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Abstract

Classical novae (CNe) are violent thermonuclear explosions arising the surface
of white dwarfs in binary systems and are contributors to the cheical evolu-
tion of the interstellar medium through the production and ejectionof copious
amounts of metal-rich material. Observations and modeling of CNe wgations
illuminate numerous fundamental processes of astrophysical irgst, including
non-equilibrium thermonuclear runaway, radiative processes in dgmic nebular
environments, binary star interaction, as well as dust condensah and grain
growth. Here | summarize key ndings from selected Galactic CNe sérved as
part of a 5 year, panchromatic optical/infrared observing campaigusing Spitzer,
Gemini, and other ground based optical facilities.

In particular, 1 present detailed analysis of nova V1065 Centauri, atuding
photoionization analysis of the emission lines, which enabled the detiea of
abundances in the ejecta, and radiative transport modeling of théust emission
features, which allowed determination of the composition and chasteristics of
the dust in this system. | present analysis of three novae, V1974yghi, V382
Velorum, and V1494 Aquilae, observed from:4 155 years after outburst, discuss
the characteristics of the nebulae at these late times, and estineathe abundances
in their ejecta. In the case of V1494 Aql, | also report the rst detction of neon.
Finally, | present observations of three novae, DZ Crucis, V2361ygni, and V2362
Cygni, that exhibited unidenti ed infrared (UIR) features in their mid-infrared
spectra, which exhibited unusual characteristics. | relate thedeatures to other
dusty novae in which features with similar characteristics were obsed, and



discuss possible sources for the UIR carriers.

Analysis of the data obtained in the CNe monitoring campaign presesd here
highlights the need for synoptic observations obtained with broadavelength cov-
erage. Observations of V1065 Cen, which exhibited spectra rich iretals (e.g O,
Ne, Mg, S, Ar, and Fe) produced during the thermonuclear runawaand through
dredge up from the surface layers of the underlying WD, vyielded rabt esti-
mates of WD composition, ejecta mass, and absolute abundanceshe ejecta.
Dusty novae such as V1065 Cen, V2362 Cyg, and V2361 Cyg, prodd a va-
riety of grain types as revealed by emission features characteiisof silicates,
hydrogenated amorphous carbon dust, and PAH-like moleculestesf in the same
system. This data set is exceptional in that observations of manyatgets com-
menced immediately after eruption and followed the development foundreds of
days post-outburst providing unique insight into the evolution of coditions within
the ejecta including the complete cycle of growth, processing, adissipation of
dust grains.
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Chapter 1
Introduction

A classical nova (CN - singular; CNe - plural) is a thermonuclear explios on the
surface of a white dwarf (WD) star in a binary system. The explosioarises in an
envelope of material that was accreted onto the WD surface froits companion
and results in the system increasing in brightness by many orders mhgnitude.

Due to the extreme brightness increase, CNe may be observedrewveother galax-
ies in the local group. The explosion jettisons material from the WDusface into

the surrounding interstellar medium (ISM) at velocities up to a few tbusand km
s 1. The majority of the ejected material is hydrogen (H), but thereare also sub-
stantial quantities of metals produced by explosive nucleosynthiesand dredged
up from the underlying WD and mixed into the ejecta. Hence, the epa of clas-
sical novae may have a considerable impact on the local chemicallation of the

ISM.

1.1 What is a Classical Nova?

A WD, the end state of evolution of a star with an initial mass betweer®.5 and
10 solar masses (M), is the remnant core left behind after the progenitor star
exhausted the available light elements (e.g., H, He, C) required forreonuclear
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burning and subsequently shed its outer, hydrogen-rich envelap&he WD com-
position is determined by the initial mass of the progenitor, which detmines the
amount of nuclear processing that will be completed before depletiof the star's
fuel reserves. The temperatures in the stellar interior of a staretween 0.5 and 8
M are high enough ( 1P { 107 K) initially to fuse hydrogen (H) to helium (He)
and, later in its evolution, He into carbon (C) and oxygen (O). The ranant WD
in a system such as this will be composed primarily of C and O, i.e., a CO WD.
If the progenitor was larger, between 8 and 10 M then the core reaches higher
temperatures allowing the production of heavier metals through #hfusion of C
into O, neon (Ne) and magnesium (Mg), leading to a ONe WD remnant.nirare
instances, the progenitor star may lose a substantial portion ofstmass through
binary mass exchange before it completes its main sequence (MS}itifie, leaving
behind a low mass He WD. Unlike stars, which are supported againstgitational
collapse by radiation pressure, WDs are supported by electron @éegracy pres-
sure, the quantum mechanical resistance of electrons againsingession into the
same energy states, as described by the Pauli exclusion principlébs@rvations of
CN outbursts allow exploration of the composition and masses of WRkrough
abundance patterns observed in the ejecta and the energetidsite eruptions.

In CNe, the WD accretes matter from its companion through a prass called
Roche-lobe over ow. The Roche-lobe is the region of space sumding a star in
which orbiting material remains gravitationally bound. In a binary sysem, the
Roche-lobes of the two objects are tear-drop shaped, meetingtlzeir respective
peaks, the 3 Lagrangian equipotential point. As the secondary star evolves,sit
envelope gradually lls its Roche-lobe allowing material to escape thugh the L;
point and fall into orbit around the WD primary. A typical CN system has mass
transfer rates ranging from 10° 108 M yr ! (lben & Fujimoto! 2008). Due
to conservation of angular momentum, the infalling material formsraaccretion
disk.

The accretion of matter onto the WD surface produces a layer cmi-degenerate
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material. Normally as the temperature of a plasma increases, thesasiated ther-
mal pressure will cause the gas to expand and cool. In a degeneraid, however,
the pressure (and density) is determined by the Pauli exclusion pgiple and is
independent of temperature. Hence, as the accreted materiatkdomes degener-
ate in the lower layers, the temperature is able to rise as the densitpntinues
to increase. Eventually, the temperature and pressure are higinaigh to initi-
ate thermonuclear fusion in the accreted envelope (of order 18 and  10%°
dyne cm ?; Starr eld et al.| 2008). The ignition of fusion leads to thermonuclea
runaway (TNR). As the TNR progresses, the temperature increas leading to
increased reaction rates, but due to the degenerate nature dfet accreted shell,
the system cannot equilibrate. Eventually, the luminosity exceed$é Eddington
limit, i.e. the luminosity at which the outwards force due to radiation pessure
exceeds the inward force of gravity, resulting in the ejection of mb of the ac-
creted material. The TNR injects a tremendous amount of kinetic exrgy into
the envelope resulting in the ejection of 1¢ 10 * M of material at velocities
ranging from 500 5000 km s?.

The energetics of the eruption, including the speed and mass of teecta, as
well as the ejecta composition, are determined by the mass of thederlying WD
and the mass accretion rateM. For a uniform M, the more massive the WD, the
less mass must be accumulated before the accreted material hescthe temper-
ature and pressure required to initiate TNR. Likewise, for a unifornWD mass,
an increase in the accretion rate results in eruption at a lower accuhated mass
(Iben & Fujimotol 2008, and references therein). Observation@haracteristics of
the photometric light curve and the elemental abundances obsexV spectroscopi-
cally in the ejecta provide clues to the properties of the WD and therp-eruption
mass accretion rate.

Furthermore, the TNR may cause turbulent instabilities in the boundry be-
tween the accreted material and the WD leading to mixing of the WD ntarial
with the accreted envelope. This process of \dredge-up" can hea signi cant
impact on the evolution of the TNR and the subsequent developmenf the ejecta
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(Starr eld et al.|2008, and references therein). The heavy elemts injected into
the envelope can in uence the reaction rates in the TNR, act as eient coolants
through nebular line emission as the ejecta expand, and be trappiaccondensibles
such as molecules and dust. Spectroscopic observations of thecky illuminate
the process of dredge-up and reveal how this material in uencéise subsequent
development of the system.

In the most simplistic model of the eruption, the ejection event is disete
with a relatively brief (hours to days) period of time between the initihmass loss
and termination. This results in an expanding shell of material that ppduces the
observed emission. More complicated models, and likely more physica#slistic,
suggest that there is an initial, relatively brief stage of heavy massds followed by
a longer duration stage of low mass loss resembling a stellar wind. Inheit case,
it is the observations of these ejecta that forms the basis of ounderstanding of
CNe.

1.2 Observational Characteristics

Based upon the observational characteristics of the CN eruptiprit is possible
to understand the nebular environment and derive fundamentalrpperties of the
system. The following discussion provides an overview of the devetmgnt of CNe
along with their observed characteristics at each stage in the opai infrared (IR),
ultraviolet (UV), and X-ray regimes. A basic understanding of thes phenomeno-
logical developments and the processes by which we glean informatitom them
is crucial since these concepts will be referred to extensively thighout the rest
of this thesis.

1.2.1 The Optical Light Curve

The rst systematic studies of CNe were limited to the characterizgon of their
optical light curves, i.e., the observed brightness as the systemealy Observations
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of this photometric development revealed a surprising diversity in lighcurve
evolution (Gaposchkin 1957).

The rise to maximum can take as little as 1-3 days and may correspotwan
amplitude of 8< m y < 14 15 magnitudes in the photometric V-band|(Warner
2008). During these initial stages, the ejecta are optically thick @uto the high
densities (> 10'2 cm 3) and, near maximum light, mimic the appearance of an
F-type stellar photosphere. The expansion of this \pseudophatiphere” causes
the rapid increase to maximum brightness.

After maximum, optical luminosity declines as the ejecta cool and beme
optically thin. The optically thick surface recedes into deeper layersf the ejecta,
where the temperatures are much higher. This recession of theepdophotosphere
results in a shift of the peak emission away from the optical and intdvé UV, and
consequently, the observed decline in the light curve. During the ma stages
of development, the system radiates at a nearly constant bolonnigt luminosity
(Lpor) that can exceed the Eddington luminosity of the system. (Warner GD8).
As the system evolves, the shape of the light curve is increasingly uenced by
the presence of free-free emission and atomic emission lines (e.g5001Cyg and
V1065 Cen; Ennis et al. 1977; Helton et al. 2010b, respectively).

The speed at which the light curve decays is quanti ed by the nova's tand t;
times, i.e., the time it takes for the light curve to decline by 2 or 3 magnitdes, re-
spectively. The \speed class" of a nova is determined by these vadug&aposchkin
1957). Fast novae such as V1974 Centauri, with times ranging from 11-25 days,
typically have smooth light curves (FigureLll). In contrast, the lighcurves of
slow novae, such as V723 Cas, with times of 81-150 days, often exhibit strong
brightness variations of a few magnitudes (Figure_1.2). The fundamtal deter-
minant of the nova speed class is the mass of the underlying WD, hawe the
extreme variation in observed light curve behaviors implies that therare other
physical parameters involved.

Observations of extragalactic novae of known distance have baesed to gener-
ate accurate maximum magnitude-rate of decline (MMRD) relationsps for CNe.
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Figure 1.1: American Association of Variable Star Observers (AAVSQight
curvéd  of the fast nova V1974 Cyg.

The luminosities of CNe are typically greater than those of Cepheid nable stars
enabling them to be observed well outside of the Local Group (e.g.N3010U,
which was observed at a distance of 3:2 Mpc and misclassi ed as a supernova,
Humphreys et al.| 2010). Further, since CNe occur at a much highéequency
than supernovae (SNe), they have the potential to be useful atandard candles,
i.e. cosmological distance indicators, if a reliable and accurate relaighip can be
derived between the 1 time and the absolute magnitude (M) at maximum (Bode
2010). Unfortunately, there is a surprising degree of variation irhe absolute mag-
nitude of CNe and their light curve behaviors, particularly among fasONe novae
(Del Pozzol 2005; Shafter 2008). Consequently, the accuradyMMRD relations
and their utility for use as standard candles is suspect, thus limitingeir current
usage to estimation of the distances to Galactic CNe.

1.2.2 Optical and Infrared Spectroscopic Development

Most novae go through a common sequence of spectroscopic bigraental stages
from initial outburst through their eventual return to a quiescen state. Although
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Figure 1.2: AAVSO light curve of the slow nova V723 Cas.
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the general development is consistent amongst the majority of vae, includ-
ing principal, di use-enhanced, and nebular stages (Gaposchkin3B|Hack et al.
1993), individual objects display a striking dissimilarity in their detailedemission
characteristics.

During the initial pre-maximum rise, the ejecta appear optically thickand ex-
hibit spectroscopic characteristics very much like an F-type stellgshotosphere.
This stage is called the \ reball" stage due to its similarity to the early expan-
sion of terrestrial nuclear explosions (Gehrz 1988). The specttgpically show
absorption lines, the most prominent of which are from the Balmer gaence of
hydrogen. The width of the absorption features provides a googjproximation
of the expansion velocity of the ejecta (Gaposchkin 1957; Warn2008). At max-
imum light, emission lines of C, N, and O appear in the optical and infrade(IR),
often with the characteristic P-Cygni absorption pro les. This \principal spec-
trum" can exhibit absorption pro les with multiple components blue-sifted by
around -100 to -1300 km s', providing clues to the structure of the ejecta at
these early times |(McLaughlin 1960). Some novae become rapidly doated by
permitted Fe Il emission at this stage, followed by forbidden emission from [



[N 11], and [O 1] (Williams| 1992).

The P-Cyg components seen in the principal spectrum can be enicad by the
appearance of additional broad absorption components at eveigher velocities
(> 1500 km s?). This is called the \di use enhanced" spectrum. During this
period, many novae have been observed to undergo an A\Gash" (Warner2008)in
which O I lines at 8446A and 1.1287 m can become the brightest lines in
the spectrum, in many cases exceeding the brightness of Ke.g., V1065 Cen,
Helton et all|2010b, and references therein).

During the principal and di use enhanced stages of optical develogent, the
near- and mid-IR spectra show very weak absorption systems andich stronger
emission lines. Most of the transitions observed during this stageeafrom the
Humphreys, Brackett, and Paschen hydrogen recombination seances, helium
recombination lines, as well as various permitted transitions of CN 1, O I, Fel,
and in some cases Na(e.g., V705 Cas; Evans et al. 1996). Detection of the Na
lines is important for testing models of the thermonuclear runawayyhich predict
the production of substantial quantities of?Na (Starr eld et al.\2000; Gehrz et al.
1998b).

As the ejecta expand and the densities decline, the absorption cpaments
disappear due to the decreasing optical depth in the emission linesurihg this
nebular stage, the densities are low enough that forbidden lines ame longer
collisionally de-excited and in most cases the observed spectra beealominated
by nebular lines of [N1I] 5755, 6548, 6583A, [O 111] 4363, 4959, 5007A,
[O 1] 3727A, and [Nein] 3869, 3968A(Williams et al.| 1991,/1994). Some
CNe spectra go through a coronal stage, in which the spectra éxih emission
lines of very highly ionized species such as [N§¢ 3346, 3426A, [Fe vI] A
[Fe vii] 5721, 6087A, and even [Fex] 6375A. A more detailed overview of
CNe optical spectral evolution is provided in Warner (2008), Williams1992), and
references therein.

At IR wavelengths, the spectra during the nebular stages are damated by
forbidden lines of a variety of metals including [N] 1.04 and 4.65 m, [Neli]
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1281 m, [Nem] 1556 m, [Ar 1I] 6.99 m, and [Ar 1] 8.99 m, to
name a few. During the later nebular and coronal stages more highlynized
species, such as [Ne] 14.32, 24.30 m, [Nevi] 7.61 m,[MgVv] 5.61 m,
[Mg vii] 550 m, [Sivi] 1.96 m, and [Sivil] 2.47 m, among others, are
often observed. The IR coronal lines are characterized by low &ation temper-
atures (T < 1 K), high critical densities (n.;; > 1), and ionization potentials

100 eV (Greenhouse et al. 1993; Woodward et al. 1995). [@] 25.91 m
emission is frequently observed throughout the nebular stages efolution (see
Gehrz et al.|1998b, for additional discussion). Besides having codete isoelec-
tronicH sequences available (Greenhouse etlal. 1990), the IR wavelengttes less
sensitive to reddening allowing for more accurate measurement @fission line
uxes. Thus, the IR regime is very useful in constraining the aburehces of a vari-
ety of metal species during the nebular stages (Schwarz et/al. ZBQHelton et al.
2010b). Observations of CNe in the IR regime are crucial to develog a compre-
hensive picture of system dynamics, abundance values, and dubti@cteristics
(Gehrz|1998a; Gehrz et al. 1993b).

In addition, various molecular species such as carbon monoxide (C&)d com-
plex hydrocarbons such as polycyclic aromatic hydrocarbons (PAM(Evans et al.
1996) emit in the IR regime. The continuum at IR wavelengths can aldwe domi-
nated by dust emission from amorphous carbon (AC) and may includmlid state
features arising from silicon carbide (SiC) and silicates (Gehrz 200&mnd see{1.3
below).

The emission lines observed during the nebular stages are deterrdipeimar-
ily by the underlying radiation eld from the WD, the ejecta densities and den-
sity inhomogeneities, and the abundances of elemental species witthe ejecta.
Hence, careful modeling of the observed emission lines can revded physical
conditions (e.g., temperatures and densities) and elemental abwrtes in the
ejecta (Helton et al.| 2010b| Vanlandingham et al. 2005). Furtheithe shape of

3 i.e. a sequence of elements having the same electron con guratiomd, in consequence,
exhibiting similar chemical behavior
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the emission lines can be used to estimate the dynamics and geomaetfythe
ejecta (Lynch et al.l2006a; Kamath et &l. 2005; Gill & O'Brien 1999).

1.3 Dust Production in CNe

Many CNe produce dust in their ejecta. The dust condensation avieis signaled
by a rapid decline in the optical light curve due to extinction (Figure_L]B with
a corresponding rise in the IR luminosity due to thermal emission frotie dust
(Gehrz 11983). Models of the spectral energy distribution (SED) ithese sys-
tems suggest that the condensation event yields relatively large stugrains with
radiiupto 1 m (Gehrz|2008b). It is commonly assumed that the produc-
tion of substantial quantities of dust, as demonstrated by deepptical extinction
events, occurs primarily in CO systems| (Retter 2004; Gehrz 2008bHowever,
Helton et all (2010b) demonstrated that signi cant quantities of dist can be pro-
duced in ONe novae (e.g., V1065 Cen) as well. This emphasizes the n&ed
high sensitivity mid-IR observations to accurately characterize i production in
CNe.

A prerequisite for grain formation is the presence of molecular nuak#on sites,
often thought to be large hydrocarbon molecules (Evans & Rawlin@008). The
precursors of nucleation sites are simple molecules such as CO, CM, @nd
C,. Though CN was one of the rst molecules detected in a nova (in DQ e
Wilson & Merrill| 1935), it has been found in very few other CNe. In cdrast, a
number of dust forming novae have revealed the presence of anseent population
of CO in their ejecta prior to the onset of dust condensation (e.g., M5 Cas;
Evans et al.| 1996).

The formation of these nucleation sites is suppressed in regions g tejecta
in which carbon has been ionized. This suppression occurs because rmost ef-
cient chemical pathways for molecular formation of basic molecule@.g., CO,
CH, C,), which precede the formation of more complex hydrocarbons, wive
reactions with H,, which is easily photodissociated in the carbon-ionized zone
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Figure 1.3: AAVSO light curve of the dusty nova V705 Cas. The optidalepth of
the extinction event was v  5:5 magnitudes.

(Evans & Rawlings|2008). Further, the presence of oxygen in thgeeta is be-
lieved to inhibit the formation of nucleation sites due to neutral exchnge reac-
tions. Recent models have been been relatively successful at gatieg su cient
nucleation sites to allow grain growth even in the presence of gas ghaoxygen
(Pontefract & Rawlings 12004). These models have also successfuproduced
the observed CO abundances in novae ejecta.

The mechanism by which the dust grains condense and grow is not watider-
stood. Simple models suggest that as the pseudophotospheresdss, the ejecta
are exposed to an increasingly hard radiation eld, which ionizes thgeeta. If
the gas temperature declines to the condensation temperaturet the dust (of
order 1200-1400 K;_Ebgl 2000) before the ionization front reashit and the lo-
cal densities are high enough for frequent collisional interactionthen dust will
be able to form (Evans & Rawlings 2008). Alternatively, Shore & Gelr(2004)
proposed that grain growth is not inhibited by the hard radiation eldin the CN
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environment, but rather photoionization may be required to explairthe rapidity
with which nova dust forms. In this model, photoionization increasethe reac-
tion cross section of grains and consequently yields higher growites. Optical
and IR spectroscopic observations during the dust condensatistage may help
elucidate the role of photoionization in dust formation by revealing tb state of
ionization of the system as dust condensation and grain growth pesses (see
Chapter[3).

The complexity of the dust condensation process in CNe is made evitdy
the observational characteristics of the dust observed in CNe. nlike most as-
tronomical sources of dust, novae have been observed to prodiwboth carbon
rich and oxygen rich dust species in the same eruption (e.g., Gehrzatt|1992c).
Evans & Rawlings (2008) suggest that the chemical dichotomy olvged in CNe
may be explained by incomplete carbon monoxide formation in the ejac(see
also| Pontefract & Rawlings 2004). If CO does not form to saturatig then nei-
ther carbon nor oxygen will be entirely bound up in CO, leaving both arlable
for dust production. Alternatively, abundance gradients in the ajcta or a globally
inhomogeneous abundance distribution could result in the productoof di erent
dust species.

Dust emission in CNe exhibits characteristics distinct from that in otber as-
tronomical sources. Observations soon after dust formationggest that the dust
can condense at extremely high temperatures (T 1400 K;/Lynch et al. 2008b).
The silicate features present in CNe appear to be more broad and/baighly vari-
able peak wavelengths and relative strengths between the 9.7 artl In features
(V705 Cas, Nova Agl 1982, and V1065 Cen; Evans et/ al. 1997; Sméthall1995;
Helton et all|2010b, respectively). Some novae also exhibit emissieatfires as-
sociated with hydrocarbon molecules (e.g., V705 Cas and V842 Cenaks et al.
1997; Hyland & McGregar 1989, respectively).



13
1.3.1 X-ray and UV Emission

Throughout the early development of CNe, the excitation of the egta is due to
illumination by the hot pseudophotosphere. As the pseudophotdsere recedes,
hotter layers are revealed until the photospheric surface apmches that of the
WD. This recession results in a transition of the peak emission into tHdV and
X-ray regimes.

Recent observations of CNe have con rmed that many undergo axtended
period of super-soft source (SSS) X-ray emission (e.g., Ness e2807a). This
emission does not correspond to steady accretion of H-rich mastronto the WD
surface as in other SSSs (Kahabka & van den Heuvel 1997). Irste the SSS
emission arises from nuclear burning of the material left over fronmé¢ mass ejec-
tion event. The duration of the SSS stage re ects the amount of4ich material
left behind on the WD surface after the mass ejection event. Thisn turn is
related to the mass of the WD progenitor as well as the mass acaoet rate and
WD temperature (Yaron et al.|2005). Predictions of the SSS dur@in based upon
the amount of material predicted to be left behind after the CN erption can be
> 10° years (Hernanz & Sala 2002). In contrast, ROSAT observationsiggested
that most novae turn o within 10 years after outburst (Orio et all [2001) and
more recent observations indicate that the duration of the SSS pbke in Galactic
CNe is typically rather short, of order 2-3 years (Ness et al. 200)7ar he orders of
magnitude discrepancy between theoretical and observed turnames likely in-
dicates higher than expected mass loss during the eruption thoutie theoretical
explanation for this high mass loss is not yet understood (Hernanz Rala 2010).

While in the SSS phase, the ejecta are subjected to an intense uklagh pho-
tons (0.5-10 keV) that can have a signi cant impact on the obserdespectroscopic
characteristics of the emission lines and the dust. By coordinatinghservations
using the Swift telescope with optical monitoring e orts, it is possible to de-
termine the connection between optical and IR observational checteristics and
X-ray behavior. This may result in a general prescription for ass@ting a class
of optical spectral features with a general state of X-ray emiss. For example,
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initial results seem to indicate that the optical signature of [Fex] 6375A may
be a good indicator that a CN is in a SSS state. These X-ray and UV datlso
reveal the connection between energetic radiation and dust pessing.

1.4 Extant Questions, Broad Implications, and
Thesis Goals

Though the general development of CNe is relatively well establishedany impor-
tant questions remain unanswered regarding both the evolution @Ne themselves
as well as their applicability to broad areas of astrophysical importee.

The extreme overabundances of heavy elements (e.g., C, N, O, Ne, Mg, S)
in the ejecta of CNe are due to convective dredge-up from the face layers of the
WD during the TNR. However, recent models of the TNR suggest than some
cases, it is possible for the runaway to undergo \breakout" fronmhte hot CNO cycle
allowing enhancements of the heavier elements (Glasner & Truran(Z). Isolating
the abundance contribution from dredge-up relative to abundaecenhancement
from the TNR is complicated and requires careful abundance estites, based
upon broad wavelength, high cadence spectroscopic observasiofor comparison
to theoretical models (Vanlandingham et al. 200%; Helton et al. 206))

Theoretical models of the TNR suggest that an order of magnitudess ma-
terial is ejected in the eruption than is measured observationally t&r eld et al.
1998). Indeed, as the physics behind the models improves, (e.g.,hwimproved
reaction rates;| lliadis et al.l 2002), and with the advent of 3-D simutens, the
discrepancies seem to increase. Is this due to problems with the TNRodels
themselves or with the observational mass estimates? If the obsgionally de-
termined ejecta masses are correct, then the relatively high raté nova explosions
in the Galaxy (i.e. 34%; yr *; Darnley et all|2006) combined with the extreme
elemental enhancements found in the ejecta of many novae wouldpigna signi -
cant contribution to chemical evolution of the interstellar medium (BM), possibly
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comparable to SNe.

Likewise, models predict that substantial quantities of?Na will be produced
in the TNR. This isotope of sodium is unstable and has a relatively shonalf-life
(1 2:6 years). It decays into?’Ne with the release of a 1.275 MeV -ray.
Yet, the only detections of this emission signature have had very lgsigni cance,
and this in spite of the fact that the observed ejecta masses in CNee much
higher than predicted by models|(lyudin et al. 2001). Though Na ens®n has
been observed in some systems, (e.g., V705 Cas; Evans et al.|1988)seen only
rarely.

Modeling of the ejecta of CNe often assumes that they are sphatig sym-
metric. Indeed, historically it has been necessary to wait many yesarperhaps
decades, before the ejecta could be directly imaged. Recent otsgons on 8-
meter class telescopes are able to reveal the structure of CNedmeearlier (e.g.,
V1280 Sco and V445 Pup; Chesneau et al. 2008; Woudt etlal. 2005 pectively)
allowing more accurate modeling of the ejecta (Moraes & Diaz 2009Jo date,
however, too few novae have been observed to allow any meanihgbnnection to
be drawn between light curve and spectroscopic behavior and g¢gaorphology.
Further, the processes that act to sculpt the ejecta distributio, e.g., the common
envelope phase or asymmetric TNR, are also poorly understood.

A consistent, well de ned model for the CN outburst is required taunderstand
the photometric behavior of a CN and to develop a well de ned MMRD ela-
tionship. Yet spectroscopic observations of CNe over broad wéeegths reveal a
surprising degree of diversity in their observational characterists (Williams et al.
1991,1994). Current models do not well constrain the bright end the relation.
Without such constraint, it is not possible to use CNe as reliable distae indi-
cators on local cosmological scales. Further, a well calibrated MNIRrelation
would allow distances to Galactic CN to be quickly determined and applietdb
subsequent analysis. Though deriving a robust relation for novaé all types has
proven to be di cult, it may be possible to isolate a distinct class of CNehat are
particularly self-consistent facilitating their use as standard carids (Bode 2010).
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X-ray observations of CNe in the SSS phase also illuminate new questo
that need to be addressed. The persistent nature of the SSS phaseems to
indicate that the duration of the constant L, phase may be longer than originally
believed. If correct, this might have severe implications for our umdstanding of
the TNR, mass ejection during the outburst, and the processes$ accretion and
reestablishment of the accretion disk. Unfortunately, it is someties di cult to
procure observing time on X-ray capable observatories. It wouldebuseful then
to identify an alternative means by which one can determine whetheZNe are
in a SSS state in cases where X-ray observations are unavailabler &gample,
is [Fe X] 6375A emission always an indicator of an underlying SSS? Finally,
what role does the underlying X-ray and UV source of illumination play ro the
processing of dust in the ejecta?

Much closer to home, CN are thought to have played a role in seedinfget
pre-solar nebula with metals dredged up from the WD and processkbg the TNR
(Jos et al. [2004;| Pepin et al. 2010). Presolar SiC grains isolatedifn meteoric
inclusions have been identi ed as originating in the outbursts of maise ONe
CNe. Some of these grains have been found to have @/ **C and **N/ N ra-
tios with high 26Al/ 2”Al ratios matching predictions for CNe (Amari et al. 2001).
Analysis of other inclusions have found isotopit?C/ 13C, 1*N/ *°N, and ?°Ne/?’Ne
ratios that are more consistent with a CO nova origin (Heck et al. 200). Though
a recent study has called into question the attribution of these gnas to CNe
(Nittler & Hoppe|2005), it seems likely that CNe were at least a secoady con-
tributor to the metal and dust content of the presolar nebula.

This problem is closely associated with the questions surrounding ddisrma-
tion in CNe. Observationally, CNe are known to produce many varietieof dust
in their ejecta. Due to the rapid rate of condensation (of order hos to days)
and the relatively short timescales on which the dust is subsequentprocessed
and disseminated into the surrounding ISM (months to years), stlies of dusty
CNe provide insight into each stage of dust formation and procesgim real time.
They are e ectively live science laboratories in which we can explore stuphysics
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under astronomical conditions. Conducting detailed observatiornsf dusty novae
throughout their evolution leads to a better understanding of molale formation
and the subsequent formation of nucleation sites and procességmin condensa-
tion. Diligently following the evolution of the dust reveals the procegs by which
the dust is modi ed by the ambient radiation eld and allows an estimatia of
the CNe contribution of dust grains to the ISM and presolar nebula.

This thesis seeks to answer some of the above questions about @Malution
and physics, dust condensation and distribution, and the applicatioof CNe to
other, broadly ranging areas of astrophysics through an expldinze examination
of CNe during multiple stages in their outburst in the optical and IR rgimes. In
Chapter[2, | provide a brief overview of our CNe observational cgrmigns under-
taken in the IR with both the Spitzer Space Telescopend the Gemini Observato-
ries, and in the optical with the 90" Bok Telescope. | also brie y menbn the other
collaborative observational projects in which our research group participating.
In Chapter [3 | present detailed analysis of the classical nova V10&entauri
(Nova Cen 2007). The data presented encompass nearly all stagdé evolution
discussed above and rely heavily upon observations in the opticalM8B8RTS)
and infrared (Spitzer and Gemini), supplemented by X-ray and UV observations
(Swift). In Chapter @, | examine the spectra of old novae taking advangge of the
high sensitivity and spectral resolution of theSpitzer Space Telescop® explore
guestions surrounding the late stages of CNe evolution, many ysafter eruption.
In Chapter 5, | present analysis of the dusty nova DZ Cru along witmitial anal-
ysis of V2362 Cyg and V2361 Cyg observed wiBpitzer. These targets have been
found to exhibit highly atypical dust features. | examine their IR sgctroscopic
characteristics in detail and attempt to identify the nature of thecarrier for the
emission. Finally, in Chapter[6, | summarize the results of the work psented
in this thesis. | also provide a short discussion of ongoing projectsvatving the
extensive observational data set obtained as part of my thesis tkoand discuss
future observational strategies to explore remaining questions.



Chapter 2

The UMN Nova Program

2.1 Program Overview

Our understanding of CNe eruptions is limited by access to time resely, panchro-
matic spectra. Without adequate temporal and spectral covege, it is impossible
to accurately assess the dynamical evolution of the TNR, the chgimg structure
of the ejected shell, or the processes of dust grain growth andsttection. In or-
der to achieve the thesis goals outlined in Chaptéi 1 above, | havedmeinvolved
in a long-term, multiwavelength observational campaign using th8pitzer Space
Telescope the Gemini observatories, the Bok 90" (2.29-m) optical telescepand
the Swift GRB telescope. | have also actively collaborated with the The Stony
Brook / SMARTS Spectroscopic Atlas of Southern Hemisphere Noganitiative.
Other collaborators have obtained data at the Lick Observatoryrad the IRTF.
The data obtained as part of this project allows a detailed examinatmo of
the CN phenomenon. Analysis of changing emission line structure anelative
strengths provide important clues to the distribution, temperatue, density, and
dynamics of the expanding ejecta, which can be modeled using the @lg07 pho-
toionization code (Ferland et al. 1998). Early hydrogen recombiniain line spectra
reveal the initial ionization state of the shell while later observatios of nebular
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and coronal lines prominent in the mid-IR, such as Ne, Ar, and S, gi\gecta tem-
peratures, densities, and relative abundances. The individual linegles exhibit
the ejecta geometry and degree of clumpiness (Shore et al. 2008pdward et al.
1995). IR observations provide insight into the dust production inhe ejecta.
Since silicates and PAH-like molecules have prominent emission featifeom
8 13 m and hot, optically thick dust emits a blackbody-like continuum that
initially appears in the near-IR, modeling of the IR spectral energyistribution
(SED) using the DUSTY radiative transfer code/(lvezc et all 199) provides con-
straints to the dust composition, grain size distribution, dust temprature, and
mass.

As part of this campaign, we have observed nearly 59 di erent nogan the
optical and the infrared. Five targets were not detected. Of thebjects observed
in our sample, there were 49 classical novae, 6 recurrent novaejv@arf novae,
and 2 symbiotic novae. At least one object, GK Per, has exhibited @stions
characteristic of both a classical nova and a dwarf nova. This theonly discusses
the classical novae sample.

The classical novae in the sample encompassed a variety of clastest, and
slow, dusty and dust free, throughout many di erent stages of @velopment. Of
the novae observed, 13 fell into the \very fast" speed class|of @a@schkin (19577),
15 were \fast,” 5 were \moderately fast,” 2 were \slow," and 14 weref unknown
speed class. The lack of speed classi cation in these latter objewstass due to poor
sampling of their light curves or to their relative youth at the time of this writing.
Further, 16 novae in our sample showed clear indications of dust feation, and
of those, 5 also exhibited UIR emission features. Only 5 objects, inding V2671
Oph, V2615 Oph, V496 Sct, NQ Vul, and V705 Cas, were observed pooduce
CO in their ejecta. Caution should be exercised when drawing condluss from
the number of objects in our sample that were observed to prodest CO or dust
in their ejecta. Since the onset of dust condensation varies fromfew days to
nearly 100 days after outburst and since dust formation often owides with a
precipitous drop in the optical light curve, it is likely that many targets in our
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sample either have not yet produced dust but will, or produced dughat was not
detected. Similarly, the stage of formation of CO is often short andias probably
overlooked in some targets.

This program has been highly successful. To date, thgpitzer and optical
data have contributed to nearly 10 refereed publications includingethiled analy-
sis of the 2008 eruption of the recurrent nova RS Ophiuchi (Evaret al!2007&,0;
Ness et al. 2007b), examination of the CO nova V1186 Scorpii (Sehw et al.
2007b), late stage evolutionary analysis of nova QU Vulpeculae (Gelet al.
2008a), and examination of UIR features in CNe such as V2362 Cy@mnd DZ
Crucis (Lynch et al.|2008b] Evans et al. 2010b, respectively). Mamtargets were
observed very early after outburst revealing time sensitive clues the nature of
their evolution. These observations have led to the publication of muerous cir-
culars intended to notify the greater CNe observing community ofritical devel-
opments in these systems. The circulars resulting from this prograinclude pub-
lications on V2491 Cyg |(Helton et al. 2008a), V2671 Oph (Helton et |a2008b),
V2670 Oph (Helton et al. 2008c), V1721 Agl (Helton et al. 2008d; Hasell et al.
2010b), V1280 Scao (Ness et ial. 2009), V2468 Cyg (Schwarz et @09, and V5586
Sgr (Helton et al.|2010a).

A brief summary of the observations obtained as part of this progm is pro-
vided here. The log ofSpitzer observations is given in Tabld_2]1 and optical
observations in Tabld Z.P. Tablé 2]3 provides basic properties of altgats in the
observational program derived from the literature and from our laservations.

2.2 Infrared Observational Program

The core of our infrared observational program consisted of @dabbtained with
the Spitzer Space Telescope (Werner et al. 2004; Gehrz etlal. 20038pitzer data
acquisition was conducted using two observational strategies, em Target-of-
Opportunity (ToO) program and the other a monitoring program. These data
were supported by supplementary observations using the Geminel€scopes and
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the Large Binocular Telescope (LBT).

Early mid-IR studies of CNe relied primarily on narrow band photomety,
which approximated very low resolution spectra. Though critical fothe develop-
ment of our understanding of the IR behavior of CNe, these obsations failed to
reveal weak emission lines or to provide information about emission lisgucture
Gehrz (2008Db). A key advancement in our understanding of the IRevelopment
of CNe was obtained through a coordinated observational campaigising the
Infrared Space Observatory (ISO; Kessler et al. 1996). 1SO alled/ spectroscopic
observations to be made from 2.4 to 200 m with relatively high spectral resolu-
tion,R= = rangingfrom 200to 35 000 depending upon the instrumental
setup used|(Clegg et al. 1996; de Graauw et/al. 1996). The ISO CNiservations
provided fresh insight into the development of conditions in the eje& during the
nebular and coronal stages (e.d., Gehrz etlal. 1997; Lvke et al. 2))&llowed new,
more accurate determination of CNe abundances (Lyke et/ al. 20(®003a), and
revealed the critical importance of using panchromatic observatis to constrain
abundance models of the ejecta (Lyke 2003b). Unfortunatelyud in part to poor
target availability, fewer than 10 CNe were able to be observed usit§O and most
of these observations had poor temporal coverage amountinglyoto snapshots
of the IR development (e.g., Lyke 2003b). Further, there was a garising dearth
of dust producing sources observed as part of the ISO campai¢gpalama et al.
1998).

Our Spitzer CNe ToO and monitoring campaigns are the next step in our e ort
to develop a comprehensive understanding of the CN outburst aritd impact on
its local environment. In contrast to previous observational e ds, the Infrared
Spectrograph (IRS) on boardSpitzer obtained data with mJy sensitivity at mod-
erate resolution (up to R 600) allowing the examination of weak emission lines
as well as emission line structure in targets both young (a few 10sddys) and
old (10+ years). Many objects in the program were observed fromitial outburst
through the late stages of their development with semi-regular cerage for over
3-4 years. The data obtained in ouSpitzer CNe ToO and monitoring campaigns
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amounts to the most comprehensive, quality mid-IR data set obtagd on CNe to
date. Taken as a whole, these data provide a uniform basis for atstical exami-
nation of the IR development of CNe. A summary of th&pitzer data obtained as
part of this program is provided in Table[Z.1l. Full details of the data aguisition
and reduction for the individual targets presented in this thesis & provided in
subsequent chapters.

Details of the observations varied by target, by epoch, and by obwational
program. Targets were observed using the short wavelength:Z5 145 m),
low-resolution module (SL), the long wavelength (14 385 m), low-resolution
module (LL), short wavelength (99 195 m), high-resolution module (SH),
and the long wavelength (1& 37:2 m), high resolution module (LH). The
resolution of the low resolution modules ranged froR = = 60 128. The
high resolution modules hadR  600. In most cases, the target was acquired
using the peak-up array. Upon acquisition in the peak-up array, th centroid of
the source was calculated and the source was o set into position Wi the slit.
For some observations, the source was too faint to use peak-upag positioning.
In these cases, the targets were positioned in the slit using the rawinting of
the telescope. In all cases, the target was nodded along the slih the case of
the low-resolution modules, this allowed the sky to be removed thrgh a simple
subtraction of the two nod positions. The PSF nearly lled the high-esolution
slits, preventing sky subtraction of the high resolution data usinghe di erent not
positions alone. Instead, for most of the high resolution observanhs, separate
follow-on sky frames were obtained of a eld near to the source. &he frames
were median combined and subtracted from the on-source data dddition, to the
problems with sky subtraction, nodding of the high resolution modueresulted
in partial ux losses preventing rigorous absolute ux calibration ofthese data.

The details of the data reduction varied by source. The generalgredure was
as follows. Bad pixels in the IRS Basic Calibrated Data (BCD) productsvere
identi ed using bad pixel masks provided in the calibration data setsral were
corrected using a linear interpolation scheme. The data were nodostacted (low
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resolution) or sky subtracted (high resolution) to remove the b&ground ux.
The spectra were then extracted using Spice program, provided lhe Spitzer
Science Center, using the default point source extraction widthslhe extracted
spectra were then combined using a weighted mean. In some caskda were

cleaned visually and defringed if needed.
A log of the Spitzer observations is provided in Tablé2]1 below.

Table 2.1: Spitzer Target Details

Target PID2  Date (UT) AOR P Modules®

V723 Cas 30076 2006 Sep 17  17732608/7728 SL,SH,LH/LH
40060 2007 Sep 04  22268416/8672 SL,SH,LL,LH/SH,LH

GK Per 00124 2004 Mar 01 5028608 SL,SH,LH

V574 Pup 02333 2005 Mar 20 10274560/5072 SL,SH,LH/SH,LH
02333 2005 Apr 16  10276096/6864 SL,SH,LH/SH,LH
02333 2005 Nov 15 10276352/7120 SL,SH,LH/SH,LH
20262 2006 Apr 16  14475776/7056  SL,SH,LL,LH/SH,LH
20262 2006 May 14 14476032 SL,SH,LL,LH
20262 2006 May 25 14476288 SL,SH,LL,LH
30076 2007 May 03 17731328/6448 SL,SH,LH/LH
30076 2007 Dec 07 17731584/6704 SL,SH,LH/LH
40060 2007 Dec 17  22267136/7392 SL,SH,LH/SH,LH
30076 2008 Apr 25 17731840/6960 SL,SH,LH/LH

V382 Vel 00122 2004 Feb 21 5021696 SL,SH,LH
30076 2007 Mar 26  17733120/8240 SL,SH,LH/LH
40060 2008 Feb 25  22269440/9696  SL,SH,LL,LH/SH,LH

V1065 Cen 30007 2007 Mar 08 17677568/7824 SL,SH,LL,LH/SH,LH
30007 2007 Mar 18 1768080/8336  SL,SH,LL,LH/SH,LH
30007 2007 Mar 26 17679616/9872 SL,SH,LL,LH/SH,LH
30007 2007 Jun25 17683200/3456 SL,SH,LL,LH/SH,LH
40060 2007 Aug 30 22265088/5344  SL,SH,LL,LH/SH,LH
40060 2008 Feb 25  22265600/5856 SL,SH,LL,LH/SH,LH
40060 2008 Jul 02 22270976/1232 SL,SH,LL,LH/SH,LH
50011 2008 Jul 02 25192960/3216 SL,SH,LL,LH/SH,LH

Continued on Next Page...



Table 2.1 { Continued

Target PID2  Date (UT) AOR P Modules®
50011 2008 Sep 02  25198080/8336  SL,SH,LL,LH/SH,LH
50011 2009 Feb 22  25201408/1664 SL,SH,LL,LH/SH,LH
DZ Cru 40060 2007 Sep 06 22269952/70208 SL,SH,LL,LH/SH,LH
30076 2008 Feb 25 17734912/40032  SL,SH,LL,LH/LH
30076 2008 Sep 06 17735168/40288  SL,SH,LL,LH/LH
T CrB 40060 2007 Aug 30  22258944/9200  SL,SH,LL,LH/SH,LH
V1280 Sco 30007 2007 Apr 17  17680128/0384  SL,SH,LL,LH/SH,LH
30007 2007 May 03 17681664/1920  SL,SH,LL,LH/SH,LH
40060 2007 Sep 06  22270464/0720  SL,SH,LL,LH/SH,LH
40060 2008 May 06 22271488/1744  SL,SH,LL,LH/SH,LH
50011 2008 Sep 14  25190912/1168 SL,SH,LL,LH/SH,LH
50011 2008 Oct 04  25196032/6288  SL,SH,LL,LH/SH,LH
V1186 Sco 02333 2004 Aug 27 10273536 SL,SH,LH
02333 2004 Aug 29 10273792 SL,SH,LH
02333 2004 Aug 31 10274048 SL,SH,LH
02333 2005 Mar 21 10274304 SL,SH,LH
02333 2005 Mar 21 20175328 SL,SH,LH
20262 2006 Mar 22  14474240/6544  SL,SH,LL,LH/SH,LH
20262 2006 Apr 25 14474496 SL,SH,LL,LH
40060 2007 Oct 01  22264064/4320  SL,SH,LH/SH,LH
30076 2007 Oct15  17730560/5680  SL,SH,LH/SH,LH
30076 2008 Apr 25 17730816/5936 SL,SH,LH/LH
30076 2008 Oct 04  17731072/6192 SL,SH,LH/LH
V1187 Sco 02333 2004 Sep 28 10274816 SL,SH,LH
02333 2005 Mar 21  10275584/5840 SL,SH,LH
20262 2006 Apr 22  14475008/6800  SL,SH,LL,LH/SH,LH
30076 2007 Sep 30  17730304/5424 SL,SH,LH/LH
40060 2007 Oct 01  22264576/4832  SL,SH,LH/SH,LH
V2615 Oph 50011 2008 Oct 02  25193984/4240 SL,SH,LL,LH/SH,LH
50011 2009 Apr 21  25199104/9360 SL,SH,LL,LH/SH,LH
V378 Ser 40060 2007 Oct 03  22266112/6368 SL,SH,LL,LH/SH,LH
30076 2007 Oct 15  17734144/9264 SL,SH,LH/LH

Continued on Next Page.. .
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Table 2.1 { Continued

Target PID2  Date (UT) AOR P Modules®
40060 2008 Apr 21  22266624/6880 SL,SH,LL,LH/SH,LH
30076 2008 Apr 25  17734400/9520 SL,SH,LH/LH
50011 2008 Oct 02  25191424/1680 SL,SH,LL,LH/SH,LH
30076 2008 Oct 04  17734656/9776 SL,SH,LH/LH
50011 2008 Oct 18  25196544/6800 SL,SH,LL,LH/SH,LH
RS Oph 00270 2006 Apr 16  17057024/7280  SL,SH,LL,LH/SH,LH
00270 2006 Apr 26  17056768/7792  SL,SH,LL,LH/SH,LH
00270 2006 Sep 10  17058560/7536  SL,SH,LL,LH/SH,LH
00270 2006 Oct 17  17058304/8048  SL,SH,LL,LH/SH,LH
30007 2007 Apr19 17681152/1408 SL,SH,LL,LH/SH,LH
30007 2007 Sep 30  17682688/2944  SL,SH,LL,LH/SH,LH
40040 2007 Oct 03  22259456/60244 SL,SH,LL,LH/SH,LH
40060 2008 Apr 26 22259968/60224 SL,SH,LL,LH/SH,LH
50011 2008 Oct 02  25193472/3728 SL,SH,LL,LH/SH,LH
50011 2009 Apr29 25198592/8848 SL,SH,LL,LH/SH,LH
V745 Sco 40060 2007 Oct 01  22260992/1248 SL,SH,LL/SH
V5558 Sgr 50011 2008 Oct 02  25195520/5776  SL,SH,LL,LH/SH,LH
50011 2009 Apr 29  25200640/0896 SL,SH,LL,LH/SH,LH
V5116 Sgr 50011 2008 Oct 04  25195008/5264  SL,SH,LL,LH/SH,LH
50011 2009 Apr29 25200128/0384  SL,SH,LL,LH/SH,LH
V3890 Sgr 40060 2007 Oct 11 22260480/0736 SL,SH,LL/SH
V1494 Agl 00122 2004 Apr 14 5022464 SL,SH,LH
30076 2007 Jun 08  17732864/7984 SL,SH,LH/LH
40040 2007 Oct 12 22268928/9184  SL,SH,LL,LH/SH,LH
NQ Wul 00124 2004 Apr 16 5040384 SL,SH,LH
V458 Vul 50011 2008 Jul 06  25194496/4752  SL,SH,LL,LH/SH,LH
50011 2008 Nov 11  25199616/9872  SL,SH,LL,LH/SH,LH
V2361 Cyg 02333 2005 May 23 10278144 SL,SH,LH
02333 2005 Jun 06 10278400 SL,SH,LH
00124 2005 Oct19  15865600/5344  SL,SH,LL,LH/SH,LH
30076 2007 Jun 08  17733376/8496 SL,SH,LL,LH/LH
30076 2007 Oct 03  17733632/8752 SL,SH,LL,LH/LH

Continued on Next Page.. .
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Table 2.1 { Continued

Target PID2  Date (UT) AOR P Modules®
40060 2007 Oct 10  22263040/3296  SL,SH,LL,LH/SH,LH
30076 2007 Dec 06  17733888/9008 SL,SH,LL,LH/LH
40060 2008 Jun 04  22263552/3808 SL,SH,LL,LH/SH,LH
QU wul 00124 2004 May 11 5044992 SL,SH,LH
V2467 Cyg 30007 2007 Jun 08 17686272/6528 SL,SH,LL,LH/SH,LH
30007 2007 Jun 26  17686784/7040 SL,SH,LL,LH/SH,LH
50011 2008 Jul 07  25192448/2704  SL,SH,LL,LH/SH,LH
50011 2008 Nov 06 25197568/7824 SL,SH,LL,LH/SH,LH
V1974 Cyg 00124 2003 Dec 17 5043968 SL,SH,LH
30076 2006 Oct 18  17732096/7216 SL,SH,LH/LH
40060 2007 Aug 30 22267648/7904  SL,SH,LH/SH,LH
V2362 Cyg 30007 2006 Dec 13  17678592/8848  SL,SH,LL,LH/SH,LH
30007 2006 Dec 24  17679104/9360 SL,SH,LL,LH/SH,LH
30007 2007 Jun 22  17680640/0896 SL,SH,LL,LH/SH,LH
40060 2007 Sep 06  22261504/1760 SL,SH,LL,LH/SH,LH
40060 2007 Nov 02  22262016/2272  SL,SH,LL,LH/SH,LH
40060 2008 Jul 08  22262528/2784  SL,SH,LL,LH/SH,LH
50011 2008 Jul 09  25191936/2192 SL,SH,LL,LH/SH,LH
50011 2008 Nov 11  25197056/7312 SL,SH,LL,LH/SH,LH
V1500 Cyg 00124 2003 Dec 17 5047040 SL,SH,LH
V1668 Cyg 00124 2003 Dec 15 5047552 SL,SH,LH
V705 Cas 00124 2004 Jul 17 5049088 SL,SH,LH
30076 2007 Sep 01  17732352/7472 SL,SH,LH/LH
40060 2007 Aug 30 22268160 SL,LL

aProgram Identi cation Number { 00122 - Pl R.D. Gehrz; 00124 - PI
R.D. Gehrz; 00270 - Pl A. Evans; 02333 - Pl C.E. Woodward; 20262 PI
A. Evans; 30007 - PI C.E. Woodward; 30076 - Pl A. Evans; 40060 - PA.

Evans; 50011 - PI C.E. Woodward
bAstronomical Observation Request { Target/Background
®Modules { Target/Background { SL = Short-Low; SH = Short-High; LL

= Long-Low; LH = Long-High

26
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2.3 Optical Observational Program

Optical observations were obtained at the Steward ObservatoBok 90" Telescope
as part of a long running guaranteed time program consisting of 23 night of

grey-time each trimester. Observing time was obtained through ¢éhUniversity of
Minnesota's membership in the Research Corporation and its partrehip with the

University of Arizona, Steward Observatory, and the Large Binadar Telescope
consortium.

The observations were made using the Boller & Chivens Spectroghagpt /9
Ritchey-Chretien focus in one of six di erent observing modes, lalsel \Blue,"
\Red," \HR Blue,"” \HR Red," \H 1" and \H 2." The Blue set-up utilized
the 400 line/mm 1% order grating with the UV36 blocking Iter to prevent order
contamination. The spectral coverage was from 3600 to 6750A at a spectral
resolution of roughly 2.8Anpixel. The Red set-up was identical but with the
grating centered near 760@\ providing coverage from 6000 to 9250A. For
the Red set-up, the Y48 blocking Iter was used. The HR Blue and HR & set-
ups both used the 1200 limanm 1%t order high resolution grating. The HR Blue
set-up was centered near 4448, and the HR Red set-up was centered near 6060
A. In both cases, the spectral coverage was 1185t a resolution of 1.0Anpixel.
The UV36 Iter was used for both. The H 1 set-up used the 600 limanm 15
order grating at a central wavelength of 657\ and coverage of 2300A at
a resolution of 1.9Anpixel. An alternative H 2 set-up used the 1200 limenm
15t order grating providing 1185A coverage at a resolution of 1.@npixel, again
centered at H . Both H set-ups used the Y48 blocking lter.

Bias, dark, and at elds were obtained each night. Flat elding was performed
using continuum arc lamps and, in some cases, dome ats. Prefectenwvas given
to continuum lamps due to the greater consistency in the illumination fothe
CCD. Red observations at wavelengths beyond 7700A were subject to fringing
e ects arising at the CCD that were unable to be corrected by at elding. The
e ect of this fringing on the data depended upon the target positio on the sky
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and the target intensity. Wavelength calibration was performed usg He-Ar-
Ne calibration lamps at each target position. Spectroscopic standhstars were
observed throughout each night over a range of airmasses. Thanslard stars
selected varied based upon seasonal variation in visibilities, and inckdad Wolf
1346, BD+28 4211, HD 192281, HD 188350, Feige 34, Feige 66, arty& 67.
Data reduction was performed in IRAF following standard optical d& reduction
procedures.

A log of the optical observations is provided in Table212 below.

Table 2.2: Bok 90" Target Details

Target Date (UT) Coverage Grating Notes
V723 Cas 2006 Apr 27 Blue 400
2006 Apr 28 Blue 400
2006 Sep 29 Blue 400
2007 Oct 19 Blue 400 Full night
2007 Oct 20 Blue 400 Full night
2008 Sep 22 Blue 400
2008 Sep 22 H1 600 Full night
2008 Sep 23 H1 600 Full night
2008 Sep 24 H1 600 Full night
2010 Jul 04 Blue/Red 400
V466 And 2008 Sep 22 Blue 400
2008 Sep 23 Red 400
2008 Sep 24 Red 400
2008 Nov 28 Blue 400 Weak detection
2009 Jul 12 Blue 400 Null detection
CSS 081007:030559
+054715 2008 Nov 28 Blue 400
2009 Jul 12 Blue 400 Weak detection
CSS 100217:102913
+404220 2010 Apr 24 Blue 400
V1311 Sco 2010 Apr 26 Blue/Red 400

Continued on Next Page...
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Target Date (UT) Coverage Grating Notes
V1281 Sco 2008 Jun 27 Blue 400

2009 May 07 Blue 400 Null detection
V1280 Sco 2008 Jun 25 Blue 400

2008 Jun 27 Blue 400

2009 May 07 Blue 400

2009 May 08 Red 400

2009 Jun 22 Blue 500 MMT Blue Channel

2009 Jul 13 Blue 400

2010 Apr 24 Blue 400

2010 Apr 26 Red 400

2010 Jul 04 Blue 400

2010 Jul 05 Red 400

2010 Jul 06 H 2 1200
V1310 Sco 2010 Apr 24 Blue 400

2010 Apr 25 Red 400
V1186 Sco 2008 Jun 27 Blue 400

2009 May 09 Blue/Red 400 Weak detection
V2674 Oph 2010 Apr 24 Blue 400

2010 Apr 26 Red 400

2010 Jul 04 Blue 400

2010 Jul 05 Red 400
V1187 Sco 2008 Jun 27 Blue 400 Weak detection
V2487 Oph 2008 Jun 27 Blue 400

2009 May 07 Blue 400 Null detection
V2575 Oph 2007 Apr 26 Blue 400

2007 May 09 Blue 400
V2671 Oph 2008 Jun 27 Blue 400

2009 May 07 Blue 400
V2673 Oph 2010 Apr 24 Blue 400

2010 Apr 26 Red 400

2010 Jul 04 Blue 400

2010 Jul 05 Red 400

Continued on Next Page...
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Target Date (UT) Coverage Grating Notes
2010 Jul 06 HR Blue 1200
V2670 Oph 2008 Jun 24 Blue 400
2008 Sep 23 Blue 400
2008 Sep 24 Red 400
2009 May 07 Blue 400
2009 May 08 Red 400
2009 Jul 11 Blue 400
V5581 Sgr 2009 May 07 Blue 400
2009 May 08 Red 400
2009 Jul 11 Blue 400
V5582 Sgr 2009 Jul 11 Blue 400
2009 Jul 14 Red 400
2010 Apr 24 Blue 400
2010 Jul 04 Blue 400
2010 Jul 05 Red 400
2010 Jul 06 H 1200
V378 Ser 2009 Jun 24 Blue 400 Null detection
RS Oph 2006 Sep 28 Blue 400
2006 Sep 30 Blue 400
2007 Apr 25 Blue 400
2007 May 09 Blue 400
2007 May 10 Blue 400
2008 Jun 25 Blue 400
2008 Sep 25 H1 600/1200
2009 May 07 Blue 400
2009 May 08 Red 400
2009 Jul 13 Blue 400
2009 Jul 14 Red 400
2010 Apr 25 Blue 400
2010 Jul 05 Red 400
V5586 Sgr 2010 Apr 25 Blue/Red 400
2010 Jul 03 Blue 400

Continued on Next Page...
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Target Date (UT) Coverage Grating Notes
V1309 Sco 2008 Sep 23 Blue 400
2008 Sep 24 Red 400
2009 May 07 Blue 400 Null detection
V5579 Sgr 2008 Apr 28 Blue/Red 400
2009 May 07 Blue 400 Weak detection
2009 May 08 Red 400 Weak detection
V5583 Sgr 2010 Apr 24 Blue 400
2010 Jul 04 Blue 400
2010 Jul 05 Red 400
2010 Jul 06 HR Blue 1200
V5585 Sgr 2010 Apr 25 Blue 400
2010 Apr 26 Red 400
2010 Jul 04 Blue 400
2010 Jul 05 Red 400
2010 Jul 06 HR Blue 1200
V5558 Sgr 2008 Apr 27 Blue 400
2008 Jun 26 Blue 400
2008 Jun 28 Red 400
2008 Sep 23 Blue 400
2008 Sep 24 Red 400
2009 May 07 Blue 400
2009 May 08 Red 400
2009 Jul 11 Blue 400
2009 Jul 14 Red 400
2010 Jul 03 Blue 400
2010 Jul 05 Red 400
2010 Jul 06 HR Red 1200
V5116 Sgr 2008 Apr 27 Blue 400
V5580 Sgr 2009 May 07 Blue 400
2009 May 08 Red 400
V3890 Sgr 2007 May 09 Blue 400
V5584 Sgr 2010 Apr 24 Blue 400

Continued on Next Page...
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Target Date (UT) Coverage Grating Notes
2010 Jul 05 Red 400
V496 Sct 2010 Apr 24 Blue 400
2010 Apr 26 Red 400
2010 Jul 05 Red 400
V358 Lyr 2009 May 08 Blue 400 Null detection
V4743 Sgr 2006 Sep 29 Blue 400
V1721 Adl 2008 Sep 25 Blue/Red 400
2009 May 07 Blue 400 Null detection
V1722 Aql 2010 Apr 25 Blue 400
2010 Jul 04 Blue 400
2010 Jul 05 Red 400
BF Cyg 2006 Sep 27 Blue 400
2006 Sep 29 Blue 400
2006 Sep 30 Blue 400
V2491 Cyg 2008 Apr 27 Blue 400
2008 Apr 28 Red 400
2008 Jun 24 Blue 400
2008 Jun 27 Blue/Red 400
2008 Sep 22 Blue 400
2008 Sep 23 Red 400
2008 Sep 24 Red 400
2009 May 07 Blue 400 Weak detection
2009 May 08 Red 400 Weak detection
2009 Jul 12 Blue 400 Weak detection
V459 Vul 2008 Apr 27 Blue 400
2008 Apr 28 Red 400
2008 Jun 24 Blue 400
2008 Jun 28 Red 400
2008 Sep 22 Blue 400
2008 Sep 23 Red 400
2008 Sep 24 Red 400
2009 May 07 Blue 400

Continued on Next Page...



Table 2.2 { Continued

33

Target Date (UT) Coverage Grating Notes
2009 May 09 Red 400
2009 Jul 12 Blue 400
2009 Jul 13 Red 400
2010 Apr 25 Blue 400
2010 Jul 05 Red 400
Cl Cyg 2008 Sep 22 Blue 400
2008 Sep 23 Red 400
2008 Sep 24 Red 400
V458 Vul 2007 Oct 19 Blue 400
2008 Apr 27 Blue 400
2008 Apr 28 Red 400
2008 Jun 24 Blue 400 Null detection
V2468 Cyg 2008 Apr 27 Blue 400
2008 Apr 28 Red 400
2008 Jun 24 Blue 400
2008 Jun 27 Red 400
2008 Sep 22 Blue 400
2008 Sep 23 Red 400
2008 Sep 24 Red 400
2009 May 07 Blue 400
2009 May 08 Red 400
2009 Jul 12 Blue 400
2010 Apr 25 Blue 400
2010 Apr 26 Red 400
2010 Jul 03 Blue 400
2010 Jul 04 Red 400
2010 Jul 06  HR Blue/HR Red 1200
V2361 Cyg 2006 Sep 27 Blue 400
2006 Sep 28 Blue 400
2006 Sep 29 Blue 400
2007 Apr 26 Blue 400
2007 May 09 Blue 400

Continued on Next Page...
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Target Date (UT) Coverage Grating Notes
2007 Oct 20 Blue 400
V2467 Cyg 2007 Apr 25 Blue 400
2007 May 09 Blue 400
2007 Oct 19 Blue 400
2008 Apr 27 Blue 400
2008 Apr 28 Red 400
2008 Jun 24 Blue 400
2008 Jun 27 Red 400
2008 Sep 22 Blue 400
2008 Sep 23 Red 400
2008 Sep 24 Red 400
2009 May 07 Blue 400
2009 May 08 Red 400
2009 Jul 12 Blue 400
2010 Apr 25 Blue 400
2010 Jul 03 Blue 400
2010 Jul 04 Red 400
2010 Jul 06  HR Blue/HR Red 1200
V1974 Cyg 2006 Sep 28 Blue 400
2006 Sep 30 Blue 400
2007 Oct 20 Blue 400
2008 Sep 22 Blue 400
2008 Sep 23 Red 400
2008 Sep 24 Red 400
V2362 Cyg 2006 Sep 30 Blue 400
2007 Apr 25 Blue 400
2007 Apr 26 Blue 400
2007 Apr 27 Blue 400
2007 May 10 Blue 400
2007 Oct 19 Blue 400
2008 Jun 26 Blue 400
2008 Jun 28 Red 400

Continued on Next Page...
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Target Date (UT) Coverage Grating Notes
2008 Sep 22 Blue 400
2008 Sep 23 Red 400

2008 Sep 24 Red 400




Table 2.3: Optical Target Details

Equatorial Coordinates Extinction t o to t3 Notes &
Target RA DEC E(B-V) 2 (UT) mv.max (Days) (Days) Dust? © Referenced
V723 Cas® 01:05:05.37  +54:00:40.5 0.6 1995 Dec. 16 7.1 ? 170 No 1,2,3
V466 And 02:00:25.40  +44:10:18.7 0.088 2008 Sept. 1.6 12.7 n/a n/a n/a D,4,5
CSS 081007 03:05:59 +05:47:15 0.146 2008 Sep 07 15.3 ? ? ? 6,7
GK Per 03:31:11.82 +43:54:16.8 0.354 1901 Feb 22 0.2 7 13 No D .8
V574 Pup 07:41:53.76  -27:06:36.9 0.512 2004 Nov 22.7 6.9 13 58 No 9,10,11,12
V382 Vel 10:44:48.37  -52:25:30.6 < 0:114 1999 May 23 2.3 4.5-6 9-12.5 No 13,14,15,16
V1065 Cen 11:43:10.33  -58:04:04.3 0.53° 2007 Jan 21.0 7.6 11 26 Yes 17,1819
DZ Cru 12:23:16.20  -60:22:34.0 1.1% 2003 Aug 20 9.2 15 ? Yes,UIRs 20,2122
T CrB 15:59:30.16  +25:55:12.6 0.11 2 1946 Feb 9.4 3 6 8 No R,23,24
V1311 Sco 16:55:13.16  -38:03:46.9 1.314 2010 Apr 26.3 8.6 ? ? 25
V1281 Sco 16:56:59.35  -35:21:50.2 0.894 2007 Feb 22.7 9.1 ? ? 7 26,27
V1280 Scc® 16:57:40.91  -32:20:36.4 0.78 2007 Feb 16.7 3.8 21.3 34.3 Yes,UIRs 27,28,29,3031
V1310 Sco 17:06:07.53  -37:14:27.4 2.297 2010 Feb 20.9 13 ? ? ? 32
V1186 Scc® 17:12:51.28  -30:56:37.6 0.45° 2004 Jul 8.8 9.6 20 45-70 No 33,3435
V2576 Oph 17:15:33.00  -29:09:39.9 0.25%7 2006 Apr 9.5 9.3 18 32 ? 36,37
V2674 Oph 17:26:32.19  -28:49:36.3 0.7%° 2010 Feb 21.2 9.3 18 31 ? 38,39
V1187 Scc® 17:29:18.81  -31:46:01.5 1.560 2004 Aug 3.6 7.4 < 87 < 15 No 40,41
V2487 Oph 17:31:59.8 -19:13:56 0.38% 1998 Jun 15.6 10.0 6.3 8.3-9.5 No R?,42,43,44,45
V2575 Oph 17:33:13.06  -24:21:07.1 1.42-1.57:48 2006 Feb 12.3 11.1 30 63 No 46,47,48
V2671 Oph 17:33:29.67  -27:01:16.4 2.0°0 2008 Jun 2.2 12.8 ? ? co 49,5051
V2673 Oph 17:39:40.9 -21:39:50.5 0.7%4 2010 Jan 18.3 8.4 10 235 ? 52,53,54
V2670 Oph 17:39:50.93  -23:50:00.9 1.36 2008 May 26.3 10.3 7 42 2 No 55,56,57,58,59
V2615 Oph 17:42:44.00  -23:40:35.1 0.442 2007 Mar 28.1 85 26.5 485 CO,Yes 60,61,62
V5581 Sgr 17:44:08.48  -26:05:47.37 2.040 2009 Apr 21.7 12 ? ? 63
V5582 Sgr 17:45:05.42  -20:03:22.0 0.775 2009 Feb 239 > 115 ? ? ? 64,65
V378 Ser 17:49:24.57  -12:59:59.2 0.747 2005 Mar 21.4 11.8 44 90 ? 66,67,68
RS Oph® 17:50:13.20  -06:42:28.48 0.747 2006 Feb 12.8 45 4.6-7.9 9 Yes? R,68,8,69,70,71,30

Continued on Next Page. ..
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Table 2.3 { Continued

Equatorial Coordinates Extinction t ob t2 t3 Notes &
Target RA DEC E(B-v) 2 (UT) mv.max (Days) (Days) Dust? © Referenced
V5586 Sgr 17:53:02.99  -28:12:19.4 4.785 2010 Apr 24.7 14.7 ? ? ? 72,7374
V745 Sco 17:55:22.27  -33:14:58.5 1.17 1989 Jul 30 9:7 5 No R,75,76,77
V1309 Sco 17:57:32.93  -30:43:10.1 0.580 2008 Sep 5.5 7.9 21 25 No 78,79,80
V5579 Sgr 18:05:58.88  -27:13:56.0 1.%3 2008 Apr 23.4 6.6 7 13 Yes 81,82,83
V5583 Sgr 18:07:07.67  -33:46:33.9 0.3%° 2009 Aug 7.6 7.4 45 10 ? 84,85
V5585 Sgr 18:07:26.79  -29:00:42.8 1.847 2010 Jan 22.9 9.0 ? ? ? 86
V5558 Sgre 18:10:18.4 -18:46:51 0.8° 2007 Jul 10.0 6.5 12h > 130 No 87,88,89,90
V5116 Sgré 18:17:50.77  -30:26:31.2 0.242 2005 Jul 04 <8 20 33 No 91,92,93,8,12
V5580 Sgr 18:22:01.39  -28:02:39.8 0.363 2008 Nov 29.0 <8 ? ? ? 94
V3890 Sgr 18:30:43.32  -24:01:08.6 0.558 1990 Apr 27.7 8.5 7 17 No R,95,96
V5584 Sgr 18:31:32.79  -16:19:07.5 0.969 2009 Oct 29.7 9.2 ? Yes 97,98,99
V496 Sct 18:43:45.65  -07:36:41.5 1.469 2009 Nov 19.2 7.1 ? ? ®,Yes 100,101,102,99
V358 Lyr 18:59:32.99  +42:24:12.0 0.103 2008 Nov 23.1 15.9 ? ? ? D?,103,104
V4743 Sgr 19:01:09.38  -22:00:05.8 0.174 2002 Sep 18.3 5.0 9 a Yesd 105,106,107
V1721 Agl 19:06:28.58  +07:06:44.3 3.7% 2008 Sep 22.6 <14 ? ? ? 108109,110
V1722 Agl 19:14:09.73  +15:16:34.7 1.88 2009 Dec 17.7 10.3 ? ? ? 111
V1494 Agl 19:23:05.28 +4:57:21.6 0.6114 1999 Dec 3.4 4.0 6.6 16 No 112,113,114
BF Cyg 19:23:53.51  +29:40:29.22 0.285 2006 Oct 12 9.6 n/a n/a n/a S,115,116
NQ wul 19:29:14.68  +20:27:59.7 0.6-0.9 118 1976 Nov 2.5 6 1 58 CO,Yes 117,118,119
V2491 Cyg 19:43:01.96  +32:19:13.8 0.43122 2008 Apr 11.4 7.5 4.6 ? No R?,120,121,122123
V459 wul 19:48:08.81  +21:15:29.9 1.0126 2007 Dec 27.8 7.6 19 30 Yes 124,125,126
Cl Cyg 19:50:11.83  35:41:03.00 0.45129 2008 Sep 18 9.5 n/a n/a n/a S,127,128,129
V458 \Vul © 19:54:24.3 +20:52:47 0.6131 2007 Aug 10.4 7.7 7 15 No 130,131,132
V2468 Cyg® 19:58:33.4 +29:52:04 0.8135:137 2008 Mar 12.1 8.1 10 18 No 133,134,135,136137
V2361 Cyg®  20:09:19.05  +39:48:52.9 1.2139 2005 Feb 11.8 9.3 6 8 Yes,UIRs 138,139,8
QU wul 20:26:46.03  +27:50:42.3 0.17 142 1992 Feb 22.5 4.4 25 33 Yes 140,141,142,143
V2467 Cyg®  20:28:12.52  +41:48:36.5 1.5144 2007 Mar 15.8 7.4 10 20" No 144,145,146
V1974 Cyg®  20:30:31.66  +52:37:50.8 0.3149 1992 Feb 20.8 4.3 16 42 No 147,148,149,150

Continued on Next Page. ..
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Table 2.3 { Continued

Equatorial Coordinates Extinction t ob t2 t3 Notes &
Target RA DEC E(B-v) 2 (UT) mv.max (Days) (Days) Dust? © Referenced
V2362 Cyg®  21:11:32.35 +44:48:03.66 0.58152 2006 Apr 2.8 7.5 10.5 24 Yes,UIRs 151,152
V1500 Cyg 21:11:36.61  +48:09:01.9 0.51%5 1975 Aug 30.9 1.9 2.4 4.0 No 153,154,155
V1668 Cyg 21:42:35.31  +44:01:55.0 0.38158 1978 Sep 12 6.0 12 24 Yes 156,157,158,159
V705 Cas 23:41:47.25  +57:30:59.7 0.5162 1993 Dec 11 6.5 65 ? CO,Yes,UIRs  160,161,162,163,164

4The reddening is a rough estimate derived from the Schlegel e t al.|(1998) exctinction maps unless indicated otherwise.
PThe to date is reported at m v.max When di erent than the discovery date.
®The presence or absence of dust is indicated. If CO was present in emission, or if UIR features were observed, they too are i ndicated here.

dTargets that are dwarf (D), recurrent (R), or symbiotic nova e (S) are noted. Numbers refer to references as given below. B olded references
indicate publications utilizing data obtained as part of th  is program.
®These data are currently under analysis and will be publishe d elsewhere.

fAtter the initial CN outburst, GK Per began undergoing relat ively frequent dwarf nova outbursts, the most recent of whic h began on 2010
Mar 5 (Evans et al. 2010a).

9The dust observed was likely pre-existing dust illuminated  in the outburst.
P The light curve underwent several strong ares or oscillati  ons making determination of the true t » and t3 times di cult.
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Table 2.4: References for Table 23]

No. Reference No. Reference No. Referencé
1 Hirosawa et al. (1995) 2 Chochol & Pribulla (1997) 3 Gonzale z-Riestra et al. (1996)
4  Yamaoka et al. (2008a) 5 Challis et al. (2008) 6 Pejcha et al. (2008)
7  Prieto et al. (2008) 8 Hachisu & Kato (2007) 9 Nakano et al. (2 _004)
10 Sostero et al. (2004) 11 Siviero et al. (2005) 12 Ness et al. (2007a)
13 Lee et al. (1999) 14  Della Valle et al. (2002) 15 Della Valle et al. (1999)
16  Liller & Jones (2000) 17  Liller et al. (2007a) 18 Liller et a I. (2007b)
19 Helton et al. (2010b) 20 Tabur et al. (2003) 21 Rushton et al. (2008)
22 Evans et al. (2010b) 23 Pettit (1946) 24  Hachisu & Kato (2001)
25 Nishiyama et al. (2010c) 26  Yamaoka et al. (2007) 27 Henden & Munari (2007)
28 Russell et al. (2007a) 29  Munari et al. (2007a) 30 Hounsell et al. (2010a)
31 Ness et al. (2009) 32 Nishiyama et al. (2010a) 33 Pojmanski et al. (2004)
34  Waagen et al. (2004) 35 Schwarz et al. (2007b) 36  Williams et al. (2006)
37 Lynch et al. (2006b) 38 Nakano et al. (2010b) 39 Munari et al . (2010)
40 Yamaoka (2004) 41  Lynch et al. (2006a) 42  Nakano et al. (199 8)
43  Lynch et al. (2000) 44 Liller & Jones (1999) 45 Kato (2002)
46  Pojmanski et al. (2006) 47  Russell et al. (2006) 48 Rudy et a |. (2006a)
49  Nakano et al. (2008e) 50 Rudy et al. (2008c) 51 Helton et al. (2008b)
52  Nakano et al. (2010a) 53  Vollmann (2010) 54  Munari & Dallap _orta (2010)
55  Nishiyama et al. (2008) 56 Russell et al. (2008c) 57 Helton et al. (2008c)
58  Sitko et al. (2008) 59  Poggiani (2009) 60 Nakano et al. (200 7b)
61 Das et al. (2007c) 62  Munari et al. (2008b) 63 Kinugasa et al . (2009a)
64 Sun & Gao (2009) 65 Kinugasa et al. (2009b) 66 Pojmanski et a . (2005)
67 Russell et al. (2005b) 68 Narumi et al. (2006) 69 Hric et al. (2008)
70 Evans et al. (2007a) 71 Evans et al. (2007b) 72  Nishiyama et al. (2010b)
73  Kiyota (2010) 74  Helton et al. (2010a) 75  Liller (1989)
76  Sekiguchi et al. (1990) 77  Harrison et al. (1993) 78 Nakano et al. (2008f)
79  Rudy et al. (2008d) 80 Mason et al. (2010) 81 Nakano et al. (2_008d)
82 Samus et al. (2008) 83 Russell et al. (2008b) 84  Nishiyama et al. (2009a)
85 Hachisu et al. (2009) 86 Kiyota et al. (2010) 87 Nakano et al . (2007c)

Continued on Next Page. ..
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Table 2.4 { Continued

No. Reference No. Reference No. Referencé
88  Munari et al. (2007c) 89 Munari et al. (2007d) 90 Rudy etal. (2007)
91 Liller (2005) 92  Gilmore & Kilmartin (2005) 93 Russell eta |. (2005c)
94  Liller (2008) 95  Kilmartin et al. (1990) 96 Gonzalez-Ries tra (1992)
97 Kabashima et al. (2009) 98 Munari et al. (2009a) 99 Russell et al. (2010)
100 Nakano et al. (2009) 101  Munari et al. (2009b) 102 Rudy et a [. (2009)
103 Henden et al. (2008) 104  Shears et al. (2009) 105 Haseda et al. (2002)
106 Morgan et al. (2003) 107 Nielbock & Schmidtobreick (2003 ) 108 Yamaoka et al. (2008b)
109 Helton et al. (2008d) 110 Hounsell et al. (2010b) 111  Nishiyama et al. (2009b)
112  Pereira et al. (1999) 113  Kiss & Thomson (2000) 114  liima__ & Esen@lu (2003)
115 Munari et al. (2006) 116  Munari et al. (2008a) 117 Milbour n et al. (1976)
118 Klare & Wolf (1978) 119 Mattei (1978) 120 Nakano et al. (20 08c)
121 Tomov et al. (2008) 122  Rudy et al. (2008b) 123  Helton et al. (2008a)
124  Nakano et al. (2008b) 125 Munari et al. (2007d) 126 Russel | et al. (2008a)
127  Munari et al. (2008d) 128 Munari et al. (2008e) 129 Kenyon et al. (1991)
130 Nakano et al. (2007d) 131  Lynch et al. (2007) 132 Poggiani _ (2008)
133 Nakano et al. (2008a) 134  Munari et al. (2008c) 135 Rudy et al. (2008a)
136  Sitko & Lynch (2009) 137 Schwarz et al. (2009) 138 Nakano et al. (2005)
139 Russell et al. (2005a) 140 Collins et al. (1984) 141  Gehrz et al. (1986)
142  Saizar et al. (1992) 143 Rafanelli et al. (1995) 144 Nakan o et al. (2007a)
145 Mazuk et al. (2007) 146 Russell et al. (2007b) 147  Collins  (1992)
148  Schmeer (1992) 149  Shore et al. (1992) 150 Hachisu & Kato ( 2006)
151 Nakano et al. (2006) 152  Lynch et al. (2008b) 153 Honda et a |. (1975)
154  Young et al. (1976) 155 Ferland (1977) 156 Morrison et al.  (1978)
157  Mallama & Skillman (1979) 158  Kolotilov (1980) 159 Gehrz et al. (1980)
160 Nakano et al. (1993) 161 Ski et al. (1993) 162 Scott et al.  (1994a)
163  Hauschildt et al. (1994) 164 Evans et al. (1997)

8References in bold indicate publications originating in our classical nova ob

serving program.
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Chapter 3

V1065 Centauri (Nova Cen 2007)

A modi ed version of this chapter appears in The Astronomidalournal with the
following bibliographic reference: Helton, L. A., Woodwar, C. E., Walter, F.

M., Vanlandingham, K., Schwarz, G. J., Evans, A., Ness, J.-U Geballe, T. R.,
Gehrz, R. D., Greenhouse, M., Krautter, J., Liller, W., Lynch, D. K., Rudy, R.

J., Shore, S. N., Starreld, S., & Truran, J. 2010 AJ, 140, 134/. Reproduced
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3.1 Introduction

Classical novae (CNe) are important contributors to the cycle ohemical enrich-
ment and evolution in galaxies. They violently eject substantial quaities of ma-

terial that is elementally enriched through explosive nucleosynthissand through
dredge-up from the surface layers of the mass-accreting whitwatf (WD) progen-

itor. The characteristics of the thermonuclear runaway (TNR) ad the subsequent
evolution of the nova outburst depend strongly on the mass and roposition of
the underlying WD. Eruptions on low mass carbon-oxygen (CO) WDsypically

have low expansion velocities, slow light curve evolution, and oftenrqualigious
dust production. In contrast, CNe arising on high mass { 1:25 M ) oxygen-
neon (ONe) WDs are generally characterized by high expansion vetms, fast
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light curve evolution, and little, if any, dust production (Bode & Evans 2008).
Novae arising from the latter progenitor frequently are identi ed ly detection
of strong [Nell2] 12.81 m emission. Overall, outbursts on CO WDs are pre-
dicted to eject more mass under less energetic conditions than aevon ONe
WDs (Schwarz et al.l 2007a; Townsely & Bildsten 2004). CN energeticnay be
determined by the speed class, quanti ed by the parameteg, which is the time
for the V-band light curve to decline by 2 magnitudes. Faster CNe ka higher
bolometric (and visual) luminosities at maximum and higher ejection vetities.

More than 10 #* M of material, enriched in CNONeMg and other intermediate
mass elements, can be ejected from the WD at velocities10° km s ! as a result
of the TNR. As the ejecta disperse, an emission line spectrum is praxd and
the pseudophotosphere shrinks, revealing a hotter source ofigsion from stable
nuclear burning on the WD surface. CN spectra are remarkable ftre temporal
development of the ionization states and line pro les present, exanation of which
is critical for understanding the dynamics of ejection. Low-eneygoermitted lines
of CNO and Fe Il give way to He Il, as well as highly ionization lines, e.g., ¢F
VI1] 6087 A, and in some cases to infrared (IR) \coronal" lines (Lynch et al. 208D,
2006a; Woodward et all 1997, 1992). The latter lines are sourcdsabundance
information since a wide range of isoelectronic sequences (e.g., Gheese et al.
1990) and adjacent ionization states of metals are observable.t€, as the ejecta
cool and evolve, molecules (e.d., Rudy etlal. 2003) and dust form. €Mre often
dust-formers and, while amorphous carbon is a major grain compant, silicates,
PAH-like molecules, and SiC can also be present, occasionally in the sanova
(Gehrz|19988a).

Many CNe in outburst have exhibited super-soft source (SSS) )&y spectra
(e.g.,Ness et al. 2007b). The most likely origin of SSSs is from steadyclear
burning on the surface of a WD|(Kahabka & van den Heuvel 1997). @ possible
fuel source driving this on-going fusion in CNe is from remnant H-riamaterial left
over on the WD surface after the initial mass ejection event. Theudation of the
SSS, in this case, is expected to be rather short. An alternativediusource is from
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continued deposition of material onto the WD surface due to the restablishment
of accretion. This latter mechanism would be able to support a much riger
duration SSS stage in post-eruption CN systems. The duration dfi¢ SSS phase
for Galactic CNe is typically short, only few years, yet a few CNe havbeen
observed to have SSS spectra of much longer duration. V723 Chs, example,
has been a SSS for more than 13 years (Ness et al. 2008b).

Here we discuss synoptic spectrophotometric ground-based &Byitzer obser-
vations of V1065 Centauri (Nova Cen 2007). The broad temporahd wavelength
coverage of our observations a ords an opportunity to study tb dynamical evo-
lution of this CN, to determine absolute abundances (i.e., metals rela¢ to H),
and to infer the physical properties of dust formed in the cooling dee ejecta.
The observations of V1065 Cen are discussed¥B.2. Following are discussions
of the light curve evolution ¥3.3.1), the spectral evolution §3.3.2), and the red-
dening and distance estimates{8.3.3). Photoionization modeling and abundance
determinations are presentedX3.4) followed by a discussion of the derived dust
properties of V1065 Cen in{3.5. We summarize our conclusions ix3.6.

3.2 Observations

V1065 Centauri (Nova Cen 2007) was a relatively bright classical veo outburst
rst reported by Liller et al.|(2007a) at my ' 8:2. A subsequent search of patrol
plates revealed a pre-discovery image of the system a{m 7:6 0:2 on January
21.04 UT (JD 2454121.5) (Liller et al. 2007b). The nova was detectég the \Pi
of the Sky" detector (Malek et al. 2010) on Jan 20.32 UT (JD 24520.8) at an
un Itered magnitude of 6.9. We shall adopt this latter date as day 0tg). Coor-
dinated observations of V1065 Cen commenced shortly after thescovery report
and spectrophotometric data were obtained on a variety of faciliteeincluding the
Small And Moderate Aperture Research System (SMARTS) 1.5-mhé Gemini-
South 8-m, the NASA Spitzer Space Telescopand the NASA Swift X-ray/UV
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telescop@ Our data span more than 900 days, beginning 9 days after the initial
eruption.

3.2.1 Optical Photometry

The BVRI and un Itered light curves of V1065 Cen obtained from theAAVSOH
database and from the \Pi of the Sky" projecH for a period of 230 days
post-outburst are shown in Fig.[3.l. The vertical tick marks at theop of the
panel indicate the dates of our SMARTSSpitzer and Gemini observations. Three
more epochs ofSpitzer data were obtained beyond the terminus of Figl—3.1 at
days 529, 590, and 763. Also indicated on the gure are three temmal epochs
characterized by changes in the observed spectrd3(3) that delineate di erent

stages in the evolution of V1065 Cen.

The V1065 Cen light curves show a fairly smooth decline after maximulight.
They are devoid of secondary maxima and oscillations seen in the lightrees of
CNe such as V1186 Sco (Schwarz et al. 2007a) and V723 Cas (Ewinal/|2003).
The most noticeable feature in the early light curve evolution is the dipn the
B- and V-bands of 1 magnitude near day 40 and the subsequent recovery, a
behavior associated with a dust condensation event in the eject&éhrz|2008b).

The well-sampled light curves following the decline of V1065 Cen from ma
imum light enable a determination of the nova's speed-class. The o@idBVRI
photometry was tted with a broken-power law relationship, with eaxh arm/

t , using a non-linear least squares tting algorithm (the Marquardt nethod;
Bevington & Robinson!1992), which excluded photometry in all bandsear the
dust formation event (day 40). Figurd 3.R shows the resultant peslaw ts. The
derived early light decline rates (prior to day 90) were =0:99 0:01, 210 0:01,
1.04 0:01, and 128 0:01 for B-, V-, R-, and I-band, respectively. At later dates

1 All spectroscopic data presented in the gures in this paper are povided online at:
http://www.astro.sunysb.edu/fwalter/SMARTS/NovaAtlas/v106 5cen/data/index.html

2 http://www.aavso.org

3 http://grb.fuw.edu.pl/
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Figure 3.1: Light curve of V1065 Cen.(Top:) The BVRI -band photometry is
taken from the AAVSO database while the un Itered photometry is aiken from
the \Pi of the Sky" project data. Vertical tick marks delineate daes of the
SMARTS, Spitzer, and Gemini observations ¥3.2). (Bottom:) The (B-V) color
of V1065 Cen is derived from the AAVSO photometry.

(® day 90) =2:33 0:01,190 0:01,312 0:01, and 296 0:01. The time for
the V-band light curve to decline 2 magnitudes, and 3 magnitudes, §, are 11
days and 26 days, respectively. The decay time calculated from the un Itedce
\Pi of the Sky" data was in excellent agreement,# 11. These values are com-
mensurate with the \fast” speed class of CNe (Gaposchkin 1957uérbeck 2008),
similar to V382 Vel (Shore et al. 2003). Novae in this speed class aygitally
believed to arise on massive WDs (Gehrz et al. 1998b).
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Figure 3.2: The power-law behavior of the V1065 CeBV RI light curves. The
uxes are derived from photometry in the AAVSO database and thesolid lines
indicate thet  power-law t where the best-t value of is indicated. The time
to decline 2 magnitudest,, and 3 magnitudests, from maximum light are labeled
(cross), while the optical depth, , of the dust extinction event maximum in each
photometric band is also indicated.
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3.2.2 Optical Spectroscopy

V1065 Cen was observed using the R-C Spectrograph on the 1.5-etescope
operated by the SMARTS (Small and Moderate Aperture Researclelescope
System) Consortium at the Cerro Tololo Inter-American Observatry (CTIO) as
part of the Stony Brook Nova program (Tabld_3.I1). The data wereldained using
four di erent instrumental setups. The low resolution blue (B) setip used a 600
lines mm ! grating with a resolution of 4.1A pix ! (= = R 1200) and
spectral coverage of 3650 - 5400 The high resolution blue (B2) setup achieved
a 1.6 A pix ! resolution (R  2600) over two band-passes, 3870 to 45A0and
4050 to 4700, with an 831 lines mm ! grating at second order. The red portion
of the spectrum was observed at low resolution (3A pix 1; R 2000) with
the grating positioned at rst order with coverage of 5650 - 695@. The long
wavelength red (R2) setup covered the range 6000 to 90A@&t a resolution of 6.5
Apix 1 (R 1200). The low resolution data were observed with a1f%slit while
the high resolution observations utilized a 83°°slit width.

The data were reduced in IDL using standard optical spectral datreduction
procedures, as described on the Stony Brook SMARTS Nova AtIasaWpag@
For each set of observations, three images were obtained and madcombined
to remove cosmic rays. Wavelength calibration was performed usifig-Ar or Ne
calibration lamps. Only a single spectrophotometric standard was served each
night, typically LTT 4364 or Feige 110. Thus slit losses, changes in s&g and
sky transparency permit only approximate ux calibration. Dierences in air-
mass between the target and the standard may have resulted in alinwvavelength-
dependent o sets, but we expect this to have only a minimal impactrothe contin-
uum shape. To determine the ux in the emission lines, a non-linear ldasjuares
Gaussian tting routine was used that t the line center, line amplitude, line
width, continuum amplitude, and the slope of the continuum. SelecteSMARTS
optical spectra are presented in Figi—3.3. A summary of identi ed lireand the

4 http://www.astro.sunysb.edu/fwalter/SMARTS/NovaAtlas/atlas  _spec.html
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measured line uxes (in units of 102 erg s * cm 2), uncorrected for reddening,
are collated in Table[3.2.

Table 3.1: Ground Based Spectroscopic Observing Log

Observation JD Exposure  Age
Date (UT) (+2450000) Band® Time (s) (days)

SMARTS - Epoch 1

2007 Jan 29.29 4129.79 R 180 8.97
2007 Jan 29.34 4129.84 B2 600 9.02
2007 Jan 30.24 4130.74 B 300 9.92
2007 Jan 31.24 4131.74 R 180 10.92
2007 Jan 31.29 4131.79 B2 600 10.97
2007 Feb 01.27 4132.77 B 360 11.95
2007 Feb 02.25 4133.75 R 150 12.93
2007 Feb 02.33 4133.83 B2 600 13.01
2007 Feb 04.28 4135.78 R 150 14.96
2007 Feb 04.35 4135.85 B2 600 15.03
2007 Feb 05.21 4136.71 B 450 15.89
2007 Feb 06.21 4137.71 B2 150 16.89
2007 Feb 06.30 4137.80 R 150 16.98
2007 Feb 07.21 4138.71 B 540 17.89
2007 Feb 09.20 4140.70 B 720 19.88
2007 Feb 10.13 4141.63 B2 900 20.81
2007 Feb 10.23 4141.73 R 150 20.91
2007 Feb 10.25 4141.75 B2 1200 20.93
2007 Feb 11.29 4142.79 R2 300 21.97
2007 Feb 12.20 4143.70 B 600 22.88
2007 Feb 13.10 4144.60 B2 1200 23.78

Continued on Next Page...



Table 3.1 { Continued

Observation JD Exposure  Age
Date (UT) (+2450000) Band® Time (s) (daysy
2007 Feb 13.21 414471 R 180 23.89
2007 Feb 13.36 4144.86 B2 1200 24.04
2007 Feb 14.17 4145.67 B 600 24.85
2007 Feb 18.14 4149.64 B 600 28.82
2007 Feb 22.17 4153.67 B2 1200 32.85
Epoch 2
2007 Mar 31.16  4190.66 B 1200 69.84
2007 Apr 01.29 4191.79 R 540 70.97
2007 Apr 02.12 4192.62 R 540 71.80
2007 Apr 06.14 4196.64 B 1200 75.82
2007 Apr 07.11 4197.61 R 720 76.79
2007 Apr 09.10 4199.60 R2 300 78.78
2007 Apr 12.12 4202.62 B 1200 81.80
2007 Apr 19.18 4209.68 R 540 88.86
Epoch 3
2007 Jun 09.99 4261.49 R2 900 140.67
2007 Jun 22.01 4273.51 B 1800 152.69
2007 Jun 28.00 4279.50 B 1200 158.68
2007 Jun 28.97 4280.47 B2 1200 159.65
2007 Jun 29.97 4281.47 R 540 160.65
2007 Jun 30.95 4282.45 B2 1200 161.63
2007 Jul 02.08 4283.58 B 1200 162.76
2007 Jul 03.96 4285.46 B2 1200 164.64
2007 Jul 17.96 4299.46 R2 900 178.64
2007 Jul 18.99 4300.49 B 1200 179.67

Continued on Next Page...
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Table 3.1 { Continued

Observation JD Exposure  Age
Date (UT) (+2450000) Band® Time (s) (daysy
2007 Jul 25.07 4306.57 B 900 185.75
2007 Jul 25.96 4307.46 B2 1800 186.64
2007 Jul 28.96 4310.46 B 1200 189.64
2007 Jul 30.96 4312.46 B2 1800 191.64
2009 Jun 07.21 4338.71 R 1200 717.89
2009 Jun 08.24 4834.74 B 1800 718.92
Gemini-South - Epoch 2

2007 Mar 08.14  4167.63  SC/XD 80 46.81
2007 Mar 20.16  4179.65 SC/XD 80 58.83

aSpectral ranges are 0.365-0.540 m for B band, 0.405-
0.470 m for B2 band, 0.565-0.695 m for R band, and 0.622-
0.886 m for R2 band, unless speci ed otherwise.

bFrom 2007 Jan 20.32 (JD 2454120.82)

¢Spectral range is 0.387-0.454m

dSpectral range is 0.544-0.808 m

€Spectral range is 0.88-2.50 m
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Figure 3.3: Evolution of the optical spectrum on V1065 Cen. The spia have
been arbitrarily scaled and prominent features labeled. The assaed spectral
evolutionary phase (R, ,Nne,A,) for each epoch is listed to the left of the spectra.



Table 3.2: Emission Lines Observed in SMARTS Optical Spectr a2

Epoch 1 Epoch 2 Epoch 3
29 Jan 2007° 11 Feb 2007 31 Mar 2007 10 Jun 2007 18 Jul 2007

Identi cation (Days 9, 10) (Days 22-24) (Days 70, 71, 79) (Da ys 141, 159, 161) (Days 179, 190)
[O1] 3738+

[Fe VII] 3738 C C S 2:75 0:02 1:49 0:.01
H(10) 3798 146 0:06 1:25 0:06
H 3835 968 0:16 7.57 0:08 C R L.
[Ne 1] 3869 C R 16:3 0:07 20:8 0:01 7.70 0:00
H 3889 819 0:09 6:19 0:07
[Ne 1] 3967+

H 3970 6:15 0:07 6:80 0:01 2:68 0:00
H 3970 140 0:10 1227 0:08 C C R
H 4102 473 0:08 1721 0:08 5:74 0:08 1:44 0:01 0:75 0:01
Fe Il 27) 4173+

Fe Il (28) 4179 179 0:15 R
Fe Il (27) 4233 177 0:14 0:16 0:03
H 4341+

Fe Il (27) 4352 124 0:10 187 0:07 9:90 0:08 R R
[O 1] 4363 C C R 4:37 0:01 1:22  0:00
He | 4471 R C 0:61 0:07 0:83 0:02 1:40 0:02
Fe Il (37) (4491 + 4489) 6:42 0:09 470 0:22

Fe 1l (37) (4515 +4520) +
Fe Il (38) (4523 +4508) 20:2 0:31 2:60 0:26
Fe Il (37) 4555+
Fe Il (38) 4549 187 0:29 C 0:57 0:29
Fe Il (26) 4584+
Fe Il (37) 4583 +
Fe Il (38) (4576 +4584) 3:65 0:10 416 0:23 N S R
N Il 4640 - C 2:91 0:10 126 0:01 0:33 0:00
Continued on Next Page. ..
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Table 3.2 { Continued

Epoch 1 Epoch 2 Epoch 3
29 Jan 2007 11 Feb 2007 31 Mar 2007 10 Jun 2007 18 Jul 2007

Identi cation (Days 9, 10) (Days 22-24) (Days 70, 71, 79) (Da ys 141, 159, 161) (Days 179, 190)
Fe Il (25) 4649 681 0:42 170 0:19 C C R
[Ne IV] (4714 +4720) C C C 4:84 0:01 1:22  0:.01
H 4861 292 0:14 36:3 0:08 153 0:07 2:37 0:.01 0:85 0:00
Fe Il (42) 4924 275 0:12 5:76 0:09 C C R
[O 1] 4959 C C 2:96 0:11 2:13  0:.01 0:83 0:00
[O 1] 5007 C C 131 0:12 107 0:01 5:82 0:01
Fe Il (42) 5014 675 0:23 11:1  0:09
[Fe VII] 5159+

[Fe VI] 5176 C C . 0:23 0:.01 0:14 0:00
Fe Il (42) 5174 454  0:17 4:39 0:08 0:33 0:.07
Fe Il (49) 5276 147 0:37 1:38 0:09
[Ca V] 5309+

[Fe VII] 5276 C C C 1:63 0:01 0:48 0:00
Fe Il (49) 5317 133 0:22 2:90 0:05 C R ¢
NIl 5679 274 0:02 4:16 0:01 1:58 0:01 C
[N1] 5755+][Fe VIl] 5738 C C C 1:60 0:07
[N 1] 5755 140 0:02 348 0:01 2:14 02 C
He | 5876 C C 5:62 0:01 0:82 0:05
Na | 5890 427 0:02 6:46 0:02
Fe Il (46) 6084 106 0:02
[CaV] 6087+

[Fe VII] 6087 C C RN 0:92 0:05
Fe Il (74) (6148 +6149) 13:1 0:02 2:.08 0:.01 0:36 0:01
Fe Il (74) (6248 +6238) 10:8 0:01 1:54 0:01
Fe Il (??) 6315 261 0:03 250 0:02
[O1] 6300+

[S 1] 6312 C C 1:42 0:02 179 0:06

Continued on Next Page. ..
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Table 3.2 { Continued

Epoch 1 Epoch 2 Epoch 3
29 Jan 2007 11 Feb 2007 31 Mar 2007 10 Jun 2007 18 Jul 2007

Identi cation (Days 9, 10) (Days 22-24) (Days 70, 71, 79) (Da ys 141, 159, 161) (Days 179, 190)
[O1] 6364 2:66 0:02 1:.03 0:09
H 6563+

[N 1] 6548 908 0:02 442 0:01 106 0:01 147 0:04
He | 6678 109 0:02 211 0:.01 254 0:.01 0:36  0:05
[ArV] 7007 154 01 C 0:25 0:00 0:24 0:01
He | 7067 4:14 0:03 0:86 0:00 0:51 0:02
[Ar 1] 7136 2:54 0:03 191 0:01 218 0:.01
[Ar V] 7236 s A 0:31 0:00 017 0:.01
He | 7281 10:7 01 2:10 0:04
[o1] 7325+

[Call] 7324 s 1:09 0:00 1:36 0:.01
Fe Il (73) 7462 109 01 R B
He Il 7593 0:05 0:00 0:004 0:001
[Ar1] 7751 R 0:81 0:00 0:67 0:01
[Ar 1] 7751+ ol 7773 R 1:19 0:02
ol 7773 27:1 01
Mg Il (8) 7890 9:02 0:10
Ol 8227 34:2 01 N R
Ol 8227+ Hell 8239 R 1:06 0:03 0:30 0:01
O 8446 4536 0:3 6:13 0:04 0:13 0:01
He | 8653+ He |l 8665 86:7 0:2 0:91 0:03 0:14 0:01

@Flux values are in units of 10
PFor observations spanning multiple days, this marks the rs
For entries with an  x the data does not extend to that wavelength.

12 ergs 1 cm 2.

t observation in the series.

12°]
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3.2.3 Near-IR Spectroscopy

Near-IR spectra of V1065 Cen were obtained at Gemini-South withhé Gemini
Near Infra-Red Spectrograph (GNIRS; Elias et al. 2006) on 2007avth 08.22 UT
(JD 2454167.72; day 47) and 2007 March 20.2 UT (JD 2454179.6% 88) as part
of a queue nova target of opportunity program GS-2007A-Q-23he rst GNIRS
observations were obtained soon after the V-band light curve @sed its smooth
decline after recovery from the initial dust extinction event ¥3.5). Spectra were
obtained in Cross-Dispersed mode (XD) using 6}145 @1 slit (3 pixels in width)
and the 31.7 line mm! grating, providing spectral coverage from:@ 2:5 m with
a resolution ofR = 1700. Due to target brightness, multiple exposure strategies
were attempted to prevent saturation of emission lines. Unsatuted exposure
sequences included 20 coadded 1.0 second exposures (2@), 80 1.0, and
40 2:0. For the nal analysis, all unsaturated data were combined. Aagsition
images obtained with the H Iter ( , = 2:122 m) were saturated preventing
their use as reliable ux points.

The data were reduced using the Gemini IRAH: package v1.9.1 (2006 Decem-
ber 20) following the methodology described on the Gemini Data Dozientation
pag Wavelength calibration was established using arc-lamp spectra. Thel-
luric calibration star, HIP 59084, exhibited strong hydrogen absgtion lines in its
spectrum, requiring interpolation of the continuum across the stmger absorption
features. Regions of the spectra near Pa(0.955 m), Br 13 (1.611 m), and
Br 15 (1.57 m) were blended with telluric features preventing recti cation. The
standard HIP 53285 was used for ux calibration.

Prominent emission lines in the GNIRS spectra were tted in a manneimilar
to that described for the optical spectra X3.2.2). The GNIRS spectra are shown
in Figure [3.4 while line identi cation and the measured line uxes (in units 6
10 2 erg s * cm 2), uncorrected for reddening, are summarized in Table3.3.

5 IRAF is distributed by the National Optical Astronomy Observator ies, which are operated
by the Association of Universities for Research in Astronomy, Inc.,under cooperative agreement
with the National Science Foundation.

6 http://www.gemini.edu/sciops/data/datalndex.html
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Figure 3.4: Evolution of the near-infrared spectrum of V1065 Cenlhe spectra
have been arbitrarily scaled and prominent features labeled. Thedaks in the
spectral energy distribution are due to roll-o of the eschelle orads and telluric
contamination.

Table 3.3: Emission Lines Observed in GNIRS Near-IR

Spectra
Identi cation 08 Mar 2007% 20 Mar 2007
Pa(11) 0:8863 753 152 384 024
Pa 0:9015 +[S ] 0:9069 122 06 823 0:10
Pa 0:9229% 130 03 681 0:06
He 1? 0:946& 333 03 1:68 0:.05

Continued on Next Page. ..



Table 3.3 { Continued

Identi cation 08 Mar 20072 20 Mar 2007

Pa 09546 +[S ] 0:9532 18 18 127 006

Pa 10049 168 0:2 7.29 0:06
He I 1:0830 4173 05 179 0:.03
Pa 1:0938 4483 05 931 0:03
Ol 1:1289 106 04 172 0:02
Cl1? 1:1600 1:1800 137 08 -

N I1?, C1? 1:2074;12088 112 1.3 -

He | 1:2531 290 031 156 0:03
Pa 1:2818 879 02 241 0:.02
Ol 1:3169 687 0:26 308 0:04
Br(15) 1:5705 (?) - 040 0:02
Br(14) 1:5884 - 054 0:02
Br(13) 1:6114 216 0:32 109 0:02
Br(12) 1:6412 644 0.3 1:37 0:.02
Br 1:6811 - 259 0:03
He I 1:7007 154 05 087 0:02
Br 1:7367 - 327 0:02
Cl1? 17662 15 04 -

He | 2:0587 1111 54 628 0:04
Br 21661 681 57 449 0:.04

2F|lux values are in units of 10 2 ergs ' cm 2.
bWeighted average of eschelle orders 7 & 8
Weighted average of eschelle orders 4 & 5
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3.2.4 Spitzer Spectroscopy

V1065 Cen was observed on six dates with the NAS8pitzer Space Telescope
(Spitzer; Gehrz et al.| 2007 Werner et al. 2004) using the Infrared Speogmaph
(IRS; Houck et al.|2004) as part of our long ternBpitzer CNe study conducted
over multiple Spitzer cycles. A summary of theSpitzer observations conducted
under various Program Identi cation Numbers (PIDs) is provided inTable [3.4.
Spectra were obtained using all modules of the IRS. The resolvingvwer of the
low-resolution modules, i.e., the short wavelength (8 145 m) low resolution
module (SL) and the long wavelength (14 385 m) low resolution module
(LL), is R = = 60 128. R 600 for the high resolution modules, the
short wavelength (99 195 m) high resolution module (SH) and long wavelength
(187 37:2 m) high resolution module (LH). Emission lines observed in V1065
Cen with the latter modules are resolved. All observations utilized Bk (133
187 m) IRS peak-up \on source” to ensure proper placement of the rget in
the narrow IRS slits.

IRS Basic Calibrated Data (BCD) products from the rst three visits (Table
[3.4) were calibrated and processed with th8pitzer Science Center (SSC) IRS
pipeline v16.1.0 for the short-low (SL) module and v15.3.0 for all othenodules.
BCDs generated from all IRS modules for the last two target visits @ve processed
entirely with pipeline version v16.1.0. Details of the calibration and raw ata
processing are speci ed in the IRS Pipeline Description Documtﬂn. Bad pixels
in individual BCDs were identi ed using bad pixel masks provided by thesSC
and corrected using a linear interpolation. Multiple data collection evés were
obtained at two di erent positions on the slit using Spitzer's nod functionality
for the low resolution modules, which enabled di erencing of the twoihensional
SL and LL BCDs to remove the background ux contribution. For SHand LH
BCDs, adjacent follow-on observations of \blank- elds" were awaged together to
create two dimensional sky images that were then subtracted froeach on-source

7 v1.0; http://ssc.spitzer.caltech.edu/irs/dh/
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BCD. Spectra were then extracted from the background correed BCDs using
Spice (v1.4.1) with the default point source extraction widths. The xracted
spectra were then combined using a weighted linear mean into singleépui data
les with the standard deviations of the ux at each wavelength bin poviding an
estimate for the uncertainty in the observed ux. Since no appréable fringing
was detected in the IRS data, the spectra were not defringed. Ession line uxes
were measured as described ¥3.2.2.

The Spitzer IRS data are shown in Figure§ 315{3]7. Table=3.5 summarizes the

line identi cations and the measured line uxes, uncorrected for dening.

3.2.5 X-ray and Ultraviolet Observations

More than two years after outburst (), V1065 Cen was observed three times
with Swift, on 2009 February 5.7, February 14.1, and July 11.0 UT, correspbn
ing to days 746.7, 755.3, and 902.4 after outburst. Data acquisitioreduction,
and analysis followed the methods presented by Ness et al. (2007&he expo-
sure times were 2.15, 2.40, and 4.95ks, yielding only marginal detectiowith
(1.5 1:2) 103 (1:2 11) 103 and (08 06) 10 2 counts per second,
respectively. Errors quoted are 1- errors calculated using likelihood statistics
(Ness et al.l 2007a). Not enough events were recorded to chéeaze the X-ray
spectrum. The X-ray observations clearly indicate low activity likely fom the
accretion disk or X-ray line emission. With no signi cant soft X-rays dtected,
the data strongly imply that nuclear burning on the WD surface endéwell before
the observations were taken. This suggests that if V1065 Cen wrdent a SSS
stage, it was less than 2 years in duration.
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Figure 3.5: Evolution of the Spitzer low-resolution IRS spectra. (Top:) Spitzer
spectra in F vs. linear highlighting the strong 10 m silicate dust feature that
appeared. The nal three observations only, including the day 52®2 July 2008),
day 590 (02 September 2008), and day 763 (22 February 2009jajdhave been
multiplied by a factor of 10 and o set for clarity. The error bars presented at 17.5

m show representative 3 errors for each epoch(Bottom:) Same spectra in F
vs. log . No scaling has been applied to the data in this plot.
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Figure 3.6: Evolution of the Spitzer low-resolution IRS spectra. The observed
spectral energy distributions have been t with a cubic spline fundbn to remove
the underlying dust continuum emission to highlight the emission lines. ddtin-
uum over-subtraction occurred in some regions of the spectralexgy distribution,
particularly near 7 m for the day 157 (26 June 2007) data and near 8.2n for
days 48 and 65 (08 and 26 March 2007).
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Table 3.4: Spitzer Spectroscopic Observation Log

Observation JD Source/Background Time on Source (sec) Aje
Date (UT) (+2450000) PID AOR SL SH LL LH (Days)
Epoch 2

2007 Mar 08.78 4168.28 30007 17677568/824 140 300 140 140 47.46
2007 Mar 18.99 4178.49 30007 17678080/336 140 300 140 140 57.67
2007 Mar 26.22 4185.72 30007 17679616/872 140 300 140 140 64.90

Epoch 3

2007 Jun 25.95 4277.45 30007 17683200/456 140 300 300 600 156.63
2007 Aug 30.84  4343.34 40060 22265088/344 140 300 140 140 22252
2008 Jul 02.70 4650.20 50011 25192960/3216 140 300 300 600 829.3
2008 Sep 02.14 4711.64 50011 25198080/8336 140 300 300 600 2590.8
2009 Feb 22.04 4884.54 50011 25201408/1664 140 300 °128@0 763.72

aFrom 2007 Jan 20.32 (JD 2454120.82)
bOrder 1 was exposed for 1200 s while Order 2 was exposed for only07g

€9



Table 3.5: Emission Lines Observed in Spitzer Mid-IR Spectra 2

Epoch 2 Epoch 3

Identi cation ( m) 08 Mar2007P 18 Mar 2007 26 Mar 2007 25 Jun 2007 30 Aug 2007 02 Jul 2008 02 Sep 2008 22 Feb 2009
[Mg V] 5.50 222 62
[Mg V] 5.61 L. C .. 37:8 04 250 6:2 311 0:23 210 0:20 0:58 0:21
H 1 (15-7) 5.71 155 56
Hu (9-6) 5.91 20:3 55 A L L
[Mg viI? 5.95 . . . 1 :2 18
H 1 (13-7) 6.29 13:6 3.5 L. R R
[Si vII]? 6.51 26:3 59 A 19:3 67 591 0:49
H 1 (12-7) 6.77 8:47 2:66 R 156 6:1
H 1 (20-8) 6.95 11:1 6:6
[Ar 1] 6.98 7:34 2:09 A s C 1:47 041 1.07 0:20 095 0:15 067 0:21
Pf (6-5) +

Hu (8-6) 7.46 64:3 16.0 41:2 178 42:4  14.0 L. C L L. R
[Ne VI] 7.64 R L. R 124:4 0.9 706 1.8 597 0:48 379 0:28 0:87 0:29
[Ar V] 7.90 L L L s A 0 :75 0:28 0:35 0:20 C
[Ar 1] 8.99 L A L s L 1:91 0:18 1.60 0:13 1:11  0:15
[S IV] 10.51 R .. R R 2:21 0:25 307 0:.01 302 01 2:21  0:07
H 1 (9-7) 11.31 7:75 1:20 529 2:54 501 457
Hu (7-6) 12.37 18:2 0:31 147 2.0 103 22 A C L L s
[Ne 1] 12.81 199:9 0:80 1509 3.1 1177 05 3000 21 609 0:3 243 01 217 01 145 0:10
[Mg V] 13.54 0:34 0:23
[Ne V] 14.32 L. C R 32:6 0:4°¢ 306 04 285 0:2 26:6 0:11 142 0:13
[Ne 111] 15.56 12:0 0:85 462 06 47 2.7 547 04 57.3 06 457 04 40:1  0:13 295 0:21
H 1 (10-8) 16.21 3:73 0:98 4:44 1.05 389 2:18°
H 1 (12-9) 16.88 3:07 1.28 4:26 0:52 530 3:54 R R L. R R
[S 1ij? 18.71 2:48 0:37 153 0:22 1.26 0:35 0:71 021 0:90 0:07 1.08 0:07 1:15 0:07
H 1 (8-7) 19.06 9:20 0555 6:52 0:41 5:42 0:53
H 1 (11-9) 22.34 3:66 0:26 294 0:32 278 0:27

Continued on Next Page. ..
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Table 3.5 { Continued

Epoch 2 Epoch 3
Identi cation ( m) 08 Mar 2007 b 18 Mar 2007 26 Mar 2007 25 Jun 2007 30 Aug 2007 02 Jul 2008 02 Sep 2008 22 Feb 2009
[Ne V] 24.30 3:35 0:26 382 0:23 6:30 0:09 602 0:09 414 0:06
[O IV] 25.91 C L L 4:38 0:14 353 0:16 6:04 0:06 6:20 0:06 5:72 0:05
H 1 (9-8) 27.80 5:22 0:17 353 0:20 331 0:18
H | (12-10) 29.84 1:73 0:20 096 0:21 071 0:12 L S C C
[Si 34.81 C L L 0:72 054 0:34 0:16 046 0:12 081 0:12
[Ne 111] 36.01 12:8 0:709 2:06 0:754 1:54 0:35 179 0:66¢ 1:47 0:27 1:32 0:34

@Flux values in units of 10
PEjuxes for lines observed in more than a single module are the weighted average of the ux in each module, unless noted othe rwise.

CDetected in SH module only.
dDetected in LL module only.

Bergss cm 2,

G9
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Swift UV Iter magnitudes were obtained simultaneously with the X-ray ob-

servations. In the uvw2 lter (1928 A), the magnitude evolved from 1708 0:07

to 1823 0:07 between day 746.7 and 755.3. In the uvm2 band-pass (2296

the magnitudes were 181 0:10, 1814 0:09, and 1876 0:13, and in the uvwl

Iter (2600 A), the magnitudes were 152 0:05, 1777 0:07, and 1810 0:04
observed on days 746.7, 755.3, and 902.4, respectively.

3.3 Discussion

3.3.1 Light Curve Evolution

Ennis et al. (1977) used a xed mass, optically thin, expanding spheal shell
model to t the light curve of the fast nova V1500 Cyg (Nova Cygnil975), assum-
ing emission from a free-free continuum. They described the light rve decline
by the relationship
F/t? 1+§ 1; (3.1)
H

where H is the initial shell thickness, gis the sound speed in the plasma, andis
the number of days since outburst. This model predicts that theux will decline
ast 2 at early times with a transition to at * power-law decline at later epochs.

The trend in the early light curves (Fig.[3.2) of V1065 Cen deviates stngly
from that predicted by [Ennis et al. (1977). Instead, we nd that the early light
curve decline is/ t 1. One possible cause of the observed divergence from the
theoretical light curve behavior is the presence of strong emissibnes. Early in
the evolution, the spectra are dominated by F&. As the system evolves, emission
by [O m] 4959, 5007A begins to dominate the spectra near 5008 (Fig.
3.3). In order to determine the contribution to the light curve by the continuum
alone, we combined those blue and red SMARTS spectra that weresebved nearly
simultaneously, providing 10 data points covering the rst 160 dayafter outburst.
We interpolated across the emission lines and the gap between theotepectral
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regions to isolate the continuum contribution to the visual photomigic band-pass.
We tted the recti ed photometry and found a decay rate/ t 4. Though there
were large uncertainties in tting the continuum and, hence, in detenining the
decay rate of the continuum alone, the derived rate of decline stiluggests that
emission line intensities have a signi cant impact on the decay rate ohé light
curve, but are not entirely su cient to explain the light curve behavior. This
supports the conclusion that the system is not well characterizely a simple,
homogeneous, expanding shell model.

A break in the decay rate is evident near day 90 (Figl_3.2). Power-laws
to the decline rates after the break at B- and V-bands aré t 2, while for the
redder passbands, the decay rate is t 3. This behavior is more consistent with
the expanding optically thin shell model of Ennis et al.

3.3.2 Spectral Evolution

A typical CN at maximum light has an optical spectrum resembling thatof an
F-type supergiant with strong neutral lines of OI, C I, Fe Il, and Mg | coexisting
alongside the Hi recombination spectrum. In some cases, Naemission is also
observed at this stage. This \principal” spectrum lasts until the ligh curve has
declined by' 3:5 mag. As the pseudophotospere recedes and the ejecta derssitie
decline, the optical spectrum transitions into the \di use-enhaned" spectrum,
during which strong Fell and O lines persist. Both early stages of development
are characterized by P-Cygni pro les that often exhibit complexmulti-component
absorption features [((Williams 1994). The declining optical depth ofne expand-
ing ejecta, eventually leads to the appearance of the \nebular" sptrum during
which forbidden transitions dominate. Optical spectra at this laterstage include
forbidden lines of [NI], [N 11], and [O I-lll ]. Some CNe go on to exhibit \coronal"
emission (Greenhouse et al. 1990) from highly ionized species of Ng, &hd Fe.
A more complete discussion of the spectral development of CNe ioyded by
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Hack et al. (1993)) Williams et al. (1991), and Williams|(1992). We obtagd op-
tical and nearly contemporaneous IR observations of V1065 Cedmoughout much
of this development.

Epoch 1 (E1) - Principal & Di use-Enhanced Spectra

The initial principal spectrum (Fig. B.3) was dominated by hydrogen Blmer series
emission including H and going beyond H. Higher order transitions rapidly
blended into the Balmer continuum at short wavelengths. Near day,H had
a full-width half-maximum (FWHM) expansion velocity of nearly 3000 kms 1
while H and H were nearer to 1200 km 8 due to suppression of the line wings
from P-Cygni absorption. Within days, all these strong H-recomhbation lines
were observed to have FWHM velocities of 2000 - 2500 km'swith no indication
of deceleration for the next 130 days, at which point the lines becanblended
with other emission lines from metals. The consistency of the expams velocity
inferred from the FWHM measurements as the line ux declined sugges that the
primary source of emission was a distinct, thin shell with a weak velogigradient
rather than a thick shell with a high velocity gradient (Shore et al. 193).

Fe Il multiplet emission was also prominent during the early epochs. Of thes
only the Fe 1 (42) lines were distinct and strong enough to obtain unambiguous
line ts. These lines had FWHM velocity widths between 2700 and 3900rks *
(HWzI 4650 6750 km s?1). The high expansion velocity of the iron lines
resulted in a blending of the numerous other multiplet lines (e.g., 27, 287,
38), explaining the complicated structure of the continuum and thenany broad,
complex features such as those observed near 4350 - 4800Ve classify V1065
Cen as an \Fell"-type nova due to the predominance of strong iron emission
at early epochs and suggest that it is a member of the \broad" sulass since
the HWZI line widths exceeded 2500 km ¢ (Williams et al] 1994). No other
non-Balmer emission lines were of comparable brightness at this epowhich
implies a spectral evolutionary stage of £ using the CTIO classi cation system
(Williams et al. [1991,11994).
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Na | D was observed in emission with a single very strong P-Cygni absarpt
component. Interstellar sodium absorption lines were in evidence arethe rest
wavelength §3.3.3). Observations from day 9 and 10 exhibited a broad complex
near 5700A possibly due in part to N1I  5679A. As this feature evolved, its
individual components became more distinct, eventually resolving imtN 11 5679
A and [N 1] 5755A(seex3.3.2).

Initial observations showed a complex around 6338 that we tentatively at-
tribute to Fe 1. As the ejecta thins, this complex broadened and strengthened
relative to the continuum. In other \Fe II"-type novae, this region frequently
gives rise to emission from [@] 6300, 6364A (D, 3P, and D, 3Py, re-
spectively; Williams|1994). The attribution to [O 1] at this epoch is not straight
forward, however. Based upon the transition probabilities alone,ne expects a
roughly 3:1 line ratio. The high expansion velocities observed in the efa would
blend the doublet together, but the resulting structure should besymmetrical.
Instead, the observed structure at day 22 is quite smooth andrmeynetric. At this
stage, a correct identi cation is elusive.

Observations obtained on day 22 extended to nearly 90@Q These spectra
revealed additional permitted emission from He 7065A, 8660A, O | 7773,

8227, 8446A, and possible multiplet emission from Mgl at 7890 and 8232A.
Of particular interest in these data are the O lines. O 8446 was the strongest
non-Balmer line in the spectrum followed by Q 7773 (see{3.3.2). Due to the
presence of O 8446 at a strength greater than H, we classify this stage of
development as ..

Both the Balmer lines and the isolated F&l (42) lines in the principal spectrum
had asymmetrical pro les due to strong P-Cyg absorption with mulple complex
components (Fig.[3.B). Initially there were two dominant P-Cyg abgption com-
ponents. The higher velocity component was -4250 km s?! for each Balmer
line. The lower velocity component was -2500 km s?! for H but nearer to
-2250 km s?! for the other Balmer transitions. Absorption by the high velocity
component rapidly disappeared while the signature of the low velocispmponent
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remained for at least the rst 30 days after outburst, disappeang completely
near day 60. Around Day 10 a third weak P-Cygni absorption compent was
clearly evident in the high resolution spectra at velocities of -1650 km s®. The
strength of this third component remained fairly constant as thelasorption depth
from other components diminished. The absorption minima near theeHl (42)
lines had velocities between -900 and -1450 kmtsand, thus, was likely due to the
material producing the low velocity P-Cygni absorption observed ithe Balmer
lines.

P-Cygni absorption pro les in CNe are often interpreted as arisingn a shell
of material ejected at high velocities during the initial TNR. Undersanding the
clumpiness and the morphology of these ejecta is useful to cométr photoion-
ization model assumptions. In V1065 Cen, there were three disttnabsorption
components with behavior similar to the evolution observed in other IT systems
(e.g., V603 Agl,.McLaughlin 1960). Observations of V1974 Cyg reved two dis-
tinct absorption components that Shore et al. (1993) attributedo a high velocity
polar out ow along with a low velocity equatorial wind. \Woodward et al.(1997),
in their analysis of early observations of V1974 Cyg, argued that imgly there
was a P-Cygni absorption component that was much slower than ehfull-width
zero intensity (FWZI) of prominent hydrogen emission lines. Thesettar P-Cygni
components were accelerated by 700 km s ! as the nova evolved and were in-
terpreted to be evidence of high density optically thick clumps ejeetl by an early
slow wind. Following the arguments of Shore et all (1993) and Woodwiet al.
(1997), the high velocity P-Cygni absorption component (-42501k s 1) in V1065
Cen could be attributed to polar plumes of ejecta and the low velocityomponents
to an equatorial wind.

Alternatively, in a study of resolved nova shells| Slavin et al. (1995)pdind
that those CNe classi ed as \fast" novae typically had spherical s#ls of emis-
sion embedded with knots of higher density material, while CNe havindné¢ polar
blob/equatorial ring morphology were in the \slow" class. | Slavin et al(1995)
posited that this di erence in morphology was due to the duration otime that
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Figure 3.8: Evolution of the P-Cygni pro les associated with Balmer raission
lines in V1065 Cen. The spectra, o set slightly in each panel for clayit span
from day 8.97 fop-most curve, Epoch 1, through day 71.80§ottom-most curve,

Epoch 2. The H and H spectra were obtained at low dispersions, while the H
and H spectra are derived from high-dispersion observation£3(2.2).
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the ejecta were subject to sculpting in the common envelope phasesuch argu-
ments are applicable to V1065 Cen, then the ejecta of this nova dikely to have
a spherically symmetric morphology. For our subsequent analysisevassume a
spherically symmetric shell of ejecta. It is apparent, however, & spatially re-
solved imaging of V1065 Cen is needed to establish the true distributi@f the
ejecta.

Epoch 2 (E2) - Early Nebular Spectrum

Observations resumed on Day 70 (2007 March 31), after a bredknearly 40 days,
during which substantial changes in the ejecta took place. Thesdservations
indicated that permitted emission from iron had nearly disappearedjiving way
to the rst unambiguous appearance of nebular emission from oxgg and neon.
The strongest non-Balmer emission line was [N&] 3869 A, which indicated
that the nova had transitioned from the permitted to the nebular tage of spectral
development with spectral phase N (Williams et al.'1991,1994). Nebular oxygen
emission at 4959,5007A was also strong along with doubly ionized argon at
7136A. Emission lines of Hel appeared at 4471 and 5876A.

By the second epoch, the pro le of the emission complex at 6330had be-
come more asymmetric. It exhibited a at-topped blue peak with a bwad red
shoulder. Though the relative intensities of the two components wee still not
3:1, the change in morphology could indicate that the feature was duo [O 1]
emission superimposed on emission from He Alternatively, the blue peak may
have been due to the appearance of [§] 6312A blended with the emission
complex observed in E1.

Careful examination of the Hel 5876 A line pro le reveals a shoulder cor-
responding to Nal 5890A. The presence of Na at this epoch is interesting.
With an ionization potential of only 5.1 eV, one would expect that sodion would
be nearly all ionized at this stage. The persistence of this featurarc be ex-
plained if there were regions in the ejecta with densities high enough shield
the sodium from the underlying hard radiation. By this stage of devepment,
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dust had formed in the ejecta. Indeed, th&pitzer spectra reveal an exceptionally
strong IR dust signature at this epoch. Dust condensation is thgint to progress
in relatively dense regions of the ejecta (Evans & Rawlings 2008), it can then
persist for years afterward|(Evans et al. 2010b). Shielding by thaust could read-
ily explain the persistence of neutral sodium in the ejecta at this egb, emission
from which may be due to recombination. This is consistent with the adining
signature of O1I 7773A at this epoch, which arises primarily from recombination
(Rudy et al/11989, 1991, and references therein).

Figure[3.4 presents the Gemini-South GNIRS observations of V10&&n ob-
tained during the second epoch. The data exhibit hydrogen recomhtion line
emission with prominent features of Q 1:1287 m and 1:3165 m, and He |

1:0830 m and 2:0587 m. These lines of oxygen and helium were at strengths
only rarely observed in CNe. Nevertheless, the characteristicstbese lines were
guite similar to those observed in the spectra of V1974 Cyg, the piodypical ONe
novae (Woodward et all 1995). Between the rst and second GNBRobservation,
a span of twelve days, the uxes in these emission lines declined shargelative
to the continuum. In the case of Ha at 2.0587 m, the ux dropped by more
than an order of magnitude. This implies that conditions within the ejeta were
evolving rapidly during this epoch.

The observed emission from Pa 0.9015 m and Pa 0.9546 m both show
emission in excess of that expected for the standard recombinatioecrement.
Based upon the emergence of [8] in the mid-IR at this epoch (below), and
the additional sulfur lines observed during E3X3.3.2), we attribute this excess
to emission from [SIII] 0.9069 m and 0.9532 m. A full accounting of the
observed emission lines in the GNIRS data is presented in Tablel3.3.

Figures[3.5 through[ 3.7 present a sequence of Sypitzer IRS low and high
resolution spectra obtained starting in the early nebular stage ofestelopment
and proceeding through nearly 800 days after outburst. To baedt illustrate the
evolution of the emission lines, we have used the IRA¢dNtinuum algorithm with
a spline3 function to t and remove the continuum emission from the data. Tle
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resultant spectra are plotted in Figure$-316 and—3.7. The low-res douum ts
are generally very good with the exception of the regions at the endf the short
and long wavelength spectral ranges and at the sharp increaseth¢ blue edge
of the 10 m dust feature near 8 m. In the 2007 June 25 SH data, there is a
pronounced saw-tooth pattern arising from poor order recti cion in the original
BCD data. Provided the emission lines of interest are near the centef the order
in these data, tting the lines with the local continuum yields accurae line uxes.
Table[35 lists the details of the ts to the emission lines showing the eldion of
the integrated line ux by epoch.

The Spitzer spectra acquired during the early nebular stage were dominated by

a suite of hydrogen recombination lines, the strongest being the btk of Pfund
(Pf ) and Humphreys (Hu ) at 7.46 m. This feature, though prominent, was
dwarfed by the [Nell] 12.81 m emission, the strong presence of which is often
used as a diagnostic for identi cation of an ONe nova (se@&.3.2). Also present
in these early spectra was [Nell] 15.56 m. The short wavelength spectra
exhibited a surprising amount of structure with many apparent felmres between
5.2 and 8 m. The central wavelengths of these features were unstablerfrone
observation to the next making line identi cation di cult. An emission lin e at

6.99 m, which we tentatively identify as [Ar 1], became increasingly apparent
as the ejecta evolved. What may be [81] 18.71 m was present, though weak,
and remained throughout the evolution of the ejecta. The presea of [SliI] in
the IR spectra supports the hypothesis that the optical emissiocomplex at 6330
A was due, at least in part, to [SllI] 6312A.

Epoch 3 (E3) - Mature Nebular Spectrum

As the ejecta of a classical nova continue to expand, their densitgclines exposing
more of the ejecta to the underlying radiation eld of the WD. In V1®5 Cen, this
was exhibited by the appearance of highly ionized species of neongmasium and
iron. The optical spectra were still dominated by [Nail] and [O 1], but they

also revealed [Naev] 4714,4720A. The IR spectra during the mature nebular
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stage were still dominated by emission from [Nie] 12.81 m and [Nelll] 15.56
and 36.01 m, but they also exhibited prominent emission from [N&/] 14.32
and 24.30 m along with [Nevi] 7.64 m. There was also strong emission from
[Mgvil] 5.50 mand [MgVv] 5.61 m and weak [Mgv] emission at 13.54 m.
At these late stages, many CNe also exhibit emission signatures fr¢he Vi]
5177A and [Fe vii] at 5159, 5276, and 6087 A. In some cases, [Ca/] is
observed at 5309A and blended with [Fevii] at 6087A (Williams et al.|1991,
1994). These features were clearly evident during epoch 3 (E3)uéto the broad
line widths, however, they were subject to blending. Interestinglyhere appeared
to be little, if any, emission from [Fevil] 5721 A. Based upon the transition
strength alone, one would expect this transition to dominate the ajgal [Fe Vii ]
emission. Hence, the features at 530% and 6087 A could be primarily due to
[Ca V] with only a weak contribution from [Fe vl ].

During this epoch, the emission complex at 6338 became narrower, more
distinct, and peaked around 631@. As the nebular stage progressed, the rela-
tive strength of the line near 6310A continued to strengthen relative to the red
component of the complex, eventually growing well beyond the 3:1 entsity ratio
expected for the [Ol1] doublet. This behavior further supports the claim that
[S1] 6312A was the dominant contributor to this feature. This conclusion
was bolstered by the continued signature of [8] 18.71 m and the conspicuous
appearance of [$v] 10.51 m in the IR.

As the H recombination spectrum faded, the presence of a shouldm the
blue-ward side of H became apparent. Based upon the signature of various other
species of sulfur in the optical and IR, the most probable identi cabn for this line
is [Sn] 4072A. Interestingly, the presence of [3I] at 4072 A without the shock
induced emission features at 6716, 6730A leads us to conclude that shocks
did not play a signi cant role at this late stage of evolution. This con ms that
photoionization e ects dominated at this epoch.

As the 6310A feature grew in intensity, the red component of the 633G
complex weakened and broadened becoming more plateau-like in appeace. It
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is possible that [Fex] 6375 was present during this late stage, but if so, it
was exceedingly weak and cannot be identi ed with con dence. A merlikely
contributor to the red plateau was from [Arv] 6435, the companion of which was
clearly present at 700@\. Barring reddening e ects, we would expect the transition
at 7006 A to have an intensity roughly 2.4 times that at 6435A, consistent with
what was observed.

Argon emission was observed throughout E3 in both the optical arttle IR in
a range of ionization states reminiscent of that observed for neoiihe strongest
features were [Ani] 6.99 m, [Ar 1] 7136A and 8.99 m, and [Ar v] 7006
A. But during the late stages, additional transitions of [ArVv] became visible
including emission at 7.87 m as well as the previously mentioned emission at
6435A.

Ejecta Structure

The velocity widths of the hydrogen recombination lines measuredin the FWHM
Gaussian line ts suggested that the lines originated in a single emittingegion
with an expansion velocity of 2200 - 2500 km &. The widths of the lower ioniza-
tion states of neon and oxygen were comparable to this and werearlg constant
throughout the evolution of the ejecta. The higher ionization stas (e.g., Nav,

Ne v, O Iv) had consistently higher velocity widths at 3500 km s?! suggesting
that the source of this emission was from a di erent and kinematicallylistinct

region of the ejecta.

Figure [3.9 presents the evolution of the H prole with time. During E1,
the pro le exhibited shoulders near the peak indicating that the line as not
entirely optically thin at this stage. As the ejecta expanded and theptical depth
declined, the line edges became more smooth and the peak broaderBy E2, the
line prole had developed somewhat at-topped or saddle-shapedepk and the
width had become xed. Very little change was observed in the line sha after
this epoch. The overall behavior of this line is consistent with a nite hickness
shell that underwent nearly constant expansion.
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Figure 3.9: Evolution of the H line pro les throughout the evolution of the ejecta,
day 9 to day 719. The pro les have been scaled to their peak valuechn set for

clarity.
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Throughout our observations, the emission line structures weralite similar.
The emission peaks had a weak saddle-shape and were temporallyplsta The
emission line structure observed in the hydrogen recombination linegas echoed
by the low ionization emission lines such as [@ ], [Nel], and [Nelll ] in both the
optical and the IR. In Figure[3.10, we plot some of these emission linesshow
the uniformity of the structure from one species and ionization sta to another.
The data have been scaled to the Hline ux and o set for clarity. The similarity
of the line shapes suggested that the elemental abundance distitibn was nearly
uniform throughout the shell of ejecta. Models generated by Lyh et all (2006a)
for an annular ejecta distribution produced saddle-shaped line phles slightly
more pronounced than that observed in V1065 Cen. This sugge#tat the ejecta
of V1065 Cen was nearly spherical with an additional weak annular oponent.
Though there did not appear to be signi cant di erences in the elenmal
abundances throughout the ejecta, there did appear to be délysnhomogeneities.
The rst Spitzer spectra on day 47 (E2) revealed that dust was still present in
the ejecta in spite of the light curve having returned to its pre-dusformation
decline. As the ejecta became more optically thin, the 9.7m silicate feature
continued to strengthen while the emission lines came to be dominatbyd highly
ionized species such as [Ne], [Ne vi], [Mg V], and [Mg vii]. Dust formation
requires cool, dense regions in the ejecta while the formation of thehly ion-
ized atomic species requires low density regions subjected to a haadliation
eld. Further, the spectrum of V1065 Cen during E3 exhibited emissn lines
from atomic transitions arising from a wide range of ionization statedonization
potentials ranged from 29.6 eV in the case of N to 224.95 eV for Mgvii. This
order of magnitude span in ionization potential supports the conction that by
E3, there existed substantial density inhomogeneities within the ejta. The ob-
served low density regions were wholly subjected to energetic pbos from the
WD pseudo-photosphere, which gave rise to emission from highly icgizatomic
species, while the shielded interior of high density regions gave riseamission
from states with low ionization potential. The important role of fragnentation
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Figure 3.10: Line pro les of prominent emission lines in V1065 Cen. Themles
are arbitrarily normalized and o set for clarity. Line pro les from contempora-
neous optical and mid-infrared observations on days 64 (26 Mar@007) and 70
(31 March 2007) are depicted withsolid lines, while those for days 152 (22 June
2007) and 157 (26 June 2007) are presented witlashedlines.
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in the ejecta becomes apparent when modeling the observed emisgisee X3.4
below).

Permitted O | Emission

The strength of O1 8446A (3s 3S°  3p ®P) during the rst epoch (E1) (X3.3.2)
was remarkable. Its ux ratio relative to H , uncorrected for reddening, was
Fsaa6/F 6563 = 1:0. By the second epoch (E2), the ux ratio had declined by nearly
a factor of 20 to Fgase/F 6563 = 0:06. Emission from O1 7773A (3s °S®  3p °P)
was signi cantly weaker, exhibiting a relative ux of F;773/F 563 = 0:06 in E1 and
0.01 in E2. As mentioned aboveX3.3.2), the 7773A transition of oxygen arises
primarily from recombination and is unable to be e ciently excited by other
mechanisms. For recombination alone, however, the ux of © 7773 should be
slightly greater than 8446 (Rudy et al. 1989). During E1 (day 22), k4e/F 7773 =
167, while at E2 (day 79), Fu4e/F 7773 = 5:2. This leads us to conclude that
excitation of the 8446A feature was due to a mechanism other than recombination.

O | 8446A can also be produced through continuum uorescence. If this wee
the primary excitation mechanism, then the intensity of OI 8446 A should be
signi cantly greater than O 1 1.1287 m. Unfortunately, the GNIRS data with
coverage of the 1.1287m feature was obtained 18 days before the SMARTS ob-
servations of 8446A. Since the ux in the 8446A transition was clearly declining
rapidly between E1 and E2, we cannot make a direct comparison be@n the two
features. We can, however, compare the strength of the 1.128ih feature to
the O 1 1.3164 m feature (P 3P 4s 3S), which was obtained simultaneously.
Assuming excitation through continuum uorescence alone, the 1184 m ux
should be slightly greater than 1.1287 m (Rudy et al| 11989). We nd that on
day 47, F.1087/F 1:3164 = 15.2, and on day 59, k.12g7/F 1:3164 = 5.6. It is unlikely,
then, that continuum uorescence played a critical role during E2.

A remaining source for excitation of O 8446A is through the Bowen mecha-
nism of Lyman- (Ly ) uorescence. This process occurs due to the proximity of
Ly 1025.72Ato O 1 1025.77A (2p* 3P, 3d3D°) (Bowen|1947). Population of
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the 3d DO state results in a cascade sequence that includes transitions at28T
m (3p P  3d 3D9), 8446 A (3s 33 3p 3P), and 1304A (2p °P 3s 39°).
Assuming no collisional de-excitation, the photon uxes of 1.1287m and 8446
A should be equivalent. Though our observations of these two traitions do not
occur simultaneously, their exceptional line strengths support ghconclusion that

they arise due to Ly uorescence.

For Ly uorescence to be active, the optical depth of H must be high.
Equation (1) of[Rudy et al. (1989) provides an estimate for the eagpe probability
of H assuming a solar abundance of oxygen. The escape probability chert
be used to estimate the optical depth of H, y . It is clear from our analysis
below (e.g.[3.4.2) that oxygen is signi cantly overabundant with resgct to solar.
Thus, the escape probability derived by this method must be scaleg the oxygen
abundance relative to solar. Taking into account the high oxygen abdance, we
estimate y ~ 150 in E1 and~ 50 in E2. The decline of y is exhibited in the
evolution of the P-Cyg components presented in Figuie 3.8.

3.3.3 Reddening and Distance

The derivation of the distance dependent physical parameters 1065 Cen is
heavily dependent upon the assumed reddening toward the systedn estimate
of the reddening can be obtained using various techniques. One isig® the equiv-
alent widths of optical interstellar Na| D lines detected toward the CN shortly
after outburst. The Na | D absorption pro les from the rst six observations of
V1065 Cen have equivalent widths of 0.68 0.06 A. Using the relationship de-
rived by Munari & Zwitter (1997) for single component Nal D1 absorption, we
estimate a reddening of E(B-V) = 1.05%:3°. Assuming R, = A \/E(B-V) = 3.07,

this yields a line of sight extinction of A, = 3.22*}53 mag. In many CNe, however,
the Na | D absorption pro les are saturated, compromising distance deterina-
tion. Since our data do not have the spectral resolution necesgdo identify with

certainty whether these features are saturated, we suggesiat this estimate be
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used with extreme caution for V1065 Cen.

Alternatively, (B-V) colors can be used to estimate the extinction.Research
into the light curve behavior of CNe by van den Bergh & Younger (199 revealed
that the average (B-V) colors for CNe at maximum light and at t are 023 0:06
mag and 0:02 0:04 mag, respectively. The bottom panel of Fig[_3.1 shows
that the (B-V) color of V1065 Cen near maximum light is (B-V) = 052 0:04
mag and that (B-V) = 0:41 0:05 mag att, = 11 days. These values yield
extinctions of A = 0:93 0:22 mag (E(B-V) = 0:30 0:07) at maximum
light and Ay = 1:38 0:19 mag (E(B-V) = 0:45 0:06) at t,. V1065 Cen was
not observed photometrically on the rise to maximum light. Thus, 82 may be
underestimated.

The Balmer decrement can be used independently to deduce the deding.
Table [3.6 summarizes the ux of H relative to H for the rst 160 days after
outburst. Other recombination line uxes (e.g., H) were not included in the
estimates of the decrement as they are blended with other lines (e 1] 4363
A) due to their high velocity widths. Initially, the F 4 =F, ratios were = 10,
declining as the nova evolved. The measured line uxes of Hand H at early
epochs have uncertainties much larger than the formal uncertaies presented in
Table[3.6 because of errors associated both with tting of the assated P-Cygni
absorption complexes and due to structure in the underlying contium arising
from Fe Il multiplet emission. As the ejecta evolved, the continuumtsicture
became less pronounced and the tting uncertainties diminished. Ehvariability
inthe H to H ratio seen during the rst 100 days was likely real, however,
and not due to measurement uncertainties alone.

As late as day 58, there was strong emission from O 1.1289 m (Tab.
3.3, Fig. [3.4), while OI 8446 A persisted in the optical through day 79. As
discussed above,X3.3.2), these features arise due to Ly uorescence. Active
Ly uorescence requires that H be optically thick. We estimate that  was



Table 3.6: Balmer Decrement

Obs. Date (mm/dd/yyyy) Day

B-band R-band Number R /Fy Iy Iy 2 E(B-V)
01/30/2007 01/29/2007 9/10 783 0:03 2.62 1.11
02/01/2007 01/31/2007 11/12 14 017 2.62 1.64
02/05/2007 02/04/2007  15/16 589 0:02 2.62 0.82
02/07/2007 02/06/2007  17/18 606 0:02 2.62 0.85
02/09/2007 02/10/2007  20/21 1275 0:13 2.62 1.60
02/12/2007 02/13/2007  23/24 1073 0:02 2.62 1.43
02/14/2007 02/13/2007  24/25 1135 0:11 2.62 1.48
03/31/2007 04/01/2007  70/71 693 0:03 2.70 0.95
04/06/2007 04/07/2007  76/77 502 0:03 2.70 0.63
04/12/2007 04/19/2007 82/89 701 0:03 2.70 0.97
06/28/2007 06/30/2007 159/161 &2 0:03 2.85 0.79

aExpected recombination values derived from_Hummer & Storey |(19%) using ap-
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propriate values for T and ne.

high at least until the third epoch of observations. A high optical deth in H
violates the Case B approximation, which assumes that all non-Lymgphotons
are radiated away without scattering. This means that the Balmer ecrement
during these stages will not yield a reliable reddening estimate.

In principle, the ejecta should become increasingly transparent t&¢ photons
as they expand. Hence, the observed Ho H
asymptotically approaching the intrinsic recombination ratio extingished by red-

ratio should continue to decline,

dening. Table[3.6 indicates, however, that at late times, there waslkrelatively
high variability in the H to H
still did not emulate the Case B approximation.

ratio implying that conditions within the ejecta
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Taking this into consideration, we used the minimum observed Hto H ratio
to calculate an upper limit to the reddening towards V1065 Cen. Theeddening
from the Balmer decrement was calculated according to
Ro

E(B V)=a log R (3.2)

(Lee et al.l 2003) whereR is the observed ux ratio Fy =Fy , Rq is the intrinsic
intensity ratio |y =l for the Case B approximation (Hummer & Storey 1987),
and a = (0:4[A( ) AiH)] L Ay ) is the extinction at wavelength for
a reddening E(B-V) = 1.0, calculated using the reddening law of Cardeet al.
(1989) with a ratio of total to selective extinction R, = Ay=E(B V) = 3:07.
AssumingRy = 2:72forT=2 10*Kand ne = 10° cm 3 (Hummer & Storey 1987)
yields a reddening of E(B-V) =061 0:02. The error on the reddening estimate
re ects the range of reddening values for reasonable variation in.Bnd n.. Use
of alternative reddening laws such as Fitzpatrick (1999) results ini drences in
the derived E(B-V) values of only 3%.

Galactic extinction maps (e.g., Schlegel et al. 1998) provide thetal inte-
grated extinction along the line of sight. Hence, they can provide asaful upper
limit to the extinction towards V1065 Cen. Assuming thatRy = 3:07 in the
interstellar medium, then the total extinction towards V1065 Cen nrmalized to
the CTIO V band-pass is A, = 2:2 corresponding to a reddening of E(B-V) = &¥.
Since V1065 Cen has a Galactic latitude df= +03 :613 and there is substantial
contamination from unresolved Galactic sources in the Schlegel &1 (1998) maps
near the Galactic plane g < 5 ), these extinction estimates should be taken with
caution.

Table[3.7 summarizes the various reddening and extinction estimategh their
associated errors. The meanis B( V)=0:5 01 (Ay =1:5 0:3), which we
will adopt throughout our subsequent discussion. This is comparkgto the upper
limit on the reddening derived from the _Schlegel et all (1998) extincn maps.

We estimate the distance to V1065 Cen using the maximum magnitudate
of decline relationship (MMRD; |Della Valle & Livio |1995). For § = 11 days,
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the MMRD yields an absolute magnitude of N = 8:6 0:5, where the error
is estimated from the 3 variation in the MMRD t to the data reported by
Della Valle & Liviol (1995). Adopting my.max = 7:6  0:2 and correcting with the
mean extinction, A, =1:5 0:3 (Table[3.1), results in a distance modulus of yn
- My = 14:7 0. This implies a distance of d = 873 kpc to V1065 Cen.
Recent work by Del Pozzo!(2005) examining CNe in the Large MagellarCloud
has indicated that there is a much higher uncertainty in the relatiortsp between
My:max and My for ONe novae than for CO novae. Hence, the MMRD relation
may not be valid for ONe novae and the derived distance for V1065 ©enay not
be well constrained.

Table 3.7: Reddening and Extinction

Method E(B-V) Ay?

Equivalent Width Munari & Zwitter (1997) 1:05 05 322 154

Color tmax 0:29 0:07 089 021
to 0:43 006 2132 019
Balmer Decrement 079 001 243 003
Extinction Map Schlegel et al. (1998) 0:71 2:18
Mean ° 05 01 15 03

aCalculated assuming R, =Av/E(B V) =3.07
bCalculated without the equivalent width and extinction map estimates.

3.4 Photoionization Modeling

Photoionization models provide estimates of ejecta abundance adensity as well
as source luminosity and temperature. Modeling of multiple epochs alenables
assessment of whether abundance patterns change as thetejevolve and the
radiation eld varies. The Cloudy photoionization code, C07.02.02 (FFand et al.
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1998) was used to model the line emission observed on 2007 March Zpril
01 (Epoch 2; day 58-70) and 2007 June 26-30 (Epoch 3; day 1581 Cloudy
generates predictions of output spectra from non-LTE, illuminai gas clouds by
solving the equations of thermal and statistical equilibrium for a giveset of input
parameters. We assumed a spherically symmetric, expanding shelbrphology.
The inner and outer shell radii were calculated using the minimum andawimum
expansion velocities as determined from the average FWHM of the ission lines
(2400 km s?) and the maximum P-Cygni absorption velocity (4250 km st),
respectively. The ejecta density was assumed to follow a power law, r  with

= 3:0 for a shell undergoing ballistic expansion, and the covering facteras
set to unity. The abundances of all elements were held xed at thegolar values
except for He, N, O, Ne, Mg, Ar, S, and Fe. The di erence betweethe number
of observed emission linemj and the number of free parametersn) gives the
number of degrees of freedom (DoF), = n n,. The model free parameters
included the source temperature, source luminosity, electron dgty (ne), and
the aforementioned elemental abundances, yielding a total of Irké¢ parameters.
Tables[3.8 {3.11 display the best t models and parameters for E3 ari® along
with the degrees of freedom and the calculated reduced, where 2, = 2= for
the free model parameters,,.

The 2 goodness of t of a given model to the observed spectral enerdgtri-
bution was determined from

22 % (M 0)?
2
i=1 !

wheren is the number of emission lines used in the modéMl; is the modeled ratio

(3.3)

of line ux to hydrogen line ux, O; is the measured ux ratio, and ; is the error
in the observed ux ratio. To minimize errors associated with ux calilvation
between dates and wavelength regime, we calculate the modeled arxberved
ux ratios relative to prominent hydrogen lines within a given wavelenth regime
when available, i.e., relative to H in the optical, Paschen in the near-IR, and
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Humphreys in the mid-IR. Unless stated otherwise, the error estimates rande
from 10-30%, depending upon the strength of the line relative to snuum, the
possibility of line blending with unidenti ed emission or atmospheric absption
features, and the formal calculated error in the measured line ux

The measured line uxes were dereddened usingEE( V) = 0:5 and compared
to the output of each Cloudy model to calculate a reduced? for the t. The
model electron density was constrained by the ratio of [@] 4363 to [OllI] 4959
+ 5007, while limits on the source luminosity and temperature where datmined
from the ratio of [Ne 1] 15.56 m to [Ne 1] 12.81 m. The parameters from
the resulting best t model were then applied to the near-IR obse&ations.

Table 3.8: Best Fit Cloudy Models - Epoch 3

One Component Two Component

Line ID ( m) Observed@ Modeled 2 Modeled 2
Optical - (Days 153,159,161)

[Ne 1] 0.3869 12.13 11.99 0.00 12.09 0.00
[Ne 1] 0.3968 3.83 3.61 0.05 3.64 0.04
H I 0.4340 0.36 0.52 3.01 0.51 2.69
[O 1] 0.4363 1.82 1.96 0.11 2.09 0.36
He Il 0.4686 0.20 0.12 1.03 0.17 0.15
[Ne IV] 0.4720,0.4725  1.95 1.66 055 1.95  0.00
H I 0.4861 1.00 1.00 0.00 1.00 0.00
[O 1] 0.4959 1.29 1.13 0.24 1.11 0.30
[O 1] 0.5007 3.86 3.40 0.23 3.33 0.30
[Fe VII]+

[Fe VI] 0.5159,0.5177 0.09 0.08 0.10 0.09 0.01
[N 11] 0.5755 0.52 0.39 0.67 0.49 0.04
He | 0.5876 0.26 0.29 0.36 0.26 0.00

Continued on Next Page. ..
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Table 3.8 { Continued

One Component Two Component

Line ID ( m) Observed Modeled 2 Modeled 2

[S 1] 0.6312 0.51 0.57 0.14 0.55 0.07
H I 0.6563 4.01 3.58 0.29 3.42 0.55
He | 0.6678 0.10 0.07 0.58 0.07 1.04
[Ar V] 0.7007 0.06 0.07 0.12 0.08 0.60
He | 0.7065 0.21 0.23 0.04 0.21 0.01
[Ar 111] 0.7135 0.47 0.51 0.03 0.41 0.11
[Ar 111] 0.7751 0.18 012 066 010  1.29

Mid-IR - (Day 157)

[Mg VII] 5.5030 0.28 001 1027 020  1.05
[Mg V] 5.6100 0.48 008 758 059  0.57
[Ne VI] 7.6520 1.57 0.07 10.09 1.22 0.54
[Ne 11] 12.8100 0.29 0.39 1.48 0.44 3.46
[Ne V] 14.3200 0.41 0.03 9.68 0.40 0.00
[Ne 1] 15.5550 0.68 0.18 6.13 0.19 5.88
[Ne V] 24.3100 0.04 0.00 9.58 0.05 0.22
[O IV] 25.9100 0.05 0.01 9.15 0.05 0.12
[Ne 1] 36.0100 0.02 0.01 5.20 0.01 4.95
TOTAL 2 75.96 24.35

aAll lines are normalized to H
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Table 3.9: Best Fit Cloudy Model Parameters - Epoch 3

Parameter One Component Two Component
log Tgg (K) 5:80 0:03 578 0:04
log Luminosity (erg s 1) 3827 0:10 3815 0:.02
log ny.gi (cm 3) 7:80 0:03 673 001
log Ny:cump (€M 3) . 7:79 0:05

a -3.0 -3.0
log R, (cm)P 15.44 15.44
log Rout (cm)° 15.76 15.76
Filling Factor 0.10 0.10
Power 0.0 0.0
Covering Factor (Di use) 1.00% 0:49 0:04
Covering Factor (Clump) . 051 0:04
Hed 0:81 007 (4) 082 0:05(4)
N 1:90 0:10(1) 1:82 0:06 (1)
@) 1.50 0:11(4) 142 003 4)
Ne 1:53 0:03(9) 146 0:04(9)
Mg 274 022 (2) 275 0:11(2)
S 297 008 (1) 293 0:18(1)
Ar 386 0:10(3) 390 0:13(3)
Fe 340 016 (1) 368 0:13(1)
Ejected Gas Mass D 10° 1.7 104
Number of Lines 27 27
Degrees of Freedom 16 14
Total 2 75.96 24.35
Reduced 2 4.75 1.74
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aThis was not a free parameter in the model.
bCalculated assuming a minimum expansion velocity of 2400 km st

over 157 days and was not a free parameter in the model.
¢Calculated assuming a maximum expansion velocity of 4250 km

over 157 days and was not a free parameter in the model.
4The log abundance by number relative to hydrogen. All elements

not listed in the table above were set to their solar values. The num-
ber of lines used in determining each abundance estimate is given in
parentheses.

3.4.1 Epoch 3

E3 exhibited a much greater variety of emission line species and hemeevided
a more robust set of constraints than E2. Consequently, we mdee this epoch
rst. The data used to construct the model spanned days 14161. For simplicity,
we assumed that changes occurring in the spectrum during this peat were min-
imal. This is undoubtedly not the case. During this interval, we expedboth the
conditions in the ejecta and the source illumination to have undergenconsider-
able changes. Examination of the data ranging from 6600 7000A in Figure
[3.3 reveals that during this interval the line uxes of some species weenearly
constant while others varied considerably. In particular, the uxe of [N1I] 5755
A and [SIn] 6312A declined by 20-30%. Therefore, we assume a relatively
high error of 40% on optical emission line uxes of [N] 5755A and of lines at
wavelengths longer than 7000.

The dereddened uxes for the Balmer lines H H , and H , were much greater
than predicted by the Balmer decrement. For H, we attribute this discrepancy
to blending with the [O 111] 4363 line (Fig.3.8), while the H line is contaminated
by [Nelln] 3988. The source of additional emission in the Hine is unclear, but
may be due to [SI] 4074 or [Fev] 4072. We removed the ux predicted by the
dereddened Balmer decrement and attributed the remaining ux tdahe blended
forbidden lines. Due to the high uncertainties, we did not include theshydrogen
lines in our models.
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Our initial attempts to model the E3 data with only a single density regne
failed to achieve a suitable t to the data. The best t for a single conponent
model yielded a total 2 of 75.96 with a %, of 4.75. The emission lines for the
best t model are presented in Tablé~3I8 and the best t Cloudy parmeters are
summarized in Table[3.D. The derived abundances in Talle 3.9 are giventhe
log abundance by number relative to hydrogen with the number of liseused in
the model calculation given in parentheses. The more lines used in thmodel,
the greater the certainty in the modeled abundance. We stresspwever, that all
solutions are non-unique. The total number of lines and free paraters used in
calculating the reduced 2 from the best t model 2 are provided.

A single component model was clearly unable to reproduce the ranggkion-
ization states observed in the ejecta. For example, emission linesrfr [Ne 1] to
[Ne 1V] were t quite well, yet the more highly ionized species of [Ne V] @[Ne
VI] were underestimated by orders of magnitude. The case of nmagium is more
complicated. Though these lines were underestimated by a subgiahamount,
a simple increase in the magnesium abundance improved the ts to tiddg emis-
sion lines while degrading the global t. Hence, the magnesium abunuze was
constrained by the global model as well as by the emission lines.

As discussed above, there is strong support for the conclusionathby E3,
the ejecta had di erentiated into regions of higher and lower densit Following
the assumption that the ejecta did not have a homogeneous depsdistribution
during E3, we attempted to model the observed emission with a twamponent
model following the method of Vanlandingham et al.[ (2005). In this nuel, we
assumed that the ejecta were composed of two di erent densitggimes but that
the abundances were uniform throughout. Both density componts had an as-
sociated covering factor, the sum of which was unity. This e ecti\g increased
the number of parameters by two 1§, = 13), one additional density component
and the ratio of high to low density covering factors. Hence, thereere 14 de-
grees of freedom. We conducted the modeling in a manner similar toathfor a
single component, but combined the predicted uxes of the low anddh density
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components when comparing to the observed ux ratios.
The resulting best t model had a total 2 of 24.4 with a 2, of 1.7. The

two component model greatly improved the overall t to the more kghly ionized
species.

3.4.2 Epoch 2

We then applied the abundance solution derived for E3 to the day 58} data
in E2. The spectral coverage of the data used in this epoch's anatysvas more
broad, including optical, near-IR, and mid-IR data, but exhibited fever elemental
species and a more limited range of ionization states. During this inte, the
emission lines were changing rapidly. To minimize the e ect of these aiges
between the times when each band-pass was observed, each ageh regime,
optical, near-IR, and mid-IR, was modeled independently and the beequent 2
values were combined. The optical emission lines were modeled relatovél |, the
near-IR lines to Pa , and the mid-IR lines to Hu . After an initial solution was
obtained using the derived abundances from E3, we then adjustde abundances
of elements that had associated emission lines while keeping the othbundances
xed at the E3 values. Again, this was done in a self-consistent maan within
individual band-passes. We derived an upper limit to the sulfur aburahce by
assuming that excess of emission in Pand Pa was due to [SIII].

The resulting best t model had a total 2 of 24.2 with a 2,4, of 1.4. The
derived blackbody temperature and luminosity for the illuminating sotce and the
shell hydrogen densities were consistent with expectations for arpanding shell
morphology. The E2 modeled abundance enhancements were nainid to be as
extreme as in E3, but we note that this earlier epoch had fewer métines with
which to constrain the abundances.

Though the 2, is quite good, the Cloudy model still has some signi cant
problems. It was unable to adequately reproduce the observed ission in the
complex at 6330A or the near-IR O | emission lines at 1.1284 m and 1.3169
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m. There were additional problems in the near-IR modeling the Heemission at

2.0587 m. One of the strongest lines in the near-IR spectrum, this featarwas
underestimated in our model by nearly two orders of magnitude.

Our initial models were unable to generate any signi cant ux from [Ol]

6300, 6364A. These transitions may, however, be excited by gas warmed by
hot dust in the photo-dissociation region (PDR). To explore this pasbility, we
included continuum dust emission with a composition and grain size digtution
predicted by our Dusty model §3.5). The e ects of depletion of the gas phase
elements into the dust grains was considered in estimating the abuarttes. The
inclusion of dust to the photoionization model resulted in little additiorl [O 1]
ux and had only a marginal ( 10%) a ect on the calculated model abundances.
The weak impact of metal depletion on to the dust grains is not surfging if the
dust to gas ratio was very low in the ejecta of V1065 Cen{d.5).

As mentioned above ¥3.3.2), the E3 IR spectra clearly reveal the presence of
sulfur in the ejecta, which suggests that the 6338 emission complex could also
be due to [SIII] 6312A. The predicted model ux from sulfur is given in Table
[3.10 and likely accounts for much of the observed emission in this cdewp

Table 3.10: Best Fit Cloudy Models - Epoch 2

Line ID ( m) Observed Modeled ?

Optical? - (Days 70,71,79)

[Ne 1] 0.3869  1.63 147  0.24
[Ne 111] 0.3968  0.40 0.44  0.10
H I 0.4340  0.48 0.58  0.48
[O 111] 0.4363  0.34 030  0.12
H I 0.4861  1.00 1.00  0.00
[O 111] 0.4959  0.25 0.26  0.03
[O 111] 0.5007  0.74 0.77  0.03

Continued on Next Page. ..



Table 3.10 { Continued

Line ID ( m) Observed Modeled 2
[N 1] 0.5755  0.10 0.10  0.01
He | 0.5876 0.25 0.27 0.10
[S 1] 0.6312 0.10 0.14 2.22
HI 0.6563 3.89 5.27 3.13
He | 0.6678 0.09 0.07 0.64
Near-IRP - (Day 59)
H I 0.9015 0.12 0.14 0.19
[S 111] 0.9069  0.33 021 158
[S 1] 0.9532 0.43 0.51 0.37
HI 0.9546 0.29 0.23 0.46
H I 1.0050 0.36 0.34 0.23
He | 1.0830 8.16 9.64 0.81
HI 1.0940 0.61 0.55 0.12
He | 1.2530 0.07 0.04 1.74
H I 1.2820 1.00 1.00 0.00
H I 1.6810 0.10 0.05 291
HI 2.1660 0.15 0.15 0.03
Mid-IR ¢ - (Day 65)

H I 11.3100 0.56 0.32 4.52
HI 12.3700 1.00 1.00 0.00
[Ne 11] 12.8100 13.04 13.01 0.00
[Ne 111] 155550  8.69 752  0.81
H I 19.0600 0.60 0.42 0.93
HI 27.8000 0.36 0.20 2.32
[Ne 1] 36.0100 0.23 0.29 0.84
TOTAL ? 22.75




2Normalized to H
PNormalized to Pa
®Normalized to Hu

Table 3.11: Best Fit Cloudy Model Parameters - Epoch
2

Parameter Value
log Tes (K) 4:77 0:.02
log Luminosity (erg s 1) 3805 0:09
log ny.gi (cm 3) 6:97 024
log Ny-cump (€M 3) 8:24 0:.04

a -3.0
log Ri, (cm)P 15.16
log Rout (cm)° 15.40
Filling Factor 0.10
Power 0.0
Covering Factor (Di use) 0:57 0:05
Covering Factor (Clump) 043 0:05
Her 0:94 0:07 (4)
N 2:36 0:07 (1)
O 1:72 0:16 (3)
Ne 1:72 0:08 (5)
Mg® 275 011 ..
S 360 0:12 (2)
Ar¢ 390 0:13¢(. ..
Fe° 368 013(. ..
Ejected Gas Mass 4 104
Number of Lines 27

Continued on Next Page...
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Table 3.11 { Continued

Parameter Value
Degrees of Freedom 16
Total 2 22.75
Reduced 2 1.42

aThis was not a free parameter in the model.
bCalculated assuming a minimum expansion velocity

of 2400 km s * over 70 days and was not a free parameter

in the model.
€Calculated assuming a maximum expansion velocity

of 4250 km s ! over 70 days and was not a free parameter

in the model.
9The log abundance by number relative to hydrogen.

All elements not listed in the table above were set to their
solar values. The number of lines used in determining each

abundance estimate is given in parentheses.
€This was set to the abundance value derived for E3.

During this epoch, the best t models predicted high optical depthin H and
Ly , » =25and , =7:0 10’. The Cloudy prediction for  is consistent
with our estimate based upon the observed intensity ratio of O 8446AtoH at
this epoch. In spite of this, our models underestimated the ux in th Ol emission
lines at 8446A, 1.1284 m, and 1.3169 m signi cantly. In part, we attribute these
di culties to the complexity in reproducing the excitation mechanismsgoverning
the O I emission, including Ly uorescence, and to a lesser extent, recombination
and continuum uorescence ¥3.3.2). Further, even the two component models
likely fail to adequately reproduce the complicated density structe characterizing
the ejecta. The conditions in the regions in which these lines originasee likely
not accurately reproduced. A detailed solution for the neutral gggen emission,
correctly encapsulating the above a ects into photoionization maels is beyond
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the scope of this paper, and thus, we excluded these line uxesri@onsideration
in estimating the goodness of t for all photoionization analysis.

The uxin He 1 2.06 m (2p' P? 2s! &) was severely underestimated in
the Cloudy model. The excitation mechanisms for this transition areomnplex.
The transition arises from the »' P? level, which can decay either to the & S
level at 2.06 m or to the 1s? 'S level at 584A. The branching ratio for these
transitions is 10 3:1, but under Case B conditions, the 584 A transition is
optically thick, potentially enhancing emission at 2.06 m through resonant scat-
tering. The rate of uorescence is dependent upongJ ne, the He abundance and
ionization fraction, and the presence of dust (Shields 1993; DeP&yShields 1994;
Luhman, Engelbracht, & Luhman| 1998). We conclude that extremaix of He |

2.06 m line is probably due to the high optical depth in the 584A transition.
Hence the Hel 2.06 m emission line was excluded from consideration during
the 2 minimization to determine the best- t model parameters.

We calculated the average abundances by taking the linear mean bétabun-
dances derived for E3 and E2. The average abundances by numbe&ative to
hydrogen are shown in Tablé_3.13. Overall, our best- t models suggiea moder-
ate overabundance of helium and iron in the ejecta, with abundareéy number,
relative to solar of He/H = 1:6 0:3 and Fe/H = 6:6 2:3. The abundances of
O, Mg, S, and Ar were all signi cantly enhanced with O/H =58 18, Mg/H =
45 13,S/H=54 31, and Ar/H=50 18. Neon and nitrogen were both found
to be heavily enhanced relative to solar. The nitrogen abundance sv&N/H =
144 34 and the neon abundance was even greater, Ne/H = 31&8. All relative
abundances are based upon the solar abundance values repobedsplund et all
(2009).

Models of the TNR predict very little enhancement of iron in the ejeet. Con-
sequently, the observed overabundance of iron suggests thgtifogen in the ejecta
is signi cantly depleted. One explanation for the high abundances ihat a sub-
stantial mass of material was dredged up from the underlying WD (Tiran & Livio
1986). On the other hand, the high sulfur abundance may imply \bekout" from
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the CNO cycle. Recent models of TNR on slowly accreting massive WD
able to produce conditions capable of breakout from the hot CNO cle resulting
in enhancements of the sulfur abundance (Glasner & Truran 2009)he predicted
sulfur enhancement was moderate, however, and still would notcunt for the
observed overabundance. Further, the errors on the sulfur abdance determined
by the Cloudy models are quite high, so related conclusions must bekéa with
extreme caution. The most probable explanation for the observederabundances
is due to dredge-up from the ONe WD.

The high neon enhancement clearly indicates that V1065 Cen is an ONava
and situates it at the upper extreme of the class. The high neon abdance invites
comparison to other ONe CNe such as V838 Her, which had a neon atlance
of 180 times solar [(Joe & Shore 2008). Besides the similarities in theame
enhancement, both of these objects were also overabundant libm and sulfur.
For V838 Her, He and S were 1.4 and 27.9 times solar, respectively.

3.4.3 Ejecta Mass Estimates

The mass of hydrogen in the ejecta can be estimated using the temfues de-
scribed by|Vanlandingham et al. [(2005). Adopting their approach,he ejecta
were divided into 1000 nested shells using the inner and outer radiil@aated
above (Tables[3.11 an@—319). The density within each shell was comedtfrom
model best- t density distribution where ny is the density at the inner radius.
Likewise, we applied the lling factor to each shell - in this case at a cetant
value of 0.1 throughout. We then determined the total shell massd multiplied

by the covering factor to estimate a nal ejected mass. The bedst model for E2

predicts a shell mass of:4 10 * M . For E3, the sum of the contribution from
the di use and clump components yields an ejected mass aff1 10 * M . The
average ejecta mass derived for V1065 Cen61 10 #* M , is comparable to that
estimated in other ONe CNe, such as V1187 Sco (L0 * M :|Lynch et al/|2006a)
and V1974 Cyg ( 2 10 * M ;Vanlandingham et al. 2005).
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3.5 Dust

In CNe, dust formation occurs if the local density and temperatar in the ejecta
are commensurate with the physical conditions required for grairoondensation
(Gehrz|20080b). The resultant obscuration of the central souecat the time of the
condensation event is characterized by a marked in ection in the dine of the
broadband optical light curves, especially at blue wavelengths, amecovery as the
dust formation subsides in the expanding ejecta. The depth of theansition in
the light curve enables estimation of the optical depth,,, of the dust at maximum
extinction. The B- and V-band light curves of V1065 Cen (Fig._3]2) ktb exhibit
a shallow dip and recovery that we interpret as a dust condensatia@vent. The
optical depth of the extinction event in the V-band is y = 1:06 0:06, while

g =0:97 0:07, R =0:31 0:05,and ;, =0:27 0:09, for the B, R, and | bands,
respectively.

The optical extinction appears to be relatively at in the B and V-bards,
i.e., at wavelengths below about 5808. The break in the absorption e ciency
between the V and R bands allows us to make a rough estimate of thestl grain
radius. If we assume that the dust grains are of uniform size, thehe extinction
curve will be relatively at or \grey" when,

2a o1 (3.4)

where a is the grain radius. Equation[3.4 yields an approximate grain size of
a~ 0:09 m. This is necessarily an oversimpli cation since in reality the dust will
have a much more complicated grain size distribution. Neverthelesse consider
this to be a reasonable rst order estimate.
The dust mass in the ejecta can be deduced from
16 R? ya g,

Mo= 5o (3.5)

(Gehrz et al.|1995), where R = wt, the grain density 4 =3 g cm 3 with absorp-
tion coecients Qs 05at =0:55 m (i.e., for grain sizes nean=0:3 m;
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Draine & Lee|1984). Assuming that the dust originated within a regiorf the
ejecta expanding with the average velocityv 3325 km s?) thirty-three days
after outburst, we nd a dust massof, Mjy 15 108M .

The rst IR observations of V1065 Cen were obtained about 20 dayafter
onset of dust formation, just as the light curve was resuming its mmal, post-
extinction event decline. The initial Spitzer observations revealed a broad feature
near 10 m superimposed on a strong dust continuum. The Gemini coverage
extended only to 2.5 m while the Spitzer coverage began at 5.2m leaving a gap
in the IR spectral coverage. In spite of the gap in coverage, it is pgrent that at
this epoch the underlying continuum mimicked a black body that likely paked
around 3-4 m. We identify the broad emission feature near 10m as the Si|O
stretching mode vibration of silicates, which typically occurs at 9.7m. This solid-
state feature has an associated 18n feature caused by O|Si|O bending mode
oscillations (Kwok!2007). In CNe these features are believed to a&igom small
(radii < 1:0 m) silicate grains being illuminated by the outburst, and are best
observed under optically thin conditions. There was no evidence fonidenti ed
infrared features (UIRs) as was observed in other dust produgmovae such as
V705 Cas (Evans et al. 2005), DZ Cru_(Evans et al. 2010b), V236¥¢; or V2362
Cyg (Lynch et all|2008b; Helton et al. 2010b).

The IR spectral energy distribution (SED) of V1065 Cen evolved padly
through the rst few months post-outburst (Fig. [3.5). Betweenday 47 and
day 157, the underlying continuum declined sharply while the peak 9.7m ux
density nearly doubled. Over the next 66 days, however, the 9. ux declined
by a factor of 7. By day 529, the peak emission had transitioned to longer
wavelengths, between 20-23m. From this point on, the overall shape of the SED
remained steady while the total emission gradually declined. Thouglmeé shape
of the SED is not well characterized by a blackbody curve, the gaaé behavior
is consistent with the gradual cooling of the dust grains. The lingerinpresence
of highly ionized elemental species of magnesium and neon at late tinfies day
529) implies that the radiation eld was still quite hard. Consequentlywe expect
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there to be ongoing grain processing at this epoch. The evidencetfos, however,
is not readily apparent. More detailed analysis is required to properigharacter-
ize the development of the dust at late times and to understand thactive grain
processing mechanisms involved.

3.5.1 Dusty Modeling

To better understand the composition and evolution of the dust msent in the
ejecta of V1065 Cen, we modeled thepitzer and Gemini observations from days
57-58 using the DUSTY radiative transport codel (Ilvezc et al. 199). This pro-
gram propagates incident radiation through a dust cloud accountinfor the com-
position speci ¢ absorption and emission e ciencies to calculate theemperature
distribution in the cloud and the emergent SED. We assumed a sphalcejec-
tion distribution with a power law density distribution / y 3, where is the
dimensionless pro le function andy is the scaled radius of the shelly(= R=R;,
with Rj, equal to the inner shell radius). We estimated to be 1.8 based upon
the minimum and maximum expansion velocities, 2400 and 4250 km X, respec-
tively. The grain size distribution (power law index, minimum, and maximum
grain sizes), the dust temperature at the inner boundary, and threlative abun-
dances of di erent grain types, including two types of silicates, wanr silicates from
Ossenkopf et al. (1992) and silicates from Draine & Llee (1984), aadthorphous
carbon from/Hanner (1988), were free parameters in our DUSTYadels.

We assessed the quality of the t through visual comparison to obsvations.
The continuum ux levels of the Gemini data were only poorly constrimed. There
were signi cant di culties in ux calibration of these data due in part t o the
source brightness, but also to poor recti cation and matching ofhte spectral
orders. Also, during E2, the continuum ux due to dust emission washanging
rapidly. Between days 58 and 65, the ux density at 7 m grew by 10% while the
shape of the continuum between 5.2 and 7m attened noticeably. To deal with
these uncertainties, we allowed a bias level o set to be applied indemkently to
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each spectral order of the Gemini data while matching the overallope of the
near-IR SED. Since the ux calibration of theSpitzer data was robust, they were
used to x the modeled mid-IR continuum ux. In order to adequatdy t the
near-IR data, it was also necessary to include a weak free-freenpmnent with
of the form F /  %8exp( hc= kT). Our model for the dust in V1065 Cen is
presented in Figure_3.J1 with model parameters and output preded in Table
3.12.

10.0

Log AF, (10" ergs s' cm®)

Total Modeled Emission —~—_
Dusty Model -~

. _—___  Free-Free Continuum
01l s s s L

A (um)
Figure 3.11: Plotted above are the combined Gemini arfsipitzer data from days

58 and 57. Overlaid on the plot is the Dusty model t with the addition d a weak
underlying free-free component. See text for discussion.

Table 3.12: Best Fit DUSTY Model Parameters - Epoch

2
Parameter Value
log T (K)? 5.30
Taust at Rin (K) 1050

Continued on Next Page. ..
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Table 3.12 { Continued

Parameter Value
y 1.8
3.0
9:7 0.20
Silicate Fraction 0.95
Amorphous Carbon Fraction 0.05
min (M) 0.005
amax (M) 5.000
q 3.0
Fbol at Rin (W m ?) 5:25 10
Rin¢ (cm) 2:41 10%
Rin/R 5 416 10
e 0 1.80
Taust at Rout (K) 644

aThis is the blackbody temperature of the illuminating

source.
bCalculated assuming minimum and maximum expan-

sion velocities of 2400 and 4250 km s, respectively, over

58 days. This was not a free parameter in the model.
°For a luminosity of 1 10* L .
4R, is the radius of the central source. This ratio is

calculated assuming an external radiation temperature of

T=10000 K.
eAngular size when g =1 10 ® W m?2.

The model for the observed SED suggests that the grains in theeeja of V1065
Cen were comprised primarily of silicates (95% by number) with a smahaiction
(5% by number) of amorphous carbon (AC). The 9.7m feature had a broad shape
that we were unable to t using any of a wide range of model paramets but with
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only a single silicate grain type. In order to better match both the with of the
feature and the emission peak, we included a roughly 15/4 mix of siliest with
optical properties described by Draine & Lee (1984) and warm silicg described
by |(Ossenkopf et al. (1992). Models that included no carbonaceogiins failed
to match the slope of the near-IR emission and underestimated ti&pitzer 5.2
to 8 m continuum. The substitution of graphitic carbon in place of AC resied
in a worse t overall to both the near-IR data and the Spitzer blue continuum
data. We consider the fraction and composition of the carbon graicomponent
is poorly constrained.

Our DUSTY SEDs tted the silicate emission features poorly. Unlike siliate
emission observed in many sources of astronomical silicates, in VA@Ben, the
9.7 m and 18 m features are exceptionally broad and not well di erentiated.
Our models suggest that the relative strengths and overall shapé the two sil-
icate peaks is a complex function of the grain size distribution and theptical
depth. Increasing the maximum grain size made the features lesstidist from
one another, improving the t to the inter-feature region, but atthe expense of the
overall strength of the silicate emission. Likewise, decreasing thgtical depth re-
sulted in an increase in strength of the emission features, but withcarresponding
sharpening of the pro les.

The diculty in tting the shape of the silicate emission features is due in
part to the optical properties used by the Dusty model. The optidaproperties
of both the Ossenkopf warm silicate and the Draine and Lee silicate oels are
for environments that are intended to be representative only. Té former were
intended to t warm dust in an oxygen de cient environment (OsseRopf et all
1992) and the latter were a compromise between matching the obgl charac-
teristics of silicates in the \Trapezium" cluster and the absorption omponents
arising from dark clouds (Draine & Lee 1984). None of these enviments are
good proxies for the ejecta of a CN. This is particularly apparent inhe case of
V1065 Cen. As we have discussed, the nebula from which the dushdensed was
very hot and, perhaps more importantly, heavily enriched in oxygenOne would
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expect these extreme conditions to play an in uential role in the coposition and
observational characteristics of the grains produced in this eneinment.

In addition, the width of the silicate emission pro les also may be in uened by
the inclusion into the dust grains of high charge density cations, su@as Mg* or
Fe?* (Nuth & Hecht 1990), both of which are present and enhanced in ¢hejecta
of V1065 Cen (see3.4), or emission from aluminium oxide (AlO, or AJO), which
has been detected in the atmospheres of some evolved stars. #l$® possible that
the broad shape may be due to a high grain porosity. Increasing grgorosity
has been shown to result in broadening of the 9.7m feature with a correlated
blue-ward shift in the central wavelength of emission (Voshchinniko& Henning
2008). Both of these characteristics are observed in the silicagafures in V1065
Cen.

The presence of multiple species of dust in the ejecta of V1065 Cboth sili-
cates and AC, is not unusual for dust producing CNe. This chemicdichotomy
can be explained if the CO nucleation sites did not saturate leaving doiC and
O free to form dierent grain types. Likewise, an inhomogeneous ahdance
distribution in the ejecta would allow local variations in dust production possi-
bly coinciding with locations of higher density condensations (Evans Rawlings
2008). We discount this latter possibility based upon the apparentriformity in
the abundance distribution throughout the ejecta.

Our models assumed dust grains with a Mathis, Rumpl, and NordsiecMRN;
Mathis et al.11977) power law size distribution of the form r) / a 9 with sharp
boundaries, anin a amax. We found that a power law index, g= 30 most
accurately tted the data. This is slightly atter than the standar d power law
index for the ISM of g = 3:5 and steeper than that found for the dusty nova
V705 Cas (g = 23; |[Evans et al.l 2005). The MRN size distribution for the ISM
hasanin, = 0:005 m and anx  0:250 m. The lower and upper limits to the
grain size distribution for V1065 Cen were found to be@,, = 0:005 m and
amax 95:000 m with an average grain size by number dyy = 0:006 m. The
modeled minimum grain size is within a factor of two of the grain size estated for
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a uniform size population from the dust extinction event above. Thah the mass
is dominated by grains that are large compared to the ISM, the lowdimit to the
grain size is comparable to the ISM and is not atypical of the dust gres found
in CNe (cf., V705 Cas; Evans et al. 2005). The maximum grain size, hewver,
is much larger even than that determined for other dusty novae. ;Amentioned
above, the 9.7 and 18 m silicate features in V1065 Can are much less distinct
than is typical, and it is this characteristic along with the underlying blakbody-
like continuum that dictates the maximum grain size in the model. Due tdhe
di culty in tting this region, we consider anax to be poorly constrained.

The V-band optical depth determined by our Dusty modeling isy 0:5.
Though this is less than the peak optical depth of the extinction ewg it is
slightly higher than the observed optical depth at the time of the IRobservations.
This discrepancy can easily be resolved if the dust in the ejecta foethwith a non-
uniform, clumpy distribution. Taking this into account, the modeled &tinction is
consistent with the observed light curve properties.

The DUSTY model predicts an inner radius of R = 2:41 10" cm for a
luminosity of L=1 10* L . This inner radius scales as R/ L. Based upon
the assumption that the nova is still radiating at or near the Eddingbn luminosity
fora 1.3 M WD, this yields a predicted inner shell radius of 3 10 cm. This
is consistent with the radius calculated assuming a velocity of 2400 ksn' over
58 days, R =60 10 cm.

The mass in the dust was computed assuming an? power law density dis-
tribution according to

Mg=8 R Y ?) Uny-2L; (3.6)
9:7

(Sarkar & Sahail 2006) where R is the inner radius of the dust shell, Y is the
relative shell thickness, By=Rin, and o7 is the model optical depth at 9.7 m,
which we ndtobe 0:01. 47 isthe dust mass absorption coe cient at 9.7 m.
We choose o7 = 1:87 10° by linearly interpolating across the values tabulated
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by Ossenko;ﬁ for uncoagulated astronomical silicates. These values yield a dust
mass of y=3:7 10’ M .

The assumptions in the DUSTY model of spherical symmetry and hargene-
ity in the ejecta clearly contradict the conclusions drawn from the lia pro les and
photoionization modeling, which indicate that the ejecta are spheiadly asymmet-
ric and clumpy. Thus, the dust mass predicted by the model is likely ampper limit
to the true mass of dust produced in the ejecta of V1065 Cen. Ohe other hand,
the dust mass estimated from the optical depth of the extinctionvent is probably
a lower limit. The majority of the optical extinction by dust condensdon is due
to absorption of continuum photons within the line of sight. Clumpines in the
ejecta may result in the underestimation of the dust mass contriltbing to the ex-
tinction event (cf., V842 Cen, Gehrz 1990). A dust mass betweehdse extremes,
1.5 10 M Mg 37 10 'M , is still high for a standard ONe nova. QU
Wul, for example, only formed around 1 10 8M of dust (Gehrz| 2008b), while
V1187 Sco and V1974 Cyg produced very little dust at all (Lynch etla20064;
Vanlandingham et al.| 2005, respectively).

3.6 Conclusions

We have assessed the properties of V1065 Centauri through ewaation of the
light curve, Cloudy photoionization modeling of the observed emissidimes, and
DUSTY modeling of the solid-state emission features. We nd the folang:

1. The reddening towards the system iE(B V) =0:5 0:1 based upon the
B-V color at maximum and att,, and the Balmer decrement.

2. The distance calculated by the MMRD relation using the mean extition
Ay =1:5 0:3was d=87%8% kpc.

3. The spectra reveal that this was a \Fe Il broad"-type nova wih a spec-
tral evolutionary sequence of B Ny,cA, according to the CTIO classi cation

8 http://hera.phl.uni-koeln.de/  ossk/Jena/tables.html
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system.

Our Swift observations did not detect a SSS phase in V1065 Cen. This
implies that if this target underwent a period of SSS emission, it turrteo
in less than 2 years.

. The abundances of He, N, O, Ne, Mg, S, Ar, and Fe by number |aBve to

solar were found to be He/H =16 0:3, NJH =144 34, 0O/H =58 18,
Ne/H =316 58, Mg/lH=45 13,S/H=54 31, Ar/H=50 18, and
Fe/lH=6:6 2:3. These abundance enhancements are consistent with V1065
Cen being a nova eruption arising on the surface of an ONe WD.

. Our Cloudy models predict an ejected gas massMf; =(1:6 0:2) 104

M , comparable to the ejected masses observed in other ONe novae.

DUSTY models suggest that the dust is composed primarily of siliczd
( 95%) with a possible weak contribution from amorphous carbon £%).

The dust grains were found to have a modi ed MRN power law grainze
distribution. The power law slope of the distribution wasq = 3:0 with a
minimum grain size, amin 0:005 m, and a maximum grain Sizeamax &
5:0 m. This value ofanax is only poorly constrained.

Dust mass calculations from estimates of the optical depth of ¢hdust, v
yield My 1.5 10 & M , while calculations based upon DUSTY models
suggest M 3:7 10 ' M . We take these values to represent the lower
and upper limits to the true dust mass.

Based upon the light curve decline, the observed emission lindsg ttalcu-
lated abundances, and the presence of silicate dust, we classify083 Cen
as an ONe-type classical nova.

A summary of the properties of V1065 Cen is provided in Table~3]13.



Table 3.13: V1065 Centauri Properties

Property

Value

Discovery

to

Equatorial Coords.
Galactic Long. & Lat.
Peak Magnitude

to

t3

Speed Class

Reddening & Extinction E(B V)=0:5 O01,A, =15 03

Distance
WD Type
Ejection Velocity

He

N

O

Ne

Mg

S

Ar

Fe

Gas Mass
Dust Mass
Spectral Seq.
Dust

2007 Jan. 23.35 = JD 2454123.85
2007 Jan. 20.32 = JD 2454120.82
11:43:10.33 -58:04:04.3

| =293.9841b= +03.6130
my =7:6 0:2 on 2007 Jan. 21.04

t2;V

tsv

11 days
26 days
Fast

d=87"%8 kpc

ONe

Vimin = 2400 km s 1
Vmax = 4250 km s !
0:89 0:11 (6 0:3)2
2:00 0:11 (144 34)

1:54 0:17 (58 18)
1:57 0:09 (316 58)
275 011 (45 13)
314 0:37 (54 31)
390 0:13 (50 18)
368 013 (66 23)
M=(1:6 02) 10 ‘M
My=(0:2 37) 10 M
P NneAo

Silicates (+ Amorphous Carbon)
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aThe rst number is the mean log abundance by number relative to hydogen. The
number in parentheses is the abundance relative to hydrogen by maber, relative to
solar based upon the solar values reported by Asplund et all (2009f: He, -1.07; N,
-4.17; O, -3.31; Ne, -4.07; Mg, -4.40; S, -4.88; Ar, -5.60; and Fe,.50.



Chapter 4

Old Novae

4.1 Introduction

The ejecta of classical novae (CNe) exhibit a varied emission spextr in the
near and mid-infrared (IR). Two fundamentally di erent types of novae, CO and
ONe, are distinguished by their IR spectra due to the di ering elemés dredged
up from the WD and synthesized during the TNR |[(Gehrz 2008b). Théormer
appear to involve low mass CO WDs, while the latter involve more massiv@Ne
WDs and have shells whose gas phase is highly enriched in light metals. rOu
Spitzer Space Telescope (Werner et gl. 2004; Gehrz et lal. 2007) obseorat re-
veal that the spectra of the mature CNe V1974 Cyg, V382 Vel, andl494 Aqgl are
dominated by O and Ne forbidden emission lines during their late nebulatages.
For a given observed spectral region, the existence of a singlebfdden emission
line for some ionization species of O and Ne can be used to estimate aelokmit
to the total abundance of these species (Gehrz et al. 2008a, ¢wfter G0O8). The
determination is a lower limit because there may exist additional emissidines
for the same and other ionization species of the same element thait butside the
bandpass of the observed spectral region.

Late-epoch observations of CNe are particularly valuable for reakng the
presence of elements that may not have been detectable at optigaavelengths
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during the early development of the nova. Ideally, calculations of albdances of
metals are made by comparing the ux of each metal's emission lines tgdrogen
recombination emission lines present at the same epoch. Our metalllmuadance
calculations made from late-epoch spectra are limited by the absenaf hydrogen
recombination emission lines. In cases where early post-eruptionaserements
constrain the total mass of the hydrogen expelled by the nova, émumber density
of free electrons at later epochs is known and the abundances ddtais relative
to hydrogen may be calculated in the straight-forward manner desbed in X4.3.
This method was employed in analyzing late-epoch IR spectra of thilanova QU
Vulpeculae (Nova Vul 1984 No. 2), where neon was found nearly we years
after the eruption to be > 168 times overabundant by number with respect to
hydrogen as compared to the solar value (G08).

In this paper, we report on observations of nine CNe in their late nelar stages
(> 4 years post-outburst). InX4.2, we detail the optical andSpitzer observations
followed by a description of the properties of the prominent emissidines observed
in these spectra ¥4.3.1). Then, inX4.3, we provide an overview of abundance
determination in the low density regime. In the following sectionsd.5{4.7, we
calculate the abundances of three of our targets based upon ithéR spectra.
Finally, we present our conclusions i¥4.8.

4.2 Observations and Reduction

4.2.1 Spitzer Mid-Infrared Spectroscopy

We observed nine old CNe (QU \Wul, GK Per, V1500 Cyg, NQ Vul, V1668 @y
V705 Cas, V1974 Cyg, V382 Vel, and V1494 Aql) using the IRS instriant
(Houck et ali|2004) on board theSpitzer Space TelescopeSpitzer; Werner et al.
2004; Gehrz et al. 2007) as part of ouBpitzer CN monitoring program (program
identi cation numbers (PIDs) 122, 124 (P.l. RDG), 30076, and 4080 (P.I. AE)).
A summary of the Spitzer observations is provided in Tablé 4]1. The observations
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were conducted using the short wavelength (5 { 15m) low resolution module
(SL), the short wavelength (10 - 19 m) high resolution module (SH), and the
long wavelength (19 { 37 m) high resolution module (SH). The resolving power
for SLisR = = 60 120 and R 600 for SH and LH. Emission lines ob-
served with the latter modules are marginally resolved. Observatienn PIDs 122
and 124 utilized visual Pointing Control Reference Sensor (PCRS,dihzer et al.
1998) peak-up on nearby isolated stars to ensure proper placeinef the target
in the narrow IRS slits, while PIDs 30076 and 40060 used on-sour@ag-up. The
time on source varied by module and program and is provided in Tadle 4.1

IRS Basic Calibrated Data (BCD) products were calibrated and prassed
with the Spitzer Science Center (SSC) IRS pipelines version v15.3.0, v16.1.0, and
v17.2.0 depending upon the module and epoch of observation (sebl@é&.1). De-
tails of the calibration and raw data processing are speci ed in the IR Pipeline
Description Document, v1. Bad pixels were interpolated over in individual
BCDs using bad pixel masks provided by the SSC. For all PIDs, multipldata
collection events were obtained at two di erent positions on the slit sing Spitzer's
nod functionality. For PIDs 122 and 124, sky subtraction was onlygssible for the
SL observations as no dedicated sky observations were perfodnfier the SH and
the LH mode observations. Multiple data collection events were obteed at two
di erent nod positions along the slit for the low resolution modules. Th median
combined two-dimensional SL and LL spectra were then di erencetd remove
the background ux contribution. PIDs 30076 and 40060 speci edeparate o set
observations of \blank" sky from which background images were deed by me-
dian combining the two-dimensional spectral images. These weresthsubtracted
from the on-source BCDs. Spectra were then extracted fromehwo-dimensional
images with theSpitzer IRS Custom Extraction Software (SPICEH version 1.4.1)
using the default point source extraction widths. The extractedpectra were com-
bined using a weighted linear mean into a single output data le. Due tahe low

1 http://ssc.spitzer.caltech.edu/irs/dh/PDD.pdf
2 http://ssc.spitzer.caltech.edu/dataanalysistools/tools/spice/



114
continuum signal, it was not necessary to defringe the data. Errerwere esti-
mated from the standard deviation of the ux at each wavelength in. Fitting of
the spectral lines was performed using a non-linear least squaregsuSsian routine
(the Marquardt method;Bevington & Robinson 1992) that t the line center, line
amplitude, line width, continuum amplitude and the slope of the continum. All
of the lines were resolved in the high resolution modules. Those linesiéxing
castellated or saddle-shaped structure were t with multiple Gaussns in order
to accurately assess the line widths and uxes.

4.2.2 Optical Spectroscopy

We observed V1974 Cyg using the Boller & Chivens Spectrogr&aht the Steward
Observatory 90" (2.29-m) Bok telescope at Kitt Peak, Arizona asart of our on-
going CN optical monitoring campaign. Details of the observations arprovided
in Table 42. The data were obtained with a £%slit using a 400 line/mm, rst
order grating. The blue setup had spectral coverage from 35506850A at a
spectral resolution of 3 A pixel ! (= = R 1900). The red setup had
coverage from 5975 { 9378 with a similar spectral resolution R 2600). Blue
observations were taken with the UV36 blocking Iter, except wher otherwise
noted, and the red observations with the Y48 lter.

The data were reduced in IRAH using standard optical spectral data reduc-
tion procedures. For each set of observations, ve or more imageere obtained
and median combined to allow the removal of cosmic rays. Wavelengtalibration
was performed using a He-Ar calibration lamp and at- elding was doa with a
continuum lamp. In the case of the red setup, fringing occurred pend 7000A.

3 http://james.as.arizona.edu/ psmith/90inch/90 nst.html

4 IRAF is distributed by the National Optical Astronomy Observator ies, operated by the
Association of Universities for Research in Astronomy, Inc., undercooperative agreement with
the National Science Foundation.



Table 4.1: Spitzer Observations

Observation JD t @ On-Source
Target PID Modules AOR Pipeline Date (UT) (+2450000) (Days) TimeP (sec)
V1974 Cyg 124 SL, SH, LH 5043968 15.3.0 2003 Dec 17.4 2990.9 438 24/84/84
30076 SL, SH, LH 17732096/7216¢4 15.3.0/17.2.0 2006 Oct 18.4 4026.9 5354 72/72/168
40060  SL, SH, LH 22267648/7904 16.1.0/17.2.0 2007 Aug 30.2 4342.7 5669 140/300/600
V382 Vel 122 SL, SH, LH 5021696 15.3.0 2004 May 13.6 3139.1 1820 60/72/72
30076 SL, SH, LH 17733120/8240¢ 16.1.0/15.3.0/17.2.0 2007 Mar 26.2 4185.7 2867 600/72/72
40060 All 22269440/9696 17.2.0 2008 Feb 25.4 4521.9 3203 14@300/140/600
V1494 Aqgl 122 SL, SH, LH 5022464 15.3.0 2004 Apr 14.3 3109.8 1594 60/72/72
30076 SL, SH, LH 17732864/79844 16.1.0/17.2.0 2007 Jun 08.2 4259.7 2744 48/96/224
40060 All 22268928/9184 16.1.0/17.2.0 2007 Oct 12.3 4385.8 2870 140/60/140/140
NQ wul 124 SL, SH, LH 5040384 15.3.0 2004 Apr 16.6 3112.1 10039 60/72/72
GK Per 124 SL, SH, LH 5028608 15.3.0 2004 Mar 01.4 3065.9 37626 56/120/240
V1500 Cyg 124 SL, SH, LH 5047040 15.3.0 2003 Dec 16.8 2990.3 1B35 60/72/72
V1668 Cyg 124 SL, SH, LH 5047552 15.3.0 2003 Dec 15.5 2989.0 927 60/72/72

4pays from t o, the values of which are as follows: V1974 Cyg { 1992 Feb. 20.8 (JD 2,448,673.3); V382 Vel { 1999 May 23.4 (JD

2,451,321.9); V1494 Aqgl { 1999 Dec. 3.4 (JD 2,451,515.9); NQ Wul { 1976 Nov. 2.5 (JD 2,443,085.0); GK Per { 1901 Feb. 22 (JD 2

V1500 Cyg { 1975 Aug. 30.9 (JD 2,442,655.4); V1668 Cyg { 1978 S ep. 12 (IJD 2,443,763.5).
bon-source integration times are given in SL/SH/LL/LH order
®The second number is the last four digits of the background AO R.
dFor these observations a background exposure was acquired f or the LH module only.

€For this observation, the on-source integration time in the

m range.

/415,438);

SL module was 48 seconds in the 5.2-8.7 m range and 72 sec in the 7.4-14.5

GT1
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Table 4.2: Bok 90" Observations

Int. Time Obs. Date JD t
Target Grating  Filter (sec) (uTm) (+2450000) (Days)
V1974 Cyg Blue 5100 2006 Sep 28.3 4006.8 5334

Blue uv36 2700 2006 Sep 30.2 4008.7 5335
Blue UVv36 2700 2007 Oct 20.1 4394.6 5720
Blue UVv36 300 2008 Sep 22.3 4731.8 6059
Red Y48 300 2008 Sep 23.3 4732.8 6060
Red Y48 1500 2008 Sep 24.3 4733.8 6061

These fringes can be problematic when one is trying to interpret atelded images
of bright targets, but in the case of V1974 Cyg, the fringes wereeaker than the
relatively high noise level and did not have an appreciable e ect. Ohsations of
BD +28 4211 at similar airmass were applied to the target data for uxcalibration.
Line uxes were measured using the same method as for tBpitzer spectra.

4.3 Determination of Abundances

There are two general methods for determining the abundanceghin the ejecta
of novae { nebular analysis and photoionization modeling. The choicé analysis
depends upon the properties of the expanding material within the knemitting
region.

Mid-IR forbidden emission lines in novae are produced through spameous
emission from excited states that were populated through collisiongithin the
ejecta. For very low density gas, the spontaneous emission of aopdn from
an excited atom will occur before collisional de-excitation. In this lowdensity
limit, we assume that every collisional excitation results in subsequephoton
emission such that the rate of emission is directly related to the ratef collisions
within the gas. In this regime, standard nebular analysis techniquesich as those
described by Osterbrock & Ferland|(2006) are valid and allow a strdigforward
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determination of the abundances within the line emitting region provied that the
electron densities and temperatures are known.

The density at which signi cant portions of the excited ions no longehave
time to emit a photon before they su er de-excitation through paticle collisions
is called the critical density,nq;i; . Collisional damping of the lines invalidates the
assumptions used in basic nebular analysis since the rate of emissionadonger
directly related to the rate of collisional excitation. If the densitiesare aboven i
in the line emitting region, then it is necessary to utilize the full level bancing
equations. In this high density regime, it is necessary to use photoiration codes,
e.g., Cloudy (Ferland et al! 1998).

Photoionization analysis cannot be used to reliably estimate the abdances
in the ejecta at late times in CNe. This method assumes an illuminating sce
that provides a steady ux of incident photons leading to radiative ecitation. As
discussed below, the central source has \turned o " in each of €hCNe in our
sample, which means that the luminosity of the central system is lowf order a
few L , and does not have a signi cant UV photon ux capable of photoionition
and radiative excitation. Hence, photoionization models may yield reks that
accurately reproduce the observed emission, but they would noecessarily be
physically meaningful.

The targets observed in the present study have all undergone nyayears
of expansion. Based upon our estimates for the shell geometriesasses of
ejected hydrogen, and electron temperatures, we assess \uketor not the ejecta
densities had declined below the critical densities for the observedansitions.
In cases where this is true, we use standard nebular analysis teicjues fol-
lowing the methodology of GO8. A more complete discussion can be riduin
Osterbrock & Ferland (2005).

It is typically assumed that the electron density,ne, for a fully ionized medium
is roughly equal to the hydrogen density of the gas)y. In a strict sense, this
is the lower limit to the electron density as there is also a contributiona the
electron population by ionized metals. In the case of ejecta with a thgmetal
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abundance (e.g.> 100 times solar), this contribution to the electron population
may, indeed, be high, possibly within an order of magnitude of the vadufor n,
that we assume here. Increasinge due to the contribution from ionized metals
results in a decrease of the calculated abundances. For our analys/e neglect this
contribution to n, since the dominant factor in determining the electron density
arises from our assumptions for the ejecta mass and distributiomq described
below).

The critical density is determined from the ratio of the Einstein A spotaneous
emission, coe cient, A; (s 1), to the de-excitation rate coe cient, g; (cm®s 1),
which is determined according to:

_ 863 10°
L Te?

wherej indicates the upper excitation state,i the lower excitation state,!; is

i (4.1)

the statistical weight of the upper state, T is the electron temperature, and

j is the thermally averaged e ective collision strength. The statistickweight is
determined according td ; = (2J+1), where J is the quantum angular momentum
term for the upper excitation level.

The choice of e ective collision strength is determined by the assumheslec-
tron temperature of the ejecta. In a study of the shell of DQ Henearly 50 years
post-outburst, [Ferland et al. (1984) found that the e ective tenperature of the
shell was quite low, of order 500 K. They showed that cooling by IR estructure
lines of oxygen be could very e cient provided that the densities in tb ejecta
were lower than the critical densities of the prominent IR transitios. Enhanced
abundances of elemental species that have strong IR forbiddenelin such as oxy-
gen and neon, allowed the ejecta to cool to temperatures of ord€00 K or less.
These authors note, however, that abundance enhancementsetements without
prominent IR ne structure lines (e.g., He and C) actually raise the agjlibrium
nebular temperatures since they increase the opacity in the ejaavithout a cor-
responding increase in cooling e ciency.

A direct estimate of the temperature in the ejecta can be obtainedsing the
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ratio of [O 1] 4363A to [O 1] 4959, 5007A (Osterbrock & Ferland 2006).
This ratio can be used to estimate the temperature in the ejecta sia the upper
level of the 4363A transition (1S) has an excitation energy of 5.4 eV, signi cantly
higher than the excitation energy of the 4959, 500X doublet (1D,) at 2.5 eV. At
low temperatures, however, the 4363 transition cannot be e ectively excited,
making temperature diagnostics in the low density regime using the [@] line
ratio di cult.

The e ective collision strengths were determined at the electron teperatures
of 1000 K and 5000 K, considered to be reasonable limits tQ based upon our
assumptions above and the temperature estimates discussed itaddelow (¥4.5-
4.7). The 5 and A; adopted values and the sources from which they were
obtained are given in Tablé"Z413.

The collisional excitation rate is determined by:

o 863 106 ox h i
R L A S

where! ; is the statistical weight of the lower excitation state, j is the transition

; (4.2)

frequency,h is the Planck constant, andk is the Boltzmann constant.

If ne is lower than n,i such that collisional de-excitation is negligible, then
the population of the upper excitation state can be determined fro the observed
line intensities. If all transitions from the upper state are obserek then the
population can be determined quite accurately. The population of thupper level

is:
L
N; = : 4.3
J Aij h i ( )
The population of the lower excitation state can be derived by similar eans:
h [
1+ e
L crit
Ni ' : (4.4)

“ghj Ne



Table 4.3: Line Parameters

lon Term Ajj i Neir (cm 3) Reference&?
( m) Gg?'r i s H (1000 K) (5000 K) (1000 K) (5000 K)

[OIV] 2591 2PY_1! 2PY%_ 519 104  1.641 2.0214 63 10° 840 10°  [1]; NIST
[Nell] 1281 2P%_1 2pP%_ 859 103  0.272 0277 1 10° 101 10°  [2]; NIST
[Nelll 1556 3P,! 3P, 584 103  0.596 0.739 184 10° 331 10°  [3]; NIST

36,01 3Py! 3P, 110 103  0.193 0226 D9 10 399 10*  [3]; NIST
[NeV] 1432 3P,! 3P, 459 103  9.551 7653 @0 10° 231 100  [4]; ALL

2432 3P;1 3P, 125 103  1.830 1.688 ®/1 10 176 10¢0  [4]; ALL
[NeVI] 7.64 2P%_1 2P%_ 2:01 102  2.400 1.880 ©23 10°f 350 10°  [5]; ALL
MgV] 561 3P,! 3P, 809 102  0.556 0.808 10 10° 246 10°  [6]; ALL
[MgVI] 550  3P,! 3p; 127 10! 0.704 0.768 B1 10 677 106  [4]; ALL

[S V] 1051 2P9_,! 2PY, 774 103 5.50 7.905 26 100 321 10 [7]; ALL
[Ar 1] 8.99 3P, 1 3Py 309 10 2 3.8¢ 3.84 146 10° 330 10° [8]; ALL
8The rst reference is for j and the second is for 4. The NIST database is located at

http://physics.nist.gov/PhysRefData/ASD/lines _form.html. The Atomic Line List version 2.05b12 (ALL) is

located at http://www.pa.uky.edu/ __peter/newpage/.
PREFERENCES: [1] - Blum & Pradhan! (1992); [2] -\Saraph & Tully/(1994); [3] -IMcLaughlin & Bell!(2000);

[4] - [Lennon & Burke (1994); [5] -lZhang et al. (1994); [6] 1 Hudsonteal.| (2009); [7] - [Tayal (2000); [8] -
Munoz Burgos et al. (2009)
€These values were obtained by linear interpolation of the data repaed by Munoz Burgos et all (2009).

0cT
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The total number of atoms in the ionization state in question is simplyte sum
of the populations of the two excitation statesN; + N;. If some of the transi-
tions arising from the upper excitation state are not observed, #n the derived
population will be a lower limit only.

We derive the abundances of metallic species in the ejecta by numbelative
to hydrogen. Comparison of the sum of the numbers of all populatidevels of an
given species to the total number of hydrogen atoms vyields the iobwndance of
that species by number in the ejecta. We then compare these ionicumdances to
the total solar abundances as presented by Asplund et!al. (2009}he logarithmic
solar abundances are: He = -1.07; O = -3.31; Ne = -4.06; Mg = -4.40; S-4.88;
Ar = -5.60; and Fe = -4.50. The abundances we determine for the na® in our
sample are necessarily lower limits since we calculate the abundancesibmber
only from the ions observed within the limited bandpass of our IRS/Bospectra.

As noted in G08, one of the limitations of this undertaking is that the pesent
observations no longer contain any signatures of hydrogen redainmation emission.
This means that we have no way to derive a direct comparison betweée ob-
served emission lines and the emitting population that they imply to th@amount
of hydrogen within the ejecta. Thus, we are forced to rely on detmining the
ejected hydrogen mass using information obtained at earlier ep@chThis source
of uncertainty dominates our estimates of the elemental abundees with respect
to hydrogen. The accuracy of this method of determining abundaas presumes
that the amount of hydrogen in the ejected shell remained roughlyonstant since
the early stages of the development of the ejecta following outlstr

4.3.1 Emission Lines

Each of the targets in our sample exhibited [QVv] emission at 25.91 m. In-
deed, this transition has been observed in eve§pitzer CN target to date (e.g.,
V1186 Sco, V1187 Sco, V1065 Cen; Schwarz etlal. 2007b; Lynclle2006a;
Helton et all 2010Db, respectively). This line arises due to the trangn from
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the 2P3_, level to the ?PJ_, ground state. Though the production of the &" ion
responsible for this line is produced through photoionization, the eiation from
the ground state to the upper’P3_, level is due primarily to collisional interactions
(see Gehrz 1990, and references therein). The excitation eneqj this transition
is only 0.048 eV allowing it to be easily excited through collisions. This is the
only measurable transition of [OIvV] in the optical to IR regime.

Optical observations of both V1974 Cyg and V1494 Aql revealed &sion from
[Om] 4959, 5007A. This doublet, also common in CNe, is due to transitions
from the 1D, level to the ground state levelsP; and 3P, for the 4959 and 5007
A transitions, respectively. Since they arise from the same uppewé, the ratio
of these two lines is xed by their transition probabilities at 500A:495%9A = 3.
Another prominent [O 111] line occurs at 4363A due to a transition from the 1S,
to the D, level. Since the 4363 transition has a higher spontaneous emission
coe cient than the 4959, 5007 A doublet lines (A; = 1:71 10° s ! for 4363
A compared to A; =6:21 10 °and A; =1:81 10 ? s ! for 4959 and 5007
A, respectively), it is more likely to radiatively de-excite for a given desity than
the other lines. Consequently, the ratio 4368:(4959 + 5007)A can be used as a
diagnostic of temperature and density. The primary complication ishat the 4363
A line has a higher excitation energy than the 4959, 5007 doublet (5.8V versus
2.51 eV) and consequently is less likely to be collisionally excited in low dipns
cool gas.

Numerous species of neon appear in our spectra, including [INe 12.81 m,
[Neni] 15.56 m, [Nev] 14.32, 24.30 m, and [Nevi] 7.61 m. In other
novae, these transitions have all been observed simultaneouslysgg in regions
of the ejecta having di erent densities and temperatures. Oncéné central source
turns o, the radiative recombination timescale will depend upon theabundance
of the element in the ejecta, the initial ionization fraction, and the dnsities in
the ejecta. The excitation energies for these transitions are aluige low, and
they all arise from ground state excitation, making them relatively &y to excite
collisionally.
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4.4 Null Detections

As part of our old nova initiative, we observed the venerable novaek®er, V1500
Cyg, NQ Wul, and V1668 Cyg. These observations detected no enisslines at
signals above the noise level and only negligible continuum. Hence, ytheill be
excluded from further discussion.

4.5 V1974 Cyg (Nova Cygni 1992)

V1974 Cyg (Nova Cygni 1992) was discovered before maximum light Eollins
(1992) on 1992 February 19.1UT at a magnitude of yn= 6:8. The nova reached
maximum on 1992 February 20.8UT (JD 2448673.3), which we take tce ly,
at my=4.3 (Schmeer 1992). The exceptionally bright outburst of V1974 yg
allowed an unprecedented degree of coverage. Initially, the lightrege showed
slight variations that complicated the determination of the ¢ times, the time
it took the V-band light curve to decay by two magnitudes. The mosteliable
estimates ranged from 16 t, 18 days with high end estimates nearer to 24
days. A summary of estimates is provided hy Chochol et ial. (1997)ttvadditional
estimates byl Austin et al. (1996) and Quirrenbach et al| (1993). Hse estimates
situate the nova in the \moderately fast" class of CNel(Gaposchkift957). Some
fundamental properties of V1974 Cyg are summarized in Table #.4 atp with
properties of the other targets to be presented in this chapter.

The detection of Fell, with accompanying permitted emission from species
such as Cal, Mg 11, N1, Nal, and O1 (Baru olo et al.[1992;|Chochol et al: 1993),
identi ed this an \Fe II"-type nova. Both the principal and di use- enhanced
components of the P-Cygni pro les were observed in Hfrom very early in the
outburst with velocities of -910 and -1670 km &, respectively (Garnavich 1992).
Later analysis of these absorption components revealed that thaccelerated with
terminal velocities, v = 1975 5 km s ? for the principal system and 2899 8
km s ! for the di use-enhanced system|/(Cassatella et al. 2004).



Table 4.4: Fundamental Properties

Target

RA (J2000.0) Dec (J2000.0) fnax My :max to ts3 Speed Class Type
V382 Vel 10'44" 48°37 -52 25‘3(%6 1999 May 22.4UT 2.6 4-6 9-10 Fast Fe llb; ONe
V1494 Agl 1923 05°28 +04 57‘2]}6 1999 Dec. 03.4UT 4.0 6.6 16 Fast Fe Il; CO?
V1974 Cyg 20'30" 3°66  +52 37‘5]}3 1992 Feb. 20.8UT 4.2 19 47 Fast Fe Il; ONe

174"
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Gehrz et al. (1992a) detected emission from [Ne] 12.81 m just over a
week post-outburst and subsequent observations of neon enaasin the optical
prompted Austin et all (1996) to classify V1974 Cyg as an ONe novfl\e I1] and
other mid-IR lines exhibited FWHM velocities of 3000 km s?! (Gehrz et al.
1992b), comparable to that of the di use-enhanced system.

V1974 Cyg transitioned into the coronal stage of nebular develogmt within

150 days of outburst with the emergence of [Ngd 3346, 3426\ (Barger et al.
1993) followed by the detection of numerous coronal lines in the IR)cluding
[Al vi] 3.661 m, [Al vin] 3.720 m, [SIX] 1.250 m, [Mg vin] 3.028

m, and [CaIx] 3.088 m (Woodward et al.|1995). There was no evidence for

signi cant dust production in the ejecta.

Our data were obtained 11.8, 14.7, and 15.5 years after outbursthe Spitzer
spectra showed emission only from [Ngd 12.81 m, [Nelll] 15.56 m, and [O1IV]

25.91 m. The pro les of these lines are presented in Figufe 4.1. The sighal t

noise (S/N) for all of the observations of [Nel] and the last two epochs of [Nél ]
is very low, making accurate determination of ux values and charaerization of
the pro les dicult. On the other hand, the rst observation of [Ne 1] and all
three observations of [QV] have very good S/N. The resolution of th&pitzer SH
and LH modules isR 600, yielding a resolution element of 500 km s*. This
means that the observed emission lines having FWHM velocity widths 2100
km s ! are resolved and the structure seen in the pro les of these lines isat.
There are distinct di erences between the rounded shape of theeon emission
pro les and the at-topped pro les of the oxygen lines. These di e@ences imply
that these lines may originate in regions of the ejecta having di eréphysical and
dynamical structure. Further, the long term stability in the shapeof the [O Iv]
line indicates that the ejecta were no longer subjected to shapingeets at late
times.
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Figure 4.1: V1974 Cyg: Emission lines observed at three di erent eglts. Repre-
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45.1 V1974 Cyg - Adopted Values

The distance to V1974 Cyg has been estimated using several metbo A thor-
ough discussion of selected estimates is presented by Chocholle(E97) who
calculate a weighted mean distance of 1.770.11 kpc. This mean value, however,
relied heavily on various forms of the maximum magnitude-rate of dawe rela-
tion (MMRD), which may be unreliable for ONe novae|(Del Pozzo 2005)There
are, however, other distance estimates that were not included ihgir mean dis-
tance calculation and that utilized the more reliable expansion parallamethod
of distance estimation. Among these is an estimate by Shore et al9@y) based
upon the interferometric measurement of Quirrenbach et al. (199 but using a
ux-weighted expansion velocity of 2000 km s, which they claim is a better
representation of the ejecta giving rise to the H emission. This velocity leads
to an estimated distance of 2.3-4.6 kpc. The expansion parallax bdsgoon the
data of|Quirrenbach et al. (1993) was also recalculated by Casdéteet al. (2004)
using the ejecta radius calculated from their t to the velocity law ofthe principal
absorption system yielding a distance of 2.9 0.2 kpc. Finally, [Krautter et al.
(2002) made an independent calculation of the expansion parallaxofn HST im-
ages assuming &, = 2900 km s ! and found a distance of d = 3.72 kpc. In
Table[4.5 we present the distance estimates using the expansionglx methods
and calculate a new weighted mean distance of03 0:2 kpc, which we use for
subsequent analysis.
A few authors have estimated the mass of ejecta generated in thatburst
of V1974 Cyg.| Shore et al.[(1993) used early spectroscopic oliagons of He Il
1640A to determine the helium enhancement dependent ejecta mass. éyhcal-
culated that Me; = (1 4) 10 *Y ¥ M ,whereY **isthe enhancement factor
for the He abundance. Using this relationship and the results for ¢hHe abun-
dance from their CLOUDY models of optical and UV data, Vanlandingam et al.
(2005) estimated an ejecta mass of =1:9 10 * M . These authors also cal-
culated the mass of ejecta directly from their CLOUDY models for ttee di erent
dates and obtained a weighted mean 1= (2:2 0:1) 104 M . We adopt
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2 10 *M for our analysis.

Table 4.5: Distance Estimates for V1974 Cyg

Reference Distance (kpc) Method

Cassatella et al. (2004) B 02 Expansion Parallax

Quirrenbach et al. (1993)
Krautter et al. (2002) 372 055 Expansion Parallax
Shore et al. (1994) 2.3-4.6 Expansion Parallax
Weighted Mean 30 02

aThe error used in the weighted mean calculation is
based upon the spread in adopted values ofgy, .

Based upon the behavior of the P-Cyg absorption components, uake the
values of the minimum and maximum expansion velocities to bg,y = 2000 and
Vmax = 3000 km s 1. Observations of the emission lines observed throughout
the rst 500 days of the evolution in the near-IR indicated that the emission
line widths remained nearly constant at 2500 - 3000 km % (Woodward et al.
1995). The mid-IR neon lines observed witBpitzer and presented here exhibited
a similar width. Hence, we take M. to be robust.

Early after outburst (day 23.5),/Woodward et al. (1995) estimate the electron
temperature to beT, 5000 K. After 180 days of expansion, they estimated that
ejecta temperature had declined to 1000 K.|Krautter et al! (2002) observed
V1974 Cyg 2184 days after eruption (JD 2450855) with theubble Space Telescope
using the Near-Infrared Camera and Multi-Image SpectrometeN({CMOS). They
obtained narrow-band imaging of the hydrogen recombination linesaBchen-
and Brackett- as well as associated continuum. Using their results, we estimate
aline ratio of [H1 (7-4) / H 1 (4 - 3)] = (4:90 0:57) 10 2. Comparison of
this ratio to that predicted for Case B recombination by Hummer & Sorey (1987)
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con rms that the electron temperature is less than 1000 K and thahe electron
density is less than 1000 cn?¥. Based upon the hydrogen recombination line
ratio from day 2814 and the earlier temperature estimates by Wowoard et al.,
we chose temperature estimates of 1000 and 5000 K with which tdatdate the
abundances in the ejecta. A summary of the parameters used inra@analysis for
all three targets presented in this chapter is provided in Table 4.6.

Table 4.6: Adopted Parameters

Parameter V1974 Cyg V382 Vel V1494 Aql

D (kpc) 2.1 2.3 1.6

Mg M )@ 2 104 4 104 25 10°
Vo (kms 1P 3000 3000 2900

Vo (km's 1)°  2000-3000 2000-3000 980-2900
Te (K) 1000-5000 1000-5000 1000-5000
Ne (cm 3) 60-150  1100-4000 400-1750

aSee text for discussion of the N values used.
bThis is the value used to calculate the volume of a

spherical shell assuming r=r 0:1.
®These are the values used to calculate the shell volume

for other geometries as described in the text.

4.5.2 V1974 Cyg - Abundance Calculations

The results of our analysis are presented in Table_4.7.We calculatecetklectron
density assuming two di erent geometries, a spherical shell of netal expanding
at 3000 km s?! with a shell depth of r = 0:1r, and a spherical shell with
Vmin = 2000 km s * and Vs = 3000 km s 1. Assuming an electron temperature,
Te, of 1000 K, we found a minimum neon ionic abundance by number of 4hes
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solar. Assuming a temperature of 5000 K resulted in a relative abuaice only
marginally lower at 39 times solar. The oxygen abundance was founa lbe more
than 10 times solar. Relative to G, (Ne** + Ne3®") was found to be more
than 3.9 times solar. The shell geometries used in each calculation dioated
the abundance estimates. In the low density modeh{ = 60 cm 2), the derived
abundances were higher than the high density modeid{ = 150 cm 3) by a factor
of 2:5. The abundance estimation is much more sensitive to the assumeg
than Te.

These abundance estimates correspond well to the abundancesivied from
earlier observations by other authors. Vanlandingham et all (20p%nodeled an
extensive set of data using the CLOUDY photoionization code and dad that
V1974 Cyg was overabundant in oxygen relative to solar by a factof 12.8 7
and neon by 41.5 17. |Gehrz et al. (1994) used observations of [Ne] 7.62

m and [Sivi] 1.959 m to estimate the abundance of neon to silicon by num-
ber relative to solar. Under the assumption that the neon to siliconbaundance
is roughly equivalent to the neon to hydrogen abundance, they fod the neon
abundance relative to hydrogen to be 10 times solar. Salama et al! (1996) used
IR observations of [Nelll ] and [O IV] to determine the ratio of Ne/O, which they
found to be 4 times solar.| Paresce et all (1995) used narrow band HST images
and objective prism spectroscopy to estimate the abundances irsimgle knot of
ejecta in the shell of V1974 Cyg. Their CLOUDY analysis suggestetigt neon
was 20-30 times overabundant relative to solar in the knot, helium waa factor
of 2 higher, and oxygen, their least constrained estimate, was 2ifhes solar.
Shore et al. (1997) also estimated the abundances in a single knoséad upon
high resolution spectroscopy and found [He/H]=0.3, [O/H]=6.9, [Ne/H]=15.6,
and [Fe/H]=1.0. The abundance estimates derived here for neon awstygen us-
ing the late-time Spitzer spectra are consistent with those derived much earlier in
the outburst.



Table 4.7: Abundances by Number Relative to Solar - V1974 Cyg

Derived Abundances 2

Species Wavelength  Module Line Flux ne (cm 3): 60 150

( m) (ergem 2s 1) Te (K): 1000 5000 1000 5000
[Ne 11 12.81 SH 4:60 10 4 -2.72 -2.76 -3.13 -3.18
[Ne 1] 15.56 SH 2:80 10 18 -2.10 -2.16 -2.51 -2.58
Total Neon -2.00 (117)  -2.07 (101) -2.41 (44.9) -2.48 (39.0)
[O V] 25.91 LH 1:49 10 12 -1.91 (24.8)  -1.85 (28.7) -2.31 (10.0) -2.25 (11.5)

8The number given is the log abundance by number relative to hy drogen. The number in parentheses is the abundance
by number relative to hydrogen, relative to solar assuming t he solar values of |Asplund et al. ((2009).

TET
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4.6 V382 Vel (Nova Velorum 1999)

V382 Vel (Nova Velorum 1999) was discovered by P. Williams, and indepdently
by Gilmore on 1999 May 22.4UT (JD 2451320.9) at a magnitude ofyr= 3:1
(Lee et al.i1999) and reached a maximum a day later on May 23, whicte wake
to be ty, near m, 2:3 (Della Valle et al. [2002). The light curve decay was
very rapid and smooth with decay times oft = (4:5 6)and t3 = (9 125)
(Della Valle et alll1999; Liller & Jones 2000) suggesting that V382 Vebhw a \very
fast" nova (Della Valle et al.|2002; Gaposchkin 1957). A summary o¢ photo-
metric characteristics is provided by Della Valle et al.[ (2002). Systemroperties
are provided in Table[4.4.

Della Valle et al. (2002) reported on the optical spectroscopic evdilon of
V382 Vel. Initial observations revealed a complex spectrum with pnanent per-
mitted Fe 11l emission and hydrogen Balmer lines. Though additional emission from
Nal, Al 11, Mg 11, and Call were present, the strongest lines were from O 7773
Aand O1 8446A. The emission lines displayed strong P-Cyg absorption compo-
nents a terminal velocities of 2300 and 3700 km’s characterizing the \principal"
and \di use enhanced" absorption systems respectively (Della Vallet al. [2002).
The emission lines were broad (HWZP 3500 km s?) and relatively at-topped,
suggesting that they originated in a discrete shell. The broad line wids of the
iron lines indicated that this was an \Fellb" (broad) type CN (Steiner et all|1999;
Della Valle et all[19909).

Within a month, the system transitioned into the nebular stage with he ap-
pearance of [Ql1I] 4959, 5007A, He | 4471, 6678, and 706B, He Il 5876A,
and [N 1] 5755A (Della Valle et al. 2002). During the early nebular stage, the
UV emission was still within the \iron curtain" stage and consequentlyoptically
thick. As this stage faded, P-Cyg absorption components remaihé evidence on
the resonance lines with absorption maxima near 5000 kms This behavior is
consistent with the behavior of other ONe novae such as V1974 Cf{ghore et al.
2003). Further support for the classi cation of V382 Vel as an Odlnova was the
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detection of prominent [Nell] 12.81 m emission at 43.6 days after maximum
(Woodward et all [1999). At this stage of development, there wadils emission
evident from H 1 (9-7) and (7-6) with a FWHM velocity of 3300 km s for H |
(7-6). The relative line uxes were found to be Hi (9-7)/H 1 (7-6) = 0.5 and
[Nen]/H 1 (7-6) = 3.4.

Late in the nebular stage, the overall state of ionization in the ejéz increased.
The optical spectra exhibited emission from [Nev] 4721A, additional lines of
Hell at 5412 and 7593, and strong emission from [Fevi] 5677A and [Fe Vil ]

5158, 5276, and 608&. More importantly, the ejecta also showed emission from
[Fe X] 6375A (Della Valle et all 2002), which is commonly seen in novae that
are in the super-soft source stage (SSS) of X-ray developmeNeés et al. 2007b).
Indeed, Beppo-SAX observations of V382 Vel taken during thisise period found
that it had transitioned from an early stage of hard X-ray emission to a relatively
strong SSS|(Orio et all 1999a,b). There was no evidence for dusbguction.

The Spitzer data were obtained 8.6, 11.5, and 12.4 years after outburst (Table
4.7) and are presented in Figurds 4.2 and 4.3. The rst epoch spextvere domi-
nated by [Nell] 12.81 m, [Nelll] 1556 m, and [OIv] 25.91 m. Emission
lines of [Nev] were present at 14.32 m and 24.30 m, but at a much lower level
than the other neon species. No [Nel] 7.61 m emission was detected. There
was also evidence for weak features of (] 10.51 m and [Ar i] 8.99 m.
Subsequent observations detected only emission from [Ng [Ne 1], and [O IV].

Emission from [Nell] 12.81 m was relatively strong with a castellated shape
that persisted throughout our observations. The [Nell] 15.56 m emission
was exceptionally strong. The castellated structure in this featerwas less well
de ned, but was similar to the [Nell] line in that it was dominated by a blue-ward
peak. The [Nev] lines at 14.32 and 24.30 m were strong only during the rst
epoch of observations after which they were no longer detectetheir line pro les
were rounded, distinctly di erent than the [Ne 11] and [Nelil] lines. The [OIV]

25.91 m line was the strongest in the spectra. The pro le shape was roued
like the [Ne V] lines. The [SIV] 10.51 m line was barely detected. Due to the



low signal-to-noise in this line, its line pro le is not well de ned.
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Figure 4.2: V382 Vel: Spitzer SL spectra of V382 Vel obtained on 2004 May 14,
2007 March 26, and 2008 February 25. Prominent emission lines aredked. The
strong feature beyond 14 m in the 2004 May spectrum is due to [N&] 14.32.
The shape of this feature in this spectrum is not well characterizedue to its

proximity to the end of the spectral range of the SL module.

The spectral pro les of the emission lines fell into two distinct classe The
[Nell] and [Nelii ] lines both showed castellated pro les with a stronger blue-ward
peak. Emission in the [Nev] and [O1V] lines all showed a smooth, rounded pro le,
more akin to that expected for a spherical distribution of material. The pro le
shapes were stable throughout the late time observations. The drence in the
line shapes of the low ionization lines in comparison to the high ionization és
may imply that they arise in physically distinct regions of the ejecta. ndeed, the
[Ne 1] pro le exhibits characteristics intermediate between those of [Ne] and
[Ne V] transitions, possibility indicating ionization gradients in the ejecta.Based
upon the pro le shapes, we hypothesize that the [@Qv] emission is arising from

the same region in the ejecta as the [Ne¢] emission.
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Figure 4.3: V382 Vel: Emission lines observed at three di erent epachn the
Representative errors are shown on thest

Spitzer high resolution modules.

epoch data and are comparable for the next two epochBanel (a): [Nell] 12.81
m Panel (b): [Ne ] 15.56 m Panels (c-d) [Ne V] lines at 14.32 and 24.30
m Panel (e): [OIv] 25.91 m Panel (f): [SIv] 10.51 m
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4.6.1 V382 Vel - Adopted Values

The distance to V382 Vel has been fairly well constrained. Della Vall¢ &l./(2002)
estimated a distance of D 1.7 kpc using the maximum MMRD relationship de-
rived by Della Valle & Liviol (1995) and a decay time of {=4.5 days. As discussed
above, this mechanism of distance estimation should be used with @an in the
case of ONe-type novaexé.5.1). Alternatively, |Shore et al. (2003) found a lower
limit to the distance of 2 kpc based ort?CO absorption and an upper limit of 3
kpc via comparison to novae of very similar spectroscopic behaviaf1974 Cyg
and Nova LMC 2000. Other estimates included comparison of He line ux
to that derived by CLOUDY models, a luminosity estimate from UV coninuum
measurements, and an estimate based upon the quiescent magméwf the sys-
tem. Their derived distances converged near 2-2.5 kpc, hence, thee following
analysis, we assume a distance of 2.3 kpc.

The mass of hydrogen in the ejecta has been estimated using a \grief
methods. [ Shore et &l.[(2003) estimated an ejected mass ofjM (4 5)

10 * M based upon photoionization models of their UV spectra. In compaais,
Della Valle et al. (2002) derived a mass of:5 10 ® M using the luminosity
of H assuming a distance of 1.7 kpc. Scaling this estimate to a distance & 2
kpc results in a mass of 10 °, M . Though there are undoubtedly signi cant
uncertainties in both methods, the more thorough treatment by ISore et al. is
likely more reliable. Consequently, we assume a mass of 40 4 M for the
ejecta.

In order to adequately constrain electron density in the shell, we rstide-
termine the appropriate expansion velocity of the emitting region. fie presence
of [Nenl] 12.81 m, [Nei] 1556 m and 36.0 m alongside [Nev] 14.3

m and 24.3 m plus [Nevi] 7.6 m suggests that the ejecta are divided into
two distinct emitting regions, likely a di use, high velocity region and a ense,
low velocity region. This velocity structure may be common in CNe (cfV1065
Cen,|Helton et al.. 2010b; Vanlandingham et al. 2005). In the followingnalysis,
we present two cases assuming a spherical shell de ned by a minimerpansion
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velocity of Vyin = 1000 km s ! and a maximum of vy, = 3000 km s and
a spherical shell de ned by an expansion velocity of,,y = 3000 km s ! and a
thickness of r =0:1r.

The UV spectra revealed a wide array of emission lines, most of whichd
line structure consistent with a clumpy, attened, ring-like shell ofejecta having a
thickness to radius ratio of 0.5. There was also evidence for an asyetric, high
velocity di use component with a HWZI 2000 km s?! (Shore et al.l 2003).

4.6.2 V382 Vel - Abundance Calculations

In Table 48 we have present the calculated elemental abundances tumber
relative to solar for the observed neon, oxygen, argon and sulflines for four
di erent combinations of electron density and temperature. Theaculated abun-
dance solutions depend more strongly on the electron number digynshan on the
electron temperature. The derived abundance of neon, calculdtey combining
the implied abundances from each of the observed emission lines,ges from 11
times solar at a temperature of 5000 K and an electron density of @@cm 3 (13
times solar at 1000 cm?®) to 39 times solar at T = 1000 K and 4000 cm® (44
times solar at 1000 cm?®). The oxygen abundance was at least 1.4-3.0 times solar
depending upon the density assumed. These abundance estimaeslower limits
as they include only a small fraction of the true emission from each gient.

Shore et al. (2003) used the CLOUDY photoionization code to moddle emis-
sion lines observed in UV spectra obtained 110 days post-outburgtheir results
suggested that carbon and silicon were of roughly solar abundaneéhile nitro-
gen, oxygen, neon, magnesium and aluminum were all signi cantly sedundant.
They derived oxygen, neon, and magnesium abundances by numibelative to
solar of 3.4 0.3, 17 3, and 2.6 0.1 respectively. However, the Shore et
al. abundance solutions were calculated under the assumption thtéte helium
abundance was 1.0 relative to solar. Accordingly, if the helium abundee was in
fact less than solar, the modeled metal abundances would be uremated.



Table 4.8: Abundances by Number Relative to Solar - V382 Vel

Derived Abundances 2

Species Wavelength  Module Line Flux ne (cm 3): 1100 4000
( m) (ergem 2s 1) Te (K): 1000 5000 1000 5000
[Ne 11] 12.81 SLb 171 10 12 -2.97 -3.02 -3.51 -3.56
SH 1.66 10 12 -2.98 -3.03 -3.53 -3.57
[Ne 111] 15.56 SH 6:12 10 12 -2.58 -2.64 -3.12 -3.18
[Ne V] 14.32 SH 9:70 10 13 -4.50 -4.44 -4.90 -4.84
24.30 LH 6:90 10 13 -4.30 -4.16 -4.61 -4.50
Total Neon -2.42 (43.4) -2.48 (38.2) -2.96 (12.6) -3.01 (11.2)
[0 V] 25.91 LH 7:01 10 2 -2.89 (2.6) -2.84(3.0) -3.17 (1.4) -3.13 (1.5
[Ar 111] 8.99 SL 3:89 10 13 -6.06 (0.35) -6.26 (0.22) -6.59 (0.10) -6.79 (0.07)
[S IV] 10.51 SL 6:88 10 4 -5.61 -5.89 -6.09 -6.39
SH 752 10 -5.58 (0.20) -5.85 (0.11) -6.04 (0.07) -6.35 (0.03)

8The number given is the log abundance by number relative to hy drogen. The number in parentheses is the abundance

by number relative to hydrogen, relative to solar assuming t

he solar values of |Asplund et al. |(2009).

P\When both high and low resolution data are available, we pref erentially select the high res data for the estimation of
the total abundances.

8€T
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An illuminating comparison can be made between the spectroscopichlagior
of V382 Vel and V1065 Cen. The light curve decay of V1065 Cen wasigar with
t, = 11 days and = 26 days, as was its optical spectral development, which
exhibited most of the same emission lines and very similar line structute that
observed in V382 Vel. IR spectra of V1065 Cen were obtained at nigathe same
stage in evolution, and they too exhibited strong [N&@] 12.81 m emission. The
ratios of [Nell]/H 1 (7-6) on days 47.5, 57.7, and 64.9 were 11.0, 10.3, and 11.5,
respectively, a factor of 3 higher than that observed in V382 VeHglton et al
2010b).

4.7 V1494 Agl (Nova Aquila 1999 NO. 2)

V1494 Agl was discovered by A. Pereira on 1999 December 1.785 UTagore-
maximum visual magnitude of g 6.0 (Pereira et al.l 1999).. Kiss & Thomsaon
(2000) analyzed subsequent photometric observations and rejea that the nova
reached maximum at g = 4:0 magnitudes roughly one day later on December
3.4 UT (to; JD 2451515.9). They found that the light curve declined rapidly with
t,=6:6 05 daysand g =16:0 0.5 days, which situates the nova in the \very
fast" speed class of Gaposchkin (1957). The light curve was initiallyn®oth, but
during the transition stage, it exhibited strong oscillations of 1:2 magnitudes in
V-band with a period of approximately 165 0:1 days (lijima & Esenalu |2003).
There was no evidence for dust production in the ejecta. Systennoperties are
provided in Table[4.3.

Optical spectroscopy during the early stages of development eated a strong
hydrogen recombination spectrum along with emission from © 7773 A and
Fe 11, the latter resulting in the classi cation of V1494 Agl as an \Fe II"type
nova. Strong P-Cygni absorption components were observed tie Balmer se-
ries at -1850 km st (Fujii/1999) and weaker absorption systems on the Oand
Fe 1l lines at velocities of -1020 km & (Moro et all 11999). |lijima & Esenalu
(2003) calculated a mean expansion velocity from the absorptionmponents of
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-2510 km s!. Within a few days of maximum, the P-Cyg absorption components
disappeared, leaving behind bullet shaped emission lines charactecistf an opti-
cally thin wind (Anupama et all2001; Kamath et all 2005). These emism lines
rapidly developed a double peaked, saddle-shaped structure thaas attributed
to an equatorial-ring/polar-cap morphology of the ejecta (Kiss & Tiomson 2000;
Anupama et al.|2001) based upon the synthetic models|of Gill & O'Briefi999).
Spectropolarimetric observations very early in the evolution suppi@d the con-
clusion that the ejecta were asymmetric and that the asymmetry as likely es-
tablished during the pre-maximum rise|(lijima & Esengylul 2003). Thene scale
structure in the saddle-shaped pro les of [Qil], [N 1I], and H was nearly iden-
tical, indicating that these lines formed from the same location in thejecta and
that they likely characterize the emitting region as a whole quite well.

The system evolved to the coronal stage by about 150 days afteutburst
with the appearance of [Fex] at a level greater than [Fevil] in the optical
(Kamath et al. 2005). Interestingly, at the onset of the coronabktage, bullet-
shaped line pro les were observed in N and N 1l in striking contrast to the
saddle-shaped pro les, which persisted in the nebular lines_(lijima &4enalu
2003). As the coronal spectrum matured, emission lines from Heand the highly
ionized species of iron, such as [Bg, and [Fe xI] appeared also with smooth,
bullet-shaped proles. This suggests that there may have been additional
spherically symmetric component in the ejecta. The optical speetrduring this
stage were dominated by [@11] and numerous forbidden iron lines. Though there
was a weak signature of emission from sulfur, at no point in the evoiah of V1494
Agl was there clear evidence for emission by neon.

The underlying radiation at this stage in development was extremelynergetic.
Mazuk et ali (2000) reported emission from [&] 1.2523 m on day 226, which
has an ionization potential of 329 eV, while Rudy et al. (2001) obsed [S XI]

1.9196 m (447 eV) on day 580. X-ray observations indicated that during 1B
period the underlying source exhibited characteristics similar to sep-soft sources
(Drake et ali|2003; Rohrbach et al. 2009).
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We obtained three epochs of mid-IR observations as part of o&@pitzer CN

monitoring campaign. These data were obtained roughly 4.4, 7.5, add® years

after maximum. The spectra are shown in Figures_4.4 arild 4.5. THeapitzer

spectra are dominated by emission lines of [@] at 25.91 m, [NeVv] 14.32,

24.30 m, and [SIV] 10.51 m. There is also weak emission from [N&] 7.61
m, [Mg v] 5.61 m, and possibly [Mgvii] 5.50 m.
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Figure 4.4: V1494 Aql: Spitzer SL spectra of V1494 Agl obtained on 2004 April
14. Prominent emission lines are labelednset: Comparison of the region around
[Siv] 10.51 m in the SL module to the SH module. Since the SH data were
not background corrected, they were o set to match the contumum level of the
SL data.

The presence of strong neon in emission at these late times is partaly
interesting since neon was not observed in the optical at any time dng the early
development. A clue to origin of the neon lines is obtained by examinatiof the
line proles. The oxygen line at 25.91 m has the same saddle-shaped structure
present in most of the optical and near-IR emission lines reportedidng the rst
few hundreds of days post-outburst. The neon lines, on the othband, have a
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smooth bullet-shaped pro le, similar to the pro les of the Hell and highly ionized
iron lines observed during the coronal stage. Fast novae exhibitimharacteristics
similar to those seen in V1494 Aql are often found to have arisen oiN® WDs. If
the abundance of neon in the ejecta is low, then early in the evolutipthe optical
emission lines may have been obscured by other lines. As the ejecaerexposed
to the SSS emission, the neon may have been very rapidly ionized tohgglevels
preventing lines of [Nelll] and [Nelv] from being observed in the optical. When
the SSS turned o, the ejecta may have been at low enough densitigat the
lines were \frozen-in", slowing recombination and the subsequentgduction of
emission lines from lower ionization states.

4.7.1 V1494 Aqgl - Adopted Values

Kiss & Thomson (2000) estimated the maximum brightness of V1494gAto be
My = 88 0:2 using various MMRD relations based upon the;tand t; times
calculated from the light curve. The resulting unreddened distancenodulus
yielded a distance to the system of:8 0:3 kpc. Subsequent observations by
lijima & Esengylul (2003) exhibited Na 1 D interstellar absorption lines, which
they used to estimate a reddening of B V) =0:6 01 (Ay =1:8 0:3).
Correcting for extinction, they derived a distance of 5 0:2 kpc. [Hachisu et al.
(2004) used a model for an accretion disk with two-armed spiral gtks, to model
the observed transit events in the optical light curve. Based upotheir models,
they estimated a distance to the system of 1.0 - 1.4 kpc. Their estitea however,
was sensitive to their assumed WD luminosity, which was very poorly gstrained.
We take the 1.6 kpc estimate to be more robust.

lijima & Esengylul (2003) compared the nebular lines to the auroralines of
both oxygen and nitrogen to estimate the electron temperaturel¢) and density
(ne In the ejecta at 5 dates in the nebular stage). The analysis coveradarly 150
days. They found that throughout the period, the electron temprature stayed
nearly constant at To = 10; 700 600 K. The electron density, on the other hand,
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Figure 4.5: Plotted above are line pro les for the dominant emission lisen V1494
Aqgl from three epochs of observations. Representative erraage plotted on the
pro les for 14 April 2004. Arbitrary bias levels have been applied tohe April
2004 and June 2007 data for clarity.Panel (a): [Ne v] 14.32 m Panel (b):
[NeVv] 24.32 m- The June 2007 and October 2007 spectra have been scaled by
a factor of 3.0. Panel (c): [O Iv] 25.91 m- The June 2007 and October 2007
spectra have been scaled by a factor of 3.0.
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was found to decay as N/ t %8, going from 94 1P at day 164 to 52 1P at
day 289. The authors note that for spherically symmetric expansiathe relation
would be N. / t 3. This further supports the conclusion that the ejecta were
highly asymmetrical. Using their estimates for the electron density8( 1 cm 3,
electron temperature 10,700 K), their measured intensity of H and a distance
of 1.6 kpc, and factoring in the calculated helium abundance, lijima & $£nalu
(2003) derive a hydrogen mass of (& 1:.0) 10 ° M and a total ejecta mass
of (6:2 1:4) 10°M .

Eyres et al. (2005) used the ratio of [11]  4959,5007 to [Qn] 4363Ato
determine the ejecta density, assuming ¢I= 10; 700 K. They found N, = (1:2
0:4) 10° cm 3. Imaging of V1494 Aqgl at 6 cm by Eyres et al. (2005) on day 136
revealed that the ejecta were clearly asymmetrical. The authorsiggest that the
twin lobed structure observed was consistent with the hypothesthat the ejecta
distribution was ring-like at an inclination of 36, though it is not conclusive.
Instead of a ring or sphere, they estimate the mass of hydrogessaming that the
ejecta had an ellipsoidal distribution characterized by their measad major and
minor axes. They take the mean of these two axes to characterittes third axis
of the ellipsoid. Assuming a distance of 1.6 kpc, the authors calculaehydrogen
massofm 1.8 10°M .

Another estimate for the mass of hydrogen in the ejecta was olnad by
Kamath et all (2005). They used the H luminosity to calculate the electron num-
ber density at day 510to be N=(1:1 0:1) 10 cm 3forTo=1:5 10" They
assumed a spherical shell expanding at 2500 kmtswith a lling factor of 0.01.
The adopted lling factor is consistent with that estimated byllijima & Esenaylu
(2003) who obtained a value of 0.016 at day 189. These parametgisided
my =6 10 ® M . We use the mean of these mass estimates52 10 > M , for
our abundance analysis.

The measured ejecta velocities varied as the system evolved. Asegoabove,
observations during the principal component stage measured abgtion troughs
ranging from -1020 to -1850 km . The FWHM expansion velocities at this
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stage were quite low, e.g., of order 1200 kmsfor H (Fujiil 1999), but tting
the lines at the early stages of the outburst was complicated by the-Cygni
absorption components. More accurate FWHM velocity estimatesere obtained
during the later stages of development. During the nebular stag226 days after
maximum, Mazuk et al. (2000) measured the FWHM of the near-IR conal lines
to be 2800 km s!. Rudy et al! (2001) found that 354 days later the expansion
velocities had increased to 2900 km & The 6 cm images of the semi-resolved
shell led to the only expansion velocity estimate independent of thenéssion line
characteristics. Based on the distance of 1.6 kpc, Eyres et al. (&) estimated
the expansion velocities to be 980 and 2500 km'sfor the minor and major axes,
respectively. We base our subsequent analysis on two di erent meld The rst
is a spherical shell with an outer radius calculated assumingyy = 2900 km s *
and depth 10% of the radius, r = 0:1ryy. This geometry results in R = 400
cm 3. The second follows the calculation by Eyres et al. (2005) for an ellgps
with r; calculated for \y, = 980 km s 1 r, assuming Vxp = 2900 km s 1 andrs
calculated from the mean of, and r,. This model yields r = 1750 cm 3.

4.7.2 V1494 Aqgl - Abundance Calculations

The results of our abundance analyses are presented in Tablel 4.9heTejecta
appear to be mildly enhanced in neon with minimum ionic abundance of 3 tem
solar. The abundances of oxygen are likewise enhanced, but to aajer extent,
> 12 times solar. These enhancements are not high enough to sug¢fest the
outburst of V1494 Aqgl arose on an ONe WD (Livio & Truran 1994), btiinstead
suggest a CO WD origin. We estimate the minimum sulfur abundance toeb0.4
times solar by number, with respect to hydrogen.

Relatively few authors have calculated abundances in the ejecta\6f494 Aql.
lijima & Esengylul (2003) estimated an abundance of helium based ap the the
observed intensities of He 5876A and He Il 4686A relative to H . They
found a helium abundance by number of N(He)/N(H)= 013 0:01. In a similar
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manner, Kamath et al. (2005) estimated a helium abundance of 0.24ded upon
the ratio of Hell 4686A under the assumption that all of the helium was ionized.

Kamath et all (2005) also used the IRARNEBULAR package to calculate the
ionic abundances of oxygen and sulfur. If both the nebular lines atite hydrogen
lines arose in the same region of the ejecta, then they estimate tlosver limits
of the abundances to be N(O)/N(H) = 1:61 10 ° and N(S)/N(H) = (0 :75
3:4) 10 7, corresponding to values of roughly 0.03 by number, relative to sola
for both oxygen and sulfur. These values are lower than the minimuabundances
estimated in the present analysis by orders of magnitude.

Finally, Rohrbach et all (2009) modeled the X-ray spectra and estated oxy-
gen to be 17-35 times solar abundance and nitrogen to be overatant relative
to solar by a factor of< 112-840. The authors noted that the spectral ts were
non-unique and, though the derived abundances were likely ovestiemated, the
X-ray spectra should be considered highly overabundant in oxygamd nitrogen.
The oxygen abundances estimated by Rohrbach et al. are consmtevith the
results derived here.

4.8 Conclusions

This chapter has summarized observations of seven CNe in their latebular
stages ¢ 4 years post-outburst). In the case of three of these targetse derived
lower limits to abundances by number, relative to hydrogen based ap ejecta
masses obtained during earlier stages of the outbursts.

We have placed lower limits on the abundances of oxygen and neon &t 39
times solar, relative to hydrogen, respectively) in the ejecta of \@¥4 Cygni and
have found that the high abundances of these elements is congsisteith earlier
studies. Our derived abundances support the conclusion that tlsgystem contains
an ONe WD. The emission lines of neon were weak relative to the [Q] line at



Table 4.9: Abundances by Number Relative to Solar - V1494 Aql

Derived Abundances 2

Species Wavelength  Module Line Flux ne (cm 3): 1750 400
( m) (ergem 2s 1) Te (K): 1000 5000 1000 5000
[Ne V] 14.32 SHb 361 10 1 -4.18 -4.13 -3.63 -3.54
24.32 LH 2:.98 10 13 -3.88 -3.78 -3.39 -3.24
[Ne VI] 7.64 SL 4:62 10 4 -4.65 -4.85 -4.01 -4.21
Total Neon -3.65 (2.6) -3.60 (3.0) -3.13(8.7) -3.03 (10.9)
[0 IV] 25.91 LH 5:23 10 12 -2.23(12.1) -2.22 (12.3) -1.77 (34.6) -1.72 (38.5)
[S V] 10.51 SL 5:56 10 14 -4.97 -5.25 -4.37 -4.65
SH 573 10 4 -4.96 (0.84) -5.24 (0.44) -4.36 (3.3)  -4.64 (1.7)

aThe number given is the log abundance by number relative to hydroge. The number in paren-

theses is the abundance by number relative to hydrogen, relativea solar assuming the solar values of

Asplund et al. (2009).

bWhen both high and low resolution data are available, we preferentiallyselect the high res data for

the estimation of the total abundances.

VT
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25.91 m. The pro les suggest, however, that the oxygen and neon enims may
arise in di erent regions of the ejecta. Further, the stability of the oxygen line
implies that the line is optically thin and its pro le re ects the distributio n of the
emitting region rather than being determined by optical depth e ets.

The late time spectra of V382 Vel revealed emission lines from oxygemon,
argon and sulfur allowing us to estimate lower limits to the abundancesf each
of these elements. In particular, we found that the neon abundea is at least 11
times solar, with respect to hydrogen, oxygen is at least 1.4 timeda&g and argon
and sulfur are at least 0.07 and 0.03 times solar, respectively. Theoneand oxygen
abundances are consistent with previous studies. These are thst abundance
estimates for argon or sulfur in the ejecta of V382 Vel, but unfounately, they
provide only very weak constraints. The derived low relative abuna&es of these
species are likely biased due to the ionization state of the ejecta athol not re ect
an extreme depletion of these elements. Examination of the emisslome structure
during this late optically thin stage demonstrated that the various mitting species
have di erent sources in the ejecta and may indicate the presencé ionization
gradients.

Our Spitzer data on V1494 Agl provided the rst observations of neon in this
object. Based upon these data, we derived a minimum abundancenebn relative
to hydrogen, relative to solar of about 3. This abundance estimats not high
enough to distinguish between a CO or an ONe progenitor WD in V14940A
However, the oxygen abundance estimate, with a lower limit of 12 timesolar, in
combination with the moderate neon abundance, makes a convinciaggument
for a CO WD. The lack of neon detection at other wavelengths comtad with the
neon abundance estimated here implies that optical observations@Ne may not
reveal the presence of elements of even moderate overaburésn The late time
observation of neon in the ejecta of V1494 Aql reveals the importee both of high
sensitivity observations in the IR regime and the value of late time obsvations.



Chapter 5

Atypical Dust Species in the
Ejecta of Classical Novae

A portion of this chapter is a modi ed version of a chapter puished in the pro-
ceedings of the conference entitled PAHs and the Universd (8lay - 4 June, 2010)
with the following bibliographic reference: Helton, L. A.Evans, A., Woodward,
C. E., & Gehrz, R. D. in PAHs and the Universe , EAS Publications Series,
eds. C. Joblin & A.G.G.M. Tielens, 2011. Additionally, Sedbns[5.3 and 5.4 are
summaries of work presented on two targets from our campajgdZ Crucis and
V2362 Cygni, which were published with the following bilgraphic references (for
DZ Cru and V2362 Cyg respectively): Evans, A., Gehrz, R.D., W6dward, C.E.,
Helton, L.A., et al. 2010, MNRAS, 406, L85 and Lynch, D.K., Wadward, C.E.,
Gehrz, R.D., Helton, L.A., et al. 2008, AJ, 136, 1815.

5.1 Introduction

Many astronomical sources display broad emission features in the 31, 6 12,

and 15 20 m IR emission bands. These so-called unidenti ed infrared features

(UIR; see alsa Geballe 1997; Tokunaga 1997) often exhibit broad ( 0:1 0:2
m) emission peaks at 3.3, 3.4, 6.2, 7.7, 8.6, and 118 (Russell et al. 1977).

149
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The precise position and relative strengths of these features sha high degree of
variability based upon the environment in which they are observed @eters et al.
2002; van Diedenhoven et al. 2004). This is especially true of the “7.i feature,

which has a peak wavelength that can range from 7.6 - 8.In. Taking advantage
of the high sensitivity and resolution of theSpitzer Space Telescopeecent obser-
vations have revealed the presence of additional features at 5.%57, 10.6, 12.0,
12.7, 13.5, 14.1, 16.4, and 17.4, among others (Boersma et al. 2010)

The pervasiveness of the 3.3m feature amongst sources of UIR emission has
led to the conclusion that the UIR carrier is some sort of organic malele. This
feature is generally attributed to C{H stretching mode vibrations inhydrocarbons
molecules. Numerous hypotheses have been made for the natur¢he molecu-
lar carrier of the UIR features, including polycyclic aromatic hydroarbons (PAH;
Duley & Williams/1981; Allamandola et al! 1985, 1989), hydrogenated amphous
carbons (HAC; Duley & Williams 1983 Duley & Jones 1990), and small dzona-
ceous molecules (SCMs; Bernstein & Lynch 2009), among otherdth&ugh there
is growing support for the hypothesis that the UIR features are uk to linear
combinations of emission from an array of PAH molecules of various eszand
molecular conformations, there is still no general consensus.

Until recently, only a handful of CNe have exhibited UIR emission feares,
including V842 Cen (Nova Centauri 1986; Hyland & McGregor 1989;ehrz/1990;
Smith et al! 11994), QV Vul (Nova Vulpeculae 1987; Gehrz 1990; Gehet all
1992c), and V705 Cas (Nova Cassiopeiae 1993; Gehrz et al. 19981ch et all
1997;| Evans et al. 1997; Mason et lal. 1998). Examination of the aggrance and
evolution of the UIR features in these novae provide insight into thenolecular
carriers and the UIR carrier formation mechanisms. Here we give aidf overview
of the behavior of the UIR features in dusty novae, present ne8pitzer results for
the novae DZ Cru, V2362 Cyg, and V2361 Cyg, and discuss possiblentl cations
for the UIR carrier in these systems.
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5.2 Unidenti ed Infrared Features in Classical

Novae

An optically thick dust shell ( v > 6 magnitudes) formed in the ejecta of V842
Centauri 55 days after eruption.| Hyland & McGregor[(1989) repb that during
the rst 200 days after condensation, the dust exhibited a smooth blackiho
curve arising from amorphous carbon (AC) without any signaturefdJIR emission.
Silicate emission at 10 m was present by day 146 (Smith et al. 1994). Within days
of the initial dust condensation event, the dust temperature wag50 K. By 240
days after condensation, when the dust was optically thin, the dusemperature
had increased to 800 K. At this point, the dust shell began an \iso#rmal" stage of
development in which the dust temperature remained relatively stelg throughout
the following 100 days (Smith et al. 1994). During this period, UIR emission
features were observed at 3:25 and 35 m by Hyland & McGregor (1989)
and at 8.6, 11.3, and 12.7 m by |Gehrz (1990) and _Smith et al. (1994). After
their appearance, the UIR features persisted for many monthwjth the 11.3 m
feature lasting at least until 671 days after outburst/(Smith et al1994).

Hyland & McGregor noted that even if the UIR features had been psent at
the same ux level during the observations of the initial condensain event, they
would not have been detectable. During their previous UIR-free tsef observa-
tions (200 days post-dust formation), however, the features shouldie been
detected. Interestingly, during the 4 month period of observatits by Hyland &
McGregor in which the near-IR UIR features were detected, thetiegrated ux in
the 3.25 and 3.5 m features declined by only a factor of 2:5 while the contin-
uum dropped by a factor of 6. Based upon null detections during the optically
thick and early, post-condensation optically thin phase, Hyland & MG@regor sug-
gested that the molecular carriers for the 3.28 and 3.5m features were produced
by processing of dust, and further, that their persistence inditad an increasing
number of molecules being subjected to a declining UV continuum. Asted by
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Smith et al. (1994), the situation may not be so straightforward. Te late ap-
pearance of the UIR features, around day 275, could imply that éhUIR carriers
were formed late in the dust condensation sequence as suggestgddyland &
McGregor, either by late time molecular growth or by production though AC
grain destruction. Alternatively, the carriers may have been prest earlier but
they only were exposed to a radiation eld conducive to grain excitan later in
the development of the system.

The appearance and evolution of the dust in QV Vul followed much theame
sequence as that in V842 Cen. Following a rapid and deep dust consation
event with y  5:6 magnitudes, the dust signature was dominated by blackbody
emission from AC, after which solid state features arising in silicateseve observed
just before the appearance of UIR emission features at3:3, 3:4, and possibly
at 11.4 m (Gehrz et al.[1992c). After the initial decline in dust temperature
from 780 Kto 600 K, the dust entered an isothermal stage of development
that lasted for many hundreds of days. Scott et al. (1994b) repied the possible
detection of \extended red emission,” i.e. broad features in the 0.5 0.75 m
range, 2084 days after outburst that they attributed to hydr@arbon emission.

Finally, the observed UIR evolutionary characteristics in the ejeet of V705
Cas were similar to those in both V842 Cen and QV Vul. The optical exto?
tion event was rapid and very deep 6 magnitudes). Initially, the dust
emission appeared as a blackbody at a temperature of 1175 K dueAG grains
(Mason et al.|1998). The dust temperature declined to 700 K, followed by a
prolonged isothermal stage lasting more than 200 days. Obseraats of V705
Cas beginning 157 days after outburst revealed UIR features a288.7, and 11.4

m superimposed on a 10m silicate emission feature/ (Evans et al. 1997). Sub-
sequent analysis of the 8 m complex by/Evans et al.|(2005) indicated that the
pro le shape and peak wavelength did not match those of standaldIR features
and that the peak wavelength drifted bluewards as the system dved. Simulta-
neously, the ratio of the 11.4 to 8 m features increased. The 3 4 m region
in the spectrum of V705 Cas showed emission features at 3.28 and 34. The
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observed 3.28 to 3.4 m ratio was similar to that seen in post-AGB stars, but an
order of magnitude higher than in stars with a high UV photon ux.

5.3 DZ Cru

DZ Crucis (Nova Cru 2003) was discovered by Tabur et al. (2003) d2003 Au-
gust 20.5 UT (JD 2452871.9) at an V-band magnitude of 10.2 while it wasill
rising towards maximum light. Palomar Sky Survey plates failed to det the
progenitor to this object, suggesting that the outburst amplitué was V > 10
(Tabur et al. 2003;/ Rushton et al. 2008), average for a moderatefast CN out-
burst (Warner 2008). The B - V color at maximum was exceptionally hig,
+1:25 0:05 (Rushton et al. 2008). For a CN at maximum light, the B - V color
is expected to be +G23 0:05 (van den Bergh & Younger 1987). Early spec-
troscopic observations by Della Valle et al.l (2003) revealed neithemission lines
from permitted Fe 11 nor helium and nitrogen, characteristic features observed in
Fe 11- and He/N-type classical novae respectively. Instead, their sgtea revealed
a reddened continuum with weak lines from H and H , both of which exhibited
low level P-Cyg absorption components at a velocity of only 500 km s 1. This
\peculiar* behavior led Della Valle et al. to suggest that the system wa not
a CN, but a post-asymptotic-giant-branch star undergoing a ag, thus inviting
comparison between DZ Cru and eruptive variables like V838 Monoogis. Very
few observations of DZ Cru were obtained after the initial detectro
Rushton et al. (2008) reported on near-IR (0.95-2.52m) spectroscopic obser-

vations of DZ Cru taken 15 1.9 years after outburst. They found an emission line
spectrum dominated by HI recombination lines superimposed on a strong dusty
continuum. The spectra also revealed emission from [N 1.0401 + Hel 1.0833

m, Hel 2.0587 m, and O1 1.3168 m. Interestingly, only the Hel lines
still exhibited signi cant P-Cyg absorption at this late stage in the sgctral devel-
opment. Throughout their observations, Rushton et al. found a pan expansion
velocity based upon the hydrogen lines of 500 km s, in agreement with that
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reported immediately after maximum. In contrast, the Hel P-Cyg absorption
troughs reached maximum near 1500 km & By tting the dust continuum, as-
suming AC grains, the authors calculated a mean dust temperatuied 690 40
K during the rst epoch and 620 50 K around 120 days later.

Rushton et al. excluded DZ Cru as an eruptive variable based uponrmapar-
ison to the prototype, V838 Mon. Eruptive variables tend to appaaas a cool
supergiant with molecular absorption features in their NIR spectrand very few
emission lines with low expansion velocities{ 500 km s ). Likewise, the rapid
increase to maximum light, the high amplitude of its outburst, and thestrong
emission lines observed in DZ Cru implied that it could not have been a \Bo-
Again Giant" star (BAG), like Sakurai's Object. These highly evolved bjects
are thought to be WDs that have undergone a Very Late Thermal Hse (VLTP),
which in ates the WDs back up to the size of a red giant. The expansnoof the
envelope causes a gradual rise to maximum that occurs over a yeamore. Fur-
ther, BAGs tend to be very hydrogen de cient in contrast to the lydrogen rich
spectra evidenced by DZ Cru. Though the early spectra of DZ Cruenre unusual
for a nova, the light curve behavior and the late time spectra cleariyndicate that
it was a nova event.

5.3.1 Spitzer Observations of DZ Cru

DZ Cru was observed as part of ouspitzer Classical Novae Target-of-Opportunity
and Monitoring campaign (PIDs 30076 and 40060; Evans et/al. 20)0®ur rst
Spitzer Infrared Spectrograph (IRS) observations commenced 1477ydaafter
eruption, with return visits on days 1650 and 1706 (AORs 222699527734912,
and 17735168). Data reduction followed the methods presentedX8.2.4. These
observations revealed exceptionally strong emission from AC with merimposed
unidenti ed infrared (UIR) emission features reminiscent of thoseobserved in
V705 Cas. The only emission lines present were [Ng] 15.56 m and [O Iv]
25.91 m. Our Spitzer observations of DZ Cru are presented in gure 5.1.
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Figure 5.1: Spitzer IRS spectra of DZ Cru with a DUSTY model for AC at 470 K.
From [Evans et all (2010b), and used with permission.

The expansion velocities in [Nell] and [O 1v] lines ranged from 800 to 1000
km s 1, consistent with that reported by Rushton et al. (2008) based othe near-
IR emission lines observed 150 days after outburst. If we assume that the
O lines observed early on arose from the same material that later phaced the
[O Iv] emission in the mid-IR, then we also conclude that there was little, ifrgy,
deacceleration of the ejecta during the intervening period.

We refer to the structures observed in the 6-14m region of theSpitzer spectra
as UIR features, though they did not exhibit the normal UIR spectl character-
istics. Because of the complexity of these features, it is di cult to acurately
remove the underlying continuum. We modeled the continuum using ¢hDUSTY
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radiative transport code (lvezt et al!|1999) by matching the slpe of the contin-
uum beyond 14 m while constraining the models to lie below the minima in the
6-14 m emission complex. We assumed an illuminating blackbody source with a
temperature of 10 K, an AC carrier for the dust emission with optical properties
reported by|Hanner (1988) and grain radiua = 0:2 m. The ejecta shell followed
a [/ r 2 density law with the optical depth, \, = 0:1. The resulting model is
overlaid in Figure[5.1.

Figure[5.2 shows the residual emission after subtraction of the DU% model.
UIR emission features are labeled with tick marks at 6.5, 7.2, 8.1, 9.3..Q, and
12.4 m. The FWHM of the UIR features in this object are of order 0:5 1.0

m, much too wide to be attributed to emission lines. At long wavelengt the
DUSTY t lies along the continuum, but at a nearly constant o set. This plateau
stretching from 14 34 m, is indicated with a horizontal bar in the gure.
The apparent emission features from 20 24 m are artifacts due to fringing in
the data.

Interestingly, there is evidence for evolution of the individual UIR datures
between the three epochs of observation. On day 1477, the 8 feature had
a relatively sharp pro le that was signi cantly stronger than its neighbor at 9.3

m. Nearly 200 days later, the strength of this feature had declineadhtil it was
roughly equal to that at 9.3 m. The rest of the UIR emission features appeared
much as they had during the earlier observation. By the nal epoghhowever,
the appearance of the 8.1 m feature had returned to its previous aspect and was
again the strongest feature in the spectrum.

5.4 V2362 Cyg

V2362 Cygni (Nova Cyg 2006) was discovered by H. Nishimura on B0@8pril
2.81 near maximum light at an apparent magnitude of gn ~ 10:5. Maximum was
reached on April 5.00 at ng = 8:5 (Nakano et al. 2006). This target was observed
extensively as part of our multiwavelength classical novae monitogncampaigns.
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Figure 5.2: Residual UIR emission remaining after DUSTY model subtracton. From
Evans et all (2010b), and used with permission.

We obtained observational coverage in the X-ray and ultraviolet usy the Swift
telescope, in the optical with the Steward Bok 90" (2.29-m) and Lickdbservatory
120" (3-m) telescopes, in the near-IR using the NASA Infrared Tescope Facility
(IRTF)H and Lick telescopes, and in the mid-IR with theSpitzer Space Telescope
A comprehensive examination of these data, covering the rst 5@ays of spectral
development, was presented by Lynch et al. (2008b).

V2362 Cyg was a peculiar nova in many respects. One of the most natgting
characteristics was its optical light curve behavior (Figur€5l3). Aér a smooth
initial decline with t, and t; times of 10.5 and 24 days respectively, the light

1 The Infrared Telescope Facility is operated by the University of Hawaii under Cooperative
Agreement no. NCC 5-538 with the National Aeronautics and SpaceAdministration, Science
Mission Directorate, Planetary Astronomy Program.
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curve plateaued and experienced a secondary brightening evewtich rivaled
its initial outburst luminosity (my  9:8). This light curve behavior is distinct
from the oscillations observed in some CNe during the transition phaof their
development (e.g., V2467 Cygni, Sectidn_6.2.2) and has only been aomed in
two other CNe, V1493 Aqgl (Bonifacio et al. 2000; Venturini et al. 204) and V2491
Cyg (Hachisu & Kato2009).

AAVSO Light Curve for V2362 Cyg
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Figure 5.3: Light curve of V2362 Cyg. Tick marks indicate the epochs Spitzer
mid-IR and Bok 90" optical observations. Of particular interest is he prominent
rebrightening event that peaks near day 240.

The spectral development during the initial decline was typical of a ell be-
haved CN. The early stages were characterized by strong P-Cylgsarption com-
ponents on the hydrogen and helium lines, which faded as the ejediacame
optically thin. The spectra were dominated by H and Hel recombination lines
with additional strong permitted lines of Fell, C 1, N I, and O 1. As the system
evolved to the nebular stage, the densities declined and the staté ionization
increased, as demonstrated by the appearance of forbidden lirgs[O 11] and
[O ni].

During the plateau and rebrightening stages of the light curve, thejecta
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appeared to revert to an earlier stage of development. The emissisignature
returned to the pre-nebular state with the spectra being dominad by low ioniza-
tion allowed transition lines once again. The hydrogen, helium, and oggn lines
developed P-Cyg pro les at blue-shifts greater than 2000 km & The emission
lines during the second brightening event, however, were much radoroad than
during the initial decline. For example, the Ol lines broadened from 1200 to
4250 km s!. The emission lines also developed a three-component, symmetric
sub-structure suggesting a bipolar out ow.

Near the peak of the second outburst, our observations indicatdhat the
nova underwent a rapid and extreme dust formation event. IRTF ata obtained
within days of the second maximum revealed a near perfect blackbopeaking at
a temperature 1410 15 K, and was some of the hottest astronomical dust ever
observed in a CN outburst. These temperatures are near the tiretical extreme
of condensation temperatures for carbon dust grain§pitzer IRS spectra obtained
immediately following dust condensation also con rmed blackbody ensi®n from
hot dust. At rst, low ionization [Ne 1], [Ne 1ii], and [O Iv] were observed in
these spectra alongside hydrogen recombination lines. But within eaw days, as
the IR dust emission strengthened, the forbidden lines disappedreith the sole
exception of [OIV], which remained strong throughout. During the same period,
the ux in the optical and near-IR lines sharply declined, and the P-g pro les
quickly began to fade. Due to the nature of the light curve, it is dicult to
accurately determine the depth of the optical extinction event. Bvertheless, the
overall photometric and spectroscopic behavior during this perioiddicates that
the optical depth was relatively high.

With the expansion of the ejecta and subsequent decline in the dusptical
depth, the emission lines reappeared, but reached a much higherization level.
Emission lines of [Qil], [Ne 1], and [Nelll] returned with pro les very similar to
their earlier nebular incarnations. In the infrared, strong lines of ighly ionized
species were observed such as [Xle[Ne Vvi], [Mg V], and [Mg Vil ], indicating that
the ejecta were exposed to a much more energetic radiation eldndeed, Swift
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observations from this period indicated that throughout the relightening event,
optically thick dust condensation, and subsequent nebular phasdbe X-ray ux
continued to increase. During the return to the nebular stage, atreng, hard
X-ray ux was observed that persisted for at least 300 days.

We consider a second mass ejection event to be the most likely expithon for
the peculiar light curve and spectroscopic evolution of V2362 Cyg.h€ secondary
eruption was characterized by a much higher ejection velocity thathe initial
outburst. Considering the relative expansion velocities of the maial ejected in
the initial and secondary eruptions, 1200 km ¢ and 3500 km s?! respectively,
it is possible that the onset of dust formation coincided with the collisio of the
two shells and that the observed hard X-ray ux was due to shocklegas. The
interaction of the two shells may have resulted in shock-induced durmation
(Eleischer et al. 1992; Schirrmacher et &l. 2003). The failure to ayge SSS emis-
sion at later stages can be explained by preferential absorption thie soft X-ray
ux by the dust. Even if this is true, however, we cannot determinavhether the
absorbed soft X-ray ux acted to destroy the intervening dust pnot.

As the dust dispersed, it became optically thin. The IR SED changedra+
matically and revealed strong, broad UIR features near 6 10, 11.5, and 18 m.
The broad feature near 18 m may have been due to the O{Si{O bending mode
in silicates; however, the associated, stronger 9.1 Si{O stretch feature was ap-
parently absent. It is tempting to relate the observed featurestfree- ying PAHS,
but they do not correspond well with the standard emission bandsf #AHs at
6.2, 7.7', 8.6, and 11.3m (Allamandola et al.|1989] Peeters et al. 2002).

5.4.1 New Spitzer Observations of V2362 Cyg

We continued following V2362 Cyg withSpitzer for two years beyond the nal
observations reported by Lynch et &l.[(2008b). Here we re-anab/the nal epoch
of data presented by Lynch et al. and present three subsequestochs ofSpitzer
observations. An observational summary is provided in Table 5.1. laddition
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to these mid-IR observations, we also obtained optical data durinthese late
stages of evolution with the Steward Observatory Bok 90" telespe using the
B&C Optical Spectrograph. Details of this instrument as well as olesvation and
reduction notes are provided in Chapter]2.

Our rst Spitzer observations of V2362 Cyg were obtained immediately follow-
ing dust condensation coincident with the truncation of the opticatebrightening
event. As mentioned by Lynch et al.|(2008b), the mid-IR spectraltained as the
dust dispersed was optically thin and revealed a broad emission compleom
6 12 m. SubsequentSpitzer observations revealed that the emission complex
underwent signi cant changes as the dust evolved.

Table 5.1: Spitzer Spectroscopic Observation Log of V2362 Cyg

Observation JD Source/Background Time on Source (sec) Age 2
Date (UT) (+2450000)  PID AOR SL  SH LL  LH (Days)

2007 Jun 22.21 4273.71 30007 17680640/0896 140 300 300 600 44
2007 Sep 06.28 4349.78 40600 22261504/1760 140 300 300 600 325
2007 Nov 02.29 4406.79 40600 22262016/2272 140 300 300 600 5.5
2008 Jul 08.67 4656.17 50011 25191936/2192 140 300 1200 600 827.9

aFrom 2006 April 2.81 UT (JD 2453828.31)
border 1 was exposed for 1200 s while Order 2 was exposed for only 720 s

In order to better understand the evolution of the emission comptes observed
by Spitzer, we isolated the features by tting and subtracting a blackbody tahe
underlying continuum. The continuum was t interactively to the regions of the
spectra considered to be relatively free from other features, i.&rfom 12 15 m
and beyond 23 m. The ux at the blue end of the spectrum declined sharply.
We attempted to constrain the models by requiring that the blue exeme fall very
close to the minimum of the observed emission in this region. The mod&s then
subtracted from the observed SED. In Figures 5[4-5.7 we plot tt&pitzer mid-IR
SEDs for our nal four epochs of observations. The dashed line iicdtes the tto
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the blackbody continuum and the dash-dotted line is the residual @ssion after
continuum subtraction.
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Figure 5.4: Spitzer SED of V2362 Cyg obtained on 2007 June 22 (Day 446). A repre-
sentative 1- error bar, comparable to the line thickness of the data, is pbtted near 30

m. The dashed line indicates the blackbody t to the continuum at a temperature of
425 K. The dash-dotted line indicates the residuals after thckbody subtraction. The
approximate positions of signi cant emission features areabeled.

As discussed in_Lynch et al.[(2008b), the day 446 data exhibited efrg, dis-
tinct emission peaks near 6.4, 8.0, and 11.3%n (Figure[5.4). There appeared to
be a broad shoulder on the red trailing edge of the 8.0n features near 9.7 m as
well as a weak, broad, and at complex near 18.0m. Additionally, the plateau
joining the 6.4 and 8.0 m features had a complex structure, which may be indica-
tive of multiple narrower components. Although the neon lines wereewy weak,
emission lines of [N&i] 12.81 m, [Neill] 15.56 m,and[OIv] 25.91 m were
present. Additional emission lines may be present in these spectsaperimposed
on the broad emission complex, but they cannot be con dently idenéd due to
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Figure 5.5: Spitzer SED of V2362 Cyg obtained on 2007 September 06 (Day 522). A
representative 1- error bar, comparable to the line thickness of the data, is pbtted near
30 m. The dashed line indicates the blackbody t to the continuum at a temperature
of 350 K. Otherwise as Figured 5.4.

the complexity in the feature.

The second epoch of observations on day 522 revealed substartieanges in
the SED (Figure[5.5). The peak wavelengths of the features varistightly from
those observed during the rst epoch, though generally were with 0.1 m of
their original positions, comparable to the error in the ts. The stength of the 8

m feature had declined relative to that of the 6.4 and 9.7m features resulting
in an apparent broadening of the entire 6 12 m emission complex. The 11.4
m feature was consistent with that observed on day 446. Likewisthe broad
18 m feature strengthened relative to the continuum. The [N&], [Ne Il], and
[O I1v] lines had also strengthened relative to the continuum. The appearce of
emission from [Nev] 14.32 m and [MgVv] 5.61 m indicates that the degree
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Figure 5.6: Spitzer SED of V2362 Cyg obtained on 2007 November 02 (Day 579). A
representative 1- error bar, comparable to the line thickness of the data, is pbtted near
30 m. The dashed line indicates the blackbody t to the continuum at a temperature
of 310 K. Otherwise as Figured 5.4.

of ionization in the ejecta increased.

The trend of declining 8 m emission relative to the 6.4 and 9.7 m features
continued into the third epoch of observations, day 579 (Figufe §.6As the ux
declined, the 9.7 feature became more distinct, taking on the appaace of an
independent feature. Again, the shape of the 11.4n feature remained relatively
unchanged. The characteristics of the emission lines were also similarthose
observed on day 522.

Over the next 300 days, the SED changed substantially (Figufe 5.7By the
nal epoch, the continuum ux had decreased in a manner consigtewith cooling
of the ejecta. The 8 m feature was no longer the strongest in the spectrum. It
had declined in strength until comparable to that of the 9.7 m feature. Similarly,
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Figure 5.7: Spitzer SED of V2362 Cyg obtained on 2007 June 08 (Day 828). A repre-
sentative 1- error bar is plotted near 30 m. The dashed line indicates the blackbody
t to the continuum at a temperature of 230 K. Otherwise as Figure[5.4.

the 6.4 m feature weakened considerably and was only just detectable a&bdhe
noise. The 11.4 m feature appeared to be narrower than previously observed,
however, this was likely due to the wings of the emission being lost in timeise.
At this epoch, the SED was dominated by the 17.5m feature, which developed a
pro le with a sharper blue edge and longer red tail than at previouspmchs. The
state of ionization in the ejecta appeared to be consistent with thabserved in
the previous epoch.

5.5 V2361 Cyg

V2361 Cygni (Nova Cyg 2005) was discovered by H. Nishimura at am liered
magnitude of 9:7 on 2005 February 10.85 (Nakano et al. 2005), which we take to
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be ty. Spectra obtained one day after discovery indicated relatively bad Balmer
emission, 3200 km s! FWHM at H (Naito et al. 2005). Spectra obtained
on February 12.20 revealed complex P-Cyg absorption pro les withputo three
components with blue-shifted velocities of -3200, -6500, and -05km s . The
spectra showed Fel multiplet emission, O1, and N Il (Ciroi et al. 2005). The
brightness of V2361 Cyg declined very rapidly. By 2005 March 17.2d nova was
approaching iy, 19 (Bode et all 2005).

Examination of the light curve suggests that its rapid decay may havbeen
due to the formation of dust (Figure[5.8). Near-IR observationsliained less
than a month after outburst clearly revealed strong dust continum tted well by
a blackbody of 970 10 K (Russell et al. 2005a). Superimposed on this continuum
was emission from He 1.083, and 1.2818 m, O 8446A, 1.1287 m, and

1.3165 m, along with weak H1 emission. Based upon the O lines, Russell
et al. estimate an extinction of A, = 1:2 magnitudes, though they suggest that a
signi cant portion of this is local.

Additional spectroscopic observations were obtained by Gaggegbal! (2005)
from days 78 to 80 with coverage from:@ 1:0 m. These observations indicated
that the system was entering the nebular stage. The spectra aklied hydrogen
Balmer and Paschen recombination lines, weakeningiQines at 7773A and 8446
A, [O 1] 6363 and 4959, 5007A, as well as features of He, N I, and Mg 1.
All emission features were composed of multiple components af00 km s * and
-200 km s!. The lines were asymmetric with a strong red peak. Based on the
spectral characteristics, Gaggero et al. suggested that V236%g was a CO-type
nova.

Venturini et al. (2005) reported that the object had entered tle coronal stage
of development with the appearance of [Sil] and [Ca Vil ] by 2005 November
13.2 (day 275). At this epoch He 1.0830 m still dominated the near-IR regions
of the spectrum. The optical spectra were dominated by [@ ] and [N 11]. Weak
He Il lines were also present.



167

T T T T T T
8 Bog x B-Band —
L o ¢ V-Band
® 10 - R + o + R-Band _7
o = ML PO o O |-Band o
= C o _
[ X
o 12— %o ]
© [ © ]
= - 30 . o o _
e 14 s * —
o - *® + —
S - g + —
Q 16— 4 . —]
o} - 4 .
< - o .
L ° _
18— -]
C ° _
210 ) e Lo oy vy a L v v 0y [ Ly oy
0 10 20 30 40

Days After Outburst (Day 0 = JD 2453412.350)

Figure 5.8: Light curve of V2361 Cyg. The rstSpitzer mid-IR and Bok 90"
optical observations occurred roughly 60 days after the last ptametric detection
by AAVSO observers. The rapid decline is due to dust condensation.

5.5.1 Spitzer Observations of V2361 Cyg

We obtained observations of V2361 Cyg with th&pitzer Space Telescopgsing the
IRS instrument over a period of three years. Observational deta are presented
in Table 5.2. Data reduction followed the methodology presented in @pter [3.

The SED of V2361 Cyg was similar to that of V2362 Cyg with three notde
exceptions. First, the emission features at 9.5 and 18nm in V2362 Cyg were
absent in V2361 Cyg. Second, the shape of the 610 m emission complex was
more at and exhibited a greater amount of structure. Also, the 1.4 m feature
was much less distinct than seen in V2362 Cyg. Finally, there were ationhal
features present near 5.4 and 12.3m that were not evident in the spectra of
V2362 Cyg.



Table 5.2: Spitzer Spectroscopic Observation Log of V2361 Cyg

Observation JD Source/Background Time on Source (sec) Age 2
Date (UT) (+2450000) PID AOR SL SH LL LH (Days)

2005 May 24.45 3514.95 2333 10278144 36 120 360 102.7
2005 Jun 07.56 3529.06 2333 10278400 36 120 . 360 116.8
2007 Jun 06.59 4264.09 30076 17733374/8496 60 120 84 360 858
2007 Oct 08.42 4381.92 30076 17733632/8752 60 120 84 360 96%
2007 Oct 12.45 4385.95 40060 22263040/3296 84 180 180 360 973
2007 Dec 07.63 4442.13 30076 17733888/9008 60 120 84 360 1028
2008 Jun 05.65 4623.15 40060 22263552/3808 84 180 180 360 1209

168

8From 2005 February 10.85 (JD 2453412.30)
bNo independent background observations were obtained for t his epoch.

Following the method discussed above for V2362 Cyg, we tted a blkdwody
continuum to the SED and used the tto isolate the residual emissionThe results
are shown in Figure$ 5]9-5.12. Prominent features are labeled withpapximate
positions in order to highlight the complex structure in the 6 12 m emission
complex. Detailed tting of these features is presented in Sectidn@®

The rst Spitzer observations of V2361 Cyg were obtained only 102 days after
outburst (Figure 5.9). These spectra exhibited a strong emissiommplex in the
6 10 m region reminiscent of that observed in V2362 Cyg. The similarity
was even more apparent after the continuum blackbody removal. h& strongest
component is near 8.0 m with a second prominent feature near 6.4m. The
pro le of this latter feature was narrower than that at 8.0 m, though the broad
plateau between the two likely contaminates the 8.0m emission pro le. The red
edge of the 8.0 m feature was very smooth with no indication of an emission
component near 9.7 m. There were two broad and weak components in the
10 15 m region of the spectrum near 11.5 and 12.3n. The 11.5 m feature
may relate to the 11.4 m feature in V2362 Cyg, but its weak, broad pro le was
much less distinct. The pro le of the 12.3 m structure was very similar to the
11.5 m feature.
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Figure 5.9: Spitzer SED of V2361 Cyg obtained on 2005 May 23 (Day 102). A represen-
tative 1- error bar is plotted near 13 m. The dashed line indicates the blackbody t to
the continuum at a temperature of 660 K. The dash-dotted lineindicates the residuals
after blackbody subtraction. The approximate positions of signi cant emission features
are labeled.

Remarkably, at this epoch, no emission lines can be seen in the 35 m
region of the spectrum suggesting that the dust in the ejecta stilhad a high
optical depth. The only emission line evident is [Qv] 25.91 m, observed with
the LH module. This feature had a broad (FWHM 3200 km s?) pro le that
is consistent with the expanding shell models of Lynch et al. (2006a)

The next set of observations were obtained just 14 days later (Rige 5.10).
The appearance and strength of the 6 10 m complex was much the same as on
day 102, though the underlying continuum had declined by 25%. At this epoch,
there was still a conspicuous lack of emission lines, again with the exen of
[OIv] 25.91 m. The line width and intensity at this epoch was unchanged to
within measurement errors.
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Figure 5.10: Spitzer SED of V2361 Cyg obtained on 2005 June 06 (Day 116). A
representative 1- error bar is plotted near 13 m. The dashed line indicates the
blackbody t to the continuum at a temperature of 610 K. Other wise as Figure[5.D.

By the third epoch, day 251 after outburst (Figuré 5.11), the 6@ m emission
complex had taken on a much di erent appearance. Rather than bey relatively
broad and at, the overall shape was much more sharp, peaking & m. The
6.4 m emission component had declined signi cantly in strength with resjgeto
the 8 m feature and now appeared to be a shoulder on the broad triangul@&

m component. The continuum t at this epoch was exceptional, as @enced by
the at residuals in the featureless regions of the SED from 1538 m, and very
closely resembled a blackbody of 380 K. This strongly supports ouygothesis
that the continuum arose from regions of the ejecta that were gipally thick, in
spite of the expectation that the broad overlying emission complexerose from
optically thin dust.

This epoch marked the rst appearance of emission lines other thaine strong
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Figure 5.11: Spitzer SED of V2361 Cyg obtained on 2005 October 19 (Day 251). A
representative 1- error bar, comparable to the line thickness of the data, is pbtted near
30 m. The dashed line indicates the blackbody t to the continuum at a temperature
of 380 K. Otherwise as Figure 5.D.

[O Iv] line. [Nen] 12.81 mand [Nelll] 15.56 m were present, though excep-
tionally weak and barely detectable above the noise. The strongesbn-oxygen
emission lines were from [Ng] 14.32 m, [Nevi] 7.61 m,[Mgvii] 550 m,
and [MgVv] 5.61 m. [Arii] 8.99 mand [Siv] 10.51 m were in evidence at
levels comparable to [Nel]. The conspicuous lack of [N&] 24.30 m suggests
a nebular environment similar to that observed in V2362 Cyg on day 22 The
[Ne] 15.56 m and [Nev] 14.32 m lines were of order 3100 km $ FWHM
line width, while the [O Iv] line was slightly narrower, FWHM 2750 km s?.
The other emission lines were too weak to ascertain their widths. Tli®minance
of the highly ionized species such as [Ne] 7.61 m and [Mgvii] 550 m
indicates that at this point in the evolution the ejecta were being sukected to an
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Figure 5.12: Spitzer SED of V2361 Cyg obtained on 2007 June 08 (Day 848). A
representative 1- error bar is plotted near 30 m. The dashed line indicates the
blackbody t to the continuum at a temperature of 190 K. None of the emission features
inthe 6 12 m region are still apparent in these spectra.

extremely intense radiation eld. Production of Nevi and Mg VIl requires photon
energies greater than 126.21 and 186.51 eV respectively.

The next set of Spitzer observations were obtained nearly 600 days later (day
848, Figure 5.1P). By this stage of evolution, the continuum intensithad declined
by two orders of magnitude, though it was still well t with a blackbody emission
model, now at 190 K. The 6-10 m emission complex was no longer in evidence.
Due to the low ux, the only emission lines observable with any con dete at
this late stage of evolution were [N&l] 15.56 m, [NeVv] 14.32 and 24.30 m
and [O1v] 25.91 m, indicating that the general state of ionization of the ejecta
remained unchanged. Again, the characteristics of the nebular Imevere very

2 http://www.ipac.caltech.edu/iso/lws/atomic.html
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similar to that observed in V2362 Cyg. However, if V2361 Cyg exhibitethe same
contrast between the broad features relative to the emission linas in V2362 Cyg,
the broad features should have been detected at this epoch. SefuentSpitzer
observations over the following 400 days indicated that the dust was slowly
cooling.

5.6 Carrier Identi cation forthe 6 { 12 m Emis-
sion Complex

To identify the individual features present in the Spitzer spectra, we conducted
multi-component Gaussian tting to the emission residuals after blddody sub-
traction. We tted the pro les using a non-linear least squares Gassian tting
routine as described in Chaptef]3. The results are shown in Figure 3.1

In V2362 Cyqg, distinct emission peaks appeared at 6.4, 7.9, 9.5, 11&% 17.9

m. Additional weak features may have been present at 6.9 and 12.5n. The
peak wavelengths of the Gaussian components are slightly di eretittan those
identi ed in the discussion above since they are the formal ts to th data. As
discussed ind5.4, the features near 9.5 and 18m may be associated with silicates.
As the system evolved, the central wavelengths of the UIR feats varied slightly
and irregularly, while the ux ratios changed dramatically. The 6.9, 14, and
12.5 m features declined rapidly and soon disappeared. The uxes of tlted
and 7.9 m features also declined relative to the 9.5 and 17.9n features and,
at later times, the 17.9 m feature began to dominate the spectrum.

In V2361 Cyg, UIR emission features were observed at 5.4, 6.4, &9, 7.5,
8.1, 11.4, and 12.4 m. As the ejecta evolved, the complex of features between
6.4 and 8.1 m blended together to form a single plateau, while the 6.4 to 8.1

m ux ratio diminished signi cantly. The 11.5 and 12.4 m features joined to
produce a broad structure around 13.1m.
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Figure 5.13: Residuals for V2362 Cyg, (a)-(d), and V2361 Cyg, (e)-(g). Dahed lines
are individual Gaussian components of the composite t show in red. Panel (h) shows
Class A, B, and C PAH pro les overlaid on the V2361 Cyg spectrafrom Day 102.
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5.6.1 Silicates

The position of the 95 9:7 and 18 m features observed in V2362 Cyg are coin-
cident with the SO stretching and O{Si{O bending modes, solid statdeatures
of astronomical silicates. In many CNe, the 9.7 m feature is more broad (e.g.,
V705 Cas and V1065 Cen; Evans et al. 1997; Helton et al. 2010b,pegively)
and shifted to a slightly longer wavelength than that observed herge.g., V1370
Agl and V838 Her; Smith et al. 1995). Late time observations of CN&aking
advantage of the excellent sensitivity oSpitzer have revealed never before seen
changes in the silicate emission characteristics as the grains age ie tiebular
environment. Observations of V1065 Cen showed that as the sgst evolves, the
intensity of the 9.7 m feature declines substantially relative to that of the 18 m
feature. After day 500, the mid-IR SED was dominated by the 18 m feature.
The shape of this feature is similar to that observed by Rho et al. (B8) in the
Cassiopeia A supernova remnant, which they identify as being due, part, to
magnesium protosilicates. Thus, we consider silicates to be likely caotates for
the carrier of the 95 9:7 and 18 m emission features in V2362 Cyg.

None of the observed emission features correspond to thosergéwlline sili-
cates as seen in cometary spectra. Though the general shapeoissestent, i.e., a
broad complex plateau, the cometary crystalline features typicallgppear in the
9 12 mregion (Harker et al. 2002).

5.6.2 Polycyclic Aromatic Hydrocarbons - PAHs

Though the coincidence of PAH emission features to the observedRUbands is
reassuring, there is no direct evidence supporting the identi catioof individual
PAH molecules in an astronomical environment. As noted by Bernste& Lynch
(2009), the PAH hypothesis relies on a PAH population distribution omolecules,
each having a unique emission spectrum, that can be linearly coaddedoroduce
the observed UIR characteristics. These models typically requiréé inclusion
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of a broad range of sizes [B,, where x can range from a few to a few hun-
dred, with a mix of ionization states, and varying degrees of nitrogation and
dehydrogenation.

The wavelengths of the features observed in our dusty novae gats do not
correspond with the canonical PAH features observed at 6.2, '7.8.6, and 11.3

m. Peeters et al. (2002); van Diedenhoven et al. (2004) have exaed a wide
variety of astronomical sources exhibiting UIR features to empirddly identify
di erent classes of carrier. We have overlaid the 6-12m pro les of these features
on the day 102 spectrum of V2361 Cyg in Figure 5.13, Panel (h). Aarcbe seen
from the gure, ClassesA and B do not match the observed features well at 6.2,
8.0, or 11.2 m, and hence, may be excluded as potential contributors. The Ckas
C pro le, however, does provide a relatively consistent match to theed edge of
the 8 m feature and may also t the 6.2 m feature.

The 6.2 and "7.7' m features are attributed to C{C stretching mode vibrations
while the features in the range of 1B 133 are attributed to C{H out-of-plane
bending modes where the precise position of the feature is deteredrby the num-
ber of adjacent C{H bonds (Schutte et al. 1990). Based upon thenvironments
in which the di erent classes were observed, Peeters et al. and vBxedenhoven
et al. have described the carrier of the features within the conterf the PAH hy-
pothesis. They note that ClassA pro les probably arise from nitrogenated PAHs
(i.e., in which a nitrogen atom is substituted for a carbon) that are dojected
to a relatively hard radiation eld. For example, ClassA sources in their sample
included Hil regions and planetary nebulae. Clad3 pro les are thought to arise
on \pure" carbon PAHs and likely formed in a manner similar to terresial soot
particles. These authors suggest that Clags pro les arise from molecules similar
to those in ClassB that have been processed by an energetic radiation eld. In
contrast, the ClassC pro le is only seen in sources with a relatively mild illumi-
nating source (Tess 5000 6000 K), typically post-AGB stars (Peeters et al.
2002; Sloan et al. 2007).

Further, Boersma et al. (2010) have shown that additional feates are often
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present in the 15 20 m region. They nd a signi cant positive correlation
between the strength of the 6.2 m feature and a feature at 16.4 m. There is no
evidence for a feature at 16.4m in any of our spectra. Based upon the strength
of the 6.2 m feature in the spectra of the sources presented here, howewbe
16.4 m feature may be within the noise, even if present.

The general trend observed in these PAH classi cations (Peetees al. 2002;
van Diedenhoven et al. 2004) runs contrary to what might be expta for the
environment of dusty novae. As demonstrated in Figure 5.13, Pdngh), the
worst t corresponds to ClassA pro les, which bears a greater resemblance to
the hard radiation to which CNe ejecta are submitted than to the db radiation
illuminating Class C sources. In fact, Sloan et al. (2007) and Keller et al. (2008)
note that both the standard "7.7' and 11.3 m features tend to shift bluewards for
an increasingly energetic illuminating source. In dusty novae, thednd seems to
be opposite; the dominant feature is nearer to:8 8:2 m and the 11.3 micron
feature appears nearer to 14 115 m at a stage when the illuminating source
has an e ective temperature T 1% K (Evans et al. 2010b).

Thus, it seems that of the dierent classes of astronomical PAHSClass C
carriers are most likely to be present in the ejecta of dusty novaeAs noted
above, there are still di culties with this identi cation in spite of the ¢ oincidence
between the Clas<C pro le and the shape of the 8 m feature observed in these
dusty novae. If the ClassC carrier is a PAH molecule, what is the likelihood
that it could survive being subjected to the hard radiation presenin the environs
surrounding CNe?

Evans & Rawlings (1994) have calculated that small PAHs (i.e., molecsl&ith
fewer than 24 C atoms) have a very short lifetime in the environmeraf a CN.
Due to the high UV ux, a free-ying PAH molecule would absorb aboutone
high energy photon every second. Full disruption of the moleculepWwever, would
require multiple high energy photon interactions in order to break nre than two
C{C bonds before the molecular bonds have the chance to recooneEvans &
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Rawlings estimate that the timescale for a PAH molecule to be compldyedis-
rupted due to multiphoton interactions is less than a day. Furtherthese same
molecules would also be subjected to chemical erosion through colhsibinter-
actions in the ejecta. For reasonable densities, temperaturesydaabundances in
the ejecta, Evans & Rawlings estimate that these PAHs would be desyed due
to chemi-sputtering by H and O in a matter of hours. Consequentlyt is very
unlikely that there is a stable population of free- ying small PAHs cotributing
to the observed emission features.

Larger molecules, i.e. of order 30 C atoms or more, would be moredta
against high energy photons. The energy absorbed by a UV photty a large
PAH, rather than leading to disruption, would be distributed amongsmany vibra-
tional modes. In this case, it is more likely that the high vibrational eargy could
lead to the ejection of the peripheral H atoms resulting in large detlyogenated
PAHSs, also known as polycyclic aromatic compounds (PACs; Schutét al. 1990).
For large molecules such as these, the binding energy of the perahdiydrogen
atoms is greater than 13.6 eV and consequently either photons wiahmuch greater
energy or highly energetic multiphoton interactions are required fdd atom ejec-
tion (Schutte et al. 1990). The energy required for C loss is evenegiter. A high
abundances of PAC molecules are predicted to produce featuregsarily at the
3.43, 3.53, 6.2, and 7.7m. Though it is possible that a 7.7 m feature is blended
into the plateau between the 8 m and 6.2 m features, it cannot be securely
identi ed.

5.6.3 Hydrogenated Amorphous Carbons - HACs

An alternative explanation to the PAH hypothesis to account for tle UIR features
was suggested by Duley & Williams (1981, 1983) who argued that the 34 m
absorption features in di use clouds could be due to {CkHand {CH, functional
groups bound to the surface of small AC grains or as pendant ggsion aromatic
structures. These groups should give rise to features a3 3:5 m due to C{H
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stretching mode oscillations in the pendant groups.

Present HAC models (e.g., Smith 1984; Duley 1987) consist of clustef PAH
and diamond-like molecular groups loosely bound together in a complealymeric
structure. Due to the complex structure of these molecular aggteerations, there
will be a disproportionately large number of aliphatic bonds than in larg PAHS
with a similar number of C atoms. Absorption of energetic photons inhis model
may result in excitation and emission from the surface bound moleculgroups
or in excitation and desorption of the surface groups followed by éssion (Duley
1987).

Support for this model was presented by Tamor et al. (1989) whmi rmed
the presence of molecular benzene groups bound on the surfdcammall AC parti-
cles in laboratory experiments. Meanwhile, Duley & Jones (1990) fod that the
formation of HACs is a natural byproduct of AC grain condensatiorbased upon
laboratory data and theoretical models.

The emission features associated with HACs have not been well cheter-
ized. Based upon the conditions in the environment of CNe during anafter
dust condensation, Evans & Rawlings (1994) have shown that thébservations
of V842 Cen and QV Vul are consistent with rehydrogenation of dgbirogenated
HACs, leading to an increased abundance of surface C{H bonds astdength in
the associated 3.4 m C{H stretch feature. Destruction of HACs may be able to
explain the \isothermal" stage of emission observed in dusty novasuch as V842
Cen and V705 Cas (Evans et al. 1997), in which the photometrically @#mined
dust temperature fails to decline as would be expected for expandiejecta, and
instead remains nearly constant for many hundreds of days afteecoming op-
tically thin. This \isothermal" behavior is consistent with that expected if the
grains were being destroyed with a resulting decrease in the avezagrain size
(Evans & Rawlings 1994, and references therein). Rehydrogeioat of HACs is
also predicted to give rise to \extended red emission" in the 0.5 to 7.5m range
as was detected in QV Vul (Scott et al. 1994b).

Additional support for the HAC hypothesis may be provided by the ratch
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between the 8.0 m feature and the Clas<C pro le. Sloan et al. (2007) have at-
tributed the Class C pro les to carriers with a high fraction of aliphatic bonds.
As mentioned above, the environmental conditions in CNe are quite @rent than
those in typical objects exhibiting ClassC pro le characteristics. Examination of
the 3 4 mregion of dusty novae like V705 Cas (Evans et al. 1997) clearly sug-
gests a high fraction of aliphatic bonds. This model also predicts thdesorption
of the surface groups and subsequent photodissociation will predntially lead to
the formation of cyclopropenylidene (gH,; Leach 1989; Duley & Jones 1990), the
signature of which may be detectable at millimeter wavelengths.

5.6.4 Small Carbonaceous Molecules - SCMs

Another alternative to the PAH hypothesis for the carrier of the UR features
was proposed by Bernstein & Lynch (2009). This model hypothesi that small
carbonaceous molecules (SCMs) may account for the majority dbserved UIR
features as well as their underlying plateau components. Their prary candidates
for the SCM hypothesis were the relatively simple molecules ethyleneide (EO,;
c-C,H,O® ) and cyclopropenylidene (CP; c-gH,), both of which have strong
transitions in the classical UIR bands at 3.3, 6.2, '7.7', 8.6, and 11.2n bands.
SCMs are excited through absorption of UV photons in a manner similéo PAHS.

The SCM model has some distinct advantages in accounting for theasdard
astronomical UIR features. Rather than depending upon a divergpopulation of
molecules, each with an exceptionally complex emission spectrum, tBREM hy-
pothesis relies on a combination of emission from relatively few moleautpecies.
Of the molecular species involved, at least one, CP, has been degecin other as-
tronomical sources exhibiting UIR emission bands (Bernstein & Lyhc2009, and
references therein).

3 The lower case \c-" denotes the cyclic form of the molecule.
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This model su ers some of the same hindrances as the PAH hyposiie Nei-
ther laboratory nor theoretical spectra of both PAHs and SCMsarrespond ex-
actly with UIR features observed in astronomical sources. Henceoth models
must rely on the assumption of various line shifting mechanisms (e.gibxational
anharmonicity, Fermi resonance splitting, etc.; Barker et al. 19870 align the
emission features with those observed (Bernstein & Lynch 2009Additionally,
the small size of these molecules means that they would have a relaljwshort
lifetime in the environment of a CN. Thus, if they are present, they wuld neces-
sarily be a transient population.

The Bernstein & Lynch model provides another more probable sae for the
peculiar UIR emission features observed in the dusty novae pretszh The UIR
features in these novae may be due to emission from EO moleculesrabto the
surface of larger grains, likely amorphous carbon. In this model, érabsorption
of a UV photon results in excitation of the molecule to the extent thiit desorbs
from the surface of the dust grain and emits the UIR features. Wm being freed
from its parent dust grain, the free ying SMC would be quickly destoyed by the
energetic UV eld. This model is very similar to that provided for emis®n from
PAH components on small carbonaceous grains as described5r6.3 above.

5.7 The Model

The Spitzer IRS observations of DZ Cru, V2362 Cyg, and V2361 Cyg in combi-
nation with the previous studies of V705 Cas, V842 Cen, and QV Wulrgvide
the basis for an elementary model for the production and procé&sg of dust and
complex hydrocarbon molecules in classical novae.

The dust formation process is still poorly understood. Many novagave exhib-
ited the formation of CO and CN molecules, considered to be possibleepursors
for dust grain nucleation sites, prior to the dust condensation ewe (e.g., V842
Cen, V705 Cas; Hyland & McGregor 1989; Evans et al. 1996, resjpezy). On
theoretical grounds, it is believed that these molecules arise in tharbon neutral
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zone of the ejecta as energetic photons capable of ionizing carlbvayuld also eas-
ily photodissociate these simple molecules (Rawlings 1988; Rawlings & Witlia
1989). In order for CO to form e ciently, there must be H, present since it is a
critical step in the most e cient chemical pathway to CO formation (Rawlings
1988). Rawlings (1988) also found that H(and molecules like CO) cannot form
in typical CNe ejecta unless there exist regions of signi cant oveedsity.

In spite of the theoretical di culties in the dust formation process it is clear
from observations that once initiated, dust production proceedsuite rapidly with
dust grains condensing out of the gas phase and growing to sizestop 1 m
in a matter of days (Evans & Rawlings 2008, and references thergimhe types
of dust produced during the condensation event depends on thenditions and
abundances in the ejecta. In typical novae, the dust formed is mposed of AC,
silicates, or some combination thereof. In the novae discusseddehe dominant
dust species appears to be carbonaceous.

With the onset of dust condensation, the resultant shielding grelgtenhances
the rates at which the reactions can occur. Evans & Rawlings (199guggest that
during the optically thick stage of dust formation, the rate of H cafure is greater
than the rate of UV photon absorption. Thus, the conditions are@nducive to the
growth of aliphatic bonds, e.g., HAC grains. Further, the ejecta o€Ne are often
highly overabundant in carbon, again favoring the growth of orgac molecules
and larger carbonaceous dust grains. Hence, the formation of Bain the ejecta
of dusty novae during the optically thick stages seems likely. This angent
suggests that there may exist smaller PAH molecules and larger, rrotomplex,
HAC agglomerations.

Dust shielding and grain growth through aliphatic bonding provide a pssible
explanation for the correlation between the features seen in tleslusty novae
and ClassC pro les. In this model the hydrocarbons form in an optically thick
environment shielded from the hard excitation source. As the duslisperses, the
carrier of the 8 m emission feature is gradually exposed to the hard radiation
eld. If the pro le shape is determined primarily by the molecular spees present
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and less by the excitation conditions, then the match to Clas€ pro les may
indicate similar molecular carriers for that portion of the emission. Tis conclusion
is supported to some extent by the association of Clas3 features with HACs
discussed above (Sloan et al. 2007).

The 3.3 and 3.4 m emission features are typically attributed to unsatu-
rated C{H stretching mode oscillations in aromatic molecules and satated C{H
stretching vibrations in aliphatic bonds. Thus, the 3.28/3.4 m ratio can be used
as an indicator of the relative abundance of aromatic to aliphatic stictures in
the emitting material (Sloan et al. 1997). The behavior of these feaes in V705
Cas was similar to those observed in V842 Cen and QV Vul, suggestingia-
dominance of aliphatic bonds. This similarity supports the hypothesithat the
peculiar emission features in these sources were due to HACs. Utnfioately, we
have no near-IR observations of DZ Cru, V2362 Cyg, nor V2361 §yn the 3 4

m range during the post-dust condensation epochs.

If some of the emission features seen in V2361 Cyg, V2362 Cyg, &1l Cru
can be attributed to small PAHs instead of HACs, then there must & a reservoir
of material from which the PAHs are being repopulated. A possible ge for this
material could be either HACs or the larger AC grains themselves. Fexample,
if the UV photons are of high enough energy ( 3:6 eV; Serra Daz-Cano & Jones
2008), they could disrupt the aliphatic bonds in HACs, releasing molelar PAH
components. Though rapidly destroyed, excitation of this transig population
of free- ying PAHs could generate some of the observed UIR ems features.
Destruction of these molecules could account for the observedanges in the
emission pro les and relative intensities of the features as the sgsh ages.

Alternatively, the absence of the UIR emission features at late tinsein the
spectra of V2361 Cyg and the weakness of the UIR features in \&23Cyg may be
due to a lack of energetic UV photons capable of exciting the moleculzarrier of
these features rather than that the carrier is no longer presentndeed, Swift was
unable to detect signi cant X-ray emission from V2361 Cyg at 1070ays after
outburst suggesting that by this date, and likely for some time prigrongoing
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nuclear fusion on the WD surface had turned o .Swift observations of V2362 Cyg
exhibited signi cant X-ray ux that increased in intensity from days 195 381,
but that gradually declined over the following 100 days. By day 814he source
was only marginally detected in X-rays, indicating that the source tdturned o .

At these late stages in the development, however, there shouldlldbe a signif-
icant UV ux from the hot (10 K) surface of the WD capable of exciting the
UIR carrier. Further, models by Ferland et al. (1984) of the reeablished accre-
tion disk of DQ Her decades after eruption, suggested a relativelygh UV ux for
a wide range of mass accretion rates. Assuming that the accretidisk behavior
in V2362 Cyg and V2361 Cyg was similar to that in DQ Her, the UV ux shald
have been su cient to excite whatever molecular carriers of the W features that
were still present in the ejecta. Hence, that the lack of emissionofn the UIR
features at late times most likely indicates that the molecular carrisrhad indeed
been destroyed, supporting the hypothesis of grain destructigresented above.

5.8 Conclusions

Our observations of the dusty novae DZ Cru, V2362 Cyg, and V2B&yg, have
revealed UIR emission features that were peculiar in many respecttative to the
canonical UIR emission characteristics. Based upon these obsg¢ions as well as
previous studies of V842 Cen, QV Wul, and V705 Cas, we suggestttiize carrier of
these peculiar emission features could be hydrogenated AC compadsi composed
of agglomerations of PAH molecules of various sizes loosely bound kipteatic
bonds. Similarly, the carrier could be AC with surface bound SCM moleles.
It may be possible to con rm the presence of HACs or AC with surfazbound
SCMs by observations during dust condensation and subsequeradking of the
evolutioninthe 3 4,6 10,and 15 20 m windows at high spectral resolution.
Detection of the rotational transitions in SCM molecules such as CPnd EO at
radio wavelengths would provide strong additional support for thee hypotheses.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

The work presented in this thesis is an attempt to explore many furanental
guestions about classical nova outbursts, the physics and chetrysinvolved in
their eruptions, and the greater impact on their surroundings. Tis work is based
upon our highly successfuBpitzer, Swift, Gemini, and optical observational cam-
paigns. | have presented the analysis of 7 CNe of di erent types ritughout a
broad range of evolutionary stages of development from a few dap many years
after outburst. This research highlights the critical importance b multiwave-
length observations obtained at a high temporal cadence neceysto generate a
comprehensive picture of the evolution of the CN system and to exane many
time sensitive physical processes. These processes range fimendetermination
of abundances in the ejecta to the examination of dust condengat and identi-
cation of peculiar molecular species in the dusty nova environment.

My role in this e ort has been to obtain time on various telescopes, tdesign
observational strategies on both space and ground based tetgses with coverage
from the optical through the infrared, and to analyze and publishhe results. 1
have been involved in our optical observing program using the Bok'9(2.29-m)
telescope on Kitt Peak for the past four years and have been theatk on this
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program for three years. | have played an active role in the obsational plan-
ning of our highly successfubpitzer classical and recurrent nova monitoring and
target of opportunity programs, and have been responsible foruth of the data
reduction and analysis. | have been the primary investigator on fowsuccessful
programs to observe novae in the near- and mid-IR using instrumsnavailable
on the Gemini Telescopes. | have reduced and analyzed much ofshelata using
various analytical and computational modeling techniques, includinthe Cloudy
photoionization code and the DUSTY radiative transport code.

This observational program has been highly successful. We havetaobed
high quality optical and IR data on nearly 50 di erent CNe, many of wich are
still being actively monitored. In addition to the CNe studies presemtd in this
thesis, my involvement in this observational program has yielded nwrous col-
laborative publications, including detailed optical, infrared, and X-rg analysis
of the 2008 outburst of the recurrent nova RS Ophiuchi (Evang @al. 2007a,b;
Ness et al. 2009), examination of the CO nova V1186 Scorpii (Schwat al.
2007b), and late stage evolutionary analysis of nova QU Vulpecula@dhrz et al.
2008a). This program has also resulted in the publication of 7 circulgrbrief pub-
lications intended for rapid dissemination of discovery reports anditical evolu-
tionary developments, including V5586 Sagittarii (Helton et al. 20H), V2468
Cygni (Schwarz et al. 2009), V1280 Scorpii (Ness et al. 2009), 21l Aquilae
(Helton et al. 2008d), V2670 Ophiuchi (Helton et al. 2008c), V267Dphiuchi
(Helton et al. 2008b), and V2491 Cygni (Helton et al. 2008a).

Below, | summarize the key discoveries and analytical results frorhe research
on CNe presented in this thesis. This is followed by a brief discussion tbe
ongoing and future work involved in this observational program.

6.1.1 V1065 Cen

V1065 Cen was monitored extensively in the optical and mid-IR as paof this
observational program. Based upon careful examination of theextensive data,
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| have presented a detailed evolutionary sequence of this systemdahave esti-
mated key fundamental properties, including the degree of extition to which
the spectra are subjected, E(B-V) = 6 0:1, and the distance to the system,
d=8:7"%38 kpc. X-ray observations at the later stages of the developmergvealed
that thermonuclear fusion on the WD surface had halted within two gars of the
outburst.

Photoionization modeling indicated that the ejecta were heavily depied of
hydrogen and highly elementally enriched. The abundances, calciddtby number
relative to hydrogen, relative to solar were He/H =16 0:3, N/H =144 34, O/H
=58 18,Ne/H=316 58, Mg/H=45 13,S/H=54 31,andFe/H=6:6 2:3.
The high abundances of nitrogen and neon in particular con rm tha¥1065 Cen
was an eruption on the surface of an ONe WD. The sulfur abundaneeas very
high and though some TNR models suggest that breakout from theND cycle
can result in elevated sulfur abundances, they do not predict an enabundance
as high as that estimated in our Cloudy models. The most likely explanan
is that the high sulfur content was due to dredge-up from the undking WD.
The results of the photoionization models were used to calculate tegected mass.
These calculations indicate a gas mass of:61 0:2) 10 * M , comparable to
estimates for other ONe systems and an order of magnitude higttban expected
from models of TNR on the surface of a WD.

Analysis using the DUSTY radiative transport code revealed that tb dust
in V1065 Cen was composed primarily of silicates (95%) with a grain size
distribution that was slightly atter than that in the ISM with a power law slope of
g= 3:0. The solid-state emission features arising from the silicate dusthekited
striking di erences from those observed in other astronomical scces. These
di erences were likely due to the elevated oxygen content of the gi@drom which
the dust condensed and a high grain porosity. The poor t to the silate emission
indicates that additional work must be done to accurately determimthe carrier of
the silicate dust features in CNe. Based upon the DUSTY models angaanination
of the optical light curve, the dust mass was estimated to be of ced10 8 10 ’
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M , at the high end for dust production in ONe CNe.

6.1.2 Old Novae

Late time observations are useful in exploring the evolution of theXCejecta. The
presence of highly ionized species late in the development can be carag to the
recombination timescales to determine whether the lines are \frazen" or are
being ionized by emission from another source such as the reestégltsaccretion
disk. Further, some atomic species are observable in the IR late inetlevolution
that could not be detected at earlier stages. This allows the deteimation of
abundances of additional species important for understandingehejecta and WD
compositions.

Analysis of the Spitzer observations presented here yielded robust lower limits
to the abundances of elemental species in the ejecta of V1974 Cy§82 Vel, and
V1494 Agl. The abundance of neon by number, relative to hydrogan V1974
Cyg was found to be at least 39 times the solar values (assuming tledas values
provided by Asplund et al. 2009) and oxygen was found to be at lea$0 times
solar. The neon abundance in V382 Vel was found to be at least 11 &msolar,
while we estimated the oxygen abundance to be greater than 1.4 tisngolar. The
abundance estimates for V1974 Cyg and V382 Vel were consistevith earlier
reports and helped establish that these systems held an ONe WD gsmitor.
Additionally, we placed weak lower limits on the sulfur and argon abundees in
the ejecta of V382 Vel, at 0.07 and 0.03 times solar respectively. Heewere the
rst abundance estimates for elements in this system. The obsations of V1494
Agl revealed the rst detection of neon in the ejecta of this objdcand allowed a
lower limit to be set on the neon abundance of 3 times solar. This abundance
estimate, combined with that of oxygen abundance of 12 times solar, implied
that the progenitor in V1494 Agl was a CO WD.

The high resolution data were able to resolve the emission line pro les @ach
of these sources. These observations suggest that the di eréonization species
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arise from separate regions in the ejecta and that the sources arhission may
have distinct morphological di erences. The stability of the line proles suggests
that the ejecta distribution is stable at the late stages of the erumpn and that
the line pro les are no longer being shaped by optical depth e ects.

6.1.3 Dusty Novae

Our Spitzer monitoring of the dusty CNe DZ Cru, V2362 Cyg, and V2361 Cyg has
revealed an array of peculiar emission features that have been@h®gd only rarely
in dusty novae. The high sensitivity and spectral resolution of thelservations
presented here have enabled us to examine the emission pro les itaglgoroviding
us with new insights into the nature of the molecular carrier of the udenti ed
infrared features in dusty novae. These observations revealtreme changes in
the emission characteristics of the carrier as the dust evolves piging insight
into the processes of molecular processing and destruction in CNeag.

To date, the UIR features observed in dusty novae are poorly uacstood. At-
tempts to associate them with free- ying polycyclic aromatic hydroarbons and
small carbonaceous molecules fail due to the poor match with obgsil emission
pro les and the high rate of destruction by energetic photons exqeted in the en-
vironment of a CN. A more likely explanation is for emission from hydrenated
amorphous carbon agglomerations or similarly structured amorphse carbon with
ethylene oxide (or other SCM) surface groups. The explanationsvimiving pro-
cessing of large molecular agglomerations and emission from molecarface
groups bound to larger particles are considered to be the most prising.

We have demonstrated that isolated observations of dusty novaell not prove
adequate to understand dust formation and processing, and thabservations with
a high temporal cadence are desired. In order to better consimathe carriers of
the UIR features observed in CNe, it is critical to obtain observatios of the ex-
panding ejecta throughout the dust condensation and subsedueoptically thin
stages. If the carrier molecules are being formed during the initiabedensation
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event, they may be observable during or immediately after condat®n. Our
observations highlight the need for data covering the 34 m region, which are
required to determine the relative contributions of aromatic to aliphtic material.
Further, a direct test of the HAC and SCM hypotheses for theseosrces can be
made by attempting to observe the radio wavelength rotational bals of SCMs
such as cyclopropenylidene and ethylene oxide. Though not contkes a posi-
tive detection in a dusty nova exhibiting the peculiar UIR emission barsiwould
provide strong support for the processing of HACs or AC with suate bound
SCMs.

6.2 Ongoing and Future Work

Many sources of interest from our database &pitzer, Swift, Gemini, and optical
programs remain to be examined. There is a wealth of data still unelgped that
will provide additional insights into the CN phenomenon and the impacof CNe
on a wider scale. Some of these data are the subject of active, @ng examina-
tion and are brie y mentioned below. The research presented in thithesis has
highlighted the need for observations with broad wavelength cowge and high
temporal resolution. This research has also revealed speci ¢ ohwsgions needed
to address remaining questions about CNe and provided directionr fluture ob-
servational studies.

6.2.1 V574 Puppis

V574 Puppis was discovered by by A. Tago and independently by Y. l8aai on
2004 November 20.7-20.8 Nakano et al. (2004). Maximum occured Movember
26.1atm, 8.0 (Siviero et al. 2005). Preliminary spectra revealed P-Cyqg pro les
onH andH at a blueshift of -860 km s* and Fell in absorption (Ayani 2004).
Near-IR observations obtained 5 days later by Ashok & Banerje@04) showed
allowed transitions of OI, C I, and N I along with hydrogen recombination lines.
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Initially, the nova light curve declined rapidly with t, 8 days resulting in the
classi cation of V574 Pup as a \fast" nova. The system subsequiy experienced
a plateau resulting in a much longer 4 time of 58 days (Siviero et al. 2005).

Very few spectroscopic observations of V574 Pup were reported the lit-
erature throughout the early nebular stages of development. ®Gérvations by
Rudy et al. (2005), obtained more than a year after outburst, indated that they
system had evolved dramatically and was well within the coronal stagof nebu-
lar development. They reported the appearance of highly ionized espes such as
[Sivi], [Sivil], [Cavii], [Svil], and [SIX]. They also noted that the unidenti ed
nova lines at 0.8926, 1.1110, 1.5545, and 2.0996 microns were alssepte Swift
observations indicated that the system had been in a SSS state sintuly 2005
(Ness et al. 2007a).

Reddening estimates were derived for V574 Pup based upon botletimtrin-
sic colors at maximum light and at ¢ expected for CNe and on the equivalent
widths of the Na | D lines (Siviero et al. 2005). Both methods suggest a very
low reddening, E(B-V) 0:05. With a negligible extinction and a ¢ time of 13
days, Siviero et al. (2005) estimate a distance of 15 20 kpc depending on
the MMRD relation used. The Galactic extinction maps of Schlegel et.a(1998)
suggest a total extinction along the line of sight towards V574 Pupfd(B-V)
= 0:716 magnitudes. Though the nova is at very low Galactic latitude ( 2)
implying a high degree of uncertainty in the reddening estimate, thexeeeme dis-
tance implied by the MMRD relation would support a higher degree of éxction.
This suggests either that the color of V574 Pup was atypical and wasubjected
to anomalously low Nal D absorption or that the distance was not accurately
derived by the MMRD relation (Siviero et al. 2005). Using a better sapied light
curve, Naik et al. (2010) determined £ and t; to be 10 1 and 25 2 days re-
spectively. They also calculate a di erent reddening using the B-V ¢ar at t»,
E(B-V) = 0.63, more consistent with that expected for the targes position near
the Galactic plane. Thus, Naik et al. estimate a distance to V574 Puf 6.5 kpc
based upon the MMRD relation of Della Valle & Livio (1995). For our analgis,
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we assume a distance of 5.5 kpc.

V574 Puppis was observed witlspitzer on 10 dates from 120 to 1250 days after
outburst (Rudy et al. 2006b). The initial spectrum was dominated ¥ hydrogen
recombination lines with additional strong emission from [Ne] 12.81 m. There
was already emission from [Mg] 5.61 mand [Mgvil] 5.50 m at this epoch.
By 350 days after outburst, the hydrogen emission had declined sigantly.
Emission from [Nell] was now weak. Instead, the spectrum was dominated by
[Nevi] 7.64 m and the magnesium lines. Also present was emission from [Af

8.99 mand [SIV] 10.51 m. The mid-IR emission spectrum was quite similar
at 500 days after outburst, but at this stage, the continuum begn to develop
a broad emission feature near 10m that may be due to thermal emission by
dust. If so, this is the rst detection of dust in this object as no tlermal emission
from grains was observed at near-IR wavelengths (Rudy et al. 284) Naik et al.
2010). Throughout the remainder of theSpitzer observations, the emission lines
observed near day 350 persisted with a gradual decline in strengtHative to the
continuum, but consistent strengths relative to one another. Liwise, the relative
strength of the dust emission feature increased while the total xudeclined.

We have begun preliminary photoionization modeling of the ejecta toeter-
mine the abundances using ougpitzer data along with optical and near-IR data
obtained by other members of our group using the Visual and Ne&rfrared Imag-
ing Spectrograph (VNIRIS), a longslit spectrograph with coveragfrom 500 - 2200
nm, at the Lick 3-m telescope and the SpeX instrument (Rayner el.al998) at
the Infrared Telescope Facility. Together, we had three epoch$ observations
with nearly contemporaneous observations from the optical thugh the infrared,
near days 140, 360, and 785. We used a two component model falgwsimilar
methods to those used in our analysis of V1065 Cen (Chapter 3 anstimated
the abundances by combining the results of our analysis at all threpochs.

Our preliminary models suggest that helium and oxygen were only mildly
overabundant by number relative to hydrogen, with respect to $ar at 1.17 and
2.34 times solar respectively. Nitrogen was overabundant by a factof roughly
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20. All other elements were underabundant including neon (0.27 timesolar),
magnesium (0.22), silicon (0.60), calcium (0.30), and iron (0.81). Ouradels
suggest an ejecta mass ®lg; = 1:5 10 * M . The model abundances suggest
that the TNR processed the material via the standard CNO cycle wii little
production of heavier elements. Likewise, it appears that there wanly minimal
dredge-up from the underlying WD. We conclude that V574 Pup areson a CO
WD and that the abundances of the heavier metals likely re ect theamposition
of the secondary.

These results invite comparison to V1186 Sco, a nova that exhibitegry sim-
ilar behavior (Schwarz et al. 2007b). Interestingly, the photomet behavior of
both of these systems bore a closer resemblance to expectatifumsa typical ONe
type eruption, i.e. fast, smooth decline with little indication of dust femation.
Similarly, [Ne 11] emission at 12.81 m was present in the mid-IR spectra of both
systems at strengths beyond that of any other metal lines, in sgitof low neon
abundance. The behavior of V574 Pup supports the conclusion afh#arz et al.
(2007b) that true classi cation of CNe depends on the compositioof the under-
lying WD. The composition is best determined from photoionization maaling,
preferably using data with broad multiwavelength coverage obtaideduring dif-
ferent stages of development, and cannot be reliably inferred fnoobservations of
the light curve or phenomenological spectroscopic characteritife.g., observation
of [Nell] 12.81 m) alone.

6.2.2 V2467 Cygni

V2467 Cyg was discovered near maximum brightness by A. Tago at agnitude
of my = 7:4 on 2007 March 15.8 (Nakano et al. 2007a). Optical spectra ob-
tained one day after discovery were just transitioning to the priripal spectrum.
They were characterized by absorption pro les in the Balmer lines ahin Fe 11,
with a P-Cyg prole in H . The absorption trough was blueshifted by 1200
km s ! (Ayani 2007; Naito & Sakamoto 2007). Subsequent spectra obtad by
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Munari et al. (2007b) on March 18.2 revealed Balmer recombination &s and
strong Fell multiplet emission leading to the classi cation of V2467 Cyg as an
\Fe I1"-type nova. These spectra exhibited two P-Cyg absorption congments, at

900 km st and at 1900 km st

Near-IR observations by Mazuk et al. (2007) indicated that withinwo months
of outburst, the system had already transitioned to the coronatage of develop-
ment. Interestingly, the ejecta exhibited coronal line emission, sh as [Sivi],
[Sivil], [Svii], and [SIX], at the same time as allowed transitions of neutral
species including G, N I, and O I. The coronal stage persisted through October
2007. The ionization of the ejecta had increased as indicated by esns from
[Six] and [SxI] (Russell et al. 2007b). The only neutral species that remained sva
O 1. The FWHM expansion velocities at this epoch were 2000 km s, compara-
ble to the maximum observed P-Cyg absorption components. Lynat al. (2008a)
noted that by 2008 June 15, the near-IR spectrum was dominatdsy [Mg Viii |

3.03 m. Observations at this date and one hundred days later (Septerib23)
with Swift revealed a strong underlying SSS (Ness et al. 2008c).

Munari et al. (2007b) made a preliminary estimate of the reddeningotvards
the system of E(B-V) = 0.31 based upon the equivalent width of the terstellar
Na | D2 line. Mazuk et al. (2007) were able to derive a more robust estineabf
the reddening based upon the @lines and found E(B-V) = 1.5. Later estimates
using the same method found E(B-V) = 1.7, con rming this higher redening
value (Russell et al. 2007b). At no point was dust observed in theegjta indicating
that the extinction was entirely of interstellar origin.

The development of V2467 Cyg was quite interesting for a number fasons.
First, as the system entered into the transition stage of light cuey development,
it started to undergo oscillations of 0.5-1.1 magnitude with a period of 20 days
(Swierczynski et al. 2008). This behavior is observed only rarely é&Boschkin
1957). Second, the system was found to exhibit two periods of shperiod
variability on the order of 3.8 hours and 35 minutes with oscillation amplitdes
of 0:1 mag, which Swierczynski et al. (2009) have argued makes thisteys a
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good intermediate polar candidate. Intermediate polars are chatrized by very
strong magnetic elds (1 10 1P G) that truncate the accretion disk leading to
the formation of accretion streams along the magnetic eld lines (Rgrson 1994).
The prototype intermediate polar is the classical nova system DQ H@ova Her
1934). Finally, the spectroscopic evolution of the system progeesl very rapidly,
entering the coronal stage of development within only 60 days. Adibnally, the
coronal stage was characterized by extremely highly ionized spsaoth ionization
potentials as high as 447 eV (Russell et al. 2007b) as well as rarelgetved species
such as the unidenti ed nova lines at 1.11, 1.19, 1.55, and 2.1énh (Mazuk et al.
2007; Rudy et al. 2002) and [R/11] at 1.37 m.

V2467 Cygni was observed as part of our optical arpitzer mid-IR CNe mon-
itoring campaigns. Observation dates and basic details are providéd Chapter
2. The epochs of our observations are shown in Figure 6.1. The initi@pitzer
observations were obtained during the transition stage of the lighturve while
optical observations were initiated after the oscillations had ceake Subsequent
observations were obtained well into the coronal stage of devetognt. The Spitzer
low-resolution spectra are shown in Figure 6.2. The analysis of thefaa is still in
the early stages, however, a brief discussion of the preliminary uéts is provided
here.

Our initial Spitzer observations showed a rich hydrogen recombination spec-
trum superimposed on a declining blue continuum that may be consistewith
free-free emission from hot gas. The strongest non-hydroganission lines were
from [OIv] 25.91 mand [Mgv] 5.61 m. Multiple ionization states of neon
were present but were weak relative to the H, O, and Mg feature#\lso present
was a broad emission structure from 15 25 m that may indicate the presence
of a small amount of dust at this epoch.

By second epoch ofSpitzer data, only 18 days later, the magnesium lines
had strengthened considerably relative to the hydrogen lines. Mipte ionization
states of Mg were present, including [My], [Mg Vvi], and [Mg Vii ]. Also evident
was a shoulder on the blended Pfund+Humphreys line due to [Nevi] 7.64
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AAVSO Light Curve for V2467 Cyg

g [T BERREEEEE BERERE S BEREEEEE S BEEERE ST BERRERES T
| Spitzer -
| |l | Bokso ]
o .
3 .
2 .
.g ]
© x B-Band -
= 4 o VBand ]
= ',.& .
o 0 O i + R-Band —
g8 L TP o I-Band
M"a =] -
< MWOO 9 opgn —
Hx x ° ° z o Boo o —
°008°°¢°%g°¢¢ . :
* o
......... T T R N P

200 300 400 500 600

Days After Outburst (Day 0 = JD 2454175.287)

Figure 6.1: AAVSO light curve of V2467 Cyg. Vertical tick marks indicate the epochs
of Spitzer and Bok 90" optical observations.

m emission. This neon feature was much stronger than any featuoé [Ne I1],
[Ne ], or [Ne v]. These observations are all consistent with the exceptionally
high state of ionization in the ejecta observed at other wavelength

Our optical observations obtained on 2007 Nov 19 (day 249) arecsin in
Figure 6.3. These spectra were dominated by the [@] doublet at 4959, 5007
A with additional strong features of [OllI] 4363A and [N 1] 5755A. Numerous
other nitrogen lines were present as were highly ionized species ofjnmcluding
[Fe vi] and [Fe Vil ]. Neon was present at a very low level.

At this stage, there was only a very weak indication of [Fg] 6375A apparent
as an emission shoulder enhancing the strength of [D 6364. Unfortunately, the
rst Swift observations of V2467 Cyg were obtained nearly 240 days afteese
optical observations preventing us from determining whether these in [Fe X]

6375A coincided with the onset of the SSS stage of X-ray emission.

The next epoch ofSpitzer observations was obtained nearly 480 days after
outburst. By this epoch, the hydrogen recombination spectrum ad declined
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Figure 6.3: Optical spectra of V2467 Cyg obtained on 2007 November 19. Bminent
emission lines are labeled.

substantially. The strongest emission line observed was due to [Mg 7.64 m,
but the Mg lines were also exceptionally strong. At this stage of deepment,
the near-IR data were dominated by [Mgvil] 3.03 m (Lynch et al. 2008a).
These data represent the most extensive array of magnesium lirdserved in our
monitoring program to date. Based upon the relative emission line singths, we
hypothesize that this system is highly overabundant in Mg relative tdNe and O.
The optical spectra of V2467 Cyg were not unlike the spectra oflaar fast, \Fe
lI"-type novae (e.g., V1065 Cen; Helton et al. 2010b). Indeed, Mgmission is also
a common feature of CNe. However, the IR spectra revealed a rislagnesium
emission spectrum, the strength and complexity of which clearly indited that
V2467 Cyg was a rarity amongst CNe. The interesting IR spectraggic character-
istics observed in this system emphasize the need for panchromatlaservations
of CNe in outburst. The observations of Mg lines in this object demairates that
the IR spectra of novae is a rich source of information on elementgpecies that
have few transitions at other wavelengths or that are very sensié to blending
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and contamination by other emission lines. The next step in the analgsof these
data is to conduct rigorous photoionization modeling of the ejectaotdetermine
the true elemental abundances, to characterize the developmesf the system
overall, and to place it into the context of our current understanohg of CNe.

6.2.3 Dusty Novae - Continuing Observations

Future dusty novae need to be followed carefully from the onset dlust forma-
tion through the late stages of evolution in the mid-IR both photomeically and
spectroscopically. Photometric observations with high temporaladence will en-
able the characterization of the light curve to examine the \isothenal” behavior
observed in some CNe (see Section 5.6.3), while contemporaneoestspscopic
observations will enable a direct comparison of this behavior to theudt emission
features. The spectral coverage must include the 3-4n band in order to help
constrain the aromatic to aliphatic bond ratio, which helps to isolatette molecular
carrier of the UIR emission. Spectra in the 6-10 and 15-20n windows are neces-
sary to understand fully characterize the emission features andrapare them to
UIR emission in other astronomical environments. Observations WitSOFIA may
play a major role in this e ort since it will provide access to the mid-IR egime and
allow rapid response observations to be made with high spectral okgion and
su cient temporal coverage. Additionally, observations must be btained in the
sub-millimeter and microwave regimes to try to detect the rotationlatransitions
of SCMs.
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Appendix A

Glossary and Acronyms

Care has been taken in this thesis to minimize the use of jargon and@ayms, but
this cannot always be achieved. This appendix de nes jargon ternis a glossary,
and contains a table of acronyms and their meaning.

A.l1 Glossary

Carbon-Oxygen White Dwarf (CO WD ) { A white dwarf composed primar-
ily of carbon and oxygen.

Chandrasekhar Mass Limit ~ { This is the terminal mass that a non-rotating,
non-magnetic white dwarf can reach before the force of gravitahal contraction
exceeds the electron degeneracy pressure, equivalent 88M . Growth beyond
this mass results in the collapse of the object into either a neutronas (held up
by neutron degeneracy pressure) or a black hole.

Classical Nova (CN - singular; CNe - plural ) { An explosion arising on
the surface of a white dwarf in a mass accreting binary system.

Carbon-Nitrogen-Oxygen Cycle (CNO Cycle ) { The primary sequence
of fusion reactions converting hydrogen into helium in stars 1:3M , in which C,
N, and O act as catalysts.

Electron Degeneracy Pressure { This is the force opposing gravitational
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collapse in a white dwarf that arises due to the resistance of eleatsoagainst
occupying the same quantum mechanical energy state, i.e., the Hagxclusion
principle.

Interstellar Medium  (ISM ) { This term generally refers to the environment
within a single galaxy between the stars. It also includes all of the gadust, and
molecules within that environment.

Main Sequence (MS) { This is the stage of stellar evolution in which the
primary source of energy for a star is through the fusion of hydgen into helium
in its core. The majority of a star's life is spent in this stage of evolutia

Metals { In this context, \metals" refers to any element heavier than helimm.

Oxygen-Neon White Dwarf (ONe WD; formerly ONeMg WD ){ A
white dwarf composed primarily of oxygen and neon; formerly calledhaxygen-
neon-magnesium white dwarf due to theoretical prediction of highrdction of
magnesium in the white dwarf.

Proton-Proton Chain  (pp-chain ) { The primary sequence of fusion reac-
tions in low mass stars in which four hydrogen atoms join to producene helium
atom plus energy.

Roche-lobe Overow { This is the primary process through which mass
transfer is realized in classical novae systems. In this process thuter envelope of
the binary companion to the white dwarf lls its Roche-lobe allowing thdransfer
of material onto the WD primary through the inner Lagrangian point

Thermonuclear Runaway (TNR ) { The process of non-equilibrium nuclear
burning in the accreted envelope of a WD in a binary system giving rise & nova
outburst.

White Dwarf (WD ) { A degenerate core of a star with no ongoing nuclear
fusion, left behind after the star has run out of nuclear fuel.

A.2 Acronyms



AAVSO
AC
AOR
CN
CNe
CNO
CO

CP
CTIO
EO
FWHM
FWZI
HAC
HWHM
HWZI
ISM

JD
JPL
LTE
MIR
MMRD
MRN
MS
NASA
NIR
NSF
ONe
ONeMg

Table A.1: Acronyms

American Association of Variable Star Observers
Amorphous carbon

Astronomical Observation Request

Classical nova

Classical novae

Carbon-nitrogen-oxygen

Carbon-oxygen

Cyclopropenylidene (c-GH,

Cerro Tololo Interamerican Observatory
Ethylene oxide (c-GH40)

Full width at half maximum

Full width-zero intensity

Hydrogenated amorphous carbon

Half width at half maximum

Half width-zero intensity

Interstellar medium

Infrared

Julian date

Jet Propulsion Laboratory

Local thermodynamic equilibrium

Mid-infrared

Maximum magnitude-rate of decline relationship
Mathis, Rumpl, & Nordsieck

Main sequence

National Aeronautics and Space Administration
Near-infrared

National Science Foundation

Oxygen-neon

Oxygen-neon-magnesium
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PAC Polycyclic aromatic carbon

PAH Polycyclic aromatic hydrocarbon
PID Program Identi cation Number
RN Recurrent nova

RNe Recurrent novae

SCM Small carbonaceous molecules
SMARTS Small and Moderate Aperture Research Telescope System
SN Supernova

SNe Supernovae

SSS Super soft X-ray source

TNR Thermonuclear runaway

UIR Unidenti ed infrared feature

uv Ultraviolet

WD White Dwarf

A.3 List of Symbols

Table A.2: Symbols

Physical and Astronomical Constants

C Velocity of light, 22998 10°°cm s?

G Gravitational constant, 6:673 10 & dyne cn¥ g ?
h Planck's constant, 6626 10 2’ erg s

k Boltzmann's constant, 1381 10 % erg K 1!

L Solar luminosity, 3826 10® erg s*

My Mass of hydrogen, 74 10 ?* g

M Solar mass, 89 10 g

Stefan-Boltzmann constant, 71 10°ergcm?s 1 K 4

Other Symbols: Roman Characters



Qavg
Amax
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Symbols: Continued

Grain radius

Average grain radius

Maximum grain radius

Minimum grain radius

Visual extinction in magnitudes

Extinction at a given wavelength assuming E(B-V) = 1.0
Galactic latitude

Apparent B magnitude

Speed of sound in a plasma

Distance to nova

Color excess due to dust extinction, i.e., reddening
Flux

Flux density, i.e., ux in a unit wavelength interval
Flux density, i.e., ux in a unit frequency interval
Apparent | magnitude

Angular momentum quantum number

Galactic longitude

Luminosity

Bolometric luminosity

Eddington luminosity

Infrared luminosity

Apparent visual (V) magnitude

Maximum apparent V magnitude

Mass

Dust mass in the ejecta

Total mass of the ejecta

Gas mass in the ejecta

Modeled ratio of line uxto H  ux
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Symbols: Continued

My Absolute visual (V) magnitude
Mwb White Dwarf mass
M Mass accretion rate
n Number density;
Number of observed emission lines
Ne Electron number density
Ny Hydrogen number density
Np Number of free parameters
O Observed ratio of line uxto H ux
q Power law index of grain size distribution
Qabs Absorption coe cient
hQali Planck mean absorptivity
hQel Planck mean emissivity
r Radial coordinate
ro Stellar radius
R Apparent R magnitude;

Spectral resolution;
Observed ux ratio of H toH

Rcond Dust condensation radius

Rin Inner ejecta shell radius

Rout Outer ejecta shell radius

Ro Intrinsic intensity ratio of H to H for Case B approximation

t Time

tcond Dust grain condensation time

tmax Date of light curve maximum

to Date of discovery or date of light curve maximum

t, Time for the light curve to decay two magnitudes from maximum
ts Time for the light curve to decay three magnitudes from maxi-

mum



Symbols: Continued
Temperature
Blackbody temperature
Dust grain condensation temperature
Dust grain temperature
Electron temperature
Velocity
Expansion velocity
Scaled radius of the ejecta shell
Relative shell ejecta shell thickness

Other Symbols: Greek Characters

Power law exponent of grain size distribution
Power law exponent of light curve decline rate
Power law exponent of ejecta density distribution
Wavelength resolution element
Shell thickness
Dimensionless pro le function
Angular size
Mass absorption coe cient
Wavelength
Central wavelength
Frequency
Degrees of Freedom
Mass density
Grain density
Standard deviation from the mean
Error in the observed ux ratio of line ux to H
Optical depth

ux
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Symbols: Continued
2 Chi-squared goodness of t
2 Reduced chi-squared goodness of t, i.e., the chi-squared value
divided by the number of free parameters
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