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Abstract

Planetary Nebulae (PNe) are circumstellar gas envelopes ejected during Asymptotic Giant
Branch (AGB) phase of the stars between 1M, to 8 M. In around 3000 galactic PNe, 10 to
20 % are known to host a Wolf-Rayet type central star ([WR] CSPN). These [WR| CSPNe
are known to be very hydrogen deficient (H-deficient), the mechanism behind which is not
clearly understood. A binary central star (CS) or a merger scenario is very likely to be
responsible for the H-deficiency. As an attempt to investigate the former, a radial velocity
(RV) monitoring program of 7 [WR] CSPNe was conducted, which is the first systematic
study of its kind. Spectroscopic observations were made at the SAAO 1.9m Telescope over
3 separate weeks in May 2012, June 2012 and July 2013. The spectra were reduced and
analyzed with a cross-correlation method to determine RV shifts in the stellar and nebular
lines. Together with a review of the major mechanisms involved in the formation and
evolution [WR] CSPNe, the main results obtained in this work are discussed. An offset is
found between the mean stellar and nebular lines, which might be due to the fact that most
of the stellar emission lines are formed in the wind and are likely to be blue-shifted as in
several Of-type central stars. No significant amplitude or periodic variations are seen in the
stellar lines, as we would expect from a close binary system. However, small (~ 10—30 km
s71) stellar RV variations are seen and these are most likely due to wind variability. A x?
probability test reveals that the objects are only 30 — 40 % variable and this variability
is not high enough to be attributed to a binary CS. The main conclusions drawn are that
these [WR| CSPNe might contain wide binaries with longer periods that would produce
RV variations below our detection limit. Another feasible explanation might be that [WR]
CSPNe are actually the result of post-CE mergers. We absolutely need RV monitoring
using high resolution spectra (e.g. High Resolution Spectrograph on the South African

Large Telescope) in the future to confirm the presented results.
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Chapter 1

Introduction

1.1 Evolution of AGB stars

Planetary nebulae (PNe) are circumstellar gas envelopes ejected during Asymptotic Giant
Branch (AGB) phase of the stars between 1M, to 8Mg (Fig. 1.1).

4.5 T T T T
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Figure 1.1: Solid line: Evolutionary track of a 2Mg star. It begins from a main sequence star, through
the red giant branch (RGB) and then AGB to PN and ending as a white dwarf. Dashed line: A born again
evolution of a star of the same mass which loops in a region of the HR diagram and is discussed later in
section 1.4.4 (Figure reproduced from Werner & Herwig (2006)).

Prior to the AGB phase, low and intermediate-mass stars follow the evolutionary track
shown by the solid line in the Hertzsprung-Russell diagram (HRD) in Fig. 1.1. Herwig
(2005) reviewed the evolution of such a star. It is good to note that single star evolution is
being referred here and that close binary interactions (i.e. common-envelope evolution) will

be discussed in section 1.5.4.



2 Introduction 1

The evolution starts after the star formation and the pre-main sequence evolution with
the core H-burning phase. Nuclear energy release stops when all the H is burned into
Helium (He) in the core and the latter resumes gravitational contraction. The He-core is
now surrounded by a H burning shell and in the HRD, the star evolves quickly to the base
of the RGB phase. The core contraction continues, the envelope of the giant star expands
and there is increase in luminosity of the H-shell. The star then goes up to the RGB, it is
cool and the envelope is convectively unstable. The ignition of core He burning is dependent
on the initial mass. If the initial mass is less than ~ 1.8 Mg, the He core becomes electron-
degenerate when the star reaches the tip of the RGB. Otherwise, more-massive stars ignite
He burning in the core and continue their evolution along the horizontal branch. A Carbon-
Oxygen (CO) core is left behind, surrounded by both a He and H-burning shell. During the
early AGB phase, nuclear production is dominated by the He shell, which burns outwards
and reaches the H shell. The evolution then continues up the AGB with thermal pulses
during the late AGB phase. There is an increase in mass loss which results into envelope
ejection. The ejected atmosphere is ionized by the remnant core which is now a central star
of a PN and eventually, producing the PN. In its final evolutionary stage, the star becomes

a white dwarf.

1.2 Massive Wolf Rayet (WR) stars

At much greater masses, stars in the late stages of their evolution pass through the WR
stage. Fig. 1.2 shows how stars of different masses evolve. High mass stars (~ 60.0 Mg) start
from the main sequence evolve all the way through the Blue Super Giant (BSG)/Luminous

Blue Variable (LBV) phase until they reach the WR phase, ending up as a Supernova.

Wolf-Rayet (WR) stars are mostly characterized by their strong, broad emission line
features due to their powerful stellar winds (see Crowther 2007 for a thorough review). WR
stars mostly come in two genres (the subtypes) namely the WN subtype, which contain
strong He and N lines and the WC subtype, which have strong He, C and O emission lines
in their spectra (Fig. 1.3) . Typical WR stars have very high masses of 10 to 25 Mg and
are descendants of O-type stars, but can reach up to 80 Mg or even more for H-rich WN
stars. Figer (2005) and Moffat (2008) reports an apparent stellar mass limit of ~ 150 M,
and stars of masses beyond that limit are thought to be binaries or mergers of lower mass
stars. Nevertheless, a recent discussion by Crowther (2013) re-poses the question whether
there is an upper mass limit for the very massive stars. The models predict that R136 (HD
38268), the central object of the 30 Doradus nebula, has a lower mass limit of ~ 320 M.

WR stars are known for their very high mass loss rates. In the Milky Way, spectroscop-
ically derived mass-loss rates of WN and WC subtypes stars are 107°6 to 10=*4 Mg yr—!
and 10750 to 1074 M, yr~! respectively (Herald et al. 2001, Barniske et al. 2006).
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1.2.1 Spectral properties and classification

The classification of WR stars is based on their emission line strength and line ratios (Smith
1968). WN types are classified by the line ratios of NIII-V and Hel-II. The early WN types
(WNE) are the ones ranging from WN2 to WN5 (Smith et al. 1996) and the late WN types
(WNL) lie in the WN7 to WN9 range (WNG can either be early or late type). Smith,
Crowther, & Prinja (1994) extended the WN sequence to very late WN types, introducing
the new WN10 and WN11 types, in order to replace a group of emission line stars which
were originally classified as Ofpe/WN9 (Bohannan & Walborn 1989). Crowther & Walborn
(2011) give an updated classification of O If* /WN5-7 stars. Crowther & Walborn (2011)
propose that the difference between 02-3.5 If*, 02-3.5 If* /WN5-7 and WN5-7 stars may be
distinguished by the morphology of the HS line which is purely in absorption for 02-3.5 If*
stars, P Cygni for 02-3.5 If* /WN5-7 stars and purely emission for WN types.

On the other hand, the WC types are classified by the emission-line equivalent width
ratios (see e.g. Figure 6 of Crowther et al. (1998b)). See Crowther et al. (1998b) for a
description of the classification scheme of the WC types. For late type WC Crowther et al.
(1998b) used logarithm of equivalent width ratios of the lines CIV AA5801-12/CIII A5696.
The subclasses WO1-4 are also defined by looking at the line ratio of OVI AA3811-34/0V
A5590 (Fig. 1.4).
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Figure 1.4: Classification of WCL and WCE types based on equivalent widths (W,) (Crowther et al.
1998b).

The WC subtypes span through the range of WC4 to WC9, WC4 to WC6 being the early
types (WCE) and the rest WCL types (for late WC types). In addition to this, the WCE
sequence has been extended to include the rare O-rich WO stars. These stars exhibit strong
OVI emission line (Kingsburgh, Barlow, & Storey 1995). The WO sequence is divided into
four subtypes, the WO1 to WO4, depending on the relative strength of OV, OVI and CIV

emission lines (Crowther et al. 1998b).
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Lastly, there are a small number of WN stars which have spectral features in which CIV
emission lines are unusually strong and these constitute an intermediate WN/C classification
(Conti & Massey 1989). These WN/C types are believed to be in transition phase between
the WN and WC stages.

1.2.2 Wind properties and mass loss rates

The wind velocities are measured accurately by the wavelength of the blue edge of the
P-Cygni absorption profile in the spectra of WR stars (Prinja et al. 1990a;b). The wind
velocities can also be deduced by fitting a cmraen (Hillier & Miller 1998) Non-Local Ther-
modynamic Equilibrium (NLTE) to the spectral lines to model the atmosphere. The model
solves the radiative transfer equation in the co-moving frame and assumes an expanding,
spherically symmetric, homogeneous atmosphere, allowing for metal-line blanketing and

wind clumping.

Observations show that later types WR stars have lower wind velocities than the early
types and in some cases, the velocities can be a factor of up to even 10 times lower (Herald
et al. 2001, Barniske et al. 2006, Crowther et al. 2002). The fastest wind velocity known
is in the star WR93b (vo, = 6000 km s~1) which is a galactic WO type star (Drew et al.
2004). Observations also show a decrease in line width and hence wind velocity for stars
of progressively lower metallicity, by a factor of up to even two between the galactic and
IC1613 WR stars (Crowther & Hadfield 2006).

Wolf-Rayet mass-loss rates are surprisingly uniform across spectral type. All the observed

L except for WC9 stars,

spectral types have an average mass-loss rate of M = 1075 Mg yr~
which have M lower by at least a factor of 2. Both radio flux observations by Leitherer et al.
(1997) and optical observations by Hamann et al. (1995), Koesterke & Hamann (1995) of

mass-loss rates for WN and WC stars, are in good agreement with each other (Fig. 1.5).

Referring to Figure 1.5, WC9 sequence stars do not seem to follow the general trend in
mass loss rate. One of the reasons might be that WC9 stars differ from other subtypes due
to their high amount of heated circumstellar dust (Williams 1995).

Another result of stellar wind bubbles is a ring nebula around most WN types. These
rings are believed to be material ejected during the Red Super Giant (RSG) or Luminous
Blue Variable (LBV) phases that is photo-ionized by the WR central star (Crowther 2007).
These occur in relatively young WR types which are the WN types. Rings in that sense,
provide evolutionary links between WR stars and their precursors (RSG and LBV). Thus,
ring nebulae are very useful in providing information about their precursors. The first known
examples are NGC 2359 and NGC 6888 (Chu et al. 1983, Dopita et al. 1994, Stock & Barlow
2010).
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Figure 1.5: Comparison between mass-loss rates derived from radio fluxes and from optical recombination
lines. The filled circles and triangles denote mass-loss rates from combined ATCA and VLA data. Open
squares denote mass-loss rates determined from optical recombination lines by Hamann et al. (1995) for WN
stars and by Koesterke & Hamann (1995) for WC stars (Leitherer et al. 1997).

1.3 WR stars in binaries

1.3.1 Colliding winds

Two early-type stars comprising of either WR or OB stars, in a binary system can produce
a wind-wind interaction scenario (colliding wind binaries). The physics underlying colliding
winds was reviewed by Stevens et al. (1992). Eichler & Usov (1993) reviewed the production
of non-thermal (synchrotron) radio emission from early-type stars like WR and OB binaries.
The region where the stellar winds collide in these WR binaries may be a strong source of
non-thermal radio emission, whereas, thermal radio emission may be produced via free-free
emission from their stellar wind. The presence of magnetic fields in the winds of these
stars is known to play an important role for accelerating electrons up to relativistic speeds,
which in turn produces synchrotron emission. The detection of non-thermal radio emission
depends on the orbital period of these binaries. One example is WR140, a binary system
with a 7.9-year orbital period. The radio flux is thermal for the majority of the orbit, but
for phases between 0.55 and 0.95 (where phase 0 is at periastron), the radio flux becomes
non-thermal (Williams et al. 1990a)

1.3.2 Using polarization to detect binaries

Colliding wind binaries might obscure binary detection via radial velocity monitoring meth-
ods. In that case, another tool which can be used to access the windy binaries is polarimetric

observations. The partial alignment of dust grains in the interstellar medium can produce
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linear polarization. Intrinsic variability in linear polarization might occur due to different
mechanisms which include non-radial pulsations, rotation of spots or other inhomogeneities
in the wind, blob ejection in the wind and/or modulation by binary motion (St.-Louis et al.
1987). Polarization is also produced by Thomson scattering (Billings 1966), i.e. light from
the companion is scattered by free electrons in the wind. In the case of a binary system,
the geometry of the system and more particularly the inclination of the orbit can be derived
from the polarization (Rudy & Kemp 1976, Rudy 1977, Moffat & Piirola 1993, St-Louis
2013).

1.3.3 Formation of Dust

Binarity appears to play a key role in the formation of dust around massive stars, more
specifically, WC types, provided that the correct density within the shock region is reached
(Crowther 2007). Observations show episodical dust formation in WR 140 at its periastron
passage, when the colliding winds reach their highest power (Williams et al. 1990b).

Usov (1991) provided arguments that the wind conditions of WR 140 at periastron
favours a strong gas compression near the shock surface, providing a cold-gas outflow. Thus,
a very plausible explanation is a colliding wind binary, in which dust forms in a high density,
low-temperature, Carbon-rich (C-rich) environment such as a bow-shock. Another example
is WR 104 (Fig. 1.6) which has a dust shell of radius 3000 R, to 300000 R, (Crowther
1997) and later proved to be a binary system by Tuthill, Monnier, & Danchi (1999). It is
currently believed that most if not all dust-forming WC stars are actually in binary systems
(Crowther 2007).

1.4 Wolf-Rayet Central Stars of Planetary Nebulae ([WR]
CSPNe)

In around 1500* true or probable PN listed by Acker et al. (1992a;b), Acker & Ochsenbein
(1993), those having a Wolf-Rayet central star represent around 6-10% (Gorny & Stasiriska
1995). According to Depew et al. (2011), around ~ 10 — 20% of central stars of planetary
nebulae are currently known to mimic the massive WR stars mentioned in Section 1.2.
However, it should be noted that surveys up till now are quite incomplete and biased and
only a small fraction of CSPNe have been studied spectroscopically.

These CSPNe are considered as the low-mass equivalents of the massive WR stars (see
Crowther 2008) and are bracketed as [WC] and [WN], to differentiate them from the massive
ones (van der Hucht et al. 1981). They evolve from low and intermediate mass main sequence

stars instead of the massive O-stars. Spectroscopically, the [WR] closely resemble the massive
WR stars (Fig. 1.7 and 1.8 ).

*The number of galactic PNe is much larger; an upper limit of ~ 2850 (Miszalski et al. 2012a).
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Figure 1.6: Stacked composite images of WR, 104 (The pinwheel) with radio contour levels of 0.1%, 0.2%,
0.5%, 1%, 2%, 5%, 10%, 20%, 30% and 70% of the peak. Winds from the binary WR central stars collide
and as they orbit each other, the winds are driven outwards producing this pinwheel shape (Tuthill et al.
2008).

1.4.1 Distribution of [WC] CSPNe

Most of the [WC] CSPNe are distributed among early [WC] (often written [WCE|) and
late [WC] (J[WCL]) types. The cooler late-types evolve much more like post-AGB stars and
eventually evolve into the hotter early types after an intense mass-loss process (Acker et al.
1996). Only a handful of [WC] types are found to be in the intermediate [WC5-8] phase.
One possible explanation might be that the transition of the [WC] types in this intermediate
phase is fast. Figure 1.9 shows the galactic disk, Large Magellanic Cloud (LMC) and Small
Magellanic Cloud (SMC) distribution of the [WC] types as compared to the massive WC

ones.

Seemingly, due to selection effects, the number of [WC] types detected in the bulge is
less as compared to those found in the disk. Firstly, in the bulge, one would expect to detect
fewer stars because of high extinction and crowding. Also, PNe in the bulge are smaller in
angular size and a large fraction of their nebular fluxes (L(Hpg)) are present in their spectra.
This makes the detection of a [WR] type CS possible only for objects having a V band
luminosity (Ly ) of the star sufficiently large with respect to the total nebular flux. On the
other hand, many PNe in the galactic disk tend to be closer to us relative to the ones in the
bulge and thus having larger angular sizes. A model by Gorny et al. (2004) shows that only
a small fraction of the total nebular flux will be present in the spectra making them more

easily detectable (see Figure 1.10).
Moreover, Gorny et al. (2004) reports the detection of more late-type [WC] in the bulge
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Figure 1.7: Upper two: Spectra of WR143 which is a WC 4 subtype (Sander et al. 2012). Lower: NGC

6751 which is a [WC 4] subtype (Koesterke & Hamann 1997b).

than the disk. Conversely, Depew et al. (2011) found many [WO] sub-types with deeper
spectra than previously taken. The main reason behind this discrepancy might be that
the spectra in the blue region are very much suppressed by interstellar absorption and the
OVI-3811.34 line (one of the lines for [WO] classification) is just hard to confirm. It is quite
clear that observational data do play a crucial role in the selection and classification of [WR]

stars.

1.4.2 Atmospheric composition and evolutionary sequences

One very interesting question so far in this discussion is how do these [WC] CSPNe form?
To understand this, the study of an evolutionary sequence of the [WR] CSPN is required.
These sequences are informed by the atmospheric composition studies of these stars.

Late [WC]| types (J[WCL|) contain ~ 50% of C, 40% of He, somehow similar to PG
1159 stars (Leuenhagen et al. 1996). They are believed to follow the evolutionary sequence:
[WCL] — [WCE] — PG1159 stars (see Figure 1.11). This evolutionary sequence is in good

accordance with the atmospheric compositions reviewed by Werner & Herwig (2006) and
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Figure 1.8: Spectra of WN 3 and 4 types (upper two) and Spectrum of a [WN 3] subtype (Miszalski,
Crowther, De Marco, Képpen, Moffat, Acker, & Hillwig 2012b). A second flavor of Wolf-Rayet central stars
of planetary nebulae (Miszalski, Crowther, & Moffat 2012c)

Crowther (2008). This sequence was proposed because of the strong match in chemical
abundances (Fig. 1.11).

The early types (JWCE]) are known via various studies, to contain lower carbon mass
fractions, with ~ 30% of C and ~ 60% of He (Koesterke & Hamann 1997b, Todt et al.
2006). However, Crowther et al. (2003) included clumping and line blanketing in their
model calculations, which was not included in the earlier models and found that the carbon
abundances in [WCE] types are not systematically lower than [WCL] types.

Recently, two new objects have been added to the [WN] scheme; I1C4663 (Miszalski et al.
2012b) and Abell48 (Todt et al. 2013). Another possible member of this sequence might
be PB8 which appears as an intermediate nitrogen and carbon sequence, described as a
[WN/WC] type (Todt et al. 2010).

On the other hand, the formation of [WR] CSPN can be understood using the nebular
abundances of PN as a probe (Gorny & Stasiniska 1995). The most suitable abundance
ratios which can be derived from the PN and which are primarily functions of the [WR]
CSPN, are He/H, N/O and C/O (Gorny & Stasiniska 1995). Gorny & Stasinska (1995) have
compared the chemical abundances of ~ 50 [WR] CSPNe with non-WR types and showed
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galactic bulge.

Figure 1.10: The ratio Ly /L(Hg) plotted as a function of the star effective temperature 7% from a series
of models of PNe around CS of different masses. We can see the ratio Ly /L(Hpg) is higher for cooler stars
(Gérny et al. 2004).
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Figure 1.11: Mass fractions for IWCL], [WCE] and [WO] stars along with typical PG1159 star abundances
- labelled PG (Crowther 2008).

that the distribution of He/H, N/O and C/O are the same for both samples. A similar work
by Girard et al. (2007) showed that nebular abundances of PNe around [WR] types do not
differ much from the non-[WR] ones. Gorny et al. (2004) studied the oxygen abundances
for a sample of ~ 15 [WR| CSPNe and again compared with non-WR CSPNe. Also, the
distribution of N/O is the same for both of the [WR] and non-[WR] CSPNe.

However, Gorny et al. (2009) reports an approximate amount of 0.3 dex of S/H and
Ar/H abundances in [WR] CSPNe. There seem to be no major statistical differences in
the samples and Goérny et al. (2009) conclude that oxygen abundances in [WR] CSs are not
significantly affected by nucleosynthesis and mixing in the progenitors. In addition, a recent
work by Garcia-Rojas et al. (2013) shows that there is no correlation between the nebular
chemical abundances and the [WC] stellar type, concluding that the [WR] phenomenon can
occur in stars of very different stellar masses.

More tightly constrained elemental abundances in the [WC] types are required to better
confirm the evolutionary sequences mentioned earlier.

1.4.3 Hydrogen deficiency in the [WR] central stars

The origin of the H-deficiency in [WR] CSPNe is currently not well understood. Werner &
Herwig (2006) reviewed the properties of extremely hot H-deficient post-asymptotic giant
branch (AGB) stars of spectral type [WC] and PG 1159 (which also show H-deficiency).
Possible explanations for the H-deficiency are either due a late thermal pulse (LTP), a very
late thermal pulse (VLTP) or an AGB final thermal pulse (AFTP).
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Most of the currently known H-deficient [WR]| CSPNe display spectra with strong carbon
and helium lines and hence the [WC] types. There is another subtype, the [WO], which is
widely accepted as a later phase in the [WC] sequence before reaching the PG 1159 phase.

In the case of an LTP, if the He-shell ignites while the star is on the constant-luminosity
horizontal track, it will return to the AGB phase (termed as "born-again") (Blocker 2001,
Schoenberner 1979). Herwig (2001) argued that dredge-up may be one of the causes of
H-deficiency due to an LTP. Even though the LTP does not deplete the hydrogen in the
surface layer by nuclear burning, it will still develop a H-deficient surface composition. A
mixing process is responsible for this. At this point, the star expands, its surface gets cooler,
and envelope convection takes place. A very thin H-rich envelope layer of the order of 10~
M, is mixed with a H-free layer of a few 103 M, which turns into H-deficiency as a result
of dilution (Werner & Herwig 2006).

On the other hand, in the VLTP case, a He-flash occurs very late in the post-AGB
evolution phase, i.e when the star is on its way to becoming a white dwarf, on the cooling
track. In contrast with the LTP evolution, where the star makes only one single loop in
the HRD, in the VLTP case, the star actually makes two loops as argued by Lawlor &
MacDonald (2002).

At the end of the AGB phase, the star experiences a series of thermal pulses due to an
increase in mass of the He shell. The latter is a consequence of hydrogen fusion occurring in
the hydrogen shell above the He shell. A series of thermal pulses occurs at a time scale lower
than the time it takes for the post-AGB star to exhaust is fuel. The last thermal pulse or
final thermal pulse (FTP) occurs during the post AGB phase and depending on when does
this happen during the post-AGB evolution, the star returns to the AGB phase as H-poor
or H-free ("born-again") (De Marco 2008).

Werner & Herwig (2006) concludes that elemental abundances predicted by born-again
models for the LTP for e.g Koesterke (2001), VLTP for e.g Iben & MacDonald (1995) and
FTP for e.g Herwig (2001), are very much in accordance to observational data for [WC] stars
from Koesterke & Hamann (1997a), Werner & Koesterke (1992). But, Goérny & Tylenda
(2000) found that the evolution of the nebulae surrounding H-rich stars very much resembles
that of H-deficient stars, which contradicts the path followed by a "born-again" scenario.

Lau et al. (2011) debated whether a nova can be another path to producing H-deficient
stars. The material ejected during outburst of the central star of PN V605 Aql is very
neon rich and this neon rich composition is possibly explained by a neon nova. One of the
proposed models predicts a merger of a massive oxygen-neon-magnesium white dwarf and
a main sequence star. The other model derived by Lau et al. (2011) invokes an oxygen-
neon-magnesium classical nova that takes place shortly after the final helium shell flash.
Nevertheless, there are still drawbacks in both models. The former model is unable to
determine whether the ejecta would have the observed composition of V605 Aql and whether
a merger could result in the observed H-deficiency in the stellar abundances. The latter
model is somewhat more physically obvious but is less frequent in occurrence based on what

is implied by the number of observations. These findings are in contrast with what LTP or
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VLTP predicts and an alternative explanation is required.

So, now the debate is whether the LTP and VLTP mechanisms hold for the larger sample
of H-deficient stars. However, other mechanisms, such as common envelope (CE) scenarios
due to close-binary evolution could be yet another route (De Marco 2008, De Marco & Soker
2002).

1.4.4 The [WN] and [WN/WC] types

The first [WN] type Wolf-Rayet CS (IC 4663) of a PN was discovered by Miszalski et al.
(2012b). The spectrum displays broad He IT and N V emission lines which classifies IC 4663
as a [WN3]| spectral type (Fig. 1.12). The CS is surrounded by an elliptical shaped nebula
contained in an Asymptotic Giant Branch (AGB) halo. The stellar atmosphere is composed
mainly of helium (~ 95 %), less than 2 % of H, 0.8 % of N, 0.2% of Ne and 0.05% of O, by

mass fractions.
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Figure 1.12: Spectrum of 1C4663; a [WN 3] type CS with broad He II and N V emission lines. The red
line is the NLTE model fit (Miszalski et al. 2012b).

Todt et al. (2010) reports the discovery of PBS8, another interesting He-rich CSPN (tagged
as an unusual [WN/WC] type by them), which does not seem to fit the [WC| paradigm.
PBS contains a significant amount of CO, which differentiates it from IC 4663. The main
atmospheric compositions are 40 % of H, 55 % of He, 1.3% of C, 2 % of N and 1.3 % of O,
by mass fractions. PB 8 was previously classified as [WC5-6] by Acker & Neiner (2003a)
and Todt et al. (2010) gives a completely new classification to these objects, the [WN/WC]|
types. PB 8 shows strong nitrogen lines present in its spectrum, therefore, resembling more
a [WN] type. According to the [WN/WC] classification, PB 8 might be also in a transition
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evolutionary phase between the [WN] and [WC] types analogous to the WN/C types for
massive WR stars. PB 8 is a slightly later type than IC 4663 and its H-deficiency can be
explained by the depletion of the H-layer by for e.g a FTP whereby there is ingestion of
the H envelope. Thus, by the time it reaches an earlier [WN] type, like IC 4663, it has lost
almost all of its hydrogen.

One other object, Abell 48, (Todt et al. 2013) is recently added to the [WN] classification.
Abell 48 contains a [WN] type CS, having strong helium and nitrogen emission lines in its
spectrum and more residual hydrogen than IC 4663 which makes them slightly different.
The chemical abundances are 10 % of H, 85 % of He, 0.3 % of C, 5 % of N and 0.6 % of O,
as derived from the wind (Todt et al. 2013). The amount of residual hydrogen in this object
might possibly rule out a merger scenario. On the other hand, the nebular morphology

appears slightly elliptical.

An LTP event cannot explain the extreme helium rich compositions of [WN]| CSPNe.
LTP Models are not able to produce the high helium content in the [WN] stellar atmospheres.
So, there is a need of an alternative explanation for the atmospheric composition of the [WN]
types.

In the last few years, attempts have been made to explain the He-rich atmospheres of
other H-deficient stars, which may be applicable to these new [WN]| CSPN. Referring to
Saio & Jeffery (2002), one possible explanation of the He-rich atmosphere could be a merger
process of a CO+He white dwarf pairs, which in turn produces extreme helium stars and the
majority of R coronae Borealis stars. The evolutionary model predicted by Saio & Jeffery
(2002), has been compared to observations of extreme helium stars and the distribution of the
latter in the log g, Teg diagram is in agreement with merger models of a ~ 0.6 My CO white
dwarf and a He white dwarf of ~ 0.3 Mg. A merger of He4+He White Dwarf pair (Zhang
& Jeffery 2012) might be the explanation of the high helium atmospheric compositions of
IC4663 and A48 (Reindl et al. 2013). One other example might be PB 8 which contains
slightly more C and O abundances as compared to 1C4663 and A48 and might be the result
of CO+He white dwarf pair mergers. Another explanation for these He-rich objects might
be a Diffusion-induced Nova (DIN) (Miller Bertolami et al. 2011). In the DIN scenario, H
diffuses inwards and C diffuses outwards within a pure He intershell ("He-buffer") located
in between the H and C regions, see Figure 1.13. Iben & MacDonald (1986), showed that if
this He-buffer is thin enough, for stars of about < 0.6 Mg and Zzaps < 0.001, the C and
H regions can come into contact, causing an unstable burning. This gives rise to a sudden
energy release and rapid expansion. As a consequence, the star expands rapidly, of the order
of a few years, causing the visual magnitude to increase by a factor of up to 15 mag (My ~
9 to ~ -6), in a few years. This evolutionary scenario is termed as the diffusion-induced nova
and might be another route to explaining chemical compositions of the [WN], [WN/WC] type
CSs. Simulations by Miller Bertolami et al. (2011) are able to reproduce typical abundances
observed in Abell 48. The mass ratios of the model are H:He:C:N:0=22:73:0.66:3.8:0.1 per
cent, that is close to their results of H:He:C:N:0=10:85:0.3:5:0.6 for the wind of Abell 48.

Together with the low dynamical age of its nebula, this object can be explained quite well
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by the DIN mechanism (Todt et al. 2013).

Miller Bertolami & Althaus (2006), explain the He-enriched PG 1159 stars by a very
low mass object which leaves the AGB phase shortly before the start of the first thermal
pulse. These objects experience the first thermal pulse as an LTP. After the LTP, during
the evolution through the Red Giant Branch (RGB), moderate mass loss rates could turn
these objects into H-deficient, but with high helium content and nitrogen deficient.

"ﬁ".‘?!/ar S H-rich envelope depleted
........ S{{I.;Ce just before or at a He-shell flash
...... !.gfgde o (AFTP/LTP scenario)
o] I
- 7 G, 8
_E H-rich envelope @ = @7,
g thin He-buffer
8 He-buffer|
%
© C-rich intershell
=
He-shell flash
convective zones
Time ——>

Figure 1.13: Sketch of a scenario involving the formation of DA white dwarfs with a thin He-buffer (Miller
Bertolami et al. 2011).

1.5 Can binarity explain the H-deficiency of [WR] CSPNe?

There are at least 10-20 % of CSPNe which are known to be close binary systems (Bond
2000, Miszalski et al. 2009a), but only one - the CSPN of PHR0654-1045 might be a binary
[WR] CSPN with a period of 0.63 days (Hajduk et al. 2010). Why are there not more
[WR] CSPNe in binary systems? Or, is binarity a solution to explain the characteristics of
these [WR]? Along with the aforementioned questions in section 1.4.3, this thesis aims at

answering some of these new interesting questions in the field of PN.

1.5.1 PNe shaping and link to [WR] CSPNe

Understanding the PN shaping mechanism has been one of the major objectives of PN
research in the last few decades (e.g Balick & Frank 2002). Previously, high-resolution
studies of PNe have unfolded a rich amount of PN morphologies with complex symmetries
(e.g Planetary Nebulae Image Catalogue (PNIC), by Balick (2008) & HST images of 119
PNe by Sahai et al. (2011)) (Fig. 1.14).
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A range of complex shapes displayed by PNe including spherical, elliptical, bipolar, jets and

other irregular ones (Balick (2008), Sahai et al. (2011)).

Figure 1.14
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There exists other PNe showing morphological features other than the ones mentioned
above, including asymmetrical shapes. For example, jets (Fig. 1.15) which are seen in PNe
are believed to be ejected due to a binary interaction. A likely explanation for jets in PNe
could be precessing accretion disks around the companion which accretes material and loses
angular momentum due to viscosity that in turn launches episodic precessing jets (Miszalski
et al. 2013). Point symmetric nebular structures are then produced (Raga & Noriega-Crespo
1993, Cliffe et al. 1995, Raga et al. 2009, Boffin et al. 2012). Precession causes smearing out
or widening of the jet and could be another cause of bent jets. Furthermore, jets appearing
in two pairs (e.g NGC 6778) might be results of multiple ejections and are very difficult to
explain (Tocknell et al. 2013). Interestingly, the same jet-like and filament structures seen
in Fleming 1 is also seen in some [WR] CSPNe (Fig. 1.15). In addition to this, LMC-N66
(Pena 1994; 1997), a [WN] type CS in the large magellanic cloud is another object which
show point symmetric jet-like structures. The latter is very likely due to a binary stellar
evolution. That said, the link between jets and binarity in these systems showing jets seems
quite strong. The best proof of accretion in a post-common envelope binary CSPN which is
linked to jets is a recent work by Miszalski et al. (2013). The Necklace (Corradi et al. 2011)
is also an example of a PN hosting a close-binary central star and having polar outflows.
Spectroscopic observations by Miszalski et al. (2013) reveals for the first time a carbon dwarf
companion with C/O ratio of > 1 in a post-CE central star. Miszalski et al. (2013) argue
that the chemical (C) enhancement of the secondary might be due to accretion from the
primary, since unevolved stars are most unlikely to produce carbon. Strong evidence of
accretion in the Necklace provides a clue about the origin of the pair of jets being launched,

most probably, due to an accretion disk around the companion.

Figure 1.15: Upper: Fleming 1 (Boffin et al. 2012) having a set of bipolar jets. The long ones
were probably ejected ~ 16000 years ago while the inner nebula was ejected ~ 9 to 10 000 years later.
Lower ([WR)]), left to right: MyCnl8 (Bryce et al. 2004, Dayal et al. 2000), slightly bipolar shape and pres-
ence of jets. 1C4634 (Guerrero et al. 2008) which also shows bent jet-like shapes. NGC 5189 (Phillips &
Reay 1983) with the presence of ansae (loop or arc like structures); another shape which might be caused by
precessing disk. Hb4 (Lopez et al. 1997) which shows elongated, ionized knots symmetrically on both sides
of the core. NGC6369 (Monteiro et al. 2004), showing jets and filament like structures in the nebula.
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The spherical shaped PNe are believed to originate from a single CSPN or may even
be merged systems as in the case of an offset CSPN of A39. When it comes to the more
complex shapes, new shaping mechanisms must be considered in order to explain the various
morphologies. One of the schools of thought is that magnetic fields in PNe might be the
main agent contributing to the complex shapes of PNe (Garcia-segura 1999; Frank 2000).
Conversely, a very consistent explanation for these complex shapes is that the central stars
are actually binary systems which enters a common envelope phase (De Marco 2009) (see
section 1.5.4)

1.5.2 Magnetic fields as a shaping agent

The influence of magnetic fields in the PNe shaping of the nebulae is becoming a considerably
important factor (e.g Garcia-Segura et al. (1999), Frank (2000)). Theories suggest that
aspherical PNe shapes might be due a stellar companion, planetary companion, magnetic
fields or a combination of these. As far as magnetic fields are concerned, these are very
likely to be sustained due to the action of a companion that is still present or has merged
(De Marco 2009). Nordhaus & Blackman (2006) give a possible description of how magnetic
fields can shape PNe via binary-induced dynamos. Three possible outcomes for common-

envelope (CE-discussed in later sections) evolution (Fig. 1.16) are outlined.

1. The companion becomes embedded in the stellar envelope, their orbital separation is

reduced and the envelope unbinds equatorially.

2. The companion spirals in and the envelope spins up, creating differential rotation. If
there exists a deep convective zone, together with differential rotation, a dynamo is

generated in the envelope (applicable for low-mass companion).

3. The companion is shredded into an accretion disc around the core and eventually, the

disc drives an outflow.

Yet, as the CE phase evolves, there can be a combination of all the three above as well.
For example, differential rotation in the CE phase might trigger a dynamo in the envelope.
The companion continues to spiral in and eventually forms a disc, which produces a bipolar

outflow. More about magnetic fields as a shaping mechanism is discussed in section 4.8.

1.5.3 Binarity as a shaping mechanism

One of the most promising explanations for the complex shapes of PNe is that the central
stars are actually binary systems (De Marco 2009). A typical scenario involves an initial sys-
tem of binaries composed of an AGB star (donor) and a companion star (e.g main sequence
star) orbiting each other and there is transfer of material from the donor to the accretor
which is the companion star. The result is a CE formation which engulfs both stars and

there is loss of angular momentum due to drag forces inside the envelope, bringing them
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Figure 1.16: Top: Envelope unbinded equatorially. Middle: Poloidal outflow, collimated and aligned to
rotation axis. Bottom: Disc-driven outflow (Nordhaus & Blackman 2006).
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Figure 1.17: Evolutionary phase from left to right: 1. Initial binary system. 2. Mass accretion from
donor to companion. 3. Formation of common envelope. 4. Disk formation. 5. CE ejection (Image credit:
NASA, ESA and The Hubble Heritage Team (STScI/AURA)).

into closer orbit. Eventually there is a disc formation followed by CE ejection as a PN (see
Figure 1.17).

The binary system left at the centre will have a period of ~ 0.1-1.0 days. At the lower
end of this range, some may be double degenerate Supernovae Ia progenitors with quite low

periods of ~ 4hr, merging within a Hubble time (Tovmassian et al. 2010).

1.5.4 Common Envelope Evolution

Iben & Livio (1993) gave a full description on the common envelope evolution in binary
systems. In the Roche approximation, the gravitational field generated by the two stars
acts as if they are point masses. The slight elongation along the line of centres is caused
by tidal effect of the companion and centrifugal forces (see Figure 1.17). The Roche lobes

are the equipotential surfaces surrounding the two stars, connected by the inner Lagrangian
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point L;. Once the donor fills its Roche lobe, it transfers mass to its companion through
Ly. If the mass transfer rate is too fast for the accretor to accept, the material piles up
into a hot blanket surrounding the companion. Consequently, the hot blanket begins to
overflow the Roche lobe of the companion and the overflowed material is believed to form a
"common envelope (CE)", in which the two stellar components are immersed. The system
has a CE which is not co-rotating with the stars and therefore, the drag forces due to the
velocity differences between the binary system and the CE itself, transfer angular momentum
from the orbiting stars to the CE. The orbiting stellar components spiral closer and closer
because a fraction (acg, known as the ejection efficiency) of the orbital energy is released
and imparted to the CE. However, the value of acg is poorly constrained because the physics

underlying the CE phase is not very well known (Ivanova et al. 2013, Davis et al. 2012).

Figure 1.18: A binary system consists of two stars of masses M; and M2 and radii 1 and ra, rotating
about a common centre of mass (CM). Equipotential surfaces denoted by 1,2,3 and 4 in the orbital plane of
the binary. One star fills its Roche Lobe and transfers mass to the companion through the inner Lagrangian
point, (L1) where the two Roche Lobes touch. The other Lagrangian points Lo, L3, L4 and Ls are other
stable points over a larger region of parameter space (Iben & Livio 1993).

PNe morphologies and their connection to CE ejection is poorly understood. There exists
no direct evidence of CE ejection from observations because the timescale is too short. Soker
(1996) suggested that PNe having bipolar structures might be due to binary interactions
which avoid a CE phase. However, based on a larger sample of post-CE PNe, studies
showed that there is at least a tendency for post-CE PNe to have bipolar structures(De
Marco 2009; Miszalski et al. 2009a). Also, common-envelope PNe seem to exhibit low

ionization features, knots and filaments embedded in larger, toroidal structures (Miszalski
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et al. 2009a). Moreover, the morphologies of some axially symmetric PNe may be due to an
enhanced mass-ejection rate in the equatorial plane of the CE compared to the mass-ejection
rate in polar directions (Iben & Livio 1993).

Progress in the understanding of CE evolution in the past few years has focused on a few
methods including 3-D hydrodynamical modeling of the CE ejection (e.g Taam & Ricker
2010), observational programmes to constrain the ejection efficiency (acg) (e.g Davis et al.
2012; Zorotovic et al. 2010) and population synthesis models of PNe formation rates via
CE ejection (e.g Moe et al. 2006). Mitchell et al. (2007) carried out a detailed kinematical
analysis of the post CE binary CS of PN Abell 63. Similar kinematics are seen in other post
CE PNe, e.g ETHOS 1 (Miszalski et al. 2011) and the "Necklace" (Corradi et al. 2011).
We presently need more detailed studies of PN around post-CE central stars to understand

better the CE formation and ejection mechanisms.

1.5.5 Jets in CSPNe and the link to binarity

The strongest clue that [WR] CSPN may not be single stars is that many of their nebulae
show jets. Jets are the only morphological structures that are strongly tied to binarity
(as discussed in section 1.5.1), as is seen from several studies, discussed in the next few
paragraphs.

Boffin et al. (2012) found a close-binary system at the core of the PN Fleming I (Boffin
et al. 2012), with a period of 1.1953 days. Fleming I shows point-symmetric jets and it is
believed that point-symmetric jets are launched by a precessing disk around a companion
(Raga & Noriega-Crespo 1993, Cliffe et al. 1995).

Abell 63 (Mitchell et al. 2007) is another example where a binary central star is thought
to be forming jet-like structure along its polar axis. Mitchell et al. (2007) produced a
morphological-kinematical model where an inclination of 87.5° which is consistent with the
binary orbit is used. Mitchell et al. (2007) show that the binary central star is capable of
forming large scale structures, including jets. According to their derived kinematical ages,
the jets seem ~ 1000 years older the nebular rim, which would imply that the disc-generated
jets should form just after the common-envelope (CE) phase but before the nebular shell
(Soker & Livio 1994).

ETHOS 1, discovered later by Miszalski et al. (2011a) also shows similar jet like structures
and it is suspected that it is mainly caused by its binary nucleus. Here also, the jets are
~ 1000 years older than the nebula and are slightly detached (no jet activity and maybe
accretion taking place for CE ejection to occur ), which would give further evidence of CE
ejection after the jets being launched.

A similar age difference between the polar outflow and the inner nebulae exists for this
object as for ETHOS 1 and Abell 63. Therefore, making all three objects quite similar
and following about the same trend of evolution. All these objects show strong connection
between jets and binarity.

Interestingly, NGC 5189 (Sabin et al. 2012), composed of a WO1 type central star,
also shows bent jets with a complex morphology (Sabin et al. 2012). Based on the above
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mentioned evidence showing the relation between binarity and jets, the central star of NGC
5189 is ranked as a strong binary candidate. More follow up is required on this object to
further prove this hypothesis.

There are some PNe with [WR] central stars which exhibit very weird, complex nebular
shapes and ionization structures, for example NGC 6751, NGC5189, NGC 2452 and Hb4
(Miszalski et al. 2009b). These objects are [WO] types which contains very strong winds.
Turbulence from these strong winds might disrupt the Low-Ionisation Structures (LIS) (Mis-
zalski et al. 2009b) in these objects making the LIS not quite visible in their images (Acker
et al. 2002). In addition to this, NGC 6778 is a bipolar shaped PN which seems to be shaped
by fast collimated outflows which disrupt the nebular envelope (Guerrero & Miranda 2012).
Guerrero & Miranda (2012) report that the equatorial ring is highly disrupted and many
radial features, like filamentary wisps and cometary knots, are seen.

So, it appears that the complex nebular shapes of PNe hosting both a WR central star
and a non-WR central star, have stored significant information about the binary status of

their nuclei.

1.5.6 Previous variability studies

There are few [WR] CSPNe that have been studied in enough depth to constrain the nature
of any potential binary companions they may have. Ciardullo & Bond (1996) studied vari-
ability in the light curves of a sample of 29 hydrogen-deficient CSPNe which exhibit early
WC (WCE) or PG 1159 type spectra. Their study revealed six of these objects with low-
amplitude pulsations, five of which are early WC types. An example of one of the objects
(NGC6905) is shown in Figure 1.19.

Miszalski et al. (2009a) established a close binary population of 10—20 % using photome-
try to derive light curves for the photometric binaries in their sample, confirming the earlier
work of Bond and colleagues (Bond 2000). For a close-binary system, if we have a hot white-
dwarf (Ters > 100 kK)and a main sequence companion, the hemisphere of the companion
will be irradiated and we will be able to see it in the light curve (e.g. De Marco et al. 2008,
Corradi et al. 2011, Miszalski et al. 2011c). Also, the lightcurves associated with binaries
are smoother and show more or less sinusoidal variations (Méndez et al. 1986). Moreover,
Mendez et al. (1990), looked at five Of-WR CSPNe and found variation in spectral emission
lines in three of them. Mendez et al. (1990) conclude that these variations are more likely
to occur due to strong winds and not because of a binary system, which would produce
much larger RV shifts that is seen in close-binary CSPNe. Méndez (1989) also looked at RV
variability in a sample of CSPNe where no clear binaries was found. Overwhelmingly, none
of the previous variability studies have been able to prove any clear binary [WR]| CSPNe.
The light curves from the studies are almost flat with very little variations in magnitude (in
the case of pulsations). Most of the photometric variability studies have been carried out
on the (very hot) [WO] types. Their light curves being almost flat might imply that they
are due to pulsations and not a binary system (Ciardullo & Bond 1996).

A summary of some of the earlier RV /photometric monitoring amongst [WR] CSPN is
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Figure 1.19: Small scale pulsations in the light curve of NGC 6905, a WO1 type object (Ciardullo & Bond
1996).

A mag
RN LR RE R R BN LR B

| I S I P A P T I O P

found in Table 1.1. The 1% column is the object name, the 2°¢ column shows the PNG
number, the 3'¢ column is the CS type, the 4" column shows the references to each object
in the table, the 5" column is the type of monitoring and the last column shows the type
of variability for each object.

For the small variations in RV for CSPN with strong winds, a somewhat variable wind is
the rule rather than the exception. However, one of the possibilities might be that these are
mergers or single stars. A single star scenario is perhaps less likely to be an explanation for

the non-variable objects, because of the very complex shapes of their surrounding nebulae.

1.6 Aim of my thesis

The aim is to study the variability of a sample of 7 [WR] CSPNe which are mostly late [WC]
types. The amount of variability will give an indication of whether the systems contain a
clear binary or not. The method used for this is cross-correlation of a set of spectra with a
high SNR template spectrum to find radial velocity shifts. Sections 1.6.1 and 1.6.2 give a brief
description of the radial velocities of a star in a binary system and the mass determination

of such a system, respectively.

1.6.1 Radial Velocity review of binary stars

Spectroscopic binaries are systems with two superimposed, independent spectra. If a given
star has non-zero radial velocity, Doppler shift makes its observed spectral lines shift from

the rest wavelengths. For a binary system, the shift is periodic (Fig. 1.20) because the two
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Table 1.1: Table showing previous variability studies.

Object PN G Type ref  Monitoring Type Variability
NGC1501 144.44-06.5 [WO4| a,b Photometric pulsations
NGC2371-2 189.14+19.8 [WCE] c Photometric pulsations
NGC2867 278.1-05.9 [WO2] a,b Photometric pulsations
NGC5189 307.2—03.4 [WO1] a,b Photometric pulsations
NGC6905 061.4—09.5 [WO2] a,b Photometric pulsations
NGC6369 002.4+05.8 (WO3| a,b Photometric No pulsations
NGC5189 307.2—03.4 [WO4| a,b Photometric No pulsations
NGC2867 278.1-05.9 [WO2| a,b Photometric No pulsations
NGC2452 243.3—-01.0 [WO1] a,b Photometric No pulsations
M3-30 017.9-04.8 [WO1] a,b Photometric Uncertain
PB 6 278.8404.9 [WO1] a,b Photometric Uncertain
He2-55 286.34+02.8 [WO3| a,b Photometric Slow /Irregular
PHR 0654—1045 222.8-04.2  [WC7/8] g Photometric Possible orbital variation!
1C 468 215.2—24.2 OT7fp c,d RV No Variation
IC 4663 346.2—08.2 [WN3] e RV No Variation
PB 8 202.4404.1 [WN/WC|] f RV No Variation
ATS8 081.2—14.9 [Of/W(] h RV Possible variation?
NGC6543 096.4+29.9  [Of-WR] i RV Wind variation
NGC6826 083.5+12.7 [O6fp] i RV Wind variation
NGC6572 034.6+11.8  [Of-WR] i RV Wind variation

References: (a): Acker & Neiner (2003a) (b): Ciardullo & Bond (1996) (c): Méndez et al. (1986)
(d): van Altena et al. (1995) (e): Miszalski et al. (2012b) (f): Todt et al. (2010) (g): Hajduk et al.
(2010) (h): De Marco et al. (2004) (i): Mendez et al. (1990)

1 May also be due to pulsations. Needs more RV monitoring.
2 Poor quality data. Very unlikely to be a binary.

components are constantly moving around the common center of mass of the system (unless
the orbital plane is 90° with the line of sight).
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Figure 1.20: Periodic RV shifts due to oscillatory motion of the components around the centre of mass of
the system (Carroll & Ostlie 2006).

However, if the period of the system is long (of the order of months or years), the periodic

motion will not be readily apparent in the spectra observed in short time lapses (~ days or
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Figure 1.21: Top: Orbital paths and RVs of a system of two stars 1 and 2 with masses M1 = 1.0 Mg,
and Ms = 2.0 Mg, velocities v; and vz, in circular orbits with eccentricity, e = 0. The centre of mass has
a radial velocity of vem = 42 km s~ ! and the plane of the orbit is along the line of sight. Bottom: same
system but with eccentricity, e = 0.4 and 45° orientation of periastron (Carroll & Ostlie 2006).

weeks). The latter is a case where the system needs to be sampled at longer time intervals.
On the other hand, if one of the components is not overwhelmingly more luminous than the
other, and if the stars can’t be resolved separately, it is still possible to check the binary
status by observing the superimposed and oppositely Doppler-shifted spectra. For stars of
different spectral features, even if the orbital plane is perpendicular to the line of sight, a
binary is still detectable by decomposing two sets of superimposed spectra that originate
from both stars respectively.

For systems with short orbital periods, if the RV has a component along the line of
sight, periodic shifts in the stellar spectral lines will be observed at short time scales. If the
luminosity of both components are comparable, two periodically variable RV curves will be
seen. Even if one of the components is far more luminous than the other (which might be
the case for [WR] CSPNe), a single periodic RV curve is seen. The shapes of the RV curves

depends on how eccentric the binary system is (Fig. 1.21).

1.6.2 Mass determination

The determination of masses of a WR binary system depends mainly on two factors,
e The uncertainties in the orbital inclination 1.

e Errors in the velocity semi-amplitude.
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For the case of visual binaries, assuming that the eccentricity of the system is very small
(e 1) and the stars have velocities v1 and ve, with masses m; and ms, respectively. The
velocities, v1 and v are constants and given by v; =2maq /P and va= 27as /P, where a; and

as are the semi major axes and P is the period. The ratio of the masses is then given by:

il (1.1)

mo al ’
and in terms of velocities:

m_ b2 (1.2)

mo (%1 '

Now considering only the radial components of the velocities (v1, and va,.), we introduce

the inclination ¢ in the equations, resulting into the ratio of the masses:

mi Vo, Sin 4

= = 1.3
mo V1, 8in 4 (1.3)
Defining a as the sum of the semi major axes of stars 1 and 2, we get:

P

a = %('Ulr + 'UQT) (14)
Using Kepler’s third law;
42

PP=__ — ¢} 1.5
G(my +mg2) (1.5)

The sum of the masses can be written in terms of the observed values as:

P (Ulr + U2r)3

1.6
2rG sin® i (1.6)

mi + mo =

In the case of single-line spectroscopic binaries, where only one of the stars is visible in

the spectrum, Equation 1.3 allows us to replace vo, with the ratio of the masses. Rearranging

gives:
3
my .3 . r .
= 1.7
(my+ma)2 T 2n G (L7)
P! m3

3 2 .3 .
— 1.8
tir (27TG> (my +ma)2 (18)

If we include the eccentricity of the orbit, the mass of the WR star is given by Moffat
(1982), as:

(KWR§KO)2 (19)

Mygr = k(1 —e2)%? P Ko T

Where, the subscript "O" refers to the orbital companion, Ky r and Ko are velocity

semi-amplitudes of the stars and k is a constant.
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The right hand side of Equation 1.7 is known as the mass function and depends on the
observable quantities like ¢ and P. It is more likely for a shift to be detected if the inclination
differs a lot from 0°. Thus, there is a selection effect associated with binary detection in a
sample of objects and requires statistical estimates. A more representative way of choosing
a value for the inclination is to take an integral value of sin® i ({ sin® i ) ) averaged between
0° and 90°, which is ~ 0.589 (Carroll & Ostlie 2006).

The main advantage of WR stars in binaries is that we can infer the masses of both

components accurately if the inclination of the plane in known (e.g. Bonanos et al. (2004)).



30

Introduction 1




Chapter 2

Observations & Amnalysis

2.1 Observations

Spectroscopic observations of a sample of [WR] CSPNe were carried out at the South African
Astronomical Observatory (SAAO) on the 1.9m Telescope using SpCCD. There were two
runs over three separate weeks namely May 16" to 237 of 2012, June 26" to 4" of 2012 and
July 27? to 9*" of 2013. We selected several bright [WR| CSPN from a range of literature
sources that were accessible from Sutherland. Table 2.1 gives a brief description of the
objects in the sample. The 15 column gives the PNG number of the object, the 2 column
is the object name, 3'¢ and 4'" columns are the RA and DEC respectively, the 5" column
is the V-band magnitude, the 6" column is the type of central star each object has, the
7" column is the number of spectra obtained for each object and considered useful for
cross-correlation and the last column gives the reference to each object. See Table A.2 in

Appendix A for the log of observations.

Table 2.1: Table giving details of the sample of [WR] CSPNe observed.

PNG Name RA DEC Vinag  CS-type  Epochs  Ref.
321.04+03.9 Hen2-113 14 59 53.48 -54 18 07.5  11.9 WC10 15 a,b
309.0-04.2 Hen2-99 13 52 30.67 -66 23 26.8  13.3 WC9 9 a,c,d
332.9-09.9 Hen3-1333 17 09 00.86  -56 54 48.0  10.9 WC10 12 a,e
358.9-00.7 M1-26 17 45 57.67 -30 12 00.76  12.08 WR 6 -
309.1-04.3 NGC5315 13 53 57.00 -66 30 50.7  14.4 WO4 5 a,g.h
291.3+08.4 PHR1134-5243 11 34 38.55 -52 43 32.1 - WC9/10 7 i
001.5-06.7 SwSt1 18 16 12.27 -3052 08.01 11.9 WC9/10 4 ak,1

References: (a): Acker and Neiner 2003. (b): Lagadec et. al. 2005. (c,d): Leuenhagen et.
al. 1996, Mendez et. al. 1991. (e): Miszalski et. al. 2011. (f): Weidman and Gamen 2011.
(g): Peimbert et. al. 2004. (h): Kastner et. al. 2008. (i): Morgan et. al. 2001. (j): Gauba
et al. 2001. (k): Leuenhagen and Hamann 1998. (1): Cohen et al. 1983.

A slit width of 1.5" was used and the slit was centered on the central star. Both grating

4 (for high resolution spectra) and 6 (for low resolution spectra) were used in the first and
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second runs respectively. Grating 4 has 1200 line mm~! and gives a wavelength coverage
of ~ 800 A at ~ 1 A resolution (FWHM). Grating 6 has 600 line mm~' and provides a
wavelength coverage of ~ 1600 A at ~ 2 A resolution (FWHM). The CCD was read out
with a binning factor of 1x2 in dispersion and spatial axes, respectively. It was challenging
to achieve the S/N we required (we aimed to get S/N > 30-40 in the continuum) due to
weather conditions and other restrictions. The Copper Argon (CuAr) arc lamp was used as
reference spectrum before and after each exposure to calibrate the wavelength scale.

Both short (~ 120s) and long exposures (~ 2400s) were taken for each target, since
we needed both unsaturated nebular emission lines and deep enough exposures to be able
to see the stellar lines. Since this is a radial velocity monitoring, we needed arc lamp
exposures both before and after the observations to correct for any time-dependent shifts
in the instrument. I used the IRAF task splot to plot the wavelength-calibrated arc lamp
spectra and measure carefully the FWHM of a number of lines, before averaging. The mean
spectral resolution varied from 2.5 A to 2.9 A. The observations were mostly made when
the seeing ranged between f ~ 1.5" to 2.5". We had a mix of red and blue spectra with
wavelengths described in Table 2.6, the former taken during nights where the Moon was
brighter. The cross correlations were mostly run on the blue spectra, the reason being that
better S/N in the blue was noted as compared to the red ones. In all the spectroscopic
observations, the number of objects which were considered useful (i.e; S/N 2 20 and a
sufficient number (2 4) of spectra for cross-correlation), came down to seven. Please note
that the "-" in the SNR column of Table A.2 refers to the spectra which had an average
S/N < 20 and were not included in the template construction, but still used as a spectrum

for cross-correlation.

2.1.1 Data reduction
Trimming and cleaning

The flatfield exposure was plotted using the IRAF task IMPLOT and the useful region of
the chip was identified. The respective = and y values to be kept, were entered into the
TRIMSEC and BIASEC fields of ccdproc for trimming the images and subtracting the
overscan region bias level. The images were then cosmic ray-cleaned using the IRAF L.A.
Cosmic task in stsdas (van Dokkum 2001). Each cleaned spectrum was checked to ensure
minimal loss in line definitions by optimizing the L.A. Cosmic parameters. This package
uses a variation of Laplacian edge detection to identify and remove cosmic rays of random
size and shapes. In order to obtain a well cleaned spectrum, the gain and readout noise
specifications can be read from the image header and input to the task (value for the gain
is ~ 1.0 e~ JADU and readout noise ~ 6.7 ¢~).

Extraction and wavelength calibration

Before wavelength calibrating the spectra, they were extracted using the IRAF task apall

that traces the stellar continuum with a polynomial fit and then sums all the pixels in user-
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specified windows into a one-dimensional spectrum. I used a background window of 4 pixels
both up and down the spectrum in the spatial direction and a Legendre function of order 3
for fitting the trace with the correct parameters.

The first arc spectrum was used to identify the spectral lines for the dispersion solution.
In order to adjust the pixel scale to a proper wavelength scale, the emission lines were
identified in the arc and were matched to the CuAr spectral atlas collated by Alexei Kniazev
in 2009, which contains identified emission lines in the wavelength range ~ 3800 A to 5300
A. The line identification was rather straightforward, where I identified around 12 emission
lines spread uniformly along the entire wavelength range using the IRAF tasks identify and
fitting a Legendre function to the data. The second comparison spectrum is based upon the
solution of the first comparison spectrum and the task reidentify was used to achieve an
optimum wavelength solution.

The dispersion fit was adjusted interactively for each aperture for a given arc, and badly
fit lines were deleted to obtain an optimum fit with an average Root Mean Square (RMS)
value of ~ 0.15 A. This dispersion solution was then applied to the other arcs and these
solutions were fit using spline3 functions of order 3. From the solution, a dispersion of 0.49
and 1.09 A /pix for the high resolution and low resolution spectra was obtained, respectively.
Each solution was linked to the appropriate object spectrum by adding the header keywords
REFSPEC1 and REFSPEC2 in the header of the object. Two arcs were used to interpolate
between them in case there is any small shift in the arc during the exposure (e.g. due
to influence of gravity on the grating causing flexure). The final step was to apply the
dispersion solution of the wavelength calibration to set the wavelength scale of the object
spectrum and this was done using dispcor.

The high resolution blue spectra have a wavelength range of ~ 4260 A to 5115 A and
the low resolution ones cover the ~ 4025 A to 5950 A wavelength range. Redder spectra
were also obtained at low resolution in the ~ 5720 A to 7565 A wavelength range. A more
detailed description of the wavelength ranges is found in Table A.2. These are the ranges

which contain most of the stellar emission lines.

Data quality

Fig. 2.1 shows the quality of the spectra used for cross-correlation. A mean spectrum was
chosen from each set and displayed here. The nebular lines in the spectra that have strong

emission lines are truncated down to the level of stellar emission.

2.2 Analysis

2.2.1 Cross-correlation overview

The method used for finding radial velocity (RV) shifts in the spectra is cross-correlation.
In the next few paragraphs, I outline briefly the theory behind cross-correlation as described
by Tonry & Davis (1979).
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Figure 2.1: Plots of a mean spectrum for each object showing the quality of data based on the mean SNR,
in the continuum.
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The cross-correlation task used is xcsao found in the RVSAO package (Kurtz & Mink
1998) that is executed in the IRAF environment. Notably, I also used fxcor for cross-
correlating the spectra which is found in the IRAF RV package, to complement my xcsao
results. These cross-correlation packages multiply the Fourier Transform (FT) of the ob-
ject spectrum with the conjugate of the transform of a high Signal-to-Noise Ratio (SNR)
template. The output which I am concerned with, is the RV shift of the object spectrum
relative to the template and as well as the associated error.

The following is a brief outline of some of the main equations used by xcsao for cross-
correlation. Let S(n) be the spectrum of a star whose amount of radial velocity shift is to
be found and T'(n) be a template spectrum of zero velocity. These spectra are discretely
sampled into N bins, with bin number n. The equation connecting wavelength and bin

number is:

n=Aln\+B (2.1)

The spectra are assumed to be periodic with a period N, due to discrete Fourier trans-
form and correlation functions requirements which are derived. Let S(k) and T'(k) be the

corresponding discrete Fourier transforms, with S(k) defined by:
S(k) = S(n) exp(—2mwink/N) (2.2)
n
Let o5 and oy be the root mean square (rms) of the spectra:
o=+ > S(n)? (2.3)
S N —

And therefore, the normalized cross-correlation function ¢(n) is defined as:

¢(n) = S(n) x T(n) = ! > 8(m) T(m —n) (2.4)

" Nogo
stm

This cross-correlation product (x), is not commutative. It is defined so that if S(n) is
shifted by an amount d from the template T'(n) and if S(n) and T'(n) are identical, then S
x T'(n) will have a peak of 1.0 at n=d. Now if we Fourier transform the formula for ¢(n)

we get:

1

Nogo;

C(k) = > S(k) T* (k) (2.5)

Where the * indicates a complex conjugate.

Shift estimation

If S(n) is some multiple o of T'(n) and shifted by an amount, say, §. If S(n) is broadened

by a convolution with a symmetric function B(n):
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S(n) ~a T(n)* B(n —4) (2.6)

And here the * means a convolution and not conjugate. xcsao estimates the parameters «

and 6 by minimizing the 2 written here in the Fourier space:

X2(0,8:0) = 3 [ T(k) B(k) eap( ~ 2) — G(h)]
k

2

(2.7)

This equation applies quadratic weights to any deviations from zero and therefore, strong
lines in the spectrum will be more strongly weighted than the weaker lines. Also, various
experiments carried out showed that quadratic weighting is the best. Assuming that the
largest peak in ¢(n) is approximately Gaussian shaped, centered at ¢ with dispersion ,
then the value of o that minimizes Equation 2.7 is (see Tonry & Davis 1979 for a rigorous

derivation):

o? = p? - 272 (2.8)

Where, 7 is the dispersion of the largest peak in the template T'(n) which is assumed to
be Gaussian in the Fourier space. Therefore, Equation 2.8 is showing us that the width of
the cross-correlation peak is a mean of the widths of the stellar lines quadratically added to
that of the template lines. To summarise, after the cross-correlation of the stellar spectrum
with the template spectrum, which are rebinned to a similar dispersion, the resultant peak
is fit by a smooth symmetric quadratic function with central height o, centered at ¢ and
having width o (see Figure 2.2).

Error measurement

The treatment of error in xcsao is the one derived by Kurtz & Mink (1998). Even though
the data are not discretely binned, a peak is selected by fitting a smooth curve with accurate
values of § (the central value), h (the height of the central peak, analogous to «) and w (the
full width half max of the peak, analogous to o). Kurtz & Mink (1998) assumed a sinusoidal
noise profile, with the halfwidth of the sinusoid = halfwidth of the correlation peak. The

mean error output by xcsao is a single velocity measurement and is given by:

w

error =
(I+7)

(2.9)

ool w

Where w is the FWHM of the correlation peak and r is defined in Tonry & Davis (1979),
as the the ratio of the height of the true peak to the average peak. Tonry & Davis (1979)
also tested the error estimation using xcsao by comparing histograms of observed data and

expected results and concluded that the error estimations by xcsao are accurate to ~ 20%.
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File: template.fits

Object:Hen2-113  RA: 14:59:R3 00 DEC: : -0 2000.0

.4.L-_u.._-n_..u.d_f P Y Pt _J:w..-._-;-_..-.-.-.-.- e P
H H |
4610 4B00 5000
Wavelength in Angstiroms

1 Corr. Tenplate: Hen2-113 145

-1000 -500 D
Velor iy [km/s]

Figure 2.2: Example of the cross-correlation function for Hen2-113, cross-correlated with a high SNR
template, in the wavelength range 4505 to 4700 . Top: wavelength range selected in xcsao shown by dotted
vertical lines. Bottom: plot of cross-correlation function.
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2.2.2 Application of the cross correlation method
Template construction

For a consistent RV monitoring programme, the spectrum which is used as cross-correlation
template must have high SNR in the continuum. This requirement allows us to be less
sensitive to any line-profile variations. The object spectra need to be cross-correlated with
this high SNR zero-velocity template to obtain accurate RV shifts. Before creating a zero
velocity template, the radial velocities needs heliocentric correction, because of the earths’

different positions in its orbit during observation (see Figure 2.3).

T2 Earth
Orbit
\ Velocity

Solar System
Barycenter

Toward
Star or Galaxy

Velocity

Bay,
Y
Radla; 'I‘;ehf,- ic
Clogy, -T2 Earth
Y Orbit
Velocit
Rai?’]"’@m,, ‘elocity
-T1 Earth i Vﬂlgc;
Orbit ly
Velocity

Figure 2.3: The radial velocity correction shown at 2 different times (T1 and T2) in the earths’ orbit
around the sun. The velocities are corrected to that which would be observed from the center of the solar
system (Carroll & Ostlie 2006).

The xcsao task computes this correction using subroutines which reads the header in-
formation, which includes the object position (RA, DEC and EPOCH), observation site
latitude (SITELAT), site longitude (SITELONG), site elevation (SITEELEV), observation
date (OBS-DATE), the time when the observation started (UTOPEN) and exposure time
(EXPOSURE). Using the observatory task in IRAF and choosing SAAO as the observing
site, the information about the site may be obtained. If these header keywords are different,
the user will have to update them accordingly in the headers. Once the headers are updated,
running beveorr on the spectra, will output the heliocentric (hev) and barycentric velocity
(bev) correction for each spectra. I chose an IRAF setting, where, once ran, beveorr writes
the hev and bev computed values in the spectra headers so that whenever xcsao is used,
the output velocities are hcev corrected.

I used the method described by Foellmi et al. (2003a;b) to create the high SNR template.
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This method of constructing the template is advantageous in more than one way. Firstly,
it is less sensitive to any line-profile variations, because they tend to be averaged out in
the mean spectrum. Secondly, the user has the freedom of specifying the weight of a given
spectrum in the set, as its contribution to the template construction. The latter proves to
be very useful in situations where we have spectra of different average S/N in the continuum

and more weight is to be applied to the ones with higher S/N (total weight being 1.0).

Figure 2.4: Normalized spectrum of Hen2-113 brought to zero continuum level.

The template construction was rather straightforward. Firstly, the data were grouped
into sets which had the same resolution. All the spectra in that given set were normalized
and brought to a zero continuum level by subtracting unity using the IRAF task sarith (see
figure 2.4). They were then converted to a logarithmic wavelength scale using the IRAF
task dispcor because cross correlation works in log wavelength space.

The spectral regions which contain most of the stellar lines (excluding the nebular emis-
sion lines as far as possible), used for cross-correlation are described in Table 2.6. The
spectra were then plotted one by one and I measured the SNR in different regions (in the
continuum) for each spectrum. Only spectra with an average SNR of > 25 in the contin-
uum were considered as good enough for cross-correlation. An average SNR was computed

for each spectrum in the set and the one with the highest mean SNR in the continuum,
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was used as first template (T1) for cross-correlation. All the other spectra in the set was
cross-correlated with T1 and the RV shifts with respect to T1 was written to a log file

(xcsao.log).

All spectra are now shifted to the common zero velocity template spectrum using the

IRAF task velset using the result of the first cross-correlation (Fig. 2.5)

rectified flux

4500 4550 4600 4650 4700 4750 4800
Wavelength (A)

Figure 2.5: Plot of 2 different spectra of NGC5315 showing shift in the [ARIII|+He I 4711 and [Ne IV]
4724 lines, after running velset on the unshifted one (upper plot) with a shift velocity of > 114.3 km/s.

Now that we have all spectra shifted by a their respective velocity values, we are ready
to build the zero velocity mean template T2 (template.fits). The IRAF task scombine is
used to construct T2, weighted by the corresponding SNR in the continuum. T2 is then

used to recompute new RVs using xcsao.

As we can see from Table 2.2 and Table 2.3, the errors in the first iteration are low
enough, so I decided not to carry out a second iteration in my analysis. We would expect
to trust the results if the cross-correlation peak is 2 0.9 and indeed we were able to achieve
this peak in the first iteration itself (only if the spectra had a decent S/N in the continuum).
Also, we are following the method of Foellmi et al. (2003b) in this approach, not worrying

about a second iteration. Moreover, our resolution does not warrant any further iterations.

The same RVs was computed using fxcor task in the IRAF, RV package. The results
are shown in Table 2.4.

I also plotted the results from xcsao and fxcor which match very well (Fig 2.6).
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Table 2.2: Table shows the first cross-correlation output from xcsao for Hen2-113 (blue region), where the
objects are cross-correlated with highest mean SNR template (obj24nz). The 15* column shows the object,
the 274 column is the first template used, the 3" column is the R value for each cross-correlation, the 4"
and 5*" columns shows the RV shift and error in the RV shift, respectively. The 6** column is the height
of the cross-correlation peak, the 7t" column is the width of the cross-correlation curve and the last column
refers to the mean SNR in the object spectrum.

Exp. No. T1 R Value RV Shift (km/s) Error (km/s) H W (S/Now;)

obj22nz obj24nz  45.29 0.4 1.0 0.960 74.412 30
obj24nz obj24nz 8.454E7 0.0 0.0 0.984 70.092 o1
obj26nz obj24nz  54.19 -0.1 1.0 0.973 71.289 38
obj32nz obj24nz  50.83 -0.3 1.0 0.974 72.430 48
obj54nz obj24nz  3.86 25.0 10.0 0.347 69.040 )
0bj67nz obj24nz  54.85 4.0 1.0 0.970 73.288 31
0bj82nz obj24nz  4.38 -12.0 10.0 0.347 70.308 6
obj86nz obj24nz  47.50 1.0 1.0 0.955 75.498 31

Table 2.3: Table shows the second cross-correlation output from xcsao for Hen2-113 (blue region) after
using the mean velocity template T2 (template.fits). Note: the columns labels are explained in Table 2.2.

Exp. No. T2 R Value RV Shift (km/s) Error (km/s) H W (S/Now;)
obj22nzl template.fits  94.88 0.3 0.6 0.973 77.097 30
obj24nzl template.fits 67.17 -0.1 0.8 0.978 74.266 51
obj26nzl template.fits  82.96 -0.3 0.6 0.980 74.431 38
obj32nzl template.fits 113.53 -0.5 0.5 0.983 75.352 48
objb4nzl template.fits  3.93 26.0 11.0 0.387 70.864 5
obj67nzl template.fits  76.09 4.5 0.7 0.980 76.162 31
obj82nzl template.fits  3.83 -12.0 11.0 0.376 75.695 6
obj85nzl template.fits  71.87 1.0 1.0 0.973 78.029 31

Using the bisector method to obtain absolute RV for the template

The emission line profiles were carefully examined while dealing with the cross-correlation
method for the whole sample. Mostly, the bottom of the line is affected by the broad wings
of other nearby (often overlapping) lines, interfering with the line profile being measured.
Also, due to our restricted wavelength range, only a few strong stellar lines were seen in the
spectra. Thus, it was onerous to identify a proper (unblended) stellar emission line to be
used for diagnosing the stellar RVs.

Many WR stars are known to have emission lines with intrinsic line-profile variations that
could influence the RV (e.g; Grosdidier et al. (2000)) at the top of the line, see Figure 2.7.
So, to overcome this Foellmi et al. (2003a) uses the bisector method, which I chose to use
as well.

Grosdidier et al. (2000) inspected the line variability of a sample of late-type [WC]
CSPNe. The variability is very similar to that observed in the massive WC 9 star WR 103
(Robert 1992). The wind fragmentation is believed to be purely due to an atmospheric wind
phenomenon, despite many differences between both types.

The online available tool VOSpec (Osuna et al. 2005) is one which is used for multi
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Table 2.4: Table shows the cross-correlation output from fxcor for Hen2-113 (blue region) after using the
mean velocity template T2 (template.fits). Column 1 shows the object name, column 2 is the object used to
cross-correlate with T2, the 34 column is the height of the cross-correlation peak, the full width half max
of the cross-correlation function is shown in the 4" column, the 5" and 6*P columns are the RV shift and
the error, respectively.

Object  IMAGE Height FWHM RV Shift (km/s) Error (km/s)

Hen2-113 obj22nzl  0.98 221.83 0.5 1.0
Hen2-113 obj24nzl  0.97 219.46 -0.5 0.8
Hen2-113 obj26nzl  0.98 214.84 -0.9 1.0
Hen2-113  obj32nz 0.98 222.76 -0.3 0.5
Hen2-113 objh4nzl  0.36 152.80 23.0 16.0
Hen2-113 obj67nzl  0.97 228.29 5.6 2.0
Hen2-113 o0bj82nzl  0.35 173.69 -10.0 18.0
Hen2-113 obj85nzl  0.98 220.81 1.0 1.0

wavelength spectral analysis. VOSpec was used for bisecting well chosen, isolated stellar
emission lines in the template spectrum. In the example below (Figure 2.8), the CIII 5696
line is bisected with a large number of horizontal levels between the two wings of the line
and the midpoint of each level is shown by the blue dots. This is to make sure that neither
the tip of the line nor the wings are affected while measuring the centre wavelength.

I varied the fraction of the emission line height (k) used for obtaining the middle point
for different objects. This was done, because for different lines, I had to guess the portion
which is more or less vertical. Whereas, Foellmi et al. (2003b) used a fixed fraction of ~0.3h
and ~0.7h. For this particular line (CIII 5696), the fraction used was ~0.4h and ~0.7h.

Seemingly, VOSpec was introducing a ~0.5A shift in the template with respect to the
one loaded on IRAF (which is trusted more) *. So, I had to introduce a velocity correction
in all my calculations, which I called v.,. and made sure that the results of this thesis are
not affected by this shift introduced. If the velocity as measured by VOSpec is vyospec and
the one by IRAF is v;gar, then:

Veor = Uyospec — VIRAF (210)

To get the centre of the emission line by VOSpec, a gaussian was fitted to the line (Figure
2.9).

After the bisection, the chosen portion was fitted with a straight line, shown in black in
the lower panel of Figure 2.8. The mid-point of this polynomial was obtained simply by
moving the cursor in the VOSpec interface, on the figure midway between the fitted line.
The rest wavelength of this line was retrieved from NIST website (NIS 2013), A\est = 5695.92
A. Both of these wavelengths are substituted into the Doppler formula (Equation 2.11) to
obtain the radial velocity of the central star V.

Aobs — Arest

V, =cx D08 2Tt 4o (2.11)
)\'rest

*The VOSpec developers were emailed about this problem and a request was made to release an updated
version of VOSpec with no reply from them.
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(a) Plot of fzcor (red) v/s xzcsao (blue) velocities.

(b) Difference between frcor and zcsao velocities plotted against Modified Julian Date.
Figure 2.6: These plots show that the cross-correlation outputs from both zcsao and frcor
are consistent with each other.
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Figure 2.7: Residual for the mean profile of 2 nights of the CIII 5696 line (the best line to display
variability) for BD +30°3639. The temporal behavior of the line profiles can be seen clearly (Grosdidier
et al. 2000). Note: the x-axis scale is A.

Where , v.o was calculated to be (for this emission line):

Veor = 7.4 km 57! (2.12)

Where, ¢ = 2.99792458 x 10° kms~!, is the speed of light. In this case, the stellar radial

velocity is:

5694.1 — 5695.92
_ 5 -1
V, = 2.99792458 x 10 < £695.92 > km ™! + veor (2.13)
V,=-384kms! (2.14)

After obtaining V., the barycentric velocity correction (Vi ), is the next velocity needed
to compute the correct radial velocity. The beveorr task was then run on the spectra to get

View, which is plugged in Equation 2.17.

Errors in the bisector method

I calculated the errors in the radial velocity (AV;.) by simply multiplying the wavelength
difference corresponding to half the length of the fitted polynomial through the bisected

c
Arest

points (i.e, maximum wavelength value - midpoint) by In this case:

5694.13 — 5694.1
5695.92

AV, =2.997 x 10°( ) km s™! (2.15)
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Figure 2.8: Top: Plot of the CIII 5696 emission line for Hen3-1333. The figure shows a hundred levels
of bisection and the approximate vertical region (~ 0.45h to 0.75h) used to fit a straight line having its
midpoint at Ayps ~ 5694.1 A. Bottom: The linear fit to the "straight" part of the bisected points.
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Figure 2.9: Gaussian fit to stellar line for obtaining correction.

AV, =420 km s™! (2.16)

Finally, the corrected radial velocities (V;) corresponding to each spectrum was computed

and are given by:

Vi = V:vcsao/f;ﬂcor + (‘/7" + ‘/bcv> (217)

Where Vicsao/facor are the velocity shift output by xcsao and fxcor after the cross-
correlation, respectively.

This process was carried out for all the other objects in my sample and plots of helio-
centric julian date (HJD) against RV were obtained to check for any RV shift. The main
stellar line regions used for cross-correlations are summarised in Table 2.6.

The nebular velocities were obtained by running the task emsao on the spectra. emsao
automatically identifies a number of nebular emission lines in the spectrum using a line
list, then fits them to output the velocities of the identified lines. However, sometimes
I had to specify the line name, because emsao would not identify the lines correctly. An
example of the corrected velocities cross-correlated with the template for Hen2-113 and with
wavelengths ranges defined in Table 2.6, is shown in Table 2.5. The first column of Table
2.5 is the exposure time for each object. The 2" column is the Modified Julian Date—56000
and is defined as the geocentric Julian Date at the start of the integration, minus 2400000.5

days. The 3'¢ and 4*" columns contain the radial velocity and error as computed by xcsao.
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Table 2.5: Example of barycentric corrected velocities and the associated errors computed by xcsao and
fxcor for Hen2-113 in the wavelength ranges described in Table 2.6. The repeated entries for the same
MJD-OBS is because xcsao/fxcor were ran on different sub-regions containing stellar emission features for
the same spectrum.

Corrected Velocities

Xcsao fxcor
MJD-56000 | Exposure | Wavelength Range RV Error RV Error
(d) (s) A (km s71) | (£ km s71) || (km s71) | (£ km s71)
63.8203 1500 4477-4705 -54 2 -54 2
63.8369 900 4477-4705 -54 2 -55 3
63.8698 1200 4477-4705 -54 2 -54 2
64.1222 1500 4477-4705 -28 13 -31 18
64.8012 1500 4477-4705 -63 14 -64 20
69.9965 1500 4477-4705 -53 2 -53 3
105.8911 1500 4477-4705 -46 4 -63 6
106.8011 1500 4477-4705 -15 2 -16 7
108.9281 1800 6736-7050 -52 2 -53 4
109.8133 1500 6064-6372 -54 2 -50 6
109.8133 1500 6736-7050 -53 3 -65 17
111.031 1500 4477-4705 -54 3 -49 3
111.031 1500 5050-5500 -59 2 -54 4

Same for fxcor in columns 6 and 7. Some of the errors output by both xcsao and fxcor are

higher than expected and is due to relatively low signal-to-noise ratio in the spectra. The

results of the cross-correlation are shown in the following chapter.

Table 2.6: The wavelengths ranges chosen for the cross-correlations of stellar lines. The empty fields ("-")
means either no observations were made in that particular wavelength range or not enough spectra available

for cross-correlation. See Table A.2 for more details objectwise.

Object Blue range (A) Red range (A)
Hen2-113 4477-4705 & 5050-5500 6064-6372 & 6736-7050
Hen3-1333 4500-4720 & 4785-5420 6000-6288 & 6734-7057

Hen2-99 4500-5740 6630-7300 & 6000-6490

M1-26 4477-4800 -

NGC5315 4477-4705 & 5050-5500 6000-6250 & 7241-7295
PHR1134-5243 4477-5400 6321-6536 & 6838-7055

SwStl1

4400-4800 & 4477-4705
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Chapter 3

Results

A combination of spectra of a sample of 7 objects, observed in May, July 2012 and July
2013, have been analyzed and assembled together to create RV versus Julian Date plots.
This chapter shows my results plotted sparsely in time and a statistical test which uses x>
statistics to calculate the percentage variability for each object. Most of the RV plots shows
the results of observations in 2012, except for SwSt1 which contains results from both 2012
and 2013 due to a lack of a sufficient number of spectra. The most prominent stellar emission
lines diagnosed for obtaining the mean RV via bisector are summarised in Table 3.1, together
with the nebular emission lines. The results from xcsao and fxcor agree quite well within
errors to each other for most objects except for NGC5315. The reason might be that the
cross-correlation did not run properly because of the broad line profiles for NGC5315 due

to very high stellar wind velocities.

The RVs do not show major periodic variations with large amplitude as we would expect
from a proper binary. Also, for an orbital radial velocity variability, one would expect high
periodic velocities of the amplitude of the order described in Figure 3.1. None of them
show these kind of features, except for Hen2-99 where some hints of periodicity might be
seen in the RV plot. A higher resolution follow up is absolutely required for this object.
Nevertheless, the non periodic and relatively small amplitude RV shifts from the mean that
we actually see in the plots presented in this chapter are most probably due to stochastic

wind variability.

Table 3.1 shows the object name in the 15* column, the stellar lines chosen for bisector
in the 2°¢ column. These stellar lines were chosen according to the criteria discussed under
subsection 2.2.2 of this thesis and also because these were the most prominent stellar lines
in the respective spectra. The observed wavelength of a particular stellar line and its rest
wavelength according to NIST website in the 3¢ and 4*" columns respectively, the mean
stellar velocity including the uncertainties given by zcsao/fxcor in column 5, the nebular

lines chosen for finding the nebular mean velocities in column 6 and the mean nebular

49
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velocities for each object together with the errors in the 7" column.
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Most of the RVs do not show large enough variabilities in the stellar lines as we would
expect in a close binary system with a period of ~ 0.2 days and ~ 1.0 day (Miszalski
et al. 2011b) and a post-AGB star mass of 0.6M. Figure 3.1 depicts RVs calculated from
Equation 1.7 for such a system with different inclinations.

Also, there is no clear detection of a periodic velocity variation which would provide
strong support for binary motion. Thus, wind variability is still a preferred explanation for
the observed small variations in the RV.

However, an interesting offset is seen between the nebular and stellar velocities. The
reason might be that the lines that are formed in the photosphere are blue shifted due to
the wind, like in the case of Of type stars (Crowther et al. 1998a, Mendez et al. 1990).

Since no obvious RV variations are observed in the sample, a statistical test was carried
out to look at their probability of variability, based on a null hypothesis discussed in detail
by Trumpler & Weaver (1953). These authors recommend a standard x? computation, from
the reduced x2_; (where n is the number of observations and n-1 is the number of degrees
of freedom) which leads to an estimate of the probability that the star’s RV is variable.
In summary, lets say the hypothesis to be tested is H : The semi-amplitude A of a radial
velocity variation equals zero. Then alternatively, the hypothesis is that A > 0. The test for
H is such that:

1. P is the probability of rejecting H when H is true (i.e, saying A > 0, when A = 0).

Now, if we set @ = 0.1 arbitrarily, then in this case, P; < a.

2. Py is the probability of accepting H when H is false (i.e, saying A = 0, when A > 0).
In this case P;; must be a minimum, no matter which orbit. So, maximizing 3 (where
B8 = 1 - Ppy, is the probability that the test will reject H when H is false) in the
vicinity of A = 0.

The compromise consists of allowing the value of 8 to be at least as large as «. Hence,

the criterion for rejection is: reject the hypothesis that A = 0 whenever:

1< _
S @ =2 = (3.)
j=1
where,

e \2_, is the value of x? given in Table A.1 in the Appendix for n— 1 degrees of freedom

and probability, P = a.
e 7 is the stellar mean.
e o is the standard deviation in the stellar velocities.
e z; is the individual values for the stellar velocities.

This variability test was run on the 7 objects, assuming the stellar mean is the expected

mean and the results are shown in Table 3.2. For each of them, the x?%_. (the observed
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Figure 3.1: Top: Radial velocities as we would expect from a binary system containing an AGB star
of mass 0.6 My against different companion mass for different inclinations, assuming a period of 0.2 days.
Bottom: Radial Velocities as we would expect from the same system but with a period of 1.0 day.
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Chi-squared) was computed and the probability that the object is variable P(x2,, > x2_;)
was obtained using the x? probabilities in Table A.1 (see appendix).

Table 3.2: Results of the variability test carried on individual objects. Column 1 shows the object name,
the 27 column is the number of spectra used (degrees of freedom), the 34 column is the standard deviation
in the velocities, the 4" column is the observed x2 and column 5 shows the probability of an object being
variable based on its x2.

Object n o (km s 1) X s P2 > X5 1)
Hen2-113 20 11.6 20.0 40%
Hen3-1333 26 4.24 26.0 41%
Hen2-99 9 13.11 9.0 35%

M1-26 16 6.68 16.0 38%
NGC5315 8 13.01 8.0 33%

PHR1134-5243 10 5.47 10.0 35%

SwSt1l 4 4.87 4.0 26%

Based on the variability test, none of the objects show large enough percentage variability
to be called a proper binary and therefore the null hypothesis is rejected at these low
probabilities. However, the small variability observed is likely due to small changes in the
wind as discussed in section 4.8. The figures below show the cross-correlation results for
each object. The stellar mean weighted by the errors (in red) and nebular mean (in blue)

RVs are plotted against julian date, together with the standard deviation.
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Figure 3.2: Top: Hen2-113 xcsao results. Bottom: Hen2-113 fxcor results. There is a ~ 5 to 10 km s~!
offset between the nebular and stellar velocities and a maximum stellar RV shift of ~ 20-30 km s~! is seen.
There is one outlier in the top xcsao panel and two of them around the same MJD-56000 value in the top
fxcor panel. These might be the consequence of an imprecise cross-correlation run, due to poor SNR in the
spectrum used.
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Figure 3.3: Top: Hen2-99 xcsao results. Bottom: Hen2-99 fxcor results. The offset between nebular and
stellar velocities in this object is relatively high (~ 50 to 60 km s~1). Stellar RV shifts of the order 20-30
km s~ is seen. Moreover, a slight periodicity is observed in the stellar velocities. Higher resolution data is
required to confirm the latter.
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Figure 3.4: Top: Hen3-1333 xcsao results. Bottom: Hen3-1333 fxcor results. This is one of the objects
in the sample which show the least variability, although it is believed by many authors (see discussion) to be
a binary candidate, obscured by dust. It has an offset of ~ 30 km s~! between nebular and stellar velocities
and the stellar velocities show little RV variations of ~ 5-10 km s~1.
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Figure 3.5: Top: M1-26 xcsao results. Bottom: M1-26 fxcor results. This is another object showing little
variations in stellar velocities of ~ 10-15 km s~!. A nebular and stellar offset of ~ 50 km s~ is noticed.
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Figure 3.6: Top: NGC5315 xcsao results. Bottom: NGC5315 fxcor results. The stellar results for
NGC5315 show a lot of uncertainties. This is the only object in the sample which contains very broad
emission C lines due to very strong stellar winds. There also seem to be a significant difference between the
offset between stellar and nebular means, as output by xcsao and fxcor. The stellar lines show ~ 15-20
km s~ scatter about the weighted mean.
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Figure 3.7: Top: PHR1134-5243 xcsao results. Bottom: PHR1134-5243 fxcor results. One other object
showing very little variation in the stellar velocities is PHR1134-5432. The nebular mean and stellar mean
show an offset of ~ 50 km s~1. The variations in the stellar RVs are of the order of ~ 5-10 km s~1 and
seem to be least of the sample.
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Figure 3.8: Top: SwStl xcsao results. Bottom: SwSt1 fxcor results. This is the only object that T had
to include July 2013 data due to very little epochs in 2012. Based on the xcsao results (upper two panels)
the stellar and nebular offsets seem to be ~ 20 and 5 km s—! in both epochs respectively. However, the
scatter in the stellar velocities in July 2013 seem quite high and might be due to the quality of the spectra.
The stellar RV shifts are of the order of ~ 10-20 km s~ 1.



62

Results 3




Chapter 4

Review Of Individual Objects &

Discussion

There have been many theoretical models which have been proposed to explain the shapes
of PNe, e.g. Balick & Frank (2002). Most of the models try to reproduce the velocity fields
of the circumstellar material involved in building the general shapes of these PNe, including
axisymmetric and more complex ones. The formation of such structures require a binary
companion, rotation and/or magnetic fields. This section deals with the different aspects
and characteristics of the objects in my sample. In this section, a review of the morphology,
type and any other aspect connected to binarity based on previous studies are presented. I

also discuss how my results are in accordance with these previous studies.

4.1 Hen2-113

4.1.1 Morphology

Lagadec et al. (2005) reports high-spatial resolution infrared observations of Hen2-113 done
with different instruments at ESO and NACO, MIDI, ISAAC, TIMMI in Chile. These
observations have revealed new nebular morphologies of Hen2-113.

Hen2-113 is more generally classified as a bipolar shaped nebula with ring structures ac-
cording to HST observations. This result was confirmed by NACO with more morphological
details. The diffuse lobes extend about 2" spatially. It is composed of 2 coaxial rings, with
a well defined second ring (ring 2) slightly fainter than ring 1 and incomplete. The central
star (CS) is a [WC] type and seems to be slightly offset from the geometrical centers of
the rings and also offset from the midpoint of the axis connecting the rings. Moreoever, it
appears also to be offset from the midpoint of the line joining the tips of the main NW-SE
lobes of the nebula. A small circular region (a hole) is observed at 0.5" to the south-east of
the CS, with a diameter of 0.3". Its direction coincides nearly with the orientation of the

bipolar nebula surrounding the two rings. hence, geometrical models explain the structure
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as being a diabolo-like one (see Figure 4.1) with an inclination of ¢ =37°, PA ~ 65°, n=0.9

and % = % Where n, a and ¢ are variables of the diabolo given by Equation 4.1.

z = a(l +u?)" cosv (4.1)
y =a(l+u*)"cosv (4.2)
z=cu (4.3)

Central star
Dark lane

Ring 1

Arcsec

Figure 4.1: Left: Infrared image of Hen2-113 with main structures labelled. Right:The diabolo structure
of Hen2-113 (Lagadec et al. 2005).

Where a controls the radius of the diabolo, ¢ is the height and n is the opening angle.
Quite interesting, there have been observations of a few filamentary structures too (Figure
4.1 left), which might be an indication of a possible central binary system or a merged

system.

4.1.2 Infrared excess

The observed flux from the CS in the NACO L’ (green) and M (red) bands is about ~ 300
and ~ 800 times more, respectively, than that we should be expecting from a modelled CS.
The Infrared excess is best explained by dust emission very close to the CS. For this kind of

emission, we theoretically need temperatures of ~ 900-1000 K with a mass of ~ 1072 M.

4.1.3 PAHs

From the Infrared observations, Lagadec et al. (2005) studied the spatial distribution of
Polycyclic Aromatic Hydrocarbon (PAH) in the system, since the main nebula of Hen2-113
is known for displaying PAH features. Observations from ISAAC shows that PAHs seem
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to have broader spatial distribution than the grains producing the continuum emission and
therefore, Lagadec et al. (2005) believe that the PAHs have formed before the dust grains.
Moreover, the presence of a dual chemistry (which might be a result of mergers) in this
system is still being debated. Longer wavelength observations (>15 um), where O-rich dust
will be detected is needed to compare the PAHs and O-rich dust distribution. The mass
fractions found in the CS of H:He:C:O are 0:34:54:13 (De Marco & Crowther 1998). The
presence of C-O together might make this object a suspectful binary candidate, whereas,

my results only show a 40% probability of it being variable.

4.2 Hen2-99

4.2.1 Overview

Hen2-99 is a PN with a size of ~ 15" and with a CS classified as [WO4] by Leuenhagen et al.
(1996) and as a [WC9| by Acker & Neiner (2003b). It is at a Shklovsky distance of 2.4 kpc
(Pottasch & Zijlstra 1992) and the CS temperature is ~ 49 kK. The velocity derived from
the broadening of the emission lines are 1000-2000 km s~ and 700-1000 km s~ in the UV

and optical, respectively.

4.2.2 X-ray morphology

The X-ray luminosity of this object is found to be the smallest of all known PNe detected
in X-rays (Soker & Kastner 2003a;b). The non detection of X-rays would suggest that
the fast wind from the central star has yet to collide with the ionized ejecta or the X-ray
emission produced from shocks might be faded away (Montez et al. 2005). However, the
X-ray morphology suggests that the former interpretation might be more plausible, due to

a lack of well defined inner rims.

L]

Figure 4.2: Hen2-99, observed at the 1.0m telescope in Sutherland. Image Credit: B. Miszalski.
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4.2.3 Discussion

According to the results obtained in this thesis, the variability of Hen2-99 is ~ 35% prob-
able. Based on some periodic variations seen in the RV plot for Hen2-99 we can’t rule out
completely a non-binary CS. However, the errors in the RVs are larger than expected and

higher resolution spectra will divulge more about this object.

4.3 Hen3-1333

4.3.1 Overview

Hen3-1333 is classified as a [WC10] type CS by Acker & Neiner (2003a). De Marco &
Crowther (1998) reports a temperature of Tory = 30 kK, vee = 225 km 571 and a high
mass-loss rate of M = 4 x 1076 Mg yr—'. Its mass fractions of H:He:C:O are 0:34:52:14
(De Marco & Crowther 1998).

A dusty disk with inner radius of 97 + 11 AU is reported from VLTI observations by De
Marco et al. (2002), Chesneau et al. (2006). One of the clues for it being a merged system
if not a binary, might be the presence of a dust disk composed of a dual dust chemistry (C
and O rich) (Cohen et al. 2002). The dual dust might be the case of the merging of C-O

white-dwarf pair.

4.3.2 Morphology

The most prominent structure of Hen3-1333 is the North lobe which seems to be composed
of three distinct ejections (Fig. 4.3). It is more of a multilobal structure with a complex
filamentary extension at PA of 170°. Chesneau et al. (2006) has described two dark internal
structures as lanes, forming a conical structure. These lanes might be part of a globally
bipolar shape of Hen3-1333, since these two delimits two areas. Chesneau et al. (2006) have
reported bow shock structures as well located ~ 0.5" east from the CSPN, which might be
results of wind interaction with the ejecta.

For an assumed period of ~ 5 years for the CS, a primary of mass 0.6 Mg and secondary
of mass 0.4 Mg would have a maximum orbital separation of ~ 13 + 2 AU (Miszalski et al.
2011c). This object shows obscuring events with a lack of strong periodic repeatability and
the latter radius is far too small to explain the fading events, as argued by Miszalski et al.
(2011c). Based on the above arguments and my result with a 41% chance of Hen3-1333
being a close-binary, we cannot rule out completely a binary CS of Hen3-1333.

Another possibility is that both of the relatively similar objects in the sample, i.e. Hen2-
113 and Hen3-1333 contain a wide binary CS. It could be that a close binary does not allow
for a disk to form or be stable enough to last. In addition to this, the detection of an
edge-on disk near the CS of Hen2-113 reported by De Marco et al. (2002), together with a
low percentage variability CS for both of the above mentioned objects, gives more evidence

of a wide binary CS.
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Figure 4.3: left: HST image of Hen3-1333 from the PNIC catalogue by Balick (2007). Right: Sketch of
the HST nebula showing the remarkable structures (Chesneau et al. 2006).

4.4 M1-26

4.4.1 Overview

M1-26 is a PN that is comprised of a bright round shell surrounded by many loops and arcs
(Fig. 4.4). M1-26 is believed to be a proto-planetary nebula. The intensity ratio of [OIII]
A5007/Hg is found to be ~ 0.1 in 1968-70 by Vorontsov-Veliaminov et al. (1975) and later
in 1977-78 it was found to be ~ 0.4 by Kohoutek & Martin (1981). Interestingly, this PN
seems to have a CS which is in an evolutionary stage, based on the secular increase in the
[OI1]] flux between these two period of times. Such an increase is very likely produced by
an increased excitation in the central star of M1-26 (Hutsemekers & Surdej 1985).

My results shows a ~ 38% probability of its CS being variable. Looking at the overall
aspherical morphology, including filament like structures, one might suggest a possible binary

or merged system.

4.5 PHR1134-5243

4.5.1 Overview

PHR1134-5243 also designated as PMR 2 by Morgan et al. (2001) has a late type [WC]|
central star which is either an intermediate class between [WC9] and [WC10] or more of
a [WC10] class. Based on the CIV 5808/CIII 5696 ratio which is - 0.8 places it nearer
to [WC10|, while the ratio of CIV 5808/CII 4267, which is - 0.13 places it nearer to the
[WC9] class. Its CS differs with others in the sense that it is the earliest of the late [WC|
types to show nitrogen lines in its spectrum. The derived distance according to the absolute

magnitude is 15 kpc which gives a diameter of 2.2 pc, but these numbers are still quite
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Figure 4.4: M1-26 showing multiple loops and arc structures (Sahai et al. 2011).

uncertain as pointed out by (Morgan et al. 2001).

Figure 4.5: TImage of Central star of PHR1134-5243 and the surrounding faint circular nebula. Image
credit: SuperCOSMOS H,, survey (Parker et al. 2005).

RV studies of 10 spectra of this object showed no significant variation in the stellar
velocities and a probability of ~ 35% of variability was obtained via 2. This low probability
would most probably rule out a central binary star of PHR-~1134-5243 for the moment based
on the quality of my data. Higher resolution data are required before any further judgements
can be made regarding the binary status of the CS of PHR1134-5243.

4.6 NGC5315

4.6.1 Overview

NGC5315 is classified as a [WC4] central star by Crowther et al. (1998b). The PN is a
compact one almost spherical (slightly elliptical) and with diameter of ~ 4" (Fig. 4.6). The



4.7 SwStl 69

terminal velocity obtained by Feibelman (1998) via the P Cygni profile is 3600 km s~* and
a temperature of T, = 80000 K. However, Pottasch et al. (2002) obtained a temperature of
66000 K for the CS. The heliocentric radial velocities derived for this object based on the
He I 4471 line was - 12 + 7 km s~! from xcsao and - 51 + 32 km s~! from fxcor. On the
other hand, Peimbert et al. (2004) derived a heliocentric radial velocity of 39 & 0.1 km s—!
based on the same line. The discrepancy might be due to our data quality due to the fact

that I got quite large uncertainties for the RVs for this object.

Figure 4.6: An HST image of NGC5315 showing a rather complex nebular morphology with broken ring
structures (Image credit: NASA, ESA and The Hubble Heritage Team (STScI/AURA)).

4.6.2 Discussion

Based on 8 spectra for this object we found that the RV variability is only ~ 33%. This
is the only object in which xcsao and fxcor outputs showed quite different values for the
stellar RVs. The only difference I can think of between NGC5315 and the other objects
studied is that the stellar emission lines are relatively broader in NGC5315. It might be
that the cross-correlation softwares had difficulties in dealing with the broad stellar lines and
therefore introducing extra errors in the RV. Definitely, higher SNR data and more epochs

are needed to be really able to run a proper cross-correlation analysis on this object.

4.7 SwStl

4.7.1 Overview

The CS of SwStl is classified as [WC9| by both Acker & Neiner (2003a) and Leuenhagen
(1997). The adopted distance by De Marco et al. (2001) to this PN is 2 kpc. The temperature
of the CS is T. 5y < 40000K. Guerrero & De Marco (2013) report variations in the P Cygni

profile. Several CSPNe that have similar stellar and wind properties as those having variable
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P Cygni profiles, do not show much variability (Guerrero & De Marco 2013). According to
my results from only 4 spectra for this object, the CS has ~ 26% chance of being variable,

which is very low and in fact the lowest in my sample.

Figure 4.7: An image of SwSt1 taken from the PNIC catalogue by Balick (2007).

The CS appears to have not changed significantly over the last 100 years. However, De
Marco et al. (2001) suggests that the CS of SwSt1 has recently transited to the AGB and

that the H-deficiency in this object has occurred in the last century.

4.8 Possible explanations

4.8.1 Magnetic fields

Magnetic fields are often overlooked when it comes to global shaping of the PN. Soker (2006)
provides argument with physical demonstration, which explains why large scale magnetic
fields cannot play a dominant role in global shaping of PNe. However, they might still shape
the PN at local physical scales which is much shorter than the PN size itself. Moreover,
Nordhaus & Blackman (2006) argue that the launching and shaping of the outflow could
occur close to the central core and therefore, the action of magnetic fields at large scales
are very less significant. In order that large scale structure are shaped by magnetic fields, it

requires that the magnetic fields act at large scales.

Using the fact that single AGB stars cannot sustain large scale magnetic fields for long
enough to globally shape the PNe (Soker 2006), it requires that the CSPNe are binaries to be
able to explain the more complex PNe shapes. We notice that many nebulae around [WR]
CSPNe show jets and filament like structures which is undoubtedly due to a companion as

mentioned in section 1.5.1 or a combination of a companion and magnetic fields.
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4.8.2 Mergers

One of the other explanation might be that mergers are the main reasons behind producing
these [WR] CSPNe. To complement the latter statement, a recent work by Soker (2013)
describes a merger scenario being a common outcome of the CE evolution of AGB and red
supergiants stars with an envelope to secondary mass ratio of Mey,/Ms > 5 (Men, = mass
of the envelope at the beginning of the CE phase). Ivanova & Podsiadlowski (2003) mention
the types of mergers in a close binary system after the CE, namely the quiet merger, the
moderate merger and the explosive merger. Ivanova & Podsiadlowski (2003) also discuss
that the resulting envelope composition of a given type of merger strongly depends on the
type of merger. It might be that [WR] CSPNe mergers form part of one of these types and
the resultant composition is determined by the compositions of the primary and secondary.
hypothesis

On the other hand, Soker (2013) describes some observations which might be explained

by mergers at the termination of the CE phase which include:
e The core degenerate scenario for Type Ia supernovae (e.g, Sparks & Stecher (1974)).

e R Coronae Borealis stars with a massive expanding shell (e.g, Clayton et al. (2011)).

The bright end of the PN luminosity function (e.g, Ciardullo (2012)).

The formation of single sDB stars (e.g, Geier et al. (2011)).

Ultraluminous core collapse SNe (e.g, Chomiuk et al. (2011)).

Complicated nebular morphologies of PNe. Soker (2013) especially mentions NGC
5189 here which has a [WO1] type CS (e.g, Sabin et al. (2012)).

e Missing long-orbital period post-CE binaries (e.g, Rebassa-Mansergas et al. (2012))

One other phenomenon can be added to the above presented list which is [WR] CSPNe
(Private discussion with Prof. Noam Soker). De Marco & Soker (2002) reviewed the for-
mation of a [WR] CSPN. The argument in De Marco & Soker (2002) is that the main
requirement for any [WC] CS scenario, which is to turn an O-rich AGB star into a C-rich
star and then into a H-deficient post-AGB star (a [WC] CS) in a relatively short period of
time, is extra mixing between the core and envelope material. In this manner, the O-rich
dust is still contained close to the [WC] CS. According to De Marco & Soker (2002) this

sequence can be triggered by two processes,

1. Either, a low mass companion to the AGB star loses angular momentum, enters its

envelope and eventually spirals in.

2. Or, extra mixing of intershell material with the envelope material.

De Marco & Soker (2002) propose the merging of a low mass companion (low mass; higher
chance of merging (De Marco 2009)), 0.001Mg < M5 < 0.1Mg and the core to produce the



72 Review Of Individual Objects & Discussion 4

[WC] CS. The companion enhances mass loss rate, then gets destroyed as its dense material
collides with the core and forms an accretion disk. Similar to the nova scenario of Rosner
et al. (2001), the accretion disk causes extra mixing between the core and envelope turning
the star to a C-rich and the H-deficient, giving the central star a [WC] signature. The best
target to study and subsequently test the binary status via RV variability would probably be
NGC 5189 (Sabin et al. 2012). Future works related to this topic on NGC5189 are discussed

in section 6.

4.8.3 Wide binaries

Nevertheless, another possibility could be that the CS contain a system of three components
where two are very close to each other and the third is a wide binary, for e.g, A 63 (De
Marco 2009). In such a case, we need much better resolution than presented in this thesis
to be able to detect the very small orbital motions for the wider component. It is to be
noted that, a merger hypothesis is being postulated to be responsible for producing these
[WR| CSPNe and there might be other preferred explanations to the [WR| phenomenon in
CSPNe. A better confirmation of the merger hypothesis will be with higher resolution data

and modelling as part of the future work related to this thesis.



Chapter 5

Conclusion

A sample of 7 [WR] CSPNe are studied in this thesis to investigate their binary status via RV
monitoring for the first time. The spectra were gathered mostly in May and June 2012, with
some of them in July 2013 at the SAAO 1.9m Telescope in Sutherland. A cross-correlation
method was used for the analysis as described by Foellmi et al. (2003a) and radial velocity
shifts were computed using the IRAF task xcsao.

None of the CS showed high enough amplitude RV variations for them to be classified
as a close-binary system. Moreover, none of them display a periodic variability in the RV.
However, Hen2-99 could possibly exhibit coherent RV variability and therefore this object
could be tagged as one which needs more in-depth studies in search of a close-binary CS. It
might also be that the RV sensitivity presented in this thesis is not good enough and there
is a need of more epochs to better probe the binary status of Hen2-99.

Still, it can be argued that if there was a close-binary companion in any of the systems,
a high enough RV amplitude would have been detected, given the SNR in the spectra.
Some of the possible explanations of what these systems might be composed of, are given
in section 4.8 of this thesis, where possible factors like magnetic fields, mergers and wide
binaries have been discussed. Mergers might still be the preferred mechanism in producing
these [WR] CSPNe, but it is difficult to prove this statement. The reason is that we do not
know currently what are the features or signatures to look at in these systems if they were
to be produced by mergers.

Moreover, another possibility can be that the systems have very eccentric orbits with
periods of the order of 10 to 20 days and we managed to observe them over a fraction of
the full phase. Therefore, it is essential for the future of this work to have high SNR and
higher resolution data monitored over a longer time period with e.g. the High Resolution
Spectrograph (HRS) on SALT. Higher resolution data would also be useful in case these
systems contain wide binaries, where the companion will have a long orbital period and
better spectral resolution would be required to track the slow kinematics of the orbital
companion.

Undoubtedly, the sample needs to be increased considerably if we want to improve the
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statistics regarding the close-binary fraction of about 10% to 20% and it might be hard to
put constraints on what fraction of these are actually [WR] CSPNe because the latter are
very rare objects.

Several promising objects are available (e.g NGC5189), but they are quite faint and
would need larger telescope data for follow-ups. Furthermore, the RV study of systems
showing jets and filament-like structures (e.g NGC5189), which are believed to be strongly

connected to a binary CS should be pursued.



Chapter 6

Future outlook

6.1 Higher resolution spectra

The objects in my sample are to date not very well constrained as far as the binary properties
are concerned. Spectroscopic analysis and RV monitoring carried out in this thesis can be
used as a first step toward a more in depth [WR]| CSPNe binary search. For a better census
of binaries we undoubtedly rely on bigger samples of [WR]| CSPNe where high resolution
RV monitoring is conducted.

There are two of the very interesting [WR]| CSPN, namely PHR0654-1045 (Hajduk et al.
2010) and NGC 5189 (Sabin et al. 2012), which are thought to be possible binaries. An
extension of this thesis is conducting high resolution RV monitoring of these two objects via
SALT spectroscopy. These are already in the observing queue as part of our 2014 observing

programs and we hope to better constrain their binary status.

6.2 Radio observations

It would be very helpful to observe the objects presented in this thesis at radio wavelengths
to measure the strength of the non-thermal synchrotron emission (e.g, section 1.3.1). A
radio spectral energy distribution (SED) can be fit and depending on the spectral indices
mentioned by, for e.g. Dougherty & Williams (2000), we would be able to infer the type
of radio emission (Thermal, Non-thermal or a combination of both). However, one of the
problems at present is the angular resolution we need to be able to probe the CS of the order
of ~0.3" - 1.0". We rely on VLBI observations of these objects to achieve such resolutions.
Upcoming instruments like MeerKAT would not be able to achieve sub-arcsecond resolution,
but from the spectral index of the SED we would still be able to distinguish non-thermal
from thermal emission even if the [WR] CS is not resolved.

The radio emission from these systems could be a mixture of that of the nebula and
the central star. Therefore, dissociating the central star flux from the nebula could be

another challenge, keeping in mind that the flux from the nebula itself might be a mixture

0]
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of thermal and non-thermal. A 20GHz survey carried out by Chhetri et al. (2013), with
angular resolution of ~ 0.5", contained a total of 33 PNe having a rather flat SED with «
between —0.39 and +1.6. Clearly, the results from this study shows that these are thermal
sources. A follow-up of sources with steeper spectral indices (@ < —0.5) would reveal
non-thermal emission and such detections might suggest interesting phenomena like shocks
between hot fast moving winds from the CS and cooler slow moving gas from the nebula.
These CSs could therefore be tagged and studied more in depth in search of a binary system.

Futhermore, one other advantage of radio observations is that in the case of wide binaries,
they have a greater chance to be detected in the radio simultaneously, whereas in the optical,
high resolution RV studies are needed on different epochs throughout the year(s).

Radio observations would certainly facilitate this survey a lot (for a bigger sample) by
flagging those objects which show non-thermal emission and subsequently carrying out a RV

monitoring especially on the suspected binary candidates.

6.3 X-ray observations

Guerrero (2012) discussed how X-ray observations of [WR] CSPNe can be used in the search
for binaries. The stellar winds in a binary CS can produce shocks and produce shock-heated
plasma. The X-ray emission from such systems is described as hard X-rays, with high
plasma temperatures ~ 107 K. Strong variability on orbital period time scales is observed
in the X-ray emission (Gosset et al. 2009). Kastner et al. (2012) describes that hard X-
ray excess in CSPNe might suggest a binary CS. The Chandra Planetary Nebulae Survey
(ChanPlaNs) is a good tool which can be used for the detection of hard X-ray excess in
these [WR] CSPNe. Kastner et al. (2012) argue that hard X-ray point sources like NGC
7293 and PG 1159 stars might be strong binary candidates in analogy to symbiotic binaries
and cataclysmic variables. Moreover, accretion of material onto a compact object is a very
powerful mechanism to produce hard X-rays (Kastner et al. 2003). These objects can be

studied in the X-ray and a search for stellar wind accretion can be done.

6.4 Modelling

6.4.1 Orbital modelling

Other additional work that can be done in this field is binary orbit modelling as outlined
by Wilson (1979), where binary star velocity curves including effects of eccentricity and
nonsynchronous rotation are computed. A close-binary model for e.g 8 Lyr, V356 Sgr and
U Cep is also mentioned by them. These models can be extended to any close-binary system
(if found via higher resolution data) in the sample presented in this thesis.

If any close-binary system is found in these systems of [WR] CSPNe, orbital modelling
will allow us to find the mass of the components and thereafter understand the nucleosyn-

thetic history of the PNe. Notably, no previous Keplerian mass estimates of [WR| CSPNe
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have been carried out and presented in the literature. Keplerian orbits can be fitted to
any close-binaries found, as described by Joergens et al. (2010), where they derive orbital

solutions for Cha Ha and obtain mass estimates of the binary stars via RV monitoring.

6.4.2 Nebular kinematic modelling

Detailed spatio-kinematical models, e.g Huckvale et al. (2013), could be carried out, mod-
elling the [OITI]5007 A emission line to obtain nebular structure around the [WR| CSPNe.
Additionaly, searching for any kind of bipolar structures in the systems and how aligned are
the nebular shells to the binary orbital inclinations. If they are strongly aligned that would
give a strong indication of binarity (Huckvale et al. 2013). Another similar work by Jones
et al. (2011) shows how the morphologies of PNe can be modelled and see whether the neb-
ular axis of symmetry and the binary orbital plane are perpendicular to each other. Jones
et al. (2011) claim that all the objects in their sample have satisfied this expectation which
implies that the nebula around the CS has been shaped/ejected due to a central binary star

system.
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