Progenitor? 

It has lwen suggested that Y 445 Pup is a candidate progenitor of the t'\'pe Ia Supernova 

(Kato et a1. 2008) or the sub-luminous type .Ia supernova (Bildsten et a1. 2007). In s'\'stems 

\\'ith He donors. the accreted helium accumulates on the surface of the white dwarf (Kato 

& Hachisu 1999). Due to the high accretion rat(' of several times 10- 7 '\1c. .\T- 1 estimated 

for Y 445 Pup. an ignition mass greater than 10 0 ,\1 .. and a massin~ \VD mass that is 

greater than 1.35.\1,. the helium flashes are very weak. Therefore. in the 1Ilodels of Kato 

et a1. (2008). less than 50'7c of the em'elope is blown off. while the rest accumulates on the 
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16 Introduction 1 

white dwarf surfar;e. After several helium flashes, the growing white dwarf mass rear;hes 

the Chandrasekhar limit, resulting in either a supernova explosion or an ar;cretion-indur;ed 

r;ollapse to a neutron star (Kato et al. 2008). 

Woudt et al. (2009) investigated the possibility of V 445 Pup having outbursts prior to 

one in 2000. "Csing plate archives at the Harvard Smithsonian Center for Astrophysics, they 

wen~ unable to identify any outbursts in the time frame 1897-1955, even though V 445 Pup 

was frequently identified at a constant brightness and the observations \vere well-sampled. 

They were also unable to find any pre-outburst spectra or an orbital period for the system 

that could give further dues 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 objcr;t is unlikely to 

be the progenitor of type Ia supernova S~ 201lfe. L'sing historical images, they r;ould not 

identify the progenitor system of S:'\ 201lfe and thus were able to plar;e an upper limit on the 

luminosity of the potential progenitor. This luminosity is 10 - 100 times fainter than previ­

ous S~e Ia progenitor limits and is therefore more suited to doubly-degenerate systems than 

to singly-degenerate systems. Although this excludcs V 445 Pup, lowcr luminosity helium 

novae are still possible r;andidates. Li ct al. (2011) go on to statc that givcn how diversc the 

class of S:'\e Ia are 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 \Voudt et al. (2009), this dissertation presents data obseI"\'ed 

with the I:v1ACS IFU instrument in 2006 and 2007. However, the analysis of \Vomit 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 

constrain better estimates of the distance. 

In this thesis, the I\IACS IFU, situated on the :Ylagellan Telescope at Las Campanas 

III Chile, was used to make multi-epoch spectographir; observations of V 445 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 H'COTlstnu:tioll 

pror;ess are reviewed in Chapter 3. In Chapter 4, spectral emission fmIll the nova is in­

vestigated in both intensity and velocity space, and the H'SUltS are modeled in Chapter 5. 

Also, the r;hanges from 2006 to 2007 and an l~xcess of oxygen are discussed in detail. Finally, 

in Chapter 6. future prospeds r;oncerning the use of the results froIll this thesis are reviewed. 
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Ch a pter 2 

Observations 

~Iullifibre >''''<lw~raphi<; t>b"..,."~liUI'" t>f \ ' 11'; Pup ahd it , ,mroundinjl,O (indndmjl, ,tan_ 

daru ""'~ "wI" 1'1"'1"'''')" Il.,{lUlaj ",,"e maJ.· "w, Ii,.., l1ighL> in :!()()fj «nd :!lI07 lliinR d1<' 

L\!A('S 1F t! o" I~ ~bl\,·jbIl 1Ho'"m)", at L .. , C"'!l I>aJHI.> Ob",·r;al.ut:y ill Chile. T he ih»' 

t.~·o obscrmtion, "-" l" m",j(- C<l th,· ·1 and 5 J;mll"r" 2U06 and rh., laM thr"" "b,.,,','alium 

"'''N' mark a y""r lawr 011 Ill"~ , 9 anrll0 J"nuary 21107. Of the",', only 'I""'tr;\ Irmn ' wo 

ni~h" (-1 Januar, :1IXJtJ ,~ld 8 Janu",-,- ~OO7) ~-H" rh"""n for furrlH'r anal",,,,., ,h,'y l~)lh 

r.""h 'imilar J<.]>{b alJ() We'" ub""r\',.,J under """,,!lem w~a, he" rot~li,j,Jll' 

2.1 T he Magellan Telescope 
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18 Obspryations 2 

TIIP multi-ppoch spectrographic oiJseITations reduccd and anal~'sed in this dissertation 

wen' made using an Integral Field Cnit on the :\Iagellan 1. or "'alter Baade Telescope, 

Built b~' tlIP CarrIPgie Institution of \VashingtorL the 6,5 metre telescope is situated at the 

Las Campanas Obseryator~' in Chile alongside its twin tPlpscopp. tIll' Cla~' Telescope. Both 

telescopes haw an alt-azimuth design with principal foci of f 11 at tlIP \" asm~,th positions 

and f 15 foci at thp Cassegrain positions. The f 11 focus is in a Grpgorian configuration, 

which assists \vith the collimator optics IlPrformance ill the wide-fipld spectrograph nIACS 

(Dresslpr et al. 2011). The primary mirrors consist of f 1.23 paraboloid mirrors coated with 

aluminium surfaces. The :\Iagpllan tplpscopes are shown in Figurp 2.1. 

2.2 Spectroscopy 

2.2.1 Integral Field Unit Spectroscopy 

Integral Fipld Cnit (IFU) spectroscopy is the ideal tool for spl'ctral imaging of extended 

SOUlTl'S. which giws it a huge advantage over traditional long-slit spectroscop~'. In IFC 

spectroscopy. data are collectpd from a two-dimensional (2D) field of view and then con­

wrtl'd into a three-dimensional (3D) data culw format. This data cube consists of two 

spatial axps (right ascension (RA) and declination (DEC). or .r and y) and a dispersion axis 

\\'hich is in wawlength or Yulocity units. \Vit h an IFe. slwctra an' s~'stematically rpcorded 

from all owr tlIP fipld of vipw. Therefore, this method of spectroscop~' can be used to crcatp 

spatial maps of y'our target for specific \vawlength or \'docit~, rpgions. as wdl as line ratio 

maps. The 1Ft' is designed to be primarily uSl'd in thp optical red or near-infrared n~gions. 

as it is difficult to manufacture optical fibres that transmit blup light as effl'ctiwly as red 

light, 

Integral field spectroscopy consists of two components: namel~' a spectrograph. which 

dispprses tlIP spectra, and the IFU which di\'ides the 2D spatial plam' into a continuous 

array. The three main types of 1Ft's are illustrated in Figure 2,2. 

In a knskt array, light from an imagp is separated b~' a microlpns aITa~'. where it is 

cOlHjpnsed into small individual points. A spectrograph then disperses tllPSP points into 

spectra. As the points are small, the spectra can llP aligIlPd at an angle with no oVPrlapping, 

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 

transferrpd via the fibres to a continuous slit or slits. which then disperses it into row-stacked 

sppctra, As the fibres are cylindricaL they do not cowr the fidd l'ntirel~'. Therpfore, ad­

jacent square lenses are used to focus light onto the fibres. while still ('overing the entire field. 
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Lens lelS 

L"",lelS 
+ fibres 

Image 
slicer 

Telescope 
focal surface 

rIDl ~ ",~'" 

SpeClrograph 
inpul 

c c c c 

-

SpeClrograph 
outpul .«""'1111"' 

Only {lie illlCJ.ge "lien JWain" "pmi.,l 
injormmion wuliin each sliceA"mple 

Fill'''(' 2.2: Th(, 1hm' main mptho<l. ll""t in int."w,,1 ~dd 'P'"tC(=opy (Allington-Smith I..: 
OJ","n, 1996) 

T t.- imaR" ,Ii",,, IFU COl»Os,," of ,trip, of minoc, tl~lt h'Ol' ,.I., inmming li!\ht of 1h~ 

larRet OHto a se""ncio'Y SO>l uf lllirrun.. The ",,"ou,1 "'-,' of lnll'rOf' "Ii~n' ,h" light "ont'"01_ 

u",I}' a1UllK" dj 'lwroinK oIit, A, lllirwn. Me iuhelelJd)' ,,,,;hrOftM'"' and ~as)' to cr><>!. tt.",,­

IFC, are ",-11 ,ui",1 to infra,.,,1 'p"'-ln)l,"'PY. 

The raw data l"u.lu,,,1 I", an IF! ' cuntaln ".."~m.l hundr ... 1 'f"'ctra ",Jrieh 1"",,-1 w be ~ 

<lm,-<l all<l ;mall''',,-j. Om'" the .... 'I}('(;tra ar~ ,""ra,'''''!' tht~, ""n t>:, n';~''''mbl,,1 into" ~ .. '" 

ell))!'. In Fignr~ 2.3. ,).' IF C p«.'''''« i, illOl''''''.,.:! ,,,mg '~lta ",,,,ll',,,,1 in the, di ',"'Ttation 

The back~r",ll,,1 im"l';e Os a " 'i <k-fipld imHjI,p uf Y 1I5 I'llP a"d iI' ,urrOllnding, (31)' x 30'). 

b""",t on tia,a [rum 'he Di~ili'"-'<I Sky Sun',,",' 2 (Cr.,<lil; ESU/D.",rozed Skv 8"",,~ 21 . \ 'Ho 

Pup i, pw.i<"k~1 UllW a 15 x 25 IWXaJ>lH>a1 arr"y uf libt·,,,;, ""-Illpk<.l al 11"2, Each u[ th~ .1(1) 

,pali.J pix~k (Jt 'Il="k .oow:; th" 'lllJun"d i" .... IC,it¥ from a t-"JrliolL of th<- 'peetr" that Ii." 

alon~ 1 he thir<l dimpn,ioll in It.' data "011><.', and d", '1"'('lrum for 'm~ of th(' '1""-'0('1, ",~'''rin~ 

\ '445 Pllp i, di,pla:,-',,-j in tho:' wttom in"", of l'igl"~ 2.3. 

2.2.2 Il'dACS IFU 011 lite Magellan Telescope 

The Inamo<i \Ia~dbn Arwll Cam.-ra and S",",T"!'J"aplt (ThIACS) (&bmoll "' aL 200-1) i, 

a mOllt.i--(,hj",t "fX,,-,ro,,;raphic in,,,"mo-j\1 d"'WJed 10 b<' ll",d on tl ... ~1a1l~lIan 1 T,k""",, ' 
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FiflUl'" 2 3: Ll mlrat.i(~j uf inl<elifol fi e:d 'V"'lro;"O~r "'in~" Digili"",-j ~I;r ~\LTWr imag" d 
V44j Pup al~l nh",wati(Xl< ,ma:yse<l III Ilri, Ui'''''ll"Liull. Tl"'lGI' ill.d is a 'UtnlT)('ri 0Il-"" 
~ru.;""li"'j n{ '1," H,' T -I,I)J(; "mi,,"o,, 111 the - 9m kIll, - l Lu 700 kn ,, - l t«ll~C_ Exlo 
"J,,·rtUle eM he exprc,,,,xl "" ~ t.,,(}-dlllH'j~"mol 'l""t.lW[l a, in .. h, aleJ HI llw luwer ill"ll 
:\<lrt h E"", muj;I(Ulaliull j, "" iIlJi,,~t"'1 and ,h" bac.kl;f(~lI"i fidd i, ~II' b} :l(l' _ ~n",",,~IUWlll 

,""lie: },'SO-'Diy'li~ ,J Sk~ S"n'C~ 9 ) 

~lae><.J "I til<, "'a, mYlh h'm. j - h"" Iwo "ame,."", "f,i2.()() 1"<J~ ca'n<'ra ~,r 17 ,,"'min 

GelJ, ;;unphl al 0.2 "''' ,..~ .. alld "f.. 1.49 nlillela fur U alt'miu nelJ, ' UlnplcJ aT 0..1 ~T("N 

(l)",,,\er el aI. 2(11) B,,{h "aJl1<'''''' <"an "mk in 'l""-'l'-"'C-Upic UJ ima gi ng ,node', ;Ul(] fc,,'<:! 

thn~li'\b lU ci clln X 8\\12 pixel Cell ."Hi'_ I hi' fum 10\, -WL> CCD ,ur"} :'o",,,h ccn h .. , 

"dimm,ion of :1(118 x 40% [)ixd,) i, ,hown in F:~ll'" 2.4. Whil<> !l~' long '''' . .mer", u""" 

R""ing di'I~'-""'-' fur ' l"""tugJaphic im"gm~, tl~' ,hor! c:allJ('ra \"'~ g,-i, m, uf ,'",riuu, luw 

rl;,~r-.i",,,. Ttl(' '1w['lral H"",luliu<J i, f{ _ \/;>,), < 1()(Oj for :·he long "am era "1"1 1-1 -

~,.';>,), :: 1:;c)) 1'".- t h" ,;I,en. ["llm.-a, 

O~rvMiun' (If VJ~.1 Pup "''',... made ll.>llLg 'he [\IAC~ IFU (~dn""ll '" ~I 2<:HI) ,,,In''l 

i" a Jibre leu ,let 1Ft' huilt "i""ifkal.ly fur lr.e I\-I"C:; "P"<lrogra~h, (~,w.,.:n~ 'hr' 'i,..('tr~1 

laug~ ItvH) 41)) tlm 10 [If);) IllIl willI a ';"-~' lrol n '>U/Ulioll (,f Ii 1;0)(1. TI~' L\lAC'S IF Ii 

mmi,l' uf '~D <'jnal1)' ,:,,'(1 !/' by," I>'<a ,ugular !ielrl" ",'r,,,,m1 ... 1 hy .~ I ",,:min Th" CHI_ 

fJj(uraU"'1 of '. "<'pan"." ohi" t. owi ~[uWlrl Jidrl 011,,,,,, lor beam ,,,itching hy W>d<liIl~ 
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2.3 ~!ulli-('poch IFU Speclros<opy of Y l l~ Puppi, 

eCI) CCIl eel) eel) 
1 2 3 4 

cen ceo CCIl CCIl 
6 " 8 7 

. 
F~ur" 2,~; _-\.!T',"!~'m.u' " Ll,,· ",~I!L CCo" "' lhe nL".CS 'P""t"~ 
graph. The (~)t [wi" at'"' 1.1 ... po>Jtwu 

" 
pixel(IUI) m . ..;, CCD, (Credit, 

hl:tp: '"b", """'''"9''' "."n"" , ,d u 0,[, " ,,",m w, Vattl,htlfu) 

the t"",""p"_ Each field o'onsi'ts 1>1 an arr",y of 1000 film.,. v;ith ",oh fihw sampled at ()"2. 

Half 01 111.< ~rlj~"",,, fib"" proj",\ li¥h, 0""" fl>'" 01 ,h" o'ight CCo,,_ Sillll",!),. Ihe ut!"" 

h..Jf cl the libre-llfu.i'-"--~ on~u Ll .. uther f()(lr CCD ,_ TI ... mappin& cl 'hese fielrl" i, illu;r'M<,1 

ill Fi~ure 2,5, w!Jidr i" repwduced [[(XII Sdullull e~ ai, (ZlJ(I~), In ~l!i> figu,,", Lhe object <Inri 

I,,,,'kg[(~rnol fidoh; "re alt.erna,,,l in bk)(;h "f &(1 fih"" ,<aeh, 'fhi, helf'" to avo;u an,' Idtge 

o:hang'" in 'IK, t>."'~Vi(~lr ci tho' 'p~(~r<'f!.rapl1 ",·hm ,"ht.rad.ing 'k." f,,~n the till'gel irnag~" 

,luring ,ffiuccion8. iI f"" manufae'urin~ "l'rul', Wilh 'he L\!ilCS ccns neer! [,0 be con.id, .... '" 

"'helll'eJucing; Mmely, lhe e~l!Ll! and llinth Dack,o,r()lJnu mu<b ll'-..,.j w Le >wiullo'll anrl 

Lhe ""',olld Objed mock wutail" '-'.:0 bwk,<n fibre> 

2.3 M ulti-epoch IFU Spectroscopy of V445 P uppis 

Spoo.1D6COpiC ob,e",,~ion; "ere laken 0''"' li,," ni~h" in LWU l""'" (:.hlOO dnd ~'O(7) ",ilJR 

Lhe ['>lACS IF!: 0" .h., D""ole J el~>c"I'" by Pwfc"",r Dam!,' St.""!lh, ullilll/. Ih. Gl'''ll! GOU. 

'rloi, oli'p,.,-,ing .-)",nen' O',,..,eTS t be optkal w~,-e""'g',h rang~ fwm 41)1XI A t<l !lInl A with an 

~xp"cted pixel "'31<- of 0,38 A ' pix<-i (Wooo\ et ai, ZUOO)_ TI~' lidol •• [ '''".,. :(;"00 hr l"lG) i, 

irl{,.l [or covering LI1<' 00'"' which i> apl><l\xilnately~" _ 3" acros" T1w Mmplin¥ 010"2 i. ~l,.-\ 

ide."Il for a""'"l><in~ lU l£",-,he par" cl.he llU\'a ,hell, A central f'Ul'lion cl.he ",H~ ""we"a, 

C'onsi"in~ of Lhe Obj",, ~ "nu DadlJ,;wllw! [Jjodo., 7-1J , "'''', ~,,--J (See F~llIe 2,5).Thc"-"f....-.,, 

"",t! imago< o,,-,,!laino,] ·IUI fihr<><, and d." 400 'I""tra T<) ,on,,,,,',_ 

In :.!OCJ(;, VI 15 Pup "''"'' uL,e",oo un '"u nigll~'. ~ J.illUal'j' and 5 January, anrl {I .. Wft'a 

.. .,.,. po;itkm,,-j in the BW4r,nUHd Dh-h (",ill! Lhe Objt'C~ muck> w,,'~inin& sky e:J<po>Ul'es) 

In X(l7 lhe 00'''' w,"" uL"",..-d 0"'''' .1""" n~IJl" S JiilJUMY, Y Janua,'j' "au 10 J.nlJal'}' ~lJrI 

\'440 Pup ... "" OOIJ"'M} j)OSi~i()lJe.j in .1.· OLj:n Bluek< ( ... ·ill! ,I.e D""kg,,,,mrl Block, 
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(,) Ni.h, ." '" J."",,' >00, 

Fig"", 2 6: :\ightl,1 sample ,P<~'t'" of ,aw targ"t =I~"ur"" f[()![l Il""k~uund ~ill ~()(J6) allJ 
Obi"" (i n 2(10.) Hh·x 11 in eClJ L Th(' 'p«H~ are ,,,n,,,'<1 'M\ the 10 II I ~7320 73.'10 
ooubl", ,-mi,sion Ii",,_ T ])!, di,p,y"ion 3xi, i. "Ju"~ th!' .,,-><xi,,_ 

t)()'" containin; "Xl' 'C<po<UI<" L AlO<j~ wilh \ ' 115 I'llI'. uhi«"''ilti",,, W~n' al .. , mwk of t.h<' 

plw.,t"rv n~hnlu, IC2165, awl Lh. <Uwl.'l'd "atS; GDI>I, ITT2-j I5 "orl LTT38G4 The ful: 

u~n' iH~ 101\ f,,1' all fi"" nigh!. can]".. >'-"'n in AI-'P'-'mlix A, 

IH Fi~u1''' 2.0, u compari"'->Il i. made uf d .mall .ubse, u! >1_Lr" CUIl>j,till~ t>f 1» 'pai ..... 

f[()Ill Obj<,-t Illod, II ,,,-"t,,,i on the 10 III ~7.'120 '7:1:10 doulJet. eIlli,>ion line fWll! """h 

of the night." Tit;- im><g''i ha,'~ l~lt y,'1 I",'n )"('OHmi "Jld aTO' Ih<",f,)['(' "",,",ed in """lllic 

my' t h"t "ill n<'<'<i to b<' "uhtrm,''<1. Exp",,'l1'<" or \ '115 I' up "w,' Pit])!'r 1 fi(I)s for Ih<- firs' 

four nights, or j2cJ(j,. far 'he 1_ I,iRil! TI~' "''-~tj~ r",.och ]ji~hl is .hown in FiRUr!' 2_1 

Aitholll(h all t>f Ihe imuw,>< Cume fWIll the ,am" hkxk, ,h",. b a chane<' ,hal dw camera 

wao too,,<,1 L~\~'",-,u Highl. and • ,!Jf["l'enl P"" of the !>U,'. i., l,..iuji, iooh,i at .. Til" Leiu~ 

",iJ. ,hor •• :as uo p,'i Jeuce of a .igual iu an) ol the >P<-'<Lra from CCD 2 Thi. i. pM""Ll}, 

due w tloe ex""mel)' ,<\rlaLle "....ing ., ,h""'n ill Fi~u,e 2,7 "wi . iUl}(iy ~" .. ther un lhi, ni~ht_ 
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l'igL1rt' 2,7- So>ein~ llle"'Ulwl '"l ,I>c ""poco\'<' oh""rving night. n,ing ,hi' CCD gll><l<, 
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2.3 :\Iulti-epoch 1Fl' Spectroscopy of V445 Puppis 25 

Table 2.1: Ohservations of \'445 Pup in 2006 

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

\'445 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 
\'445 Pup 04:14:43 1800 07:37:56.0 -25:57:34.0 1.036 
\'445 Pup 04:50:46 1800 07:37:55.8 -25:57:46.1 1.009 
\'445 Pup 05:22:26 1800 07:37:56.6 -25:57:52.9 1.001 
\'445 Pup 06:16:41 1800 07:37:56.7 -25:57:50.8 1.024 
\'445 Pup 06:48:18 1800 07:37:56.6 -25:57:50.5 1.06 

(a) )light 1: ,1 Januar~' 2006 

Object CT 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 
\"445 Pup 03:05:34 1800 07:37:57.3 -25:57:43,1 1.149 
\"445 Pup 03:37:07 1800 07:37:57.3 -25:57:42.1 1.083 

(b) )light 2: 5 .Januar~· 2006 

2.3.1 2006 Observations 

The first night (4 Januar~") was the clearest of all fi\'e nights. This can be seen in Figure 

2.6a. where the spectral feature has the greatest overall intensit~". The seeing was relatiyely 

stable at around 0"5 during the duration of exposures from 3:11 am to 6:48 am (CT time). 

This is shown in Figure 2.7a which displays the seeing conditions during our obsen"ations. 

Obseryations from the first night included V 445 Pup. dome flats. arcs. the planetary nebula 

1C2165. the st andard star GD50 and twilight fiats. On this night. seyen exposures of 1800 

seconds each were made of \" 445 Pup. After fin' target exposures were taken as the telescope 

was moying through the meridian. the obsen'prs noticed that the target had mOHxl off the 

central position of the CCD. After a few spot images. they repositioned the noya to the 

centn' of the CCD. Hence the 20" difference seen in dIP declination between obseryations 

on the 4 Januar~' in Table 2.1. 

Cnfortunately. on the second night (5 January). til(' seeing was yery yariable the whole 

night and llO spectral features were visible in the spectra. This ("an be seen in Figures 2.7b 

and 2.6b. respectively. Also. onl~' t1m~e pxposures were made of V445 Pup during dIP night. 
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26 Observations 2 

Table 2.2: Observations of V 445 Pup in 2007 

Object L'"T Start Exposure Time RA DEC Airmass 
(s) (hh: mm: ss ) (dd:mm:ss) 

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) \Tight :3: 8 January 2007 

Object UT Start Exposure Time RA DEC Airmass 
(s) (hh:mm:ss) (dd:mm: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 U)3 

(b) \Tight ,1: 9 January 2007 

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

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 -25:57:30.4 1.28 

(e) \Tight 5: 10 January 2007 

2.3.2 2007 Observations 

~ight 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 01/5 when the exposures were being taken from 5:23 am to 8:25 

am (UT time). Along with V445 Pup; dome fiats, the standard star, LTT2415 and twilight 

fiats were observed. Six exposures of V 445 Pup were made OIl this night. 

Only three exposures of V 445 Pup were made on both nights 4 and 5 (9 and 10 January 

respectively) . .\light 4 was cloudy and the seeing was very unstable during exposure times 

from 4:59 am to 06:04 am (GT time). On night 5, the seeing was better and, from 7 am to 

8 am. varied between 0~15 and 0~17. However these conditions were still not as good as either 

night 1 or 3. 

2.3.3 Final Data Set 

In this dissertation, I haye chosen to reduce and analyse only the high quality data of night 

1 (4 January 2006) and night 3 (8 January 2007). These obserwlt.ions are approximately 

equal in quality and length, and allow for a good comparison of the spectral features of V 445 

Pup in 2006 and 2007. 
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Chapter 3 

Data Reduction and Analysis 

\\'hen \vorking with raw data from the L\IACS 1Ft:, sen~ral hundred spe(,tra need to be 

cardully reduced. extracted and processed into a data cube format. As no publicall~' a\'ail­

able pipeline exists, I had to process all of the reductions using standard 1RAF' routines. 

Due to the complex nature of the data reduction procedure. I initiall~' extracted a small 

subsample of spectra from CCD 1 to test the extraction routines. Once this extraction was 

processed successfull~', I expanded the reduction procedure to run 011 the full dataset and 

assembled the data cube for analysis. The extraction process was also performed on spectra 

taken of the planetar~: nebula 1C2165 to verify the accuracy of the \van,length 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 fiats, 2 arcs and 1 object exposure, wen' taken during 

obsl'rvations on the first and clearest night (4 January 2006). Each image contained 100 

spectra from Objl'ct and Background mock 11, cowring the [0 II] A 7320 7330 doublet line, 

\"445 Pup was centrally positioned across the Background Blocks and the Object Blocks 

consisted of sky exposures. 

I reduced the raw data using tasks froIll the 1RAF pa('kages hydra, imred, ccdred, 

stsdas, imutil and dohydra. The task, set instrument resets the instrument idl,ntifica­

tion image header in onjpr to be able to analyse multifibre data. ,,"hidl in turn allows the 

task ccdproc to trim and bias subtract thl' 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 :-Iational Optical Astronomv Observatories. which are operated b:, the As­
sociation of l"niversities for Hesearch in .·\stronomy. Inc., under cooperatiw agreement with the :\ational 
Science Foundation. (Tody 199:~) 
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onl)" 'h,' hi,., fmn the nver>Cl<l. re~un alun~ the "ide was ,,,hll'ac\c'i. In o,Jr.,. '" ,w"u""" 'ly 

(\"fitl~ tIl<' bbl" ,md uim "won" rlw mmuHlIld i" plot wa, u",-,j to ~!ul either a \ill(' '" 

column n'Ulll whi(,h 1.1,, ' "':;ion; ~"H' Il>t'A,nred iliH'CU,', 1 ,h,'n u",-,j the l"-ok ccdrroc w fil 

a .~lille3 IUIJelion if 0"1<', 3 to Ih,' ,)\,"'''''''1 w;ion mKl ,ubtracled Uri, frolll Ib .. l",l ullhe 

unl,'illlmed illl,\j(~, 

All lh~ illl"l\"" com an'",j " 'i~nifi('ant mllonnt of """ric ra~'., III uruel tu ,ublr", 't thelll, 

th~ slow bUl cwrouRh 1. , A, r ,,"r,io la>k in "r., sudas I""'kage wa. run. Thi. ,,,,,k wurb 

wry "dl aI.i milliIIlall""" ,,[ lille JeI;lli';"'l C>~L 1.><, ,,,,n, [)<·,,-.Io])<,i hy \'an l)"kkum ,:2'IXll j, 

tll(' I'''Wa.:1l u"'''' a "mati..,,, "I L ~~L!ci"'l ("(IR~ rl'"'J"Ctiou lO io,'nti,y "nO ,,'!nO'" ""'mk my' 

01' a,hb",y 'I'"~ an< i ,hap". In mole.- to ,,,'hiey" ~ g'-">'i "uuwoctiOIl. the ~ain anri T(';Hhlt, 

no',"' ,])<"n,·a.tioTll< d tlw iu"rllllH'llt. call be in~ul W lh~ ""k, Th"",' ""'1"<' f<J\l))(j fl"()m thO' 

iJlja~(' ho,~ I<.,. of CCD I to h" n,9 " -, ..1.1)\ ' and ~ ,~ e-, re>V"t'liwly, Th~ Ixfor~ «no .r,,~ 

illl"~(,' ol ll : ~'\:l{m"n d Bi (><k I I in tl~, I"r~"t. iUla~e call I,.. "'''ll ill figul" 3,1, 

""!I{ll'<> ", ,' Ra('k;H"lIld lJ I""" II cf CCD 1 'rUill ,h~ 'Uh',,"llpie t"w~, im"l\~ ,:Fmm(' 8~. 
1 J,,"Hl"'r 2{0l) hef",,, (idl p:mel) "nd "Iler (ri~\t ~aJlel) c(JI;lI1ic my ,nh,,,,('tion """1{ 
L.A.CQ".d c (,"'" f.>,,;,\;knm 2\r m 

Afl",. ,he ,,,I,,<1 ion, had " " "',"<>fuliv ~w<:."",ed ,h~ raw i[1'''II' >; , i f(l "1X'"t.r~ fmm 'h ,' 

cenll',J Ilhxk II of CC D 1 w,"'-' c>xtra<1,,,i lc";ng Ih .. n",itipm' ~""" t.,,)c. dohydra. a1001\ wi, h 

ils >uLl""". po.urn , r "r Ih i, P"~''''' . d,., obj"C:t. allJ ,k-; image. IWIIl Blue ,\: II (~,>ch COfl­

,i"illg 01' ,'>0 ,>",,-,Ir,,) ~'"re ~-urkc~l "n "1)ara",ly 

dci>y~ ra fiT" h",.b amI exu'ac~. 'lK- [('i,,,;,'el, dc",:" ,kfiTl(,d ap(',lun" "",,~'iat ... i "i,h 

,h,· ~h",< frnm a lhlt fi<.J d im~e, TlJ~ laok j;lS """'" ,hat t".·ko the "lwrtu'" Ix",idmring 

along "r., di'I)('r,i()" "Xl>, ,mJ lhen a~>"le. 'hi" eXlroc,iOll llwtrix to thO' 0' r." art and 'ars,,' 
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3.1 Extractions of Spectra 29 

images. Pixel-to-pixel sensitivities in the images are corrected for br dividing the science 

image with an extracted uniformly-lit fiat field, observed with the same instrument. This 

fiat fielding is done in the dohydra task, using either a dome fiat or a sk)' fiat. An~' differ­

ences in the sk)' throughput between each aperture across the CCD is normalised using the 

sky counts of each fibre in a sky fiat. 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 an' plotted using the task 

splot. 

The size of the apertures \vere measured by cardullr separating the peaks from the 

troughs using implot along a central column. Each aperture could be fit \\'ith a Gaussian 

curn' that had a Full Width at Half :"laximum (FWH:"I) of ~ 4 pixels. dohydra used the 

tasks apfind and apedi t 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 

fiat was used both for fiat fielding and as a throughput image. fitted \\'ith 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 thl' data values. Once the spectra an' extracted, the pixel axis can be calibrated into a 

lIIore 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. onl)' 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 20(6) and night 3 (8 Januar)' 2(07). 

On night 1. \'445 Pup was positioned over the Background Blocks and the background sky 

was positioned in the Object Blocks. Conversely, on night 3. \'445 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 a.xis of the nova 

shell was :'\orth-South aligned on the 1Ft:. 

Running the initial reductions on the other CCDs was straight-forward and, thl'rdore, 

all the images were easily trimmed, bias-subtracted and cosmic-ray reduced using the same 

fitting parameters that was used in tllP subsample reductions. On the other hand, the fiat 

fielding. throughput ('orrections and, in particular, aperture identifications became trickier 

",hen considering the rest of the data set. This was due to tlIP gradual decrease in aper­

ture clarit)· in CCDs 4 and 7. corresponding to the bluest portion of the dispersion axis. 

The apertures disappeared and blended into each other. making aperture identification very 
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h!ure 3.2 ld.,.,t ifi,-./<tim cl 50 " >",'Il,uco; [rum ll ... <'. 1Itnll BHc;].wuunu Block 11 'J:;in& 
aptind. The ap""ture> aTe "-',iglled a wUlll-"'T [10m I - :;0, wilh l~L.'lill& ~bU\ ... ll", U""," Urt~, 
Th<' "b"'i"a llnit>< "n' piXl'b aIHI tl~, ordmate unit> <'()IIt",>",xLd to illt,ell,it,-

diffi"lil. In m d''r'" ",,,,,~t 1'0' thi> pwbiLo"L tb, do",,' flab fm l'adl ('CD were ,uillill" l, 

l-Nuced iillU ,_u .,; "l"'rtu"" hl,'nnfk miL", 1'0,. Th,' nthl'T image" ;\ , th,,), ", .. n· "xl~""'<J in 

oomrulleu ""tting" the S'lm m,,1 (Ion", fiat ' ",,'n, nmstlr wry ("'ar and i<k'nriB "d t.1I<' al"'r_ 

lure> weli , figUI~ J , ~ ,'um~(""'" 'h,' apeTIure i(\emiH r'atiotl how a twilight fta, B,'l d "nd " 

d"'IH' Hal iu B"clgruUll,j Bi(,.:k 11 u[ C('D I. 

The Ul>tl1 e ft;> t, w .. r .. a l"" u,,',l '" ft~T tidd, in ordl'r to C(JIT"~ for ]lL~" . tl~pixel ",m,it i,-i­

U"" A "",It'll-. tlr:'U<l;hl'ut cmrwriLx" "'''H' mao,' u,in ! tlw' fiat Bd,h takc~1 dming twilight, 

Ih,we\'eI. be[n,-.. lhe 11ill' ill C('D., 7 anu 8 ("oui,l \~, \l<c-J. tlJl:<-- han to h<' "','an,',l of any bad 

""huIHI' tll~1 added iUlell,ity >~ih," ,,, LI ", spectra , In w,,,t ",,-<es, !II;" ~'I-< ,h>lll' 'imj\ly hy 

int",v<~at,iug the b",l "'~\YIltl; wiLh "ujacelLI &wJ tu!WntIS 

:1.2 \Vavelf'llgth Calibrat ion 

3.2 .1 Calibration of a Sma ll Subsample 

III d l. initi"1 "'lr.,,~mplo · (S<~"i,., 3.1.1). ,I.' B .. ,t ar(, im,,~e (FnuI'" R.1 l>" night l. , .. ,,, Ta­

ble ,\.1) "' .. , u,;'(! to iok-nt if)' tiM' '1~,-n,J line, 1m t,h" di,"",,,,;'m ,olHti()ll iII ""de" lO adiu,,-
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3.2 WaVelen&lh CoIibmljoll 

! 1 _ ..... 1 ....... r ."I ."~,,_ ... ,,J ... "u"."J.,"""""" l.. .. " .. r "L""" 

~ \ j~'W' I II I,lllilll*ll~ 1111,1\11 1111 H HIWI #' ,' , . ,Ictt 

'" II 1'11 1 , L II!I 1,,1 ' 1,/ ii, I II 111!lil', 
, I 

'"'' 

2 OD 

Figun· :1.:1: Top pauel ,ho,," fail,,] h\"lJrifiv\Ti()1l of :,0 a~,.ti""' u"in~ apf bd on R.rkg".md 
Bhx" 1-1 from ( 'CD 4 of ~n un,uic~ble I",ilj~hl Ildl 'leU III lh" hottmn ~"'l(', t.l~' ""'H­
B,""I';mullci Dhwk 14 of ('CD 4 froUL 1he 'UUlUl.,.-j uUULe Hal> i" f1l!: "J..,\I..., wilh I"' ap,-rt.ur<­
Lh",uin~. -"1)('[l.nr", an' ,c"i~n",j a lJUUlbe!- [rum 1 - :JJ, wilh lah"lin~ ai.><,w tl~, ap'<1""'" 
Til(- abo<:io.,~ llnil.; "'~ pix"i, "lJct II,C or<iilJule ullil.> (""1'<'><»<)I1U 1-0 inlensi1l"_ 
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32 Data Reduction and Analysis 3 

thE:' pixel scale to an appropriate wawlengt h scalE:'. the unidE:'ntified emIssIon lines in the 

arc \H're matched with those from tilE:' He:\"eAr Spectral Atlas (Crosswhite 1975) which has 

known wa\'elengths in the 6850 A to 7600 A range (tilE:' same range as CCD 1), Line identifi­

cation was straightforward as therE:' was a good spread of ~ ten strong emission lines across 

the E:'ntirE:' wawlE:'ngth range, as shown in Figure B,-1 in Aplwndix B, From the solution, 

a dispersion of ~ 0,38 A pixel- 1 could be deduced, The dispersion fit \\'as interactively 

adjusted for each aperture of that first arc. and badl~' fit lines were deleted where necessary 

It'sulting in a good fit with an average Root \lean Squared (R\lS) value of ~ 0.011 A. This 

dispE:'rsion solution was then applied to tilE:' ot her arc spectra using the idhenear. dat coor­

dinatE:' list in IRAF for general helium, neon and argon line identifi(,ation. These solutions 

,,'E:'rE:' fit using spline3 functions of order 3. 

::\ext. the task specplot was USE:'d to compare groups of spectra at a tiIlle. By examining 

the changing emission line profiles across the t\VO groups of 25 conse(,utive apertures from 

Background Block 11. a rough positioning of the spectra un the t\\'o-<iimensional spatial 

imagE:' could be dE:'duced. Firstly. the dominant emission linE:'s (attrilJ1ltE:'d to the target) had 

the greatest intE:'nsit), in the spectra that WE:'re pusitioned in tilE:' middlE:' of E:'ach of the two 

groups. implying that the spectra should be placed side-b~'-side along each row. SE:'COlHlly, 

it ,,'as deduced that the placement of spe(,tra snaked back and forth. as this would place 

similar line profiles next to each other. Lastl~'. it was reasoned that the spectra would read 

from top to bottom and from left to right in a logical SE:'nsE:'. These three rules sen'ed as a 

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

After the object spectra were extracted from the target image', tilt' sk~' spectra neE:'ded 

to be subtracted in order to remove trE:'!l(1s and sk~' lines. dohydra ,,'as run on all the back­

ground images. similarly to the previous extractions but "'ith a few parameters changed 

appropriatel~'. TIlE:' target and the sky images were trillllIlE:'d to lw tilt' saml' dimensions and 

the task imarith was then used to subtract the sky spectra from the target spectra. This 

produced a fairl)' linear. yet still noisy, spectra for each of the alwrtures. The E:'xtracted and 

calibrated sk)'-subtracted spectra for a central target aperture is shown in Figure 3.4. 

From this process, some very strong llE:'lium and forbidden ox)'gen lim's in the spectrum 

of \,-1-15 Pup could be idPIltified. as seen ill FigurE:' 3.4 whi('h is tllP extracted spectrum of the 

ct'Iltral target aperturE:' 38 in Object Block 11 (CCD 1) from the -1 January 2006 observations. 

3.2.2 Calibration of the Full Data Set 

Tlll' otllE:'r CCDs were similarly calibrated using tilE:' appropriate comparison charts from the 

HE:'::\eAr SpE:'ctral Atlas (Crosswhite 1975), which arE:' ShO\\'l1 in the upper panels of Figures 

B.1. B.2. B.3 and B.-1 in Appendix B. For comparison. tilE:' 100\'er panels in these figures 

show the E:'xtra('wd spectrum from an arc image (FranlE:' 83 on -1 January 2006 in Table A.l) 
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.1.2 W",,')(>ngt,h Calihration 

[WI 

Fi~ul'. 3_,1' F.x""ct~tl cenlral tal'~OI '~OClrum [roo" al><'rt"'o 38, B""'l(l'<llln<1 Bh'k 11 
ICCDH, af,el' sky ,uutraniool. Th~ "I)«(,lla is exLracLeU (WIll Fl'ame 1>1 on til« 1 J;Ul­
uar __ :N:J6 ( ..... Tal>!. A,I), The 10 III -173:.>0 7330 Joubl", and the He I l'OOO1nbinMion line 
al 70W A are de-lU'ly identifi."j, 

,ru..t ,,-.. , lI",,1 to ,,,,,~t,, tiN' ni'I>'",ion ,.,jlltion fm th,' oth,'r "-;"10<'" inL"lI'''' \; Ilfort.ullatel)-', 

thi' id"n1.itk.>( .... , ,,,,itniq"" ",eam 1,hat .h. ni'p€"",n sol"ti"" ",'cllmcy "fl"pmn,'nt 00 

ti", numbel' or Ii!"", in the MC f''''no lb", can l><' iJemif;eJ f,oon the ,~ocl-lal atl"_,_ TIl«re­

roo'e, in l'e).(lot'" "l,..,e f"~- ur nO emi,,,,,,n lil"'" could l~· i<i<'lllifi"d in tl", arc>, .he solulion 

;ncre""in~l}' "'Ur>en"J anJ be"""", lIlJIeli.:<l~e, fable 3,1 li'" (he ""av"~'ng'h mnge and 'he 

pixel ,.-al,· with (..-roc fur """h ('CD, 

llut.h lin .. d,,,,,, fur CCD 1 and CCD 2, _n in Fi&u"" ll. 1 and U.3 "'''I,"cLiwh-. han ,_ 

13 (Ok'ax <troll! ,'mi"i()f\ lin<'" thal, ","T" ",-,,11 'prmd ,,-,"T<,., tiN' "..",,'knglh m"g<' ann ",,-<oily 

hlentifiablo in .ho MC ,pe.o:trum. Th.,.., itlentiJio><lline-, pl'",,'iJ~tl a 1;00<1 Ji'~.l',ion sol"tion 

with miniIllal "rror in Ihe lit, 0:1 lbe <>4.h...- hand, Lh .. \1" .... id'Huilical-jon litH>, iI, "ad uf 

(h<- ell"'" corr",ponJing to CCD, 3, 1,7 allJ 8 (Fi!,;,,,e U,2 anJ U,l re'l,"c1i,-"I)-') ,'''en> nut 

"-, ,,-,,11 'pr""d "nd tl.,,,,{or,, 11>" "lit VallN'S (,.;h"",n in Tahh- ,1_11 "r<' llnphY'x'aL Thi, is 

h,,,,,"",, idHt i f y, ',h" ,"-'" ",0<1 to id<olJT if}' "un Wmp""e lin,,", reqll'l"<'" I"or. !ill<" in mn,'r 
to ('~k"lat~" te,,-o;onabko R11S \'a1"",, Fo<tlJllMeiy, both of lll<'lllain ~llli"ion lin,," in ,h.,.., 

region;;; loml ~5()()7 in ('CD ~ anJ H" I ),:;876 in CCD J. fen within iJ"Illifiau~' lin,"" 

1 hpr"for", Ln .. jit i, eXp"",,,d to 1><, l>ett,." ill til"" .. "'19'-"" ,,-hich >llOulJ allow for r .. liable 
anal,I"i, of Ill('>;(' li_ in future '"'liUI''' Abu, it i, ,"""QUl'aging that d,.. pixel ,cal .. i, fairly 

constant al _ U,3I! _~ piXe\-l "'T"'" all of the CCD" 
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34 Data Rt'duction and Analysis 3 

Table 3.1: Table of pixel scale for t'ach CCD 

\Yawlength :\" umber of 2006 2007 
Range Arc Lines Pixel Scale a/il 

(J Pixel Scale a/II 
(J 

CCD (A) Used (A pixel) (A) (A pixpl) (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 b 5250 to 6000 3 0.351 1.76E-10 0.369 1A2E-1O 
4 b 4500 to 5250 3 0.373 2.00E-12 0.375 2.25E-12 
J 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 
7 Ii 4500 to 5250 3 0.373 2.33E-10 0.375 2A6E-1O 
8 b 5250 to 6000 3 0.351 6.21E-10 0.369 7.94E-1O 

a afil is the error to the fit, calculated by' IRAF routines during the identify task 
Ii As only' three lines \vere fit in these CCDs, identify produced unrt'alistic 
af it \"al ues 

As tht' target was dearest on the 4 January' 2006. spt'ctra from this night \vere full~" 

extracted and calibrated first. The resultant spt'ctrtlm for all CCDs through the central 

fibrt's is prest'nted in the results section of this dissertation (Chapter 4). The entire dataset 

from the third night, a year later. was also reducpd and tilt' spt'ctra t'xtractt'd, although the 

signal was wpaker than in 2006. 

3.2.3 Verification of the Wavelength Solution on Ie 2165 

In order to n~rify the dispersion solution, spectra from till' plallt'tary nebula IC 2165 were 

extracted and calibrated using the same reduction pron:,durt' that was used on the full data 

St't of Y H5 Pup. The circular 8/1-dialllPter nebula is ideal for wrification purposes as it has 

published spectral lines and velocities that tll(' obselTations can be compared \\"it h (Pottasch 

t't al. 2(04). The fully extracted, calibrated ami sky"-subtracted spt'ctrum is shown in Figure 

3.5. 

By fitting a single Gaussian to each of the main obserwd t'mission lines. tht'ir respective 

wawlt'ngths could be found. \Vhen compared to rt'sults found by" Pottasch et al. (2004), all 

of the t'xpt'cted emission lines were identifipd. along with t IlPir rps]wctiw illtPnsitit's. The 

obsen"ed liIlt's \vere con\"erted into velocities using a standard Doppler shift COIl\"ersion and 

the a\"eragt' radial velocity for the spectral lines of IC 2165 was found to bt' (',. = 51.1 ± 

1.9 km S-I. as shmvn in Table 3.2. This agrpes with the litpraturp radial wlocity for IC 2165 

of 52.6 km s -1 retrieved from the SI\IBAD datahast' ami calculated b~' Wilson (1953). 

It is t'Ill:ouraging to see that the radial wlocitips deriwd for the bluest part of the spectra 

of IC2165 (CCDs 3 and 4) show no systematic offspt from tht' mt'an (within tht' measured 

unct'rtaillty"). dt'spitl' the earlier IIlentioned unct'Itainty in tllt' \\'awlength calibration of these 

CCDs giwn the limited number of arc lines in this spectra rangl'. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



'"'"'" 
,-

i ,,- 1 ,II "'" 
, .j., 

,- I -, -• , -- , .1 :. "', , 
><0, ,~ - ,- , . 

"'_.Q<h lA, 
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T~lole .1.2: ! able •• f (~,,,,",,ed cmj"wn hue, alid 1I,..;r ,,~,",cth'e ",:ioctties for Ie 2U5.J. 

\,"!~.,umj ~-"I.~T Ve\ocit)· · 
Il) (.\ ) (km' ' 1 

CClll T3~1 2~ I() !II T,'IJ,() 19 1-16 
732107 [0 II] 7.119.W 44..1 
1"137 1 [Ar IllI 71;;.,.,9 &5 .1 
, 00,,0.' I ·~r \"1 7oo5.G7 i)U,~ 

ccm C'~1.00 [S II ] 6i.'l!)~2 ;;1.7 
6,";8-/,28 ]NTI] 5083-4·, 37.8 
WIl4,03 ", 0.,62.82 5~3 

63l:l.0~ ~l] 63j~,OO 45.G 

('Cll~ o~7666 " , [)S7.\.CI .'>.1.·1 

('CD,j "Xl, 78 10 1111 51U),M :;.G, j 

1&>2, ji , , 1~r,1. J,1 5l.8 
4C8li 61 H~ II 4r,R.~.iO 08 .11 

T,, 'al '\"er",~ (km, ' ) 51.1 ± l.~ 

" All "o lll"" "r.:' .M"I",,,,! w'lh ""'l"'<t 10 ,hei r ",," fr"me .... a",," 
length A,vISl' fem"l 

" 
,., NlS T .~[Omk S!><"'1r"j lla",\"",e 

(R ai, h"nko '" a t. 20111. 
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36 Data Reduction and Analysis 3 

3.3 Reconstructing the Data Cube 

3.3.1 Fibre Allocation 

Once the eIltire spectral set was extracted and calibrated. the spectra could be spatially 

mapped out according to their original fibre positioning. This (Tea ted a 3D data cube with 

a 16 b~' 25 r .y axis and a z axis that spanned tlIP enrire \\'awlengt h range. The spectral 

placement was challenging as there was no dOCUIlWlltation dl'scribing til(' 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 \\Tn' made for both years. 

As stars are expected to be point sources. tlll'ir spectra need to be positioned such that the 

intensit~· is centred in a circular region on the CCD. The standard stars from each ~'ear were 

therefore ideal objects for testing fibre allocation once the basil' layout had been deduced as 

mentioned in Section 3.2.1. 

In Figurl' 3.6, a schematic is drawn up of the fibre allocation that best visualises the 

standard star mapping and consequently. the mapping of \' ·U5 Pup at both epochs. Each 

fibre is numbered and positioned, snaking back and forth as indicated in the figure with 

thl' pattern in one CCD mirrored in the other CCD on the other half of tht, image. This 

mapping was used to create the on-sky projections of thl' stamlard stars GD 50 (2006) and 

LTT2-!15 (2007) shown in the upper and lower panels. H'spectiwly. of Figure 3.7. \'isually, 

both standard stars appear circular with a centralised iIltensit~· pl'ak \\,hidl is a promising 

indication that the mapping was successful. In order to quantif~' this result. intensit~· profiles 

across the horizontal and vertical axes of the st ar 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 an idea of the FWH:\I. In 2006. the F\\,H:\I of the horizontal axis 

was 0~1632 + 0"029 and 0"628 ± 0"010 across the wrtical axis. In 2007. the respl'ctive axes 

values were slightly larger at 0~1655 ± 0~1069 and 0"655 ± 0"011. As these values indicate 

tIll' stars are roughly circular. the mapping is therefore sUlTessful. 

3.3.2 The Data Cubes of V 445 Pup 

With successful fibre allocations for both -,,·ears. it was possible to (Teate 3D pictures of the 

spectral emission from V -!-!5 Pup in the form of dat a cubes. Each of the spaxels in these 

data cubes are the combination of spectra from four CCDs to get the full wavelengt h range 

for each spaxel. In addition, each of these spaxds arc also the combination of spectra from 

Sl'wn 30-minute exposures in 2006 and six 30-minute exposures in 2007. 

Separate data culws were crcat(~d around prominent emission lines in order to compare 

the 3D emission of the nova for diffen~nt dements. Lnfortunatel~·. spectra from CCD 3 and 

CCD 8 werp poorl~' extracted as there were not enough pm iss ion linps to compare with arc 
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Figure 3.6 ",-jH'lHaLk of the lib", ;\J",-'niutl. EHd, hWAe b 'he ("(JIjjbHWt~)jj uf 'lJC;"UH rwm 
'~'U CCO:, ha\,jllg \h~ ".llle ~'a"e"'n~'h nUlge 

:;;pKtra and 'he d,,...., elHissiuH jUel d",\ ~"re ideutiJic(\ W~l" ~jjlro:l co UJ'" , ;00 of the CCD 

(see l'if(Ul'J 8.J). Tl",re[ure, .1l1~"j~tJ L1Je pn.min"lll He [ \5876 eIH"'iou Ii!>e leI: with,!! 

,hi, ,..",>m, it ('.n be a"\HlJ('] ,h,,' auy Jjj' -a',,«'!!H'Il" an' n':ali",1)" UllTdiable. ALwa ]",d 

""luInn ill CCD ~ [,·ll OWT a Ln"ge 1"_Hiou of T h(' H" I \.'R'6 lin" ,mn fib",,,,,," T I.' line pmn],', 

Siu('" it i, 1'",,101" to hjgbli~h\ ce11.a;ll Ii""" ill data ClIt.", Ol\ in·del'll! ,'lK);- "aI, b<> 

mad,· intu tJ ... ,""I'~'it,- pmnh c( t h,",' HI.". If :;gj~ i, tT,,,,,ling "",'ani.< or awor from th,' 

U]"'-1"-',", tl", emi.«i(Xl liw', ill T.l~· 'p"'trum wi , f("p"~i,'..Jr app""r hh~' (X' mi- 'hilt,,1. 

r<'h,,;,-,' '" th" IIlh()",,,,,}, ''<''\ 1m"''' uf th" lih'''_ C,mg th" DqP1J!r', Shif, ''1UU';()ll, ,h(' 

U'Yl<'U", ci "hift lor uu elHiSl<ioh liue (,,<,luI;"" tu its N>t wawl<'!lKch) eau Ix; U<e<l \u calculal~ 

the ,'a,liol ,'.lex;,,' of 110" liw' Ihe Dupph. Shift "luat;'m i" 

" 
(3.1 ) 

",h{'T<' '(', i, "I~' m,jiHI wlocit)', ,\~ ;,; \)xo lJ"""'Ul'('<J wa"eJ.:n~, h ~o i, 'h " ,o't .... "',(,I"'B' h 

aml (' ;:;; 110,' o[W<!d 01 lig,be ~'I",le c _ ~,\I'J89 x 10> lH ,,-' , 

A deLxileJ ",tal,-,i, uf \'.u~ I'up ill 1~'lh .. a\,(·]engd, and ",h"'i,)' 'p<l'" i, m",],· in Chap __ 

tel' 1_ Dala ml,.., uf I.hr,,' prumiI",ut "mi,s~m ]m .. 'O ore compare,] .,w] in"'r""till~ fextu,,', 

are iu1erprt'{ed, 
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Chapter 4 

Results 

A combination of spectra from \'445 Puppis, ohserved on 4 January 2006 and 8 January 

2007. are analysed and assembled together to create a thfl't, dimensional picture of the chang­

ing nova shell. In this chapter, I analyse the summed spectra from the centre of the nova 

at the t\\'O epochs and identify prominent emission lines and discuss what the~' signify. I as­

semble a data cube of spectra for the three dearest emission lines: He I .\7065. [0 III] >-5007 

and tllt' doubll't [0 II] .\7320/7330, and discuss and quantif~' interesting features, such as 

the apparent positional shift in peak intensity within the shl'll OWl' a specific \'Plocit~, range, 

:\'ext I combine spectra from fibres in each of the lobes to identify and quantify their velocity 

structure, From position-velocit~· maps of each of the three lines. an unexpected excess of 

emission in the forbidden oxygen lines ([()II] .\7320 7330 and [0 III] .\5007) is identified at 

both extremes of t llP shell. This excess is quantified and discussed. 

l'nless otherwise stated, all spectral analyses of \'445 Pup in this Chapter. including all 

the figuws shown. refer to the full data spts for 2006 and 2007. respectiwly. The data set in 

2006 consists of sewn 3D-minute exposures (Frames 84-86. 88-89 and 93-94 in Table A.1), 

whereas the data set in 2007 consists of six 3D-minute exposures (Frana's 138. 141, 143-144 

and 146-147 in Table A.3). The date of outburst, 10, was chosen to be 1 :\'O\'ember 2000. 

4.1 Spectrum of V 445 Puppis 

Before I analyse individual features in the spectra, I present the 2006 spectrum of \'445 Pup 

in Figure 4.1. The spectrum was created by summing the extraned spectra [rom the sevell 

fibres positioned around the ceIltral region of the nova shell, with the positioning indicated 

in the left inset of the figure hy star markers placed over an on-sk~' projection, The major 

axis of the nova shell is indicated in the right inset. Both insets display a map of the summed 

He I .\7065 intensity in the - 900 km S-l to 700 kIn s -1 range. 
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-12 Results -I 

Table -1.1: :'\ oise (Standard Deviation in the .\Ican) for each segment in t he full spectra of 
\" -1-15 Puppis 

2006 2007 
CCD nOIse nOIse 

1/6 16.9 l.96 
2/5 19.-1 l.82 
3/8 16.3 l.68 
4/7 1-1.0 1.-15 

Each of the four wavelength segments in both Figures -1.1 and -1.2 represent the sum of 

spectra l>xtracWd from two of the eight CCDs. A slight differPilce in noise level between 

the segments is obsen·able. with CCD 2 and CCD 5 (both between 6000 A and 6850 A) 

lwing the noisiest in 2006. This is quantified in Table -I.l. whprp tllt' IlOisp lewIs (standard 

de\'iation in the mean) are calculated from small 50 A wan->length regions containing no 

lines \\'ithin pach segment. Table 4.1 also shows a factor of ten decrease in owrall intensity 

from 2006 to 2007. This is likely due to a different gain sPtting in 2007 and a dpcrease in 

syst pm bright ness from 2006 to 2007. 

Thp prominpnt emission lines are identified in Figurp -1.1 and prpsented in Table -1.2. As 

expectpd for this object. no hydrogen is obsprwd. and PIllissioll linps of Hp I. [0 I]. [0 II] 

and [0 III] arp dearly identified. Along with the lack of continuum emission. these lines 

suggest that the nova is in the nebular phase of its spectral transitions durillg post-outburst 

declille. reminiscent of a planetary nebula spectrum. This is also clear from the presence of 

forbiddpn lines which indicate that the nova consists of a low densit~· gas (similar to what is 

spen in planetar~' nebulae). Thp lack of absorption lines suggests that the absorbing gas has 

dissipated and that wind and radiation frolll the white ch"arf is causing increased ionisation 

(\Yilliams et al. 2008). The presence of [0 II '\6300 either indie-atps that a neutral outpr 

pnwlopp (dill> to inner ionising photons) is causing the ionised gas to be ionisation-bound. 

or that thprp arc higher density 'blobs' in the pjecta (\Yilliams 199-1). The forbidden ionised 

emission lines of [0 II] anel[O IIII most likely originated in lmwr dpnsity rpgions in the shell. 

According to L~'nch et al. (2004). tlIP Hp I recombination lines probabl~' appeared once the 

white dwarf unwiled a sufficiently hard photospllPre sOIllPtime IlPtwppn October 2001 and 

.Januar~· 200-1. The He I lines are thought to originate from the hot interior region of the 

nm'a as vipweci through the dust shell. thus giving rise to their obsl'rwd H'locit~· structure 

which matches that of the shell. 

In Table 4.2. a single Gaussian was fit to pach of thp emission lines in order to get the 

peak intpnsity of the line and the wawlength at that peak intellsity. Also in this table, 

tilt' peak intensit~· for each line has Iwen normalised to the peak intensit~· of He I ,\7065. 

From thpsp normalised intensities. it call be spen that the doublet lOll] '\7320.,7330 has the 

strongest emission of all the lines. The ratio of [0 III] ,\5007 to [0 IIII ,\-1958 is ~ 3.6 ± 0.2. 
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4.1 Spectrum uf Y 445 Puppis 43 

Table 4.2: Intensity and radial velucity uf t.he highest peaked emissiun uf Y445 Puppis lines 
identified in 2006 

2006 )...\·IST Amf'llSIlTCd Yducit:v Peak Intensity IIOrlll 
Ii 

(A) (A) (km S-I) 

[0 III] 4958.31 4945.07 ± 0,42 -801 ± 25 0.210 ± 0.012 
[0 III] 5006.84 4992.75 ± 0.37 -844 ± 22 0.909 ± 0.046 
He I a 5875.62 5866.60 ± 0.55 -461 ± 28 0.518 ± 0.027 
[0 I] 6300.30 6283.73 ± 0.51 -789 ± 24 0.098 ± 0.005 
[0 I] 6363.78 6346.50 ± 0.69 -814 ± 32 0.037 ± 0.003 
He I 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 
[0 II] 7319.92 7300.34 ± 0.39 -802 ± 16 3.518 ± 0.122 
[0 II] 7330.19 7308.12 ± 0.39 -903 ± 16 3.244 ± 0.101 

(1 Since He I ),,5876 was pusitiuned un CCD 3 and CCD 8, it was puurly extracted 
and t hus an~' measurements for this line are unreliable. 
b Intensities are normalised with respect to the He I ),,7065 peak intensity. 

This approximately agrees with the expected 3:1 ratiu deduced b~' Store~' &: Zeippen (2000). 

All uf the emissiun lines exhibit two clear CUmpOIlPnts separated in radial velucit~· by 

~ 2360 km S-l: a strong blue-shifted cumponent and a much weaker red-shifted cumponent. 

The blue-shifted compunents are the result of the material in the nuva shell moving towards 

the ubserver. Cunversely, the red-shifted cumponents are due to the material seen moving 

away from the ubserver, just visible through an uptically thick shell. In the spectrum, each 

of these blue and red ('omponents can be further broken down into two parts separated in 

radial velucity b~' ~ 450 krn S-I. This is evidence that the lube axis is slightly inclined away 

from the plane uf the sky. with une lobe more inclined tmvards the obsern='r. This is nut 

su obviuus in Figure 4.1 as only central region apertures are taken intu account. A mure 

in-depth study uf the difference between the lubes is made in Sectiun 4.2.2. 

The 2007 spectrum remains largely unchanged, as shuwn in the final nuva Spl'ctrurn in 

Figure 4.2. SiIIlilarl~' to Figure 4.1, the spectrum is the result of se\'en summed fibres from 

the central regiun. the pusitions demarcated by stars in the inset uf the figure. In 2007, the 

uverall 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 lllag in 2007. D. Steeghs. private 

COIllIIHlIlication). \,'hidl results in a factor uf 2 intensity decrease. Also. the change uf gain 

setting uf the L\IACS IFC spectrograph from 0.9 in 2006 tu 1.2 in 2007 will cuntribute to 

the denease in intensity. Despite the lower intensity in 2007. must of the same emissiun 

lines (alung with their respectin' cumponents) can be obseITed. Prominent emissiun lines 

in the 2007 spectra are presented in Table 4.3. 

In a cumparison uf Table 4.2 with Table 4.3, unl~' He I ),,5876 shows a significant difference 
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44 Results 4 

Table 4.3: Intensity and radial vdodty of the highest peaked emission of \'445 Puppis lines 
identified in 2007 

2007 )..NIST A 1HCO,,"?}. 7'(~d Vdocity Peak Intensity II 0 rill 
IJ 

(A) (A) (km s -1 ) 

[0 III] 4958.31 4944.27 ± 0.40 -849 ± 24 0.290 ± 0.013 
[0 III] 5006.84 4992.17 ± 0.40 -879 ± 24 0.960 ± 0.043 
He 1(1 5875.62 5845.38 ± 0.39 -1543 ± 20 0.940 ± 0.037 
[0 I] 6300.30 6284.29 ± 0.79 -762 = 38 0.070 ± 0.005 
[0 I] 6363.78 6346.67 ± 0.66 -806 ± 31 0.040 ± 0.003 
HeI 6678.15 6659.03 ± 0.56 -858 ± 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 ± 0.42 -788 ± 17 0.150 ± 0.008 
[0 II] 7319.92 7302.83 ± 0.36 -700 ± 15 3.530 ± 0.113 
[0 II] 7330.19 7310.33 ± 0.37 -813 = 15 3.580 ± 0.117 

(J Since He I ),,5876 was positioned on CCD 3 and CCD 8, it was poorly extracted 
and thus any measurements for this line are unreliable. 
/) Intensities are normalised with respect to the He I ),,7065 peak intensity. 

in its normalised intensity from 2006 to 2007. Also, He I )..5876 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 [0 III] )..5007 to 10 III] ),,4958 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 I )..5876) is -831 ± 12 km s-l in 2006 

and -807 ± 18 km s -1 in 2007. 

The blending of these various comporwnts with each other make identification of thp 

specific wavelengths difficult. For further kinematic analysis of V 445 Pup in both years, I 

chose to analyse the most dominant lines; namely He I )"7065, [0 III] ),,5007 and the doublet 

10 II] ),,7320/7330. Although He I ),,5876 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 ),,7065 emission line provides the clearest view of the vdodty 

structure of the nebula for the two f~pochs. 

4.2 Intensity Profiles of V 445 Puppis 

4.2.1 General Appearance of V445 Puppis 

The extracted spectra of V 445 Pup can be arranged to cwate 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 He I ),,7065 
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4.2 Intensit~· Profiles of Y 445 Puppis 45 

on-sky projections 1Il Figures 4.3 and 4.4, in the I (HI] A 73207330 on-sky projections in 

Figures 4.5 and 4.6 and in the 10 III] ),5007 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 respectin~ emission line with each snapshot a combination of summed intensity maps 

in 200 km s -I intervals. The snapshots cover the range -1700 kIll s -I to +2300 km s -I: 

where panel A COH~rs -1700 kms- I to -1500 kms-I. panel 13 cowrs -1500 kms 1 to 

-1300 km s -I. etc. The mean radial velocity of Y 445 Puppis is cOH'n'd in panel K (224 ± 

0.8 kms- I (Iijima & :\"akanishi 20(8)). 

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-I) and the red-shifted component is mostly visible in panels :\1 to T (corre­

sponding to a displacement of 1600 km s -I). As the intensit~· of the red-shifted components 

is far smaller than that of the blue-shifted components, panels :\1 to T are presented \vith a 

lower intensit~· range in order to be able to make out the emission features. In all figures, 

the intensity peaks in panel E (-900 km s-I to - 700 kIll S -1). 

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 (J for background regions consisting of seYen 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 intensit~· peaks in the centre 

of the nova and gradually decays outward along the major axis. As \'445 Pup is known to 

have a bipolar shelL this appearance is the result of a seeing-limited projection of the nova 

and its lobes. For further analysis, I will refer to the the two respectiYe lobes as :\"orth-East 

(:,\E) and South- \Yest (S\Y), relative to the .'l"orth-East configuration marker in panel T. 

Although Y445 Pup exhibited a pinched waist in Figure 1.4 (\Youdt et al. 20(9). it cannot 

bp 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-sk~' 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 .'l"E lobe to the S\\' lobe as you step through 

the panels for each of the shifted components, e.g. the peak intensity appears to shift from 

the :\E lobe in panel B to thp S\Y lobe in panel H, back to the :\E lobe in panel :\1 and 

finall~' to the S\Y 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 :\E lobe is moving faster 
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52 Results 4 

to\yards us than the SW lobe materiaL we can deduce that the :'>E lobe is inclined slightly to­

\\'ards us \\'ith respect to the plane of the sk~·. This featurt' is studied furt her in St'ction 4.2.2. 

The on-sky projections of 10 II] ,\7320 /7330 in 2006 and 2007 art' presented in Figures 4.5 

and 4.6 respectiyely. The general appearan(,e of the noya t'mission in these figures remains 

tht' samt' as in the projections of He I ,\7065 (Figures 4.3 and 4.4). Also. the same shift in 

intensity of the blue- and red-shifted components can IX' st'en. 

Tllt're is an interesting difference between tilt' on-sky projections of Hl' I ,\7063 and [0 III 

,\ 7320 7330 that manifests itself in panels D through H and then again in panels ,\1 through 

R. In the [0 II] ,\7320/7330 emission of Figure 4.5. there appears to be an excess of emission 

in both the :'>E region and more clearly in the S\Y region of the noya at distinctly different 

locations than the bipolar shell. This feature is not apparent in the He I ,\7065 emission 

(Figure 4.3). As each of the apertures is sampled at 01/2. the exct'ss regions appear ~ 11/0 

a\\'ay from the centre of the nova in 2006. In a ('omparison of the [0 II] ,\7320 7330 emission 

from 2006 (Figure 4.5) and 2007 (Figure 4.6). they are mostl~' similar in appearance except 

for the excess regions which appear to be expanding linearly outwards from 2006 to 2007. 

A('cording to results presenwd by \Voudt et al. (2009). these emission peaks ('ould possibly 

rt'late to the .\IE and S\Y knots of the noya. A lIlore dt'tailed anal~'sis of these regions is 

prt'sented in Section 4.3.2. 

In Figures 4.7 and 4.8, on-sky projections of [0 III] ,\5007 emission in 2006 and 2007 are 

yisualised. The spatial maps centred around the [0 III] ,\5007 emission are dear 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 Ht, I ,\7065 except for an excess of oxygen. 

As seen in Figure 4.5. the excess region features in panl'ls ,\1 to P of this figure. but with 

a weaker intensity than the excess in 101I1 ,\7320 7330. In 2006. the S\Y excess emission 

of 10 III] ,\5007 (Figure 4.7) has a weaker intensit~· than the S\Y lobe. On the other hand, 

in 2007 (Figure 4.8) the same SW excess emission is now brighter than the SW lobe. This 

can IX' seen when comparing panels .\i, 0 and P from both years. This docs 1I0t feature ill 

the 10 III ,\7320 7330 emission over the two ~·ears. Possible explanations are discussed in 

Section 5.1. 

4.2.2 Shift of Intensity Peak Across l\lajor Axis 

The OIl-sky projections of Figure 4.3 and Figure 4.5 ren~al a shift in peak intensity from the 

:'>E lobe to the SW lobe relative to the blue- or red-shifted componeIlts of the He I ,\7065 

emission line or the 10 II] '\7320/7330 doublet. It was remarked in the preyious section that 

t his is the result of an inclination of the polar outflow axis. su('h that the central axis of the 

:'>E lobe is closer to the observers line-of-sight than the S\Y lo\JP. III Figure 4.9. this result 

is quantified. 
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~,2 iulem.ily prom.,. 0[ V ~ 15 Pupri. 

For 18 of the :1() ulI-,ky rrujl,<:licm shuwn in Pig"", 4.3 (P""'''' B In S], OI' iu',-""' ly 

pmlile wa., "~"ln":I,-,J ahtg Ii", rnaj<o< axi,. A GauSbj i!.n W,", fi, [() tlw intm"ity pmfil" 

(in ,',~,h "<1()('itv int."-,,J) ... hi"1 gaw a pe.J< ill'eu>.ily illld p<»ilioo a1oo~ 'he major ,"xi, 

(,..'bti"" t() 1~'" co"'tn' nf Ih" un,a ,..h,'"", tlw I~'ak n,','urrerl), Ji", vo>it~)Jl" of th •• WlllllN 

fibres alulIR the major W{i, (o"e, " H,' I UOOti nn_,ky pmj"ti"" in rh,' in"''''iil -!Ul km,-l 

to _ 7IXlkm,-lj are ilHli('ateJ in the uppet l'il(hl ~1IIlei 0[ Fi~ur~ ,\.9. Th,' ,hilt in I~,>tl( in· 

tell'it)' of the He 1 ),701"'; erni.>,i,xI Jill e fn'rn the nvea oellt", i.> 4UCUllifie;1 with ur",·rtaimi<" 

in rhO' llPP'" HI P>II~" Thi, P"~ "," ~·a, r.,~'al",i for the 10 III A7:12()/7:~~l Jou~kt line ill 

2liJG and then o;;a;n fnr wlh liru .. in 2OIl7 Wig",,' 4.10) 

Tn the lefl pUllel 0[ FiW.lle 4.%, tbe tn>nd lin.' C>II' ~e ~rnh", up intu thn.,., ",,,ion>: The 

iu·,t _~ioll run; from - noo kIll ,-I W t 2m kUl" -I whidl cnTn"'p'llLO, tn thc' hl1~'_,hifterl 

")jnl~)I"'ut. (.'[ ,.he He I UOIi,; iille (pilm+" n w J ill Fi~w-. 4.3) . The >",>:'-HI run' f,nm 

+8((lkm,-1 t.() -)SU) km' 1 anrl ('i\T[""p,xHh the ",i.,hift.ed "OI1I~"mell' of ,he lille (I\>II'­

.. I, " tn T in I'i,;t"" 1.3) . 1n l.h" thi"i "'<"tinll, at -4rlJ km' 1 !l.llrl -lim km, - l, the", i, 

no ,j,.,:ual from ~idler ;hifll'fl lin~ OOIllpmellt :lllJ ,h(',dnr(' til<' unco'rtainty i, high. fhe,.. 

'h"'" """iOt!> ('an be .... ell deil.lly dt 'he "-"11'" veh'"y int~rv..J, ill Fi~ll'" 4.91> anJ a !"'<lr 

later ill Fi~l[e~, \0 

fh~ 'nnrl, fnr h,xh hIM" ill rimr ... 4.9 ,uHl 4.10 ~I~"'ar to approximately [ol~)w the 

''''I'' pat 1"rrL. [11 eacb uf the ,",'ctiu,,, ,e1:\rinl( In '[I<'cifk lir~' c:nmpnllmll<. II,., I",,,k illt,""i')" 

,hift. by aiJ.<>ut oY'5 fruIll Ea't w West ,~),('ar lal<" ill 2(107. " "hift tJf ~. 1Y'5 !'an "iii 

Lt- ideutifie.:i. Thi, quantity i, ""'''~Iabio' as i, falb wi, hill the IlO"" ~jecla '>'"ll of 2 u - 3" 

(~"",,· .... i by \\"(~ldt. et >tl. (2(Xl!ll, 

\\ 'h~n an,Jy'in~ the IO lll ~7·'l20 7:l.30 d'Xlhh liIH' i" >tll of th,' fig""", a "",xld Gau>­

,i,,", 1»", t() h<, tit w Ih<.' J\',I-'hifted ('(lll'p,xH'n\ <>,. tn thc' hI,~'_,hif'-"rl mml~l1"'lll. Sh'''''ll in 

I'i~ures ~.~L anrl .l-Illb, ,her" are tWe) extra tI\'nJ, ~,-"w,,,," -1-11..0.1 kill' I an,1 _1 GOO km' " 

rehdnR '0 (he SlY eXl"'" [eRim dllJ beln"'" -llIOO km ,-J "-'IJ t:!W km,-l, n>la,in~ to 

the ."E ~x"'"" r"l\i<m. III 21)lf., th,' ,\E ,"',',.,;., "'''-, no! hri~hr «l()ngh and \(~, dn",' 1.0 'he ~E 

,hf'il \() >lw"'"fuliy rlistinguioh ""tv.'~'n thO' c<'mpnn."t ' u'ith (;"n"ian pmfi!c". Thc,,,,'fn,,' 

in FiguJ\' ·1. 9, a n.J dasl",j line in dicat'" the expo:t",1 posi1ion 0[ the '')[''''' fr,~ro visual 

insp,,"tinn. Th_ Irl'l1d c"ml<Jt [,.. ""''Il in 'he lie i ~7116:; fi~""", fwm eilher )-"ill' Ime!'e,t­

irogiy; th,' "",HI "pp~"" t<> ll~'''' ()utv...",J>, by ~. 0"2 from til(' "'l1trc' nf thO' IJ("" ,11<'li fr'Xll 

2rutl '() 2007. 
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4. :1 Veioeity Proliles of V445 Puppis 
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p.nel.,.-ith i.""",it) m.ng~ 1-·I50j amI iu 2007 {i0W<"1' paud ~-ith iuter",; ',- rauge 1- IS(lj_ ) 10 

""th ima(l.-o, 'I""tra f",m ,nmmeJ ))Il.u·, of fLb.-", ale ~lull",l alouJ\ 'he Ul".Nr ax;; (I[ \"j 15 
Pup . ruHnin~ frum W'-'>l Lo E"" L i)ef\ W l'i,o;h'j flit.>hed lin'" indicate 'he "~,temJtic ,"[ocit .... 
(22-1 - ~ km ' 1 ilijima '" 1\" >kalli,lJi :IOnS) j ami LM loea" mdiaJ '''lodti'''' f(ll ea<:h lolw are 
inflkateo _ 

In oed .. tu allah"" the spJLie>-kinomat>: 1-"01><'[[;<"8 of VH5 P uWi", >'0'ition-vrlocity 

W \ -) m.!~'.", pr"<enr.ci fur '>'M'h uf the ,Ill~e pruminenL eIl,i"Lon lin"" ;n 2\)06 and 2007, 

The 1'\, ~l,-,\' of TIc 1 .I70l00 fwm 2(( 06 ",,,I ~J07 me 'XJml~l",1 in r igu,," ·1.11 I n ,hi, Jigure. 

the ,,,lu<:i Ly pn)/i[e; (I[ the He J li"", Irom I:, ,nm"",.\ p"i" of Bhr<' ",... ph~'"l. The fih'e< 

are ,ampled "L lJ"2 OCn:"" the majo',,· axi, f,om E"", to We't 0" 'IK" ,kyo '"' indio"'''l in tho­

righ' I""''''' nf Figu''''' 4,9 awl·110 .\ d""l;eu Jille in tlK" fi~ure" indicate' the 'y",~ma,k 

,~h"ity of \-4-ti) P up "L 221 = ~ Km,; _1, it.> [(-'I""ned bv lijima &: NakalljslLi (:!tOS), 
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58 Results 4 

In the 2006 He I '>-7065 line PV plot in Figure 4.1 L there are two separate regions of 

increased intensit~, (to either side of the dashed line) centred around + 1200 krn s -I and 

-900 km s -I lJl'tween ~ ·0"8 and +0"5. These regions correspond to the red- ami blue­

shifted componl'Ilts of the He I '>-7065 line. Each region also colltains nyO distinct compo­

Ill'lltS. one 011 the western side (left of the nova centre) and one 011 the eastern side (right of 

tlll' nm'a centre). corresponding to emission from each side of the noya shell. The offset of 

the compoIll'lIts is due to the inclination of tIll' noya ejecta to the plane of the sky. Although 

tlll' yelocit~, structure of the noya for the He I '>-7065 line does not appear to change signifi­

cantl~' from one ~'ear to the next, the \"estern red-shifted component is relatively weaker in 

2007 than ill 2006. perhaps indicating changes in transpan'nc~' of the S\V nm'a shell. 

In 2006. til(' peak intensity for the red-shifted ami blue-shifted components of the :'\E 

lobe is at ~ + 1110 km S-1 and -1270 km S-1 respectiyP)~'. Similarl~'. the components of the 

S\V lobe are situated at ~ +1700 krns- 1 and -860 kms- I respectiwl~' with a measurement 

error of ± 40 km S-1 for both lobes. It follows that tlll' mean radial n~locities for the :-':E 

and S\V lobes are then -80 km s -I and +420 kill S-I. respectiwl~', This results in a mean 

radial n~locit~, for bot h lobes of ~ + 170 km s-I. COllsidering possible measureml'nt errors, 

this agrees with the systematic yelocity of +224 = 8 kms- I 

The 2006 and 2007 PV plots of [0 III I '>-5007 alld [all] '>-7320 7330 an' compared in 

Figure 4,12. In this figure, the velocity profiles from 15 pairs of summed fibres along the 

major axis from \Vest to East (l(~ft to right) are plotted for t he two lines in 2006 and 2007 

and the dashed line indicates where the systematic wlocit~, lies. The intensit~, range of the 

[0 III] '>-5007 line profile is smaller than that of the 10 III '>-7320 7330 line profile for easier 

comparison of tllP different components at thl' t",o epochs. 

Cornpalwl to the PV profiles of the He I '>-7065 lim' preyiousl~' shown in Figure 4.11, 

the general appearance of the emission rcmains the same. The red- and blul'-shifted com­

ponents of the lines can clearly \)l' seen betm'en -0"6 and +0"6 at around -900 km S-I 

and + 1350 km s -1 respectively, with the blue compOlll'nt haying the greatest intensity, As 

tlIP [OIl] '>-7320 i 7330 line is a blended doublet, the emission appears to extend further than 

that of the He I lines, :'>.iost clearly seen in 2006 for both ox~'gl'n lim's. each component has 

separate emission from the :'\E and SW lobes. such that the emission from the :'\E lobe is 

trayding faster towards us, 

In the P\' profiles of both forbidden oxygen linC's. tlJ(' \H'stl'rI1 rl'd-shiftl'd liIll' component 

is relatiwly weaker in 2007 than in 2006. This was also t he case in thl' PV profile of the 

Hd '>-7065 line and therefore implies that this feature is possibl~' t ht' rpsult of an eyolving 

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

Tllt' forbiddl'n oxygen PV lille profiles differ from the He I lille profiles at the extrcmcs 
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4.3 Yelocit.\· Profiles of YH5 Puppis 59 

of the shell. where there appears to be an extra amount of emission. more dearly seen in 

the [0 II] ,\7320 7330 profile. These excesses relate to the excess regions seen in the on-sk.\· 

projections of the forbidden oxygen lines (Figures 4.5, 4.6. 4.7 and 4.8). According to the 

[0 II] ,\ 7320 7330 PY profile, the excess emission for the XE lobe and SW lobes lies ~ ± 1/10 

froIll the novae centre in 2006 and ~ ± 1~'2 from the nO\'a centre in 2007. This increase in 

distance from the centre, from one epoch to the next, can be clearly seen b.\' comparing the 

two [0 II] ,\7320 7330 PY plots. 

4.3.2 Velocity Measurements 

Table 4.4: .\Ieasured blue-shifted (Vbl',,,,) and red-shifted (Vnd) He I ,\7065 radial velocities 

~E LOBE 
Year Vul,,, F\VH.\lt'bl,,,' t'rld FWH.\I Nd 

2006 -1280 ± 16 450 +1065 ± 17 249 
2007 -1174±17 503 +1118 ± 17 230 

SW LOBE 
Year t'hlUf F\VH.\II'lilul' 1'1'( d FWH.\Ir,d 

2006 -822 ± 17 320 +1703 ± 19 515 
2007 835 ± 17 253 +1578 + 48 899 

Year ~E average S\V average Total awrage 

2006 -107 ± 23 +441 ± 25 +167 ± 35 
2007 -28 ± 24 +371 ± 51 +172 ± 56 

All calculated values haw units of km s 

In order to improve the accuracy of velocit.\· measurements for each of thc liIll' compo­

neIlts. I extracted and summed spectra from a group of St'\Ul fibn's in each lobe for the He I 

,\7065 line at both epochs (fibre positions are indicated ill the right pands of Figures 4.13 

and 4.14). The He 1,\7065 line was chosen since it provides the dearest view of the velocity 

structure of the ncbula 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 Hl' I ,\7065 for the two 

lobes are compared in 2006 and 2007 respectively. 

From 2006 to 2007, the line profiles and their ratios do not change significantl.\· and the 

F\VH.\I appears to stay approximately constantly bet\veen each componcnt . .\Iost of the line 

profiles have (JIlt' stcep side and one gradually dcclining side (except for the red components 

of the SW lobe where the signal \vas too weak). This profile shape is possibly due to an 

optical depth effect within the nova shell (Bode & Evans 2008). 
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Fig"", 4.1:" C"llP'U~li ve on-sk," proi<'ct ;,,,,, uf ,he [0 II] \7.120i7:1.l0 (I ou hl,~. lill(' ,11O,,'ill~ 
t ho 1'10 =<1 SW ,'Xc"",, eIl)i"';on (i"die"",) hy whito "a.IS in ,he H , and ri~h' I'm~I,. 

T"'P<'Clh'~)r-1 ol",'",'<.! in 2()()6 tu pper j).weL, ) ,md :lOCI7 fl""'~' 1",1)('1,). \-\ap' in panels ,\ 
'lm1 C <"On, i" ofsnmm<'<.! 'P"Ctl" fnJIll 9IXl km ' - '." - 700 km, - l Ml()I).U)e1, R "nd C 
'"10 ,umme.-) 'PON,.!'" from j 1:100 k:n, 1 l-O _ U-":X) kIll:; _1, All map. h,,,e an inlen:;;,,- r;u\ge 
o[ 1- I ()()IJ 

Tn H.-..;,ion ~.2 . L 1 di,."",,,,,-j the ou-, ky projel'lion; of the prumLnonl ~mi"ion Iini'S in 

VH:; PHI). 1n \h e 'pa.\i~1 into'n;ilY llJ~f'" O[ .h" [0 III ),7320· 7330 anti [Om] )'oo:J7 line, 

in :!\1Xl ,mu :1007 (Figu"", ~ .. ~, 4.p . ~ i ilnd ~ 8). unexpecled regioll> of ~mi',,:on ,-",om ~l 

' .)1<' ex"ell"', of 'he n""~ ohe) ' wi,h whi, i,,, ,",,,,,ling LI"'l O[ LIN' main "hel' ump<>]\"nl&. 

__ \Iso intriguing i, l)W' ,ho 0<0",,' em",iou IF not. obvioH< in t.h,' on-,ky proje<tion:; cl d", 

He T \71)6.", lill<' a.t , h,' :;~u'" \·"Locill",. In fir;ure ~.l~ . ,h o NE a.nd HW ~X""'i.' regiom 

Ur<' high l'ghte<', lll"ing ",hit<, ,LIU :n.,-ker' j and cuHlpar,,) in oH-"k), il'"uiec'iOll< of ,h e [() "] 

\ •. 120· 7.1;'.(1 don bl"t for 2006 =d :1007. Cyh projeclion i, ,he ,,, ,,, n,,-,,j 'p,.:rra hom a 

200kms J "'knoll)' rang", wilb ,"mIll"') 'JJ<'<.Ha r,·om 900 kIll'--' 1.0 700 k:n, In [",n­

~l, '\ ~n d C. =d fmm + I:W kIno _1 w -1Joo km,- L in pano', n anrl n 

TI,c mi(].-]l,-. p.ono), of F igur,.,; 4.16. 1.17. ·1. 18 ",,,I -1.19 ,how ,1,,, 'peel r~ cel"""' ) on ~.oeh 

regiUll ur o<ee" omi"iotl~, i"'"Jt i&~l 'n [i~UT" 1.1J, In I)", Hli(k )1o patlol or Pig"", ~. I G. ,he 
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4.3 \'.,)o(·ity Pmlil", of \' ~4f; 1'1lPPi., 

20)6 ex""", "'JJi."i(~1 akmg d," Sir "xt"",;o., of tIM> Illaj<,[ ,<xi, i, ~[c",elll"d_ In thi. 'JX'C­

!rum, the 1'''''''11('0 of blU(~>hifted (,lIli"i", fmm U", 10 11] .\7J20 73<10 jiI~' iH<li~"t"s ,hat 

ther<- i, SOIlW ,"mOlnm,,\ioll frOlll dw S\\' ;1",11 (dll~ Ul ",,';ng 'IT)('''r1lTgl rb.e 'p""tmIll 

01 the SW >l,dl (in ZO()6) is .h,--",'n in the tup !-'<'llel of ri~u", H6 ~lId in~l, tb<· In Il j 
bl[itL-,hifted oll"""ioll 1> the OOllllIlaIl1 c<>">'OlJellt he,", In <>[00, to .~Lm .. :t 'hi' <on\amina_ 

tion, ] fir>!. OGIl"l t.he SW ,1M>1l ,,,,,,,,mil 1.0 the pmk uf til'. 10 1I11J!uc~,hirted emid(~l in 

tb.e "",""', ('m;"iOfl ']"'-'Imm ~nd then ,,,bmw,,,,,l ,t-.., ",-,.jed ,1M>1I sp.,<-1rulll frolll the ex""", 

emi"ion 'P<'tn ,m. This ~"l\I\"j in ,h~ '"k'~lW'1' 'P"",,,,m of d,~ ,,-,X('<;., emi"ion ,hi",," ill 

til<' 10-" ... panel of Fi~,,~· 116. T hi, p<(J'x'du~' We<> "'p"i<u'<i for XI07 in order to H'mO"" ~ 

,illlilar oont","in~1iull fHKIl t.he SW .hell in ,he ex""", eml.,h~l ,pec[['unJ of:lOO7 (Figuf'(' 

~_17), 

In t)(' \0<\"" panel of Fign'" .UG, two ('mb,i"" :in<>.. 10 JIll .\,1007 antl 10 II] .\ 73~) 7330, 

,\TO dr~r\y pr"""m aIJd . '~" lx' de"nly """\,,,j v.ith 0))<' ' Jr two Ga~"ian pmnle> at. reQ • 

• hiftoll ",-'ociti"" Th_ '-0,0 ",,,i,,jon line;, ~"" al"" pre""nt in 'lfJ07 (,i,ibl(' in \h., ~)'I\'('r 

~"'W: uf Figu,e ~.17), iH ",lJili(;(1 lu ~ ~-"«k 10 Ill! .\·19;;9 line ",hich;, nut deal'l,- ,'i,iLk in 

the 2U)6 'p,,'truUL C(KHparillg 21~17 dat~ with 21~)6 dat~, ,h., ]Ollil -\j()()7 int~n'ity ""ak 

i, rd~tiwly ,,,ong(" "C<TIP"""; to t1><' lOll] '\T32fl 7330 int.('no-.ity pmk ill 21~17 F"r fuwre 

"of('N·nc~ . I ... ,11 "of"r In \),.. lilT(' rR,io oliO lIT] .\.'jIl(I7 to 10 Ilj .17330,.., 0 3,',-

TM ~loceJU[e [.0 ,,,Ltrac( tho> NE ,hell C()ll\aminalinn fWIll 'he exces, en.;"i'~l rt1(ifm 

along the.\'E rill, ill 21~ )6 "lid 2(XI, "'.,; m"r~ Jiflimlt , I" Ihe midJk ~"",,,l uf Figut" I l ~, 

the .\'E ex<e;, eIlli,';on '~".rum is p"""",,,...l III tlri' 'I""'truUl, the 10 III and 10 !Ill lines 

that. ~r~ <lne to ').'11 ""lami""li", ~" ... hh'",hl wit h t.~ bhK~,b;f",1 <-<X,"" "Uli"ioll hlle", 

rh<'"f"£(,, ill onkr \<l ,,,htract· til<' nml,uuinat.i,m, \n,. _"E ,h~1I 'p('Cuum :"PI",r panel" 

Fi~"rc l.jg) i, firot ,;cal,...! I<J 'he He I \7005 ]',n~ in tho' ~x<c'" 'p''ClrunJ. This scak-d 'p"'­

trum i, lMn ,uulra<:too frum th~ ~Jl""'" anb,inn '>,,-'CD Uill tu &el me 'd.an' ~"'=, emi"inn 

'1"':trIJIll ,J~""" in t.he I,,,,,"r 1"11",1 of Fij;UH' 4.18_ 'flri, pr()('"lu,,· ",o.' ""p .. "ted fnr the 

"p'''trnlll of t.he "X"",,, emi,;ion "h,~ the);E "-";,, ill 2(~17 

n", d,,~ned NE "xt' • .,.,. ~mi"ioll 'p""m in:.>006 " xhibit, 'hree "rniAAion :i"",,: ()III 

.\'32fl 7330, IU Ill] \j()()7 ru>J u v."ak~r IU 1lI] .\10;;9 Ii,)('_ In 2(J()7, oul)' the Iv." .robsio., 

Ii""" In Il] \732() 733IJ ",wi 10 Ill] .\"'-X.I7 "'" d"arly "i,iLI~ in d .. , ('X=, "Illi"i,", 'p<urum_ 

III th" .\'E ~""""'. 'lJ"'Ctrum, 0,;, aI'''''''''' to be gteatl~· ill 21)()6 thaIl ill 2(_17 (in ''-'Ilu-ooict~m 

,,-;th tho SW ex,,,,, "I*,,""'m) _ 
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Figure 1.18: ~lidd!;' [><,\",,); The:!\XJ6 SI"-"'~t'U"! ('('!J~'~xJ "It the ,,'!';\oI. of ""'''s> (0 111 ~ 7320 733D "",! 10 Ill] -liiOO' "";,.,,,\0<1 " ..... ,1\ t.h<' :\E 
extell,iool of thc IIm,1or "'xl' of \ 'H5 ru~pb \",uupk<! ,,",'cr 7 ~hl.l"" ,,~' Fi!\l."'e .. .1,), pal",l ,\) I.,""", p"IH1: n", 2t.X)6 nitf,'n'Il['" 'p"'tmm, 
wIne the ~0C6:\E shdl ~nli~""!l {ul'ln ["",PI) )"" 1>,,,, ",:"ler! a • ..-l <ubt",,~['fl I[(m t.h<r ,.""'''"' ,'mi"i,"! 'I~"'mm (midrlh' 1'1iJ,~j) ,b"",illg 
~h" t,'S~luaJ omisshl ,, 10<11\ the ext rem", of t.h<' NE "~h""ioH of the H<.lVl'-
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1'1 ~J."Xh L l J",""" zOOt) 10) Epoch l' , J.n,,",v lOO ' 
Fi~,,~ l.:l(); Co,np,.,-iO<HL n[ IOllI l g"(»)7 ar.J 10 III HJ2(), 73:l() ,'xc,'," hr.", for the -'I': '~ld 
S\\ kn,~, in 2006 (Mt p"ne),) "r.d 20m (nght, paneb). A G,,,,,,i,,,, Iml "nlid Ii,,,,) is fit 
''''~r the 'p"'ITllm 11>1,,01: l",;nt,l, ~-hi.-h i, tho """lbi"'''i"" of ,~,'(''' fit"", co"tain;u~ tbe 
TN;pc<'li,'C kn(\(, I"'" figure 4, 1,\) In,,,,,,i,ie, i" all ngu,,,, aro I1nH~oJbe<110 Ibe peu inle!~i'Y 
cO t h~ 10 III A 73:lO line in tl-H' 20}(; SW 0",,,,, bpCclrum . 

• \ rl",,,," ;,"'])""thl or ,he ex",,' lj"".' i, di'l,la,cd i" Figure 'l.:M. A ,il1gIe C""",ian i, 

fi' to the IUlIi] V-'l(l, line p,'ofil~ [.,,' b<Jth I:no,-, ill :WW aud :Ii~)' . .-\., '~'U peah w'e de.,­

iu Ih~ 10 III ),T321'J 73~ll double<, dlOse lin~ profib !IN'<110 Le fil ",ilh 1""0 Ca\."i"'l', Tiu, 

L, ,1.0""11 ill Fi~""" 1:W, The ( enlral "~vel"n~'h h "",,10 lir.e i, J", "'rH'r.t. .. d ir. T" hl~ l..l. 

"~XlS ..-ith d.'ir res[,"<,tiw ra<\i,1I ,~h:it,i", ,",ucub,,<1 u,inS the D"ppl~r Shift "l"'''~ln, In 

-]1, hie 1.5, 0, .. , in "he NE ex('"",, Tog;on i< W"a'oT in 2f)fif, (0,11 0"10 OJJ2) ,I",,, in :IOn 
(O"i' 

(01.<' 

= 0,26 lU12) 

U. ~2 = U.IIl) 

U" tl* ",I",r hHnd, j" doe SW e"o;,;, rel;iolL. 

el!a" i!l1())7 (0" .-" , (UB = 0,031. 

The 'H'..,-,,~e wlot'i,,)' fnr ,'adr knc':, in 2i1U6 ar.d 2007, r""I,..(,t,iy~I)', "'~ li,,~d in on, hie 'I.e. 

In .. a('h y~"T, t.ho "'-"'-"8e ",di,J wh'itiO'(, r~b,iw ,,, t.h~ ,,-,Iem,"ic wh·i,,-. "f the -'I': "nd 

S\\" kn,~ "'" apP"J>::im"tely ",[,,,II ill Oll]),,,ite dim,';,,,,,, i,,' 11000 km.,-l). Thi< i, ~h.'(t i, 

eXpc<'t.-..-1 from a hil,,'m (~llft"". Tho velnd,je, 1i,lcd i!l TaLlo 1,6 ,,,,,,It i!l ~",-e"i,,,h' hj~1! 

uepruje"1Ai ,,,loc;lie, "hi,1! ,,,uId h_e the ,",ull c{ liow"bhocb or ~n ior.i,ati(<I fnmt i" the 

".m",', Tlli, i, ui;cu"""J in ,j,.,,,,1 in ClmM,'r 5,1. 
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.1.3 \'elocity Profiles of Y 445 Pup pis 

Table .1.5: Excess emission velocit~· measurements 

10 III I \Vave!ength Intensity lInT'm 
h \'elocity 

(A) (kms-I) 

.\'E 2006 .1992.68 = 1.35 0.398 ± 0.016 -8.18 ± 81 
S\Y 2006 5027.74 = 1.40 0.218 ± 0.012 + 1252 ± 8.1 

.\'E 2007 .1990.32 ± 1.33 0.256 ± 0.021 -989 ± 80 
S\Y 2007 5026.41 ± 1.25 0.461 ± 0.029 +1172 ± 75 

10IW \Vave!cngth Peak Intensity IIOrTlI 
/; Yt'locity 

(A) (kIllS-I) 

.\'E 2006 01 7300.30 = 1.41 0.362 ± 0.017 -779 ± 58 

.\'E 2006 G2 7309.96 = 1.35 0.293 ± 0.081 -823 ± 55 
S\V 2006 01 7349.34 ± 1.36 1.100 ± 0.028 +1238 ± 56 
S\V 2006 02 7355.66 ± 1.43 1.000 ± 0.028 +118.1 ± 58 

.\'E 2007 (;1 7299.64 ± 1.46 1.1.16 ± 0.066 -816 ± 60 

.\'E 2007 G2 7309.49 ± 1.16 0.764 ± 0.057 -826 ± -!7 
S\Y 2007 (;1 7350.57 = 1.43 1.052 ± 0.056 +1256 ± 58 
S\Y 2007 (;2 7358.31 = 1.43 1.000 :t: 0.066 +1151 ± 59 

(j This doublet line is fit with two Gaussians. 01 and 02. 
b Intensities are normalised with respect to the IOIII ,\7330 peak 
intensity of the S\V knot at each epoch. 

Table .1.6: Average velocity. < t' >. for each knot 

2006 < l' > < L' >,.,/ (j 

Knot (kms-I) (kill S-I) 

.\'E -817 ± 114 -10.11 ± 114 
S\Y +1224 ± 117 +1000 ± 117 

2007 <1'> < V>,.d 
(] 

Knot (krns-I) (kms-I) 

.\'E -877 ± 110 -1101 ± 111 
SW +1193 ± 155 +969 ± 155 

(j < t' >,.eI is the < v > with respect to the system­
atic velocity of V445 Pup (L',,!ls = 224 = 8 kms-I. 
(Iijima & ~akanishi 2008)) 
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Chapter 5 

Discussion 

The yelocit)· profiles of the emission lines obselTed in this tllPsis can be modeled using 

the bipolar yelocity field model described in Chapter 1. Equation 1.2 (Solf &:; Urich 1985). 

\Youdt et al. (2009) derivpd best-fit model parameters whilp using this equation to model 

thp n~locity profile of He I '\7065. In this chapter, I anal)'se the similarities and differences 

between this model and the results presented here. In addition. t\vo main results are dis­

cusspd in this chaptPL nanwly the variations and similarities in the data [wtween 2006 and 

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

5.1 Spatio-kinematic Modeling of V 445 Pup 

The best-fit model parameters calculated by \Youdt et al. (2009) are shown in Table 5.1. In 

Figure 5.1. these parameters are used in the bipolar yelocit)· model to illustrate the velocity 

profile of \"445 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 dearl)' 

visible. The inclination is such that the :JE lobe is doser to the observer. \Yith tlw aid of 

the illustration in tlw lowpr panel of Figure 5.1, it is possible to \'isualize some of the results 

in this dissertation. such as the on-sky projections of the noya emission in Figures 4.3 to 

4.8. TIlP peak illtensit~· in each of the on-sky projections shift from the \"E lobe to the S\Y 

lobe. back to the \"E lolw and then to the S\\' lobe again. This is understandable in light 

of thp obserwd inclination of the nova axis to the plane of the sky in Figurp 5.1. 

In Figure 5.2. I plotted some results of this dissertation oyer the spatio-kinernatic model 

shown in Figurp 5.1. While the radial velocities of Hp I ,\7065 agrpe well with tlw model, the 

model fails wlwn tr)'ing to describe the radial velocities associated with thp pxcpss emission 

regions. This is discussed in more detail later in this section. 
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74 Discussion 5 

Table 5.1: Best-fit bipolar velocity model parameters calculated b,', Woudt(2009) 

:'l1odel Parameter 

PA shell 

1 'e 

I'p 

"l'knnfs 

d 

Yalue 

66 deg 
12 

3.9 ± 0.4 deg 
500 kill S-I 

6720 ± 250 kIll S-I 

8450 ± kIll S-I 

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 \vith the results presellted in this work. For 

example. tlH~ central spectrum of tlH~ nova shell (Fig\l]'(-'s 4.1 and 4.2) did not change signifi­

cantly from 2006 to 2007. In both years. the spectra featun~d strong emission lines of [0 III] 
),5007. He I ),5876. He I ),7065 and the doublet [0 II] ),7320 7330. It also featured a few 

\waker emission litHe'S and no evidence of h~·drogen. \vhieh is consistent \\'ith previous spec­

trographic observations (\Vomlt et al. 2(09). As the spectra from both ~'ears feature these 

specific emission lines. it follows t.hat the shell maintained its chemical composit.ion from 

2006 to 2007, consisting of regions of high- and low-density ionised gas \yith a hot ionising 

interior. associated with the white dwarf. The normalised intensit~· (with respect to the He 

I ),7065 emission line) of all but one of the emission lines remained approximately constant. 

from 2006 to 2007. Although t.lw exception to this. Hl' I ),5876. increased significantly from 

2006 to 2007. this is most probably due to the poor extraction in CCD 3 and CCD 8. 

\Vhile analysing the differences between 2006 amI 2007 position-wlocit~· maps of three 

of the lines (He I )'7065, [0 III] ),5007 and [0 I1[ /\7320 (330). it became apparent that a 

portion of the nova shell had evolved differentl~· from the rest of the shell. In the maps, 

thl' red-shifted compon('Ilt of the S\V shell was rdatin~l~' weaker in 2007 than in 2006. This 

component originates in the material moving away from the obserwr in the South-\Vestern 

lobe. Therefore. it is possible some event occurred between the t\\'(J epochs to cause the S\V 

lobe to become less transparent to light. on the far side of the nova. This ewllt would have 

to be localised to the S\V lobe as t.he \,E lobe did not exhibit tilt' same features . .\lore recent 

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

The appearance of He I ),7065 emission within t he nova shell rt'IlJains largel~' unchanged 

from 2006 to 2007. On the other hand. in both ~·ears. an iIlteresting excess of oxygen is 

obsPI'\'ed at the extremes of both lohes in the spatial illtPllsit~- IIlaps of the doublet [0 II] 

), 7320 7330 (Figures 4.5 and 4.6) and in the maps of [0 III] ),5007 (Figures 4.7 and 4.8). 

This should be compared to the int.Pnsit~· and velocity maps of Hl' I ),7065 where no excess 

was ohsef\ul in the same regions. It is in these excess emission regions that the bipolar shell 

wloeit~· model begins to fail. This is shown in Figure 5.2 \\'here the excl'SS emission points 

clt'arl~' lie outside the model. 
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5,1 SlWtio.-kin('nWlk "lo<.l(,]in~ of V H5 i'llI' 
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figure 5.Jo Compmison of tho 20UG ""d 2007 'hift in "It',,",,-' of t.he peak i"'en&,it)" of tho 
10 III A73~-', .3311 douolcl, along the majOT ox;'" of t.he ,h ,'11 r(']"t.;", to tile ('('<Ltre ul \'445 
Pup (negati'" nlT"'L _ NorLh-E.."LJ ac["" I~ vc)ocity itJ!en'als. 

Tn Fi~ure 5.3, the peal-: inten,;ty shift, nf the 10 111 )TJ211 .. 7:J30 "o<[hlel fWlll 20UG and 

200, are ,x.mpo,ed A, Ih"T<' is an llnc('n>I.int\' of aroll<LJ 0"1 ill the l!O>ition of Lhe [j{.,," 

'''-'lllrt', t.1l<' 2[11)} , I ~ta 110.' OO'n 'hifto'fl by U"1 ",ith ""Iwet to;t< migimtl JX-"'iti()lJ in Figure 

1.9 in OHler Lo oli~n WiLh the 2t()7 dat&. Tn Fig""" ~.3 . rh,' tnten,il." ,hilt, ,e,"ociat<><I wilh 

the n",'a ,hell in 21 .. '6 ""d 20..17 a.!7'" ~..--ll Wilh eoch 0\1,,,,, On th" ntheT h"ml, th" e,,,'e,,, 

d"ar!." mo,"e, out",,,,u fnNn ~. IJ''\J from the nm'a ,..,nlre j<L 2006 tn _ 1"1 frOOl rhe nO'O'a 

CellIf(' in 2(IJ, AccordinR to" hn,'''' ,'xl"",";on mod'i dovioed 10." 1I''-'-ldt et aL (:.!())9), the 

knots are ~xp('.-t<'d to lie olound lY'1l1 \ in 2OI.X; and aTOHnd 1"1;)4 in 2(J(J'. It i, ,h"Tdme 

Iihly tl,,-, the exc"", Tei9<~'" are aS8oc.ia\.CJ .,-jlh L1 .... kHots. ex!,omlillR litH'firl" ()(l1""Td, by 

~. ff'21 i + fr'OlD I~'r year. J I", eXj>('Ct<><I j>("';liun., oJ: the k<Jut·s jn 2())6 and 2()1, '''''[>0<'­
t.i,,'ly. "-I(' plott<',1 0\'" rh,' bip"lar wh'ity lidd llN><lel in 'he uppe.- panel oJ: Figm,-. 5.1. 

hom a~ extrajXlI",ion cl tl", lin,'ar npamiun 0f the knut., Ua"J< to 'he INWa celllre. Woudl 

,~, ai, (2()()9) fou<JJ lhat tb" knot> ,,,,,iJ h~" .. ('tJin(·iJ..><I with a ,t.rung railio Ilarc ~ J,\" ""ys 

after outhu,-"t "b,erved loy Hupen el ".1. (2001), Shoctly fuliu",ing the radio nare, I~ "'''' 

fi Jr(1) i<J the \' bawl "hich "o(lld ;<Jdi(''''. " mu~) jet. ejection. ,e, ~,"" L1 .... c",", ",illL IOC 
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s~'mbiotic lIoya CH Cygni (Weston & Sokoloski 2011). 

III 2007. thl' intensity of the 101111 ),5007 S\\' excess appears to be greater thall the 

iIltellsit~· of the lIoya shell. Yet in 2006. for the same line emission. the S\Y excess intensity 

is weaker than the noya shell intensit~· which call \w seell \"hen comparing Figures 4.8 and 

4.7. This obseryation possibly implies that the ratio of l()\y-dellsit~· iOllised gas surrounding 

the fast-moying S\Y knot to the low-densit~· ionised gas in the noya shell was greater in 

2007 than in 2006. This is not obselTed in a comparison of the 10 II] ),7320 7330 excess 

emission where. in both ~'ears. t he intellsit~· of the excess emissioll is weaker than the nova 

shell emission. 

\' 445 Pup exhibits unusually large expansioll yelocities for the t~'pical classical nova, es­

pecially for the knots and in the (~xcess emissioll regions. From their spatio-kirwmatic model, 

\Youdt et al. (2009) deduced a bulk yelocit~· of I'p 6720 ± 650 kIll s-lalHj a knot expansion 

yelocit~· of I·'mot., ::.> 8000 km s 1 from measurements of the kllots' motioll across the sky. For 

comparison. the ayerage classicalnoya has all expansioll \'(~locity of::.> 2000kms- 1 (Bode & 

EYans 2(08). Although \'445 Pup has a cOIllparatin~I~' higher expansion yelocit~·, the lIoya 

call be compared to the recurrent nova RS Oph. \\'hich expallds at ~ 5600 ± 1100 km S-I 

(Bode et al. 2(07). 

Due to the indillation of tlIP nova axis to the plalle of the sk~·. the deprojected wlocities 

are going to be significantly higher thall the obserwd radial \'l'locities. Tlwrl'fore in 2006, the 

deproje('{pd radial ye)ocities of the [0 III] ),5007 excess emissioll regiolls for the :'liE and SW 

lobes (ill the frame of the lIoya) are ~ 15300 km s - 1 and + 14 700 kill S - 1. respectiYely, and 

then ~ -16200 kms- I and +14200 kms- 1 . respectin'l~·. ill 2007. Such huge high-velocity 

jets (::.> 10000 km s I) indicate the presence of a massiw white dwarf in \'445 Pup. as was 

modeled in L Sco b~' Ka to & Hachisu (2003a). 

These deprojected polar velocities are a factor 2.2 larger than the documented bulk ve­

lo(·it~· of I'p ==' 6720 km S-I alld a factor 1.8 largl'r thall the \'(~locit~· of the kllOtS, l'ki/ot" ==' 

8450 km S·I (\Vom!t et al. 20(9). There are t\VO possible explanations for these excessively 

high wlocities. The high yelocities either result from an ionisation front or the~' arise from 

bow shocks due to highly collimated outflows in the noya sh<c.'ll. Both explallatiolls are dis­

cussed further in Section 5.2. 

5.2 Collimated Outflow and Jets in Novae 

Highl~' collimated outflows ill novae has \W(,II discussed briefl~' 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, producillg synchrotron emission that can be de-
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5.2 Collimated Outflow and Jets in .\"ova(~ 77 

tected at radio wavelengths (Sokoloski et al. 2008). In this nova, particles are accelerated b~' 

shocks caused b~' the interaction of the \VD ejecta with the surrounding nebula (Sokoloski 

et al. 2008). From high resolution adaptive optics observations of \"445 Pup, \Youdt et al. 

(2009) observed an initiall~' narrow waist and two high speed knots in the '\"E and S\Y lobes 

expanding outwards at the extremes of the nova shell. The~' associated these features with 

highly collimated outflows (\Youdt et al. 20(9). 

Although there are other novae that also feature a bipolar shell with collimated outflmvs, 

such as the RS Oph and the classical nova HR Del (Harman & O'Brien 2(03). \"445 Pup has 

the most highly collimated outflow. As it is possible to model the nova expansion of \"445 

Pup on the expansion of a narrow-waisted bipolar planetary nebula (""oudt et al. 2(09), the 

narrow waist of \"445 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.l. arises from shock fronts at 

t he edge of the outward ejecta in the nova lobes. This can be compared to one-dimensional 

hydrodynarnical 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 shmnl to haH' compact knots or jet 

structures called FLIERS (fast low ionisation emission regions) moving awa~' from the cen­

tral system \\"ith high velocities, similar to those seen in \"445 Pup (Raga et al. 20(8). In 

planetary nebulae. FLIERS are t:vpically characterised by low-ionisation spectra consisting 

of prominent [0 I], [.\" II] and [S II] lines. In the planetary nebula IC 4634. there is an ob­

sen'ed enhancemellt of [0 III] .\5007 to Ho 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 [01111 .\5007 associated with 

jl'ts in the planetar~' nebula .\"GC6543 (Balick & Hajian 2(04). 

In order to test if there was evidence of shocks in the excess regions of \"445 Pup. I tried 

to identif~' any shock lines in the excess only spectra (Figures 4.16 to 4.19). I found that, 

while the full '\"E and S\Y excess spectra for 2006 and 2007 featured strong emission lines 

of [0111 .\7320 7330 and [01111 .\5007 (a good indication of bow shocks (Guerrero et al. 

2(08)), there was no evidence of [.:-J II] and [S III .\6717 6731 that would relate to shock 

ionisation (\Youdt et al. 2009), cf 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 t,t al. (2008). Cnfortunately, the;,;e models have only been tested 011 velocities less 

than 1000kms- 1 and therefore needs to be expanded for greater velocit~· systems like \"445 

Pup. 

On till' other hane!. the extreme deprojected velocities could be due to a moving ion­

isation front. If this \vere the case, one-dimensional hydrodynamical models of planetar~' 
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78 Discussion 5 

nebulae suggest these extreme velocities do not represpnt the bulk Illotion of the ejecta or 

of the knots (Schonberner et al. 2005). Although this mechanism was initially proposed by 

H~rn;:mdez et al. (2004) to explain the high velocities originating from the complex structure 

of the planetary nebula ~GC 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. 
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Chapter 6 

Future Outlook 

\"455 Pup is the onl~" observed helium nova to date and it therefore provides significant 

insight into the properties of helium novae. The spectrographic anal)·sis results from this 

thesis can be used in various hydro dynamical Illodels to furthl'r 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 V 445 Pup across a range of wavelengths is required for 

a better understanding of the nova source, the chemical abundances within the shell and 

excess regiolls. and the likelihood that this lIova is a possible supernova Ia progenitor. 

III Chapter 5 of this dissertation, the velocity profiles of the emissioll lilies were Illod­

ded using best-fit model parameters (\Vomit et al. 2009) in the bipolar velocity field model 

described by Solf & Urich (1985). Using the results of their best fit IllodeL along with 

high resolution observations of the expallding nova shell, \Voudt et al. (2009) were able to 

deduce a distallcl' to the nova. As a more ill depth study was made into the emission lines 

in this thesis. an improved distance estimate can be obtained using the same procedure that 

\Voudt et al. (2009) used, by illcluding two epochs of radial wlocit)· information. I expect 

t his will lIot change much to the derived distallce as the velocity profile has lIot changed 

significant I)· over olle year. By reducing the current uncertaillty ill the distance estimate, 

certain lIll'asured properties of the nova (such as the lIlass of the dust shell) will be improved 

alld the nature of the heliulIl nova progenitor can be better determined. 

:\Iore importantly. it is possible to model the lIova using the wlocit)· measurements from 

this work in h)·drodynamic simulations of axis-symmetric planetary nebulae. Among other 

possibly imeresting results. this will help to estimate by what amount the documented ex­

pansion parallax underestimates the true distance to V 445 Pup (\Voudt et al. 2009). One 

such simulation. designed by Raga et al. (2008), is used to model plalletary IlPbula knots that 

IIlove supersollicall)· with respect to the maill ejecta (called FLIERS) as ionisatioll frollts. 

bO\," shocks or photo-evaporated clumps. In this modeL clumps of gas form a complex shock 

field as they move rapidl)· through a uniform field and exhibit strong ionisation lines of 
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80 Future Outlook 6 

[0 IIIj.\5007. 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 observations of V 445 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 revt~al the current state of the nova shell and jet structures 

in V 445 Pup. This can be combined with high resolution spectrographic observations in a 

range of wavelengths to constrain the spatial kinematic properties of the nm'a for improved 

hydrodynamical modeling. It 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, \Voudt 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 

V 445 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 V 445 

Pup (\VomIt et al. 2009). 

The results in this thesis, in addition to previous research on this nova, indicates that 

V 445 Pup is a very unique and interesting object and is therefore a prime candidaw 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 (\VOlJ(1t et al. 2009). If this is the case, masses of the individual components can be 

obtained from detailed light curves and the possibility that V 445 Pup could be the progen­

itor of a S:'II Ia can properly be explored. Univ
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Appendices A 

Observing Log 

Table A.1: :"iight 1: 4 January 2006 

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

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 19:34A8 300 21:53A8.2 -29:04:21.1 1 
19 Dome Flat 19:41:22 300 22:00:23.0 -29:04:22.9 1 
20 Dome Flat 19A7:54 300 22:06:57.1 -29:04:24.6 1 
21 Dome Flat 19:54:43 300 22: 13A6.9 -29:04:26.2 1 
22 Dome Flat 20:01:17 300 22:20:22.1 -29:04:27.8 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 GD50 01:10:22 300 03:48:49.3 -00:59:20.6 1.138 
70 GD50 01:23:30 600 03A8A9.3 -00:59:20.0 1.134 
71 GD50 01:35A2 600 03:48:49.3 -00:59:2l. 7 1.133 
72 ARC GD50 O1A8:02 90 03A8A9.3 -00:59:2l.9 1.135 
75 ARC IC 2165 02:08:27 90 06:21 :4l.8 -12:59:54.3 1.175 
76 IC 2165 02:11AO 300 06:21:4l.8 -12:59:54.1 1.167 
77 IC 2165 02: 18:21 300 06:21:4l.9 -12:59:54.1 1.151 
78 IC 2165 02:24:54 300 06:21Al.9 -12:59:53.9 1.137 
79 ARC IC 2165 02:32:02 90 06:21:4l.9 -12:59:54.0 1.123 
83 ARC \'445Pup 03:07:58 90 07:37:56.0 -25:57:35.1 1.153 
84 \"445 Pup 03:11:31 1800 07:37:56.1 -25:57:33.7 1.144 
85 \'445 Pup 03A3:10 1800 07:37:56.1 -25:57:33.0 l.079 
86 \'445 Pup 04:14:43 1800 07:37:56.0 -25:57:34.0 l.O36 
87 ARC \'445 Pup 04A6:56 90 07:37:55.9 -25:57:34.1 l.011 
88 \"445 Pup 04:50:46 1800 07:37:55.8 -25:57A6.1 l.OO9 
89 \"445 Pup 05:22:26 1800 07:37:56.6 -25:57:52.9 l.001 
90 ARC \"445 Pup 05:56:55 90 07:37:56.6 -25:57:53.0 l.011 
93 \'445 Pup 06:16:41 1800 07:37:56.7 -25:57:50.8 l.024 
94 \'445 Pup 06A8:18 1800 07:37:56.6 -25:57:50.5 l.06 
95 ARC \'445Pup 07:20:32 90 07:37:56.6 -25:57:50.4 1.117 
96 Sk~'flat 07:24:01 300 07:37:56.6 -25:57:50.4 1.124 
97 Sk~"flat 07:30:34 300 07:37:56.6 -25:57:50.4 1.139 
98 Skyflat 07:37:07 300 07:37:56.6 -25:57:50.4 1.156 
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82 Obsprving Log A 
----------

Table A.2: ~ight 2: 5 January 2006 

Frame Object "CT Start Exposure Time RA DEC Airmass 
(s) (hh:mm:ss) (dd:mm: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 -29:03:04.8 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: 13.6 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 -29:03:17.9 1 
50 GD50 01:04:22 600 03:48:51.0 -00:59:20.2 1.139 
51 GD50 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 IC2156 01:46:36 300 06:21:43.1 -13:00:02.0 1.225 
56 IC2156 01:53:15 300 06:21:43.1 -13:00:01.9 1.205 
57 IC2156 01:59:48 300 06:21:43.2 -13:00:01. 7 1.187 
58 ARC IC2156 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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83 
---- ------- ---

Table A.3: ~ight 3: 8 .Januar~· 200i 

Frame Object VT Start Exposure Time RA DEC Airmass 
(s) (hh:mm:ss) ( dd:IIlIIl:SS) 

50 DOllll' Flat 21:41:06 180 00: 13: 18.4 -29:04:54.3 1 
51 Dome Flat 21:46:24 180 00:18:3i.6 -29:04:54.2 1 
52 DOllie Flat 21:51:42 180 00:23:56.8 -29:04:54.1 1 
53 Dome Flat 21:5i:00 180 00:29:16.0 -29:04:53.8 1 
54 Dome Flat 22:02:19 180 00:34:35.1 -29:04:53.5 1 
55 Dome Flat 22:0i:3i 180 00:39:54.1 -29:04:53.1 1 
56 Dome Flat 22:12:55 180 00:45:13.3 -29:04:52. i 1 
5i Dome Flat 22:18:13 180 00:50:32.2 -29:04:52.1 1 
58 Dome Flat 22:23:31 180 00:55:5l.4 -29:04:5l.5 1 
59 Dome Flat 22:28:49 180 01:01:10.4 -29:04:50.9 1 
60 Dome Flat 22:34:0i 180 01:06:29.5 -29:04:50.1 1 
131 ARC LTT2415 04:23:03 90 05:56:26.0 -2i:52: 16. i l.025 
132 LTT2415 04:26:5i 600 05:56:25.9 -2i:52: 15.1 l.028 
13i ARC \"445 Pup 05:19:0i 90 Oi:3i:59.4 -25:56:39.9 l.002 
138 \-445 Pup 05:23:03 1800 Oi:3i:59.8 -25:56:35.9 1.003 
141 \"445 Pup 06:06:56 1800 Oi:3i:59.8 -25:56:33.9 l.029 
142 ARC \-445 Pup 06:40:02 90 Oi:3i:59.8 -25:56:33.8 l.Oi 
143 \"445 Pup 06:43:5i 1800 Oi:3i:59.8 -25:56:33.5 l.Oi6 
1H \"H5 Pup Oi:16:20 1800 Oi:38:00.0 -25:56:33.8 1.141 
145 ARC \"445 Pup Oi:48:46 90 Oi:38:00.0 -25:56:33.9 l.234 
146 \-445 Pup Oi:52:44 1800 Oi:38:00.1 -25:56:35. i l.24i 
14i \-445 Pup 08:25:05 1800 Oi:38:00.2 -25:56:3i.8 l.384 
148 ARC \-445 Pup 08:5i:34 90 Oi:38:00.2 -25:56:3i.9 1.581 
159 Skyfiat 09:41:20 30 12:12:56.9 -29:00:28.2 1 
160 Sk~'fiat 09:44:11 30 12:15:48.0 -29:00:28.2 1 
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84 Observing Log A 

Table A.4: :.light 4: 9 January 2007 

Frame Object L'T Start Exposure Time RA DEC Airmass 
(s) (hh:mlll:ss) (dd:mlIl:ss) 

40 Dome Flat 20:00:55 180 22:36:44.2 -29:04:59.9 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 -29:0,5:03.3 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 -29:05:07.4 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 U)28 
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 l.042 

Table A.5: :.light 5: 10 January 2007 

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

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 -29:21:50.4 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 -25:57:30.6 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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Line Identificat ion 
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Appendices C 

List of Abbreviations 

1D 

2D 

3D 

AO 
A:'1 CYn 

13 
BC 

CCD 
C\" 
CO 
CY 
DEC 
F\yH:'1 

IFl" 

I:.U.CS 

IRAF 
\"E 

\"IST 

o 
P\" 

RA 

R:'1S 

RS Oph 

S\" Ia 

THEA 
S\Y 
l"T 
Y-!45 Pup 
\"LT 

\YD 

One-Dimensional 
Two-Dimensional 

Three-DillHmsional 

Adaptive Optics 
A:'1 Canum Venaticorum star 

Background Block 

BoloIIwtric Correction 

Charge Coupled Device 
Classical )i ova 

Carbon Oxygen 

Cataclysmic Variable Star 
Declination 

Full \Vidth at Half :'Iaximum 
Integral Field Lnit 

Inarnori .\Iagellan Areal Camera and Spectrograph 
Image Reduction and Analysis Facility 
\" orth-East 

:'Jational Institute of Standards and Tedll1olog~" 
Obj(~ct Block 

Planetary \"ebula 

Right Ascension 

Root :'cIean Squared 

RS Orphiuchi 
Type Ia Supernova 

Transient Heavy Element Absorption system 
South-\Vest 

l"niversal Time 
Y445 Puppis 
Yery Large Telescope 
\yhiw Dwarf 
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