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Abstract

Thesis submitted by Amy A. Tyndall for the Degree of DoctorRtfilosophy at The
University of Manchester and entitled: ‘A Study of PlangtBiebulae Possessing Bi-
nary Central Stars’, January 2014.

In this thesis, detailed studies of thre&dient types of binary central stars within
planetary nebulae (bCSPNe) are presented, with the aimvestigating the fects
such a range of binary systems has on the morphology and &iienof the surround-
ing nebulae, as well as discussing what the implicationiigte interaction between
the stars themselves. A close binary, an intermediate ¢hédvilmary, and a compact
binary system are examined.

The close binary PN HaTr 4 is the first system to be studied etailkd spatio-
kinematical analysis and modelling, and it is one of few knaw contain a post-
common envelope (CE) central star system. CE evolutionlievasl to play an impor-
tant role in the shaping of PNe, but the exact nature of thesisoyet to be understood.
High spatial and spectral resolution spectroscopy is ptegealongside deep narrow-
band imagery to derive the three-dimensional morphologpafr 4. The nebula is
found to display an extended ovoid morphology with an enadrequatorial region
consistent with a toroidal waist - a feature believed to pcgl amongst PNe with
post-CE central stars. The nebular symmetry axis is fourlig fperpendicular to the
orbital plane of the central binary, concordant with theaidlat the formation and
evolution of HaTr 4 has been strongly influenced by its céiiraary.

Next, PN LoTr 1 is studied using a combination of spectra amotgmetry, and
is thought to contain an intermediate-period binary céstar system (= 100-1500
d). Here, we confirm the binary nature of the central star ofrLb, consisting of a
K1 Il star and a hot white dwarf (WD). The nebula of LoTr 1 prats a very dterent
morphology than that of other seemingly similar bCSPNe @&siag barium stars,
A70 and WeBo 1 (included in this study for direct comparisomhich may be an
indication of a diference in their mass-transfer episodes. There is no ewdehc
barium enhancement in the K1 Ill companion, but it is shownawe a rotation period
of 6.4 d which is most likely a sign of mass accretion. Such stesy represents a
rare opportunity to further the investigation into the fation of barium stars and
intermediate period, post-asymptotic giant branch (AGB}ams.

Finally, the first analysis of an object from the new POPIPtathlogue of PNe is
presented. Photometry of the central star system of PN @883.5 showed it to be
a compact binary of B 0.1268 d, consisting of a cool M2 V main sequence star and
a hot WD surrounded by a very asymmetric PN. The very shoitabrberiod leads
to the possibility of PN G033:801.5 being a cataclysmic variable candidate, which in
turn leads to the question of whether the visible nebulouenais that of a true PN
or if it is the remnant of an outburst.

Amy A. Tyndall 15
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Introduction

Planetary nebulae (PNe) are regarded as one of the finakstdgeolution for an in-
termediate mass (0.8-8J)Istar. The outer layers of a cool giant are ejected into its
circumstellar environment as it starts the transition t@awhite dwarf (WD), where
the material is ionized to become the optically-visible FNe study of PNe and their
progenitors plays a crucial role towards our understandiripe chemical evolution
of our Galaxy, as metal-abundant matter is returned to tteestellar medium (ISM).
However, before we are able to discuss the bigger implinattbere is much still to
be learned about how PNe evolve to such a state initiallygtims of formation, en-
richment and subsequent morphology by the central starelibevidence to suggest
that binary central stars must exist in a large fraction oePbut how the two stars
interact with each other at both close and intermediateairperiods still warrants
further investigation in itself.

Since the first appearance of the International Ultravigbgtlorer (IUE) satellite
in 1978 and the Infra Red Astronomical Satellite (IRAS) irf839such technology has
allowed the study of PNe and their stellar progenitors atadengths not previously ac-
cessible from ground-based telescopes. This has alloviehamers to look in detail

at properties such as gas density, temperature and chabigadlances of both the PN
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1: INTRODUCTION

and its central star system, thereby opening up an entiesiigative methodology. By
studying the two components in parallel we can begin to itiferfundamental phys-
ical mechanisms at play, and thus greatly improve our utaledéng of the nature of

these beautiful objects.

1.1 A History

1.1.1 Planetary nebulae

The first PN to be seen by the human eye was the ‘Dumbbell nefalém known
as M27 or NGC 6853), discovered by Charles Messier in Julyl16was not until
20 years later that the term ‘planetary nebula’ was coinegibgieering astronomer
William Herschel around 1784, believing they bore a resemt@ to his newly dis-
covered planet, Uranus, when viewed through a small optitescope. Further ob-
servations then led him to believe that PNe were actuallydtesters. However, in
1790 Herschel’s observations of NGC 1514 (shown in Eid. firdjnpted him to re-
assess them as being nebulous objects as it allowed hintliaftethere must be a direct
relationship with the very evident central star at its CIEI_EI:S_CJJ&‘ 1791):

“A most singular phenomenon! A star of about 8th magnitudé waifaint
luminous atmosphere, of circular form, and about 3 minutediameter.
The star is perfectly in the center and the atmosphere is bcatle, faint
and equally throughout that there can be no surmise of itsisbimg of
stars; nor can there be a doubt of the evident connection éetvwhe at-
mosphere and the star. Another star, not much less in bregstand in the

same field as the above, was perfectly free from any such eqope=s’

In 1864, William Huggins observed the ‘Cat’s Eye nebula’ (@16453) where, in-
stead of seeing a strong stellar continuum spectrum withyrabsorption lines as with

previous observations, he instead viewed only a small nuoflemission lines. One in
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Figure 1.1:Composite image of NGC 1514 taken using ALFOSC on the Norgitoal Telescope
with B, V andRfilters. Image credit: Jyri Naranen (University of Helsinki005.

particular appeared much stronger than the others and wad fo be at a wavelength
not attributed to any known element at the time. As such, Imeedkthis mystery ele-
ment ‘Nebulium’ (Huggins & Millei 1864). Further laboratoexperiments conducted
by Russell, Dugan & Stewart (1927) were to indicate that theee of the unknown
emission line was not from Nebulium at all, but rather it was tesult of‘atoms
of known kinds shining under unfamiliar conditionsh the very low gas density of
spacel_Bowen (1928) was the first to reach the conclusionttas this low density
environment that allowed familiar elements, such as nérognd oxygen, the time
required to produce emission lines before they becomesamtlally de-excitated (see
Fig. L2). In the high density molecular environment of BEaratmosphere, this de-
excitation occurs in too short a timescale for these emidanes to ever be observed.
As such, they became known as ‘forbidden lines’, again pagnio the fact the PNe

are mostly made up of rarefied gas and not clusters of stars.
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Figure 1.2: Diagram to show the forbidden transitions of f) and [Nu]. Image taken from

kl(198

9).

1.1.2 Binary stars

||Miche| 176]

7) was the first to suggest that double stars t if)awo stars that ap-

pear close to each other as viewed from Earth - might be palgiattached to each

other, by arguing that the probability of a double star appgeas such purely due to

chance superposition was small. Having observed and gaiedbdouble stars since

1779,

(18

2) first used the term ‘binary’ in desnghiwo objects that are

connected through mutual gravitation:

“If, on the contrary, two stars should really be situated yearear each

other, and at the same time so far insulated as not to be nadliegffected

by the attractions of neighbouring stars, they will then pose a separate

system, and remain united by the bond of their own mutualigtaon

towards each other. This should be called a real double stad any two

stars that are thus mutually connected, form the binaryre@esystem

which we are now to consider”
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By noting changes in the relative positions of a number ofotlsgtars, Herschel

1803) announced that Castor, first discovered as a douwrlastar back as 1678, was

a true binary system; indeed, it has since been discoveeddCidistor actually com-
prisesthreebinary pairs, all connected through mutual gravitation.ddecluded that
some of those he had previously classified must also be bgyastgms, and so went
on to create a new catalogue consisting of 848 binary starshémodern definition,
the term ‘binary star’ now refers to stellar pairs that reechround a common centre
of mass, or ‘barycentre’.

In a simple two-body case:

m, a

r=a =
m+m  1+m/m

(1.1)

wherer is the distance between the centre of the primary star anbatyeentrem s
stellar mass, andis the total separation between the centres of the stars.

Kepler’s third law of planetary motion states:
P? x a3 (1.2)

whereP is the planetary orbital period.

A Newtonian refinement to Kepler’s third law gives:

2
2 Ar 3

T Gmmy) © -2)

whereG is the gravitational constant.

iApplying Newton’s second law of motion (stating that theelecation of a body is directly propor-
tional to, and in the same direction as, the net force actinthe body and inversely proportional to its
massF = ma), and Gravitational lawK = —G[m + mp]/r?), states that each star executes an elliptical
orbit such that at any instance the two stars are on oppaddés sf the centre of mass.
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Figure 1.3:Basic Hertzsprung-Russell diagram, showing the evolatiptrack for a 1 M star. Image
taken from: http/skyserver.sdss.ofdr1/er/astrgstargstars.asp

1.2 PNe Formation

It WaS_Ea.czfa.‘ikl 1971) who first identified AGB stars as being the mairgprotors
of PNe and suggested that they are powered by hydrogen shelh on a carbon-

oxygen (CO) core. The current understanding of the formaifd®Ne stemming from
this work is that they are formed when low-to-intermediatessistars start to transition

from the asymptotic giant branch (AGB) phase to a WD.

1.2.1 The AGB phase

With a single star progenitor, a PN is formed as a 0.8-8skér ascends the AGB as
shown on the Hertzsprung-Russell (HR) diagram in Eigl 1u& © a helium (He)-
shell burning phase very similar to that found on the red tgomanch (RGB). There
is a high chance of observing a lower mass star during thisgtae to their slower

rate of nuclear burning compared to high mass stars. Duhiagarly AGB phase,
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both the stellar radius and mass increase as He-burningsmowe shell around an
inert CO core and moves progressively outwards, which a@solts in an increase in
surface brightness by at least an order of magnitude. Higlass stars{ 3-5 M,) go
through a second ‘dredge-up’ phase, whereby the energyipeddoy the He-burning
shell causes the base of the hydrogen (H)-rich envelopgianeikand cool, causing H-
burning in the shell to ‘switchf®'. At this moment the outer convective area extends
into the H-depleted zone, thereby transporting the resufieoducts of H-burning to
the stellar surface as it reaches the base of the AGB. Lowss stars do not go through
a second dredge-up phase, however, as H-burning rem@icieret and prevents the
outer convective zone from permeating deeper into the 8tars less massive than
8 M, enter the ‘thermally pulsing AGB phase’ (TP-AGB), as withthe extra pressure
generated by the second dredge-up nucleosynthesis, thecontracts to the point
where electron degeneracy pressure allows the star tonrbgerostatic equilibrium.
Above 8 M, at solar metallicity, z= 0.02 (decreasing to 4 Mfor z = 0.001), the
electron degeneracy in the core is no longdtisient to retain equilibrium and the
core begins to collapse. However, neutron degeneracy thaltsrocess and the core
material is rebounded in a Type-Il supernova (SN) explasion

After helium burning ceases the TP-AGB phase starts, maakedte point where
H-burning alone becomes affigient supplier of stellar energy as the star undergoes
a contraction. The star then derives its energy from H fugicathin shell, inside of
which lies the now inactive He. However, for an average C@ awass 0+0.6 M, and
after a period of quiescence (10 000—100 000 yrs) He-burswitzhes on again and
the H-burning ceases — the point at which the burning altesia known as a ‘thermal
pulse’, or a ‘helium shell flash’ (see FigL.4). These strpntsations, which only
last a few thousand years, increase in amplitude and freguenthe star ascends the
AGB, causing material created in the He-burning shell to d@@vectively mixed and
transported past the H-burning shell and into the deep cbirreeH envelope. This is
known as the ‘third dredge-up’. The result is the formatidémio extended envelope

showing a high abundance of He aii@.
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Following the third dredge-up, H-burning switches on agaird He-burning ceases
to repeat the process. This cycle can repeat many timesyiafjdurther nucleosyn-
thesis to occur to produce heavier elements suckMs'®O, and?Ne. In the later
thermal pulses of an intermediate mass AGB star, the reatiide — 2°Mg in the
inter shell region between the H- and He-burning shells (e/litevas synthesied dur-
ing previous H-burning phases) results in the release ofja fiux of neutrons that
become utilised in a slow-neutron capture process (s-psd)dbat manufactures ele-
ments beyond Fe such as Ba, Zr, Y, Sr and Pb (in the case Whgere3.5x10® K).
For lower mass AGB stars, the required neutrons can be sbdiroe the reaction
13C = 160 if T ~ 9x10” K. The presence o°Tc in the atmosphere of AGB stars

LLLLLe__LllLLe_Ma.Lemn_&_B.a.uAvl_lﬂa? Smith & L ambert 1988yovides important ev-

idence that this s-process nucleosynthesis happenssictlly in the star and that it is

not the consequence of pollution during its initial fornoati due to its unstable half-
life of 2x10° yrs.

1.2.2 Envelope ejection

Towards the end of the AGB phase, the stdfenis significant mass loss in the form of a

stellar wind. In single star models, radiation pressurgéh(werhaps some contribution

from acoustic waves or radial pulsations from the cential, Rijpers & HearMQ)
on cool, condensed dust grains in the outer regions of thedzmm. 2007) drives

away matter from the stellar surface, dragging gas withé wufrictional forces. The

result is a total loss of 50%-70% of the initial mass, with asmss rate potentially

as high as 1® M, yr* (Balick & Franki200?). The composition of the material lost
during this process is assumed to be similar to that of thelepe near the termination

of the TP-AGB phase. However, théieiency of such a dust-driven wind has been

guestioned by Woitkel (2006), and indeed it is still not cledwat the exact driving

mechanism behind this AGB mass loss is. Eventually the nusssrhte exceeds the

nuclear burning rate and the stellar envelope becomes etehpldepleted, leaving
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Figure 1.4: Evolutionary tracks from MS to WD phase for stars of initialSMnasses 1 Mand

5 My, ending their lives as 0.6 Mand 0.9 M, remnants respectively (shown here from the end of the
AGB). The 1 M, star experiences a final He-shell flash before reaching thecéting phase. An
observed counterpart, FG Sge (0.64;MBlocker & Schonberndr 1996), is also shown. Image taken
from|Salaris & Cassisl (2005).

behind the remnant CO core. As the star makes this transiti@mass loss rate
decreases to around £, yr-* and wind speeds increase from 10 kmh® 10° km
s1. The hot & 25 000 K) WD ionizes the stellar ejecta to create a PN thatsiblé
across the entire wavelength range, giving rise to various®on line spectra.
Traditional theories of how the enriched, extended enwelispexpelled into the
surrounding ISM mostly pointed to some form of sudden-&acmechanism, in-
cluding recombination-induced dynamical instabilitil&).(sb.utg_ 1967;_Lucy 1967),
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radiation pressur (Faulk1L.L:L)"O' Finzi & Wolf 1971), dape relaxation oscilla-

tions due to thermal instabilities in the core (Smith & Ro8&4), pulsational instabil-
ities (Kutter & Sparks 1974; Wodd 1974; Tuchman, Sack & B 9), or thermal

pulses|(Trimble & Sackmann 1978). However, none of theserite allow for Sii-

cient mass to be expelled to produce such a PN, and, conyaf$eb much is ejected
then the progenitor will evolve too slowly to reach the tenaeres necessary to ionize
the PN before it dissipates_ (Kwak 2002). Even if the PN wasite@ by a sudden-

ejection event, a source of additional pressure is requdir@taintain the expansion of

the nebula and prevent material from falling back onto thered star.l Soker (1996)

calculated that gas pressure is the driving force for exparend the resultant high-
velocity wind would prevent such back-fall of material, laliscovered along with it
that the PN would disperse very quickly. It therefore becoapgarent that some form

of continuous mass loss mechanism is required to repleneshebula.

1.2.3 Interacting winds

The summary of envelope ejection is that PNe are formed asudt i&f the interac-
tion between the slow wind initially expelled from AGB progtr, with a fast wind

stemming from the resultant hot central star (K 2002) oKwPurton & Fitzgerald
.EEL) first put forward the ‘Interacting Stellar Winds’ (A8 theory of nebular shap-

ing, whereby the PN is shaped by a ‘snowplough’ process. ,Hleeeslow wind em-

anating from the remnant AGB stellar envelope is overtakefabter, more tenuous
material, resulting in the compression of the slower maténto a thin, dense shell at
the leading edge of the fast-wind ‘bubble’. This leading edgthen ionized by the

central star and gives us the visible PN. In general, all windhese circumstances are

inherently isotropicl(Balick & Frank 2002) which in theoryowld lead to the forma-

tion of a spherical nebula around the stellar progenitois Todel is nicely confirmed
by such PNe as NGC 3132 and NGC 6826, which show mostly roumghotiogies.

Despite strong observational evidence for the existendeN& stemming from a
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single star progenitor (e.g__I:Ia.bHJg_J_B%), there was siillear mechanism that would

explain how a lone AGB star would produce the observ88% of PNe that actually

show non-spherical, highly complex, axisymmetric str Parker et 06), as

well as microstructures, as the ISW model alone cannot axptaw this occurs from

what is initially a spherically-symmetric mass loss (SokdRege\ _199J8). The most
abundant cases of non-spherical PNe are those that arahipshape (e.g. NGC 2346
and NGC 6302), defined as those that possess two axisymridtes on opposing

sides of the central star and some form of equatorial ‘waiBtiscoveries of proto-

planetary nebulae (pPNe) with bipolar structures (e.g. AR688, Latter et & 194)3;
IRAS 17150-3224 and IRAS 17441-24.@1;_91996) sagtat the transfor-
mation to this bipolar shape occurs soon after the end of (BB ‘LKwok eta 199|6;

hang & Kwoki1998)! Balickl(1987 Ic<e=_(:l_9|88), alld_M.eLI.ema:_Ea.m 1995) car-

ried out several observations to confirm the theor t (1983) that

if the circumstellar envelope is initially disc-like (i.gaf there is a dense equatorial
enhancement), then the fast and slow winds of the ISW modebeadeflected to-
wards a polar axis to form a pair of expanding bubbles; oneimgoautwards into the
surrounding circumstellar material and the other movinggairds towards the slow, di-
luted stellar wind to give rise to highly bipolar shapes.sTihien became known as the
‘Generalised Interacting Stellar Winds’ (GISW) model as ginocess could be gener-
alised to account for many types of aspherical nebulad, &ilwith the original ISW
model, the GISW was proved to be an inadequate mechanisns owit; the origin
of the initial discs could not be inferred from it, and higleeder structures (such as
multiple, axisymmetric lobe pairs) still could not be pretéd either.

Alternative theories put forward to explain the non-homugjty were:

¢ Intrinsic asymmetric density profile / wind instabilities — these asymmetries
in the AGB wind, first discussed | ;L(_’I_@’J85a), haverbshown to
beamplifiedby the ISW model, but not be responsible for it (Kwok 2002).

e Rapid rotation — if the central star is rapidly rotating, then conservatban-
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ular momentum requires the isotropy of the slower stelliadwo break down

E|:|_end_&Abb_o_t|tI_19_8l5 Poe & Frie ld_19|86). However, the rataél speeds re-

quired for this to be the case would in all likelihood breakthe entire system

Bond & Liviol[1990).

e Magnetic fields— the discovery of the presence of magnetic fields withinisdve

AGB stars (e.d. Etoka & Diamond 2004) and even within some fPimselves

.J_O.Lda.n.JALeLn.aL&Q’_'LQAle_EJS) has led some to believe tiettis a dynamo

effect at play that can create fields strong enough to shape tfievasirespon-

sible for the formation of bipolar nebuIaLL(.B.Ia.kaa.n_f L&]QJZ). However, it
has been shown that large magnetic fields carry angular ntomeswvay from
the stellar envelope on a timescale much shorter than tleatada stellar wind,

with the result being that the star is spun down and the magfield, powered

by stellar rotation, is drained_(Soker 2 lG__N_o.thﬁ.us_&_Blnml\[ZO_QLS)

Many bipolar PNe are also ‘point-symmetric’, in that for bauicrostructure a

similar one appears on the opposing side of the nebula. Bearnmzlude:

e Knots — otherwise known as ‘Fast, Low lonization Emission Regi¢REIERS),

so named as velocities are high compared to the circumsitedgerial through

which it travels |(Balick et al. 1993). Often found in pairs opposing sides of
the nebula (see Fif_1.5).

e Jets— found in about half of all PNe_(Goncalves, Corradi & Mam E,Q@;{),

jets ‘connect’ opposing knot structures pointing to thesedice of a collimation

effect directly from the central star. They are believed to bméxd between the
end of the AGB slow wind formation and the beginning of the famd phase
Soker & Livial1994; see Fid._11.6).

The most obvious mechanism for such collimated outflows tsedion. Two

other possible explanations for why these outflows showe lagoreferred axis

are stellar rotation aridr magnetic fieldsl.(Balick & Frank 2002), and indeed
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models have been successful in reproducing outflows vigethesthods for a
single star progenitor. However, in reality the angular reainm needed for
the rotation is exceedingly great, and the magnetic fieldrihbas been argued
against as mentioned earlier in this section. As such, itdeagded that another

entity was required to supply the excess angular momentguiresl for rotation

to create collimation féects (Zuckerman & Gatley 19|88) which in turn lead to

the complex and varied structures of PNe.

e Concentric rings/arcs— currently, there are 12 PNe that have been observation-
ally shown to possess concentric rings (see[Eld. 1.7). Goetaal. ﬂlOJﬁl) state

that they should not to be treated as separate entities gpsathdn fact mul-

tiple shock edges (discussed in the ISW model) as seen pgdjatthe plane
of the sky, i.e. they are density variations that are reddyievenly spaced and
surround a structured inner PNe. Since these rings are dirantelarger than
the nucleus it gives rise to the possibility that they weresagically ejected
early on in the life of the PN — a result of the slow AGB wind (Bb& Livio:

1990). The brighter nucleus could represent rapid masstihatsoccurred at

the tip of the AGB. This leads to the question as to whethdlastmass loss
somehow abruptly changes from something isotropic to seimgtmore com-
plex during the AGB phase, in order for the progenitor to ganfrcreating

concentric rings to creating the nebula we see today. HessiBchanisms

for their formation, as mentioned ly Corradi et al. (2004% magnetic activ-
ity cycles (Soker & Rappap 00; Garcia-Segura, L opeza&o 2001), in-

nd stellar os-

stabilities in dust-driven winds_(Simis, Icke & Domi 0 a
cillations (Van Horn et dl. 2003; Zijlstra, Bedding & Mat2002; Soker 2004).

|M.a$lr_0.d.em.0$_&_M.Q|:|:s_(_'I.9_$9) also argue that the rings cotilgimate from spi-

ral wakes produced by binary companions in circular orlaitg] the predicted

frequency of such companions_(Yungelson, Tutukov & iLLi_cQ_J.}a seems in

rough accordance with observations.
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Figure 1.5:HST image of NGC 6826 displaying knot-like structures atagipg ends of the nebula.
Image taken from the Hubble archive.

Figure 1.6:VLT-FORS2 image of PN Fleming 1 (Fg 1) displaying jet-likeusttures. Image credit:
Henri Baffin (ESO).

Once again, a new theory was required to account for thesmsiriactures that
neither the ISW or the GISW could predict. It was in 1990 thah® & Livio started
to build on the theory that it is in fact binary interactioasd not single star interactions
as previously modelled until then, that would help us to deser to an explanation.

What is mainly required is some factor that allows the exibacf angular momentum
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Figure 1.7:HST image of the Cat’s Eye nebula, NGC 6543, displaying mamgentric rings. Image
taken from the Hubble archive. Image credit: NASA, ESA, HE#Dd The Hubble Heritage Team
(STSC/AURA)

and mass from the system to drive PN formation, and this ieénférm of a binary

star system.

1.3 Binary star systems within PNe

Itis believed that about 30—40% of field stars are membermafpsystems (Parker etlal.

006;Jacoby et &l. 20110). Such binary stars can form thrdugle possible channels:

1. During star formation — either the protostellar disc fragments with an ex-

cess of angular momentum and in the absence of a substamigadetic field

[L.2008), or the two stars form independentlydiose together

and are then gravitationally bound by one of the two (muct likely) processes

below.

2. Tidal capture — one star has a close encounter with another, causing a tidal

dissipation of energy to form a gravitationally bound pair.

3. Three-body interaction — a triple encounter occurs, with one star being ejected

and removing excess kinetic energy to allow the other twetoain bound.
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1.3.1 Common envelope evolution

Where a PN formed from the model of a single red giant is thaéltreslosing envelope
mass into the surrounding ISM as mentioned in §ec11.2.2yse ddinary core would
form a PN by ejection of a ‘common envelope’ (CE). A close byjnsystem can be

defined as such if one of the two stars has or will expand to ¢live pvhere it fills its

‘Roche lobe’ and begins to transfer matter onto the compeasa resul Ivio

1993). The Roche lobes are regions of space around eaclhatatefine how matter

is gravitationally bound to the star. Material within thedRe lobe is gravitationally
bound to it, whilst any that falls outside is not and may b&dfarred to the binary
companion.

The dfective Roche lobe radius is mainly dependent on the ortefadustion and

the mass ratia (Eggleton 1983), and this dependency is tydine equation:

_ 049073 v a
0.6 23+ In(1 + /3)

R (1.4)

whereR is the Roche lobe radius, is the mass ratidvl;/M,, " anda is the orbital
separation between the two stars (i.e. the semi-major &xiesystem).

As one moves further from the centre of the star, tidal fofoes the companion
cause the lobes to be elongated parallel to the axis linkiegtwo stellar cores to
create a teardrop shape — the greater the percentage of Rbehthat is filled (also
known as the ‘Roche lobe filling factor’), the greater theadefation. Once a star
has expanded fiiciently to fill its Roche lobe (i.e. it has reached its Rochdiug), it
begins to transfer mass onto the companion via the inneraloaggn point, L1 — the
point of gravitational equipotential where the two teapishaped Roche lobes meet
that allows matter to flow freely from one star to the othee(b&g.[1.3]). This is
known as ‘Roche lobe overflow’ (RLOF).

When the transfer rate reaches a level beyond what the caompean thermally

adjust to, accretion of matter simply cannot happen fastigh@nd the accreting star

"R1=> M1/Mj, andR => My/M;
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Figure 1.8:Figure to show Roche lobe geometry with Lagrangian pointsthB 3D representation
and the resultant 2D map are shown. Image credit: Marc vaSldgs (2006)

deviates from thermal equilibrium, expands and becomeslawa@nous. This is re-
ferred to as an unstable mass transfer from the donor staeraéy resulting in the
Roche lobe of the companion filling up and overflowing to ceeCE which encom-
passes both of the stdts While the relative size of the two Roche lobes is dependent
on the mass ratio of the two stars, the absolute size scalbdwth the stellar separa-
tion and the Roche lobe filling factor; for example, if theteys has a fixed mass ratio
and absolute stellar size in a close system, then the stardilinineir Roche lobes
with a high level of deformation to the teardrop shape. Ifdtea's in the binary sys-
tem are not very massive (given their evolutionary phaseatrhoment and assuming
thermal equilibrium), or if the orbital separation is toodeifor the given stellar pa-
rameters, it will remain as a ‘detached’ system as neittanil fill its Roche lobe

— that is, no mass transfer between the primary and secomdiigccur in the form

il However, there are some exceptions to this as not all irtiegabinaries go through a CE phase
e.g., Algol-type binaries.

Amy A. Tyndall 49



1: INTRODUCTION

of RLOF. However, mass transfer by wind accretion may stilo (see Se€1.3.2).
If one star fills its Roche lobe and begins to accrete matentd the companion, then
it is noted as a ‘semi-detached’ system. A ‘contact’ bingtstem is where both stars
fill their Roche lobes and are so close that they actuallyh@idhe L1 point. When

both stars fill their Roche lobes to form a CE, this s referpeds an ‘over-contact’, or
‘interacting’ binary system.

The diference in angular velocity between the orbital motion oftthe stars and
the CE cause drag forces which decrease the orbital velantyresults in the two
stars spiraling in towards each other, thus greatly reduttieir orbit from a period
of tens of years (due to initially being a red giant or AGB stath a diameter of
hundreds of solar radii, R greatly exceeding the observed orbital separation) teeho
that only take a couple of days (the diameter of the progeni& the resultant WD, is
reduced to a few tenths of JR Frictional and tidal forces generally cause the binary
orbits to circularise — the smaller the orbital separattbe,shorter the circularisation
timescale. Orbital angular momentum is transferred to tBevthich in turn spins up
and is ejected. The result is a close binary system surralipgéhe ionized PN (see
Fig.[131).

Bond & Livia (1990) state that if the primary star is a firstggared giant then

merging of the two stars is likely, unless the companionidyfanassive. If envelope
ejection occurs during the RGB phase it will preferentidily in the binary orbital
plane, resulting in a high density contrast of material leetwthe polar and equatorial
regions and therefore a brighter nebula. If the primary i®\&®B star, however, it is

far less likely that the two will merge into a single star ahd PN density contrast

will be much lower, resulting in a less bright, but largerpuka (Soker 2006). The

shaping is then determined by the I8BVSW wind theories (see Sdc. 112.3). In order

to fully confirm that a particular nebular morphology is dilg related to binarity, it
is important that one also gains a complete picture of théraestar system as well
as the surrounding PN to eliminate any uncertainty. The RiNnsgtry axis is always

perpendicular to the orbital plane of the central binarytesysin CE models, and if
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Figure 1.9:Example of CE formation in a close binary system. (a) A giaat and its companion
are gravitationally bound. The small mass ratio causesahfiion to their Roche lobes. (b) As the PN
progenitor ascends the AGB, it fills its Roche lobe. (c) Atioreof matter from the progenitor onto
the companion causes the companion to also fill its Roche I@)eThe result is the ejection of a CE
surrounding the progenitor, now a WD, and its companion.T(e) two stars spiral in towards each
other as orbital angular momentum is transferred to the @&siog the orbital period of the system to
decrease. The result is a close binary within a PN. Imagetcililip Davis (thesis, 2009)

the nebular inclination can be shown to be consistent wighitielination of the bi-
nary then it provides strong evidence for binary-induceapsig. However, imaging
is insuficient to determine this on its own due to a degeneracy bet®Bnclination

and morphology, e.g. when the symmetry axis of a bipolar lzeisualigned perpen-

dicular to the plane of the sky, it makes the nebula appeasrggah (Kwoki201D). If

the nebular morphology is classified incorrectly then tteetion of aspherical PNe
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possessing a binary core will also end up being inaccuratettas information is al-
ready exceedingly limited for wider binaries due to lack bfervations partly as a
result of some of the detection biases that will be discugsetbc.[T.3 K. Longslit
spectroscopy focusing onaH [N n]16584 A and [Qu] 15007 A emission can be used
to acquire spatially-resolved velocity maps of the couostit parts of the nebula in or-
der to recover the ‘missing’ third dimension of the morplgyl@ne cannot gain from
imagery alone.

To date, there have been 47 PNe detected that possess aidasedentral star
system (listed in Tal._T.3.1 below), with almost half of ghésving been discovered

from the Optical Gravitational Lensing Experiment (OGLEN&y (Miszalski et al.

2009a). Of the approximately 3000 known PNe in our Galaxy vew of these have

had their central star systems studied in detail to detexmivinarity is present (of any
orbital separation), and so it is vital that the search ferdgbnnection continues. It can
be seen in Talh—1.3.1 that there is quite a wide spread in tieetdd periods of these
systems, e.g. NGC 2346 has a period of 15.99 d, whilst A41 pesiad of 0.113 d.
Not only are binary detections and analyses hampered bygg®lection ffects, but
the current knowledge of the CE phase is still not completaigh to predict, let alone
fully understand, the orbital period distribution for atobinary systems. It should
be noted that both PHR J1804-2913 (6.66 d) and PHR J1744@38%) are not
fully confirmed as being true close binaries Miszalski e{2011b) , with PHR J1804

appearing to show the rotational period of a red giant (nrgrthat it could possibly
still be a binary, but through mass accretion rather thaniigon), and PHR J1744
may consist of two unrelated stars that have yet to be cordimsesuch (B. Miszalski,

private communication).
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Table 1.1:PNe with known close binary central stars (post-CE sys-
tems). Binary class definitions are as follows=Eclipsing, e= ellip-
soidal variation, I= irradiation dfects, S1= single-lined spectroscopic

binarﬁ, S2= double-lined spectroscopic binary. Table reproducedih pa

from 6) and B. Miszalski (private communicajio

PN G Name RA Dec Binary | Period | Reference
class | (d)
136.3+05.5 HFG 1 030347.0 | +645435 | |,S2 0.582 | |Grauer et dl..(1987),
cker & Stenholm|(1990),

IExter et al.|(2005)
215.6+03.6 NGC 2346 0709225 |-004824 | S1 15.99 IM.e.n.d.ez_&_NJ.em.e_ (1981)
253.5+10.7 K1-2 085745.9 | -285736 | I,S1 0.676 | [Kohoutek & Schnuirl(1982),

Exter, Pollacco & Belll(2003)
283.9+09.7 DS1 1054 40.6 | -484703 || 0.357 | Drilling! (1985),

Kilkenny, Spencer Jones & Mare

g (1

Bond (200D)
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Table[130l continued...

144.8+65.8 BE UMa 1157448 | +485619 | E 2.29 Liebert et al.|(1995),

XAL0.0.d._RQ.b.iIISQD_&Zha.J!g_@S),

Eengmn_er_:lul (1999)
329.0+01.9 Sp1l 1551409 | -513128 || 2.91 Bond & Livio (1990),

|M.énd.ez.e].al._(.’|_9_zis8) .
222.8-04.2 PM 1-23 06 54 13.43 -104538.2| e 0.31 Hajduk, Zijlstra & Gesicki (20_’]]0)
341.6+13.7 NGC 6026 160121.1 |-343237 |E,S1 |0.528 | Hillwig/(2004),

Hillwig et all (201
355.2-03.6 HaTr 4 164500.2 | -511220 || 1.74 Bond & Livio (1990),

Tyndall et al. (20112)
009.6+10.5 A4l 1729020 | -151304 |e,S2 | 0.113 ||Grauer & Bond|(1983)
349.3-01.1 NGC 6337 1722 15.7 | -382903 | | 0.173 | Hillwigl(2004),

Hillwig et all (2010)
055.4+16.0 A46 183118.3 | +2656 13 | E,1,S2| 0.472 | Bond (1985)

EO.IJ.&C.CQ.&.B.&‘I ,JQQJZI)
005.1-08.9 Hf 2-2 1831309 | -284320 || 0.399 | Bond (2000),

Lutz et al. (2010)
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Table[I30l continued...
053.8-03.0 AB3 1942104 | +170514 | 1,S2 0.456 | Bond, Liller & Mannery (1978),

Eaua.cm_&_Bﬂll 1998)
017.3-21.9 AB5 194634.2 | -230813 | E ~1 Bond (2000),

IWaIsh J. R. and Walton, N.IA. (1996)
359.1-02.3 M 3-16 175246.0 | -304934 | E,e 0.574 lML'iLa.I.s.kJ_eLa .1(2008a)
357.6-03.3 H 2-29 175316.8 | -324039 0.244 lML'iLa.I.s.kJ_eLa (2008a)
000.2-01.9 M 2-19 1753 45.6 | -29 43 46 0.670 lML'iLa.I.s.kJ_eLa .1(2008a)

M 1-34 180122.2 | -331743 | E - IMISLa.I.S.kJ_eLa (2008b)
003.1-02.1 PHR J1801-2718 1801 24.4 | -271809 || 0.322 IM.ISZa.l.S.kJ_eLa (2008b)
001.8-03.7 PHR J1804-2913 1804 28.5 | -291357 | | 6.660 lML'iLa.I.s.kJ_eLa .1(2008b)
004.0-02.6 PHR J1804-2645 1804 59.5 | -264517 | E 0.625 IM.ISZa.l.S.kJ_eLa .1(2008Db)
355.6-02.3 PHR J1744-3355 1744279 | -335520 || 8.234 lML'iLa.I.s.kJ_eLa .1(2008b)
355.3-03.2 PPA 1747-3435 | 174708.3 | -343543 | | 0.225 !Mﬁzajskj_ej_a .1(2009a)
354.5-03.9 Sab 41 1748 16.3 | -353831 | | 0.297 M&za]s.kLeLa (2009a)
359.5-01.2 JaST 66 17 4922.2 | -2959 27 0.276 M&za]s.kLeLa (2009a)
000.6-01.3 Bl 3-15 1752 35.9 | -29 06 39 0.270 IM.Lsza.IS.kJ_eLa (2009a)
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Table[IT31 continued...
358.7-03.0 K 6-34 1754411 | -313143 | E,|I 0.393 IMLszajskj_el_a] (2009a)
357.0-04.4 PHR 1756-3342 | 1756 39.5 | -334231 || 0.266 IMLszajskj_el_a] (2009a)
001.8-02.0 PHR 1757-2824 | 1757 42.2 | -282407 | E, | 0.799 IMLszajskj_el_a] (2009a)
001.2-02.6 PHR 1759-2915 | 175902.8 | -291501 1.103 IMlszajskj_el_a] (2009a)
000.5-03.1 MPA J1759-3007| 17 59 15.6 | -30 02 47 0.503 IMlszajskj_el_a] (2009a)
001.9-02.5 PPA 1759-2834 | 175952.6 | -283447 || 0.305 IMLszajskj_el_a] (2009a)
000.9-03.3 PHR 1801-2947 | 1801 13.4 | -294700 || 0.316 lMJszajskj_el_a] (2009a)
005.6+03.0 Pe 1-9 174536.9 | -230227 | E 0.14 IMlszajskj_el_a] (2009a)
355.7-03.0 Hen 2-283 1747 49.39 -340805 | | 1.13 IM.ISLa.I.S.kJ_el_aj (2009a)
357.1-05.3 BMP 1800-3407 | 1800 26.5 | -340749 | E,| 0.14 IMisza.LikJ_eLa] (2009a)
338.1-08.3 NGC 6326 172046.3 | -514515 || 0.372 IMisza.LikJ_eLa] (2011c)
034.5-06.7 NGC 6778 1918249 | -013547 || 0.1534 IMisza.LikJ_eLa] (2011c)
054.2-03.4 The Necklace 194359.5 | +170900 || 1.161 CQ.LLa.d.LeLai (2011),
|MJ$Za.|5.KLeLa] (2012)

068.1+11.0 Ethos 1 1916315 | +36 0947 | | 0.535 IMlszajskj_el_a] (2011a)
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Table[I30l continued...
135.9+55.9 SBS 1158599A | 115324.7 | +593957 | e, S 0.163 | Tovmassian et al. (2004),
Tovmassian et all (20 .O)
049.4+02.4 Hen 2-428 191305.2 | +154639 | E,e 0.176 | Santander-Garcia et alL_(Z()ll)
Hen 2-11 083708.0 | -392505 || 0.610 |Jones etall (20 4)
290.5+07.9 Fleming 1 112836.20| -5256 04 | S1 1.19 Boffin et a ,Z(ILZIb)
N/A GK Per 033111.8 | 435417 S1 2 B_o.de_el_ai (1987)
N/A V 458 \Wul 033111.8 | 435417 S1 0.068 | [Rodriguez-Gil et all(2010)
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1.3.2 Wind accretion scenario

If the mass ratio of the primary and secondary stars is sialiifl, < 1) or their orbital
separation is great, a binary system will not undergo CEut\ai but instead the
mass is transferred from the primary star to the companiafwind accretion’. Here,
the wind emanating from the AGB star is captured by a MS congpariorming an
accretion disc. However, the system always remains defagtie both stars avoiding
RLOF. By avoiding the CE phase, the stars will not have the tdgangular momentum
and so will not spiral into a close binary orbit, resultingimintermediate period binary
systempP = 100-1500 d.

Models involving RLOF were used not only to describe the C&wion of close

binary systems, but also in the formation of barium (Ba)sstdBa stars are G or K

type giants that display an overabundance of s-processealsnfirst discussed by

n(19%51) who noted a group of stars with gfrepectral lines cor-

responding in particular to barium at 4554A, but alsa 86 well as CH, CN and £
bands. However, there was no viable explanation as to hoattberved G and K type
giants could be classified as Ba stars when their evolutyostate would not be high

enough to undergo the necessary nucleosynthesis to formeteiments. It was sub-

sequently identified that all Ba stars are in fact membersrarly systems e
1983; McClure & Woodsworin 1990), and Bm & Jorissen!(1988) determined that a

wind accretion scenario provides a good explanation aswothese overabundances
occurred, alongside why Ba stars were often detected altmgs/VD companion. In
the wind accretion scenario, the stellar wind emanatinghftbe AGB progenitor is
accreted onto its MS companion. The companion becomestedilby the wind that
has been enriched with the s-process elements generategd the third dredge-up
phase (see Selc. 1.P.1), the result being a PN with a WD core gireht companion
that has retained the chemical peculiarities it acquirethenMS. This scenario also
allows the binary orbit to retain its eccentricity (as iseoftfound with barium stars),

which the CE evolution does not. Typically, RLOF is too dyneaily unstable for
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a MS star to accrete without forming a contact system, anddvasult in the for-
mation of a degenerate system such as a cataclysmic variahéefact that Ba stars
are not found within such systems provides more evidencapgpat wind accretion

over RLOF and that the process must have occurred beforeothpamion ascended

the AGB ' 1992). It has also been shown that the level of pollution

is dependent on the orbital separation, with higher aburetanf Ba being found in

those stars in closer orbits compared to those in wider sys{Bdtin & Zacs 199|4).

1.3.3 Detecting binary systems

There are four main types of binary system, each requirsgwtn methods for both

detection and subsequent analysis:

¢ Visual binaries — binaries which can be visually resolved into their constiit
components. They tend to possess large separations witdpeanging from
tens to hundreds of years, and as such their orbital vedgditie too small to be
measured spectroscopically (therefore neither can thalreelocity be deter-

mined). The main survey for spatially resolved binariesNeRvas carried out

by Giardullo et al. (1999).

e Astrometric binaries — the presence of a companion star is inferred by precise

measurements of change in stellar position over a periodn, tdetected by
a ‘wobble’ in its proper motion. Here, the companion may hauew surface
brightness that is obscured by the higher surface brightoEthe observable
star, or the companion may be e.g. a neutron star of lowemasity. Examples
of astrometric binaries include GJ 802AB that has a likebwor dwarf compan-
ion (Pravdo, Shaklan & Lloyd 2005; Lloyd etlal. 2006; Irelastdal.l 2008), and
Sirius AB (Bessel 1844; van Albada-van lﬁn_1977' LiebeHl2P005).

e Spectroscopic binaries- detected through a periodic shift in the position of the

spectral lines of the two stellar components due to the Dopgfect. Here,
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the spectral lines of each component shift towards the Hubey approach the
observer, then towards the red as they recede away durimgtbhés about the
common centre of mass. In these systems, the separatioedretive stars is
usually very small (and so are unresolvable visually) and essult the orbital
velocity is very high. Measuring the Doppler shift as a fumetof time allows
us to plot a curve of the radial velocity, and from this theitadlperiod of the
system can be determined. In a circular orbit, the resuttanve is a sine curve;
however, since the orbits in a binary are often highly altgit the shape of the
curve depends on both the eccentricity of the ellipse andnttieation of the
binary plane to the line of sight. If the orbit of the systerpépendicular to the
line of sight, then no spectroscopic shift or radial velp@an be determined.
The inclination of the orbital plane cannot be inferred frepectroscopy, and
so only the stellar mass ratio can be determined from dolire-spectroscopic

binaries (where spectral lines from both stars can be ified}i

e Eclipsing binaries — detected through periodic variations in the observed ligh
emanating from the system, as one star passes in front oftliee during its
orbit - the smaller the orbit, the greater the chance of dieigan eclipse. The
inclination of the orbital plane of the binary can be asdeed from the resultant
light curve, and must be close to 90° to the line of sight ineorfdr an eclipse
to occur. The shape of the light curve, in conjunction witlowing the radial
velocity components, allows for the determination of thedlat mass ratio, radii

and dfective temperatures of the system.

As such, a short summary of the detection methods for thesbtypes is as

follows:

e Direct CCD imaging — possible for resolvable binaries in wider orbits. Direct

imaging can also reveal photometric variability.

e Composite spectra— spectrum contains signatures of two stars. An optically-

faint hot star has cooler component (as is the case for LoTsde-Chaptdn 4).
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e Photometric variability — periodic light variability due to either one star eclips-
ing the other, irradiationféects (where the central star heats the companion as
it rotates), or ellipsoidal variations (where the comparegpands and contracts
due to gravitationalfects caused by the primary). This method is used for short
period binaries, as theséfects occur when the two stars are eclipsing/and
when there is a small orbital separation (as is the case fde@38.8-01.5 — see
Chaptefb).

¢ Radial velocity variations — tracing of the orbital motions of the stars about a
common centre of mass towards and away from the observestéatdDoppler

shifting through changes in the stellar spectra. Used fag fmeriod binaries.

1.3.4 The binary fraction and associated biases

The central stars of PNe tend to be very faint and often ong lagfew, broad absorp-
tion lines that are often contaminated by emission linemftbe nebula itself. Sur-
veys based on photometric variability tend to be biasednasgaiide binaries within
PNe due to the fact that as orbital separations increaseljation éfects, ellipsoidal

variability and the chances of an eclipse become drasticadluced and therefore de-

tection is much less likelyl_Bohd (2000) believes this to be teason why all the
binaries detected within his survey had periods smaller #ad, and concludes that

the observed binary fraction of 10-15% should in fact betéetas a lower limit due

to being inclusive only of close binary systenis Miq7aISMI=,M) calculated

the close binary fraction within PNe to be in the region of 2%, not that much

higher than what Bond predicted. Miszalski et al. (2009aentationally confirmed

the prediction olLQe_M.aLCQ__HilhALig_&_S.mik (2008) from irraation models that vari-

ability surveys should be biased against systems of peoieels-2 weeks (i.e. systems

with periods up to this value should theoretically have bateserved), concluding that
either the detection bias is large, or that the productiobinéries with such peri-
ods through CE interaction is truly rare (see $ec1.3.1a@bdvcomparison with MS
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stars gives a close binary fraction of 5-7% at similar sejars.(Duguennoy & Mayor
1991; Raghavan et LL| 2010; De Marco et al. 2013).

Radial velocity surveys should show a similar binary fraictio photometric vari-
ability surveys. However, wind variability causes a biagha results as it can give
the appearance of a spectroscopic line shift in the speaitaone would normally

attribute to radial velocityféects. This is particularly common for those PNe that pos-

w

sess a luminous central star (De Marco et al. 2 5). Itis therefore
exceedingly dficult to detect all but the most extreme CSPNe, and so intafgi
dimmer central stars would have to be targeted to use thieadeds the wind will
have subsided, thus giving rise to a selection bias in tha fafrstellar luminosity.

The implication from this is that up to 88% of all asphericiléPhave to be ex-

plained by a mechanism other than a binary-induced CE irr:tiera}\De March 2009).

Some PN may have been shaped by a CE interaction that resuliederger, or from
an interaction with a wider binary companion that avoidezl @t phase entirely (see
Sec[T1.3P). With regards to the latter, 30% of post-AGBss#ae spectroscopic bina-
ries with periods between 100-1500 d, and assuming thabsitAGB stars observed
will form a PN, then~30% of all CSPNe should be binaries with periods in that range
This would mean that the short-to-intermediate period fyirieaction is actually at
least 42-61% — much higher than the observed fraction.

The detected companions in such surveys are mainly MS siesause WDs
are optically faint, they are often overlooked unless olm@rns are also taken that
would allow the detection of a UV excess that would point soekistence. The WD
binary fraction of 30-40% is in line with the assumption thdtWDs are derived

from an initial mass range of 0.8-8Jvand therefore is a true reflection of the MS

binary fraction [(Douchin et 13). Giant stars in binaygtems undergo a more

rapid evolution, and so the chances of detecting such a compaompared to a MS
star are greatly reduced. The detection of close binargsllidrequires bright central
stars and faint nebulae, which could in principle be founslyistems where the central

star evolves much slower than the surrounding nebula,heenebula has had time
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to expand whilst the star remains relatively cool. This cib® favours low mass
CSPNe, leading to a bias against those that are more massoveever, if the mass
of the remnant is too low, as would be the case if the star edoiwo rapidly early on
the AGB, it will evolve too slowly to ionize the PN before ithhaompletely dispersed.

Indeed, this could explain why some post-AGB binaries ateaded without a PN

ijlstra|2007). If a post-AGB binary is observed within a AtNs highly likely that it
is not the result of a CE interaction, as implied by their etge orbits.

In theory, the most féective way to detect companions would be to use near-IR
excess surveys since they can be detected at arbitraryncksta However, the bias
here lies with the fact that the central AGB stars are veryihams, appear bright
across the spectrum and are surrounded by dusty envelop&s)gnt very dtficult

OIDS__(_;/ 0Post-AGB binaries in

to directly detect any fainter, cooler compani

very wide systems also tend to not have detectable compaamtheir luminosity is

too great! De Marco et al. (2013) recently determined a lifraction of 30% in the
I-band for a sample of 27 CSPNe, and 54% in J-band for a sample GSPNe. This
fraction is in line with that of Frew & Parkel (2007) who st@t®2-58%. However,

this fraction cannot account for late M companions as theyt@w faint to be detected
in the near-IR regime, while it might include objects too wi have influenced PN
shaping. The survey also does not account for resolvedibsawrhich are instead
absorbed into the MS binary fractiCJn_(.DQ.u.thn_e al. 2013Kkifg this into account,
D_e_Ma.LCQ_eLJI. (2013) predict a debiased binary fraction@®¥I00% for aspherical

CSPNe; however, there is still a large uncertainty on thigesdue to the use of small

number statistics.
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1.4 This thesis

For this thesis, | am initially going to be presenting a spsttopic study of the mor-
phology and kinematics of a known short period bCSPN, HaTwith the aim of
confirming that the binary has played a role in its shapings Wil be followed by the
spectroscopic analysis of a suspected intermediate pe@&PN, LoTr 1, in compar-
ison to two other known, kinematically similar PNe (Abell Z8d WeBo 1) with the
aim of determining whether it possesses a Ba star and howffhigs our understand-
ing of mass transfer mechanisms. Finally, the photometratysis of a PN from the
Paranal Observatory Project for Imaging Planetary Neb(RP&PI1PlaN) project will
be presented, with the aim of determining whether it pogsdsmarity and if so, what
the stellar parameters are and how it relates to the suriogiRiN.
By focusing on slightly dferent areas for each project, an overall view can be

gained of how the interaction of stars within a binary systefluences both its own
evolution, and that of the PN in terms of its the morphologyeknatics and composi-

tion.

In ChapteER, | outline the main techniques of observatiedyction and analyses
performed on the data presented in this thesis.

In ChaptelB, | present the spectroscopic data analysiseafltdse binary CSPN,
HaTr 4

In ChaptefH, | present the spectroscopic data analysie@ubpected intermediate
period binary CSPN, LoTr 1, alongside two similar PNe, Al@land WeBo 1

In Chaptekb, | present the photometric data analysis of P00&8+01.5.

Finally, a summary of the main conclusions and suggesteddwtork are detailed
in ChaptefB.
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Techniques of Observation, Reduction,

and the Analysis of Data

In this chapter, | explain the ‘theory behind the practicéttee techniques used to
observe and analyse the acquired data, specifically nefeto both nebulaf stellar

spectroscopy and stellar photometry. All of the data prieskem this thesis undergo
the same basic data reduction processes - here, | outliggve reduce the data, what

programs are used for this, and how the routines within tbgnam operate.

2.1 Spectroscopy

There are five main spectrographs used in the acquisitiomeofidta presented in this

thesis.

e FORS2 — The FOcal Reducer and low dispersion Spectrograyravnulti-
mode instrument capable of both imaging and spectroscapy.féund at the

Cassegrain focus of the 8.2m Very Large Telescope (VLT) (W) 1, based at

the ESO-Paranal Observatory, Chile (Appenzeller et al§1.99
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e EMMI—-The ESO Multi-Mode Instrument, a now-decommissioeeklelle spec-
trograph that was located at the Nasmyth B focus of the 3.58m Nechnology
Telescope NTT based at the ESO-La Silla Observatory, Chile

Dekker, Delabre & Dodoricb 1936).

e UVES - The Ultraviolet and Visual Echelle Spectrographniat the Nasmyth
B focus of the VLT-UT2|(Dekker et 00).

e UCLES - The University College London Echelle Spectrograpboudé echelle
spectrograph located at the Coudé focus of the 3.9m AnglstrAlian Telescope
(AAT; (R;La.n_&_ElsIJnllQ_QS)).

e MES —The Manchester Echelle Spectrograph, currently neolettthe Cassegrain
focus of the 2.1m San Pedro Martir (SPM) telescope at thétutstde As-

tronomia Universidad Nacional Autbnoma de Mex 2008; see
Fig.[Z1).

Spectroscopy, in its most basic form, is the accurate measnt of the intensity
of emitted light as a function of wavelength with a spectesalution that allows us
to determine features intrinsic to the astronomical objeat one cannot gain from
imagery and photometry alone. The aim behind using spexipysfor observations
of PNe is to gain essential kinematical information thatuiegs data to be obtained
in two dimensions (2D) in terms of both spatial and spectosifoning of the object
in question. Due to the highly extended nature of nebulassiom, the use of a long
slit is required in order to ensure that emission from fezguypically found far out
from the central star - for example, knots, jets and halos-rat overlooked. For
the data presented in this thesis, the long slit lengths 3®@eaBcsec for NTT-EMMI,
30 arcsec for UVES, 408 arcsec for FORS2, 56 arcsec for UCEB&,300 arcsec
for MES. By placing such a slit along several nebular axebreetdimensional (3D)
picture can begin to be built up in the form of position-vetp¢PV) arrays that allows

us to observe both its intrinsic morphology and how it reddteits central star system.
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The standard settings for this are to use a high resolutieatspyraph utilising a slit
width of around 1 arcsec. Stellar spectroscoeds from spectroscopy performed
on a nebulous region due to being a point source, rather thaxtended feature. In
this case, only one-dimensional (1D) spectral data areinedjin order to determine
stellar parameters such as luminosity, (effective temperaturelt;), and elemental
abundances used in classifying the central star.

The basic set-up of a spectrograph is as follows: The incgight is focused by
the telescope of diamet€xg, focal lengthF and focal ratid, onto a narrow slit of
width w and height that sits in the focal plane. After the light passes throlnghdit,
it is guided through an interference filter to remove unwdmielers and the diverging
light is tunnelled into a parallel beam by a collimator (atsys of lenses or mirrors of
diameterd., focal lengthF, and focal ratid,). By having the collimator designed
as an df-axis parabaloid, it can simultaneously collimate the beachdirect the light
towards a disperser - a filiaction grating’ that disperses the light (by reflection or
transmission) from a parallel beam into its constituentcpécomponents. Finally,
a camera of diametet.,, focal lengthF.,,, and focal ratid.,,, focuses the spectrum

onto the CCD detectoL(AA[a.g,J&Ll)QZ).

Here, | provide a brief description of the main component&intaup a spectro-

graph.

Slit

The most important aspects of a spectrograph are its résol{ithe ability to diter-
entiate close spectral features) and throughput (how mtitthreancoming light falls
on the detector, i.e. the ability to detect and record speattifaint objects, or weak
spectral features). The purpose of the slit is to isolaterédggon of interest in the
sky whilst limiting contamination from background sour@e®l excess noise, and to

provide stable spectral resolution.
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Figure 2.2:Diagram to show a standard spectrograph setup using a tissismgrating. Taken from
V. Dhillon’s (University of Shéfield) ‘astronomical techniques’ lecture notes.

The spectral resolution is defined as:

R=— (2.1)

where A2 is the diference between two consecutive spectral lines of arouné-wav
lengthA. The optimal value foR occurs when the FWHM of an unresolved spectral
line covers~ 2 pixels on the detector.

The slit width subtends an angle @f = = projected on the sky, and so the slit

width projected onto the CCD is:

Hw ftel Dtel I:cam

o' =wM=
I:col

(2.2)

whereM is magnificationf¢an/Feo (Howell12006).

Since the focal length of a collimator is simply product f diameter and focal
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ratio, this equation can be reduced to:

_ 9w f Dtel I:cam
fcol dcoI

’

w

(2.3)

As the camera focal ratio is defined By, divided by beam diametead,,, the

projected slit width becomes:

w = eomegaDteI feam (2.4)

In the absence of a slit, the resolution is determined byeleeg disc of the object
which can vary considerably over the course of a night. WRilacreases a& de-
creases, the fact that the seeing disc of the object is nakvbys considerably wider
than the slit means that the smallers, the more limited the light throughput becomes
and as a result the smaller the signal-to-noise ratibl&cquired. For objects that
are already faint or have weak spectral features, this caousty limit the ability to
gain good measurements. For this reason, there is a tfatéetaveen resolution and

throughput that must be taken into consideration whenraifhytchoosing a value fap.

Interference filter

CCDs typically have sensitivity extending from 3000-10 Ap@nd so overlapping
orders can present a problem with spectrographic data. i§tgslved by inserting
an interference filter after the slit that allows light in atpaular spectral range to be
transmitted through to the collimator, whilst reflectinge tfest. In certain cases, a
dichroic filter is used to split the incoming light into twoespfic, broader wavelength
ranges. A dichroic filter is a bandpass filter composed of re¢\diferent dielectric
layers, each with a fierent refractive index that subsequently only allows @eksir
wavelengths and orders to pass through (‘passband’ fregegnwhilst excluding the
rest (‘stopband’ frequencies). For example, light entgtilVES is directed into one

of two ‘arms’ (UV to Blue, or Visual to Red) within the instrient meaning that these
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arms can be utilised separately, or simultaneously withutbe of a dichroic beam

splitter.

Table 2.1:Table showing the accessible wavelength ranges féeréint UVES configurations, with
and without the dichroic filter.

Instrument mode Accessibletl range (nm)

Blue arm 300-500

Red arm 420-1100
Dichroic # 1 300-400, 500-1100
Dichroic #2 300-500, 600-1100

Since dichroic filters reflect unwanted light rather thanoabst, they tend to be

more thermally stable than other filters.

Collimator

The collimator tunnels diverging light into a parallel beamd subsequently directs
the beam towards the grating. By the grating equation (sedEd]), the diverging
light of varyingé, results in a varying angle of fiiraction,fy;s, for a fixed wavelength,
and so imaging on the detector would occur at sevefimint positions causing the
spectrum to blur. To avoid a great loss @i@ency of the spectrograpf, should be

equal tofi and be positioned a distancelgf, away from the telescope focal plane.

Grating

A grating is used as the dispersing element in a typical spg@ph, ruled with a
number of grooves mm (also known as the ‘groove density’, usually of order 100-
1000 grooves mmt) which is equal to the inverse of the groove spacthd he greater
the groove density, the higher the dispersion, and as atrésularger the spectral

range. The size a must be of an order comparable to the desired wavelengthyyand
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Figure 2.3:Figure to show example of overlapping orders and assocwselengths. Image taken

fromIMassey et all(2000).

the grating equation (Ed.J3.5]) the spectral range covbyaglgrating is dependent on
the value ofd and the spectral ordem, To obtain dispersion over a wider wavelength
range, a prism is used in place of the grating.

The observed wavelength of light seen depends on &ahddgis, and this rela-

tionship is summarised with the grating equation:

nA = d(sing; + sinbyis) (2.5)

wheren s the integer spectral order number, ard the specified wavelength. The an-
gular dispersionigisp, of a given order and wavelength can be found fedentiating

the grating equation:
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60 n
61 dcoSbhaisp

for a given value of); (lMasse;L&_I:Ianss N 2013).

A conventional grating spectrograph must be used in lowrqrde 1 or 2) to avoid

(2.6)

overlapping wavelengths fromfiérent orders. These spectrographs are designed to
be used with a smadt so that the light both enters and leaves along the gratingalor

and the only way of achieving high dispersion is by using d&lggoove density (i.e.
decreasel).

Note from the above that:
m  2sing,
o, 2

(2.7)

in the Littrow condition. The Littrow condition is defined &sfor the incoming
light being approximate to the grating normal - in this cdke,light undergoes auto-
collimation, in that the incident andftliacted light follow the same path at a specific
wavelength (the blaze wavelengtly) to maximise grating fciency for a particular
order above the zeroth order. This is achieved by settinggtbheves within such a
‘blaze grating’ to a specific blaze angtg, (the angle between the grating surface and
the reflecting grooves - see Hg.12.4).

Therefore, ifg; is very low:

tané, sing; ~ 6, (2.8)
and the angular dispersion:
08 n
= 2.
o1 d (2:9)

Alternatively, if6; is very high, one can achieve high dispersion with a loweogeo
density by operating in a higher order. This is indeed hovwebelspectrographs are
designed to work, with typically tath~ 2 or greater. A typical echelle grating might

have~ 80 grooves mm', so,d ~ 251 or so for optical light, andh must be of order 50.
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Figure 2.4:Diagram to show a standard blaze grating. Image takenlfrdmeal oewen & Thermo
(1994).

2.1.1 Echelle Spectroscopy

In the case of echelle spectroscopy, the basic setup is the aa mentioned above,
but a blazed grating, designed to operate in higher oraers §0-150) with a large
0; typically greater than 60°, is used as default. With thighhdispersion can be
achieved with a lower groove density on the grating. Theddnigze angle means that
a relatively wide slit can be used, and so provide a betteuttiput at a given res-
olution, i.e. echelle spectroscopy provides high resoluipectroscopy whilst main-
taining good spectral coverage. As previously mentionexking in higher orders can
cause wavelengths to overlap, with higher orders causieatgr overlap (see Fig.2.3).
This can be solved by introducing a second dispersive elemehe form of a prism
or another grating after the blazed grating to act as a ‘etlcgserser’ and separate the
orders. The resultant spectrum is similar to that shown gn[EiI2 (a), consisting of
‘stripes’ that cover a specific wavelength range that havightoverlap with adjacent

orders.
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Overlapping wavelengths in an undispersed echelle sprdara related by:

nW; = oW, = ... = njW, (2.10)

wheren; are the integer order numbers, andare the wavelengths. The wavelengths

occupy similar positions in adjacent orders (usually cotreged in one or two other

orders), but at dierent intensities as each order has its own blaze profilen/Ry&ish
1995).

2.2 Time-Series Aperture Photometry

Time-series photometry is a technique whereby an objecbsemwed over a given
period of time in order to search for evidence of variahilitire variability is observed
simply as a change in the apparent magnitude (derived fremolbserved flux) of the

target. This change can be a result of severtéint physical #ects on the star:

Intrinsic variables

e Pulsating variables — these stars possess intrinsic@illipbvariations that cause
the star to radially expand and contract, thfieeting the size and therefore

luminosity of the object, e.g. Cepheid, RR Lyrae stars, aatiaC5cuti stars.

e Cataclysmic variables —an eruption occurs with a dramiatiease in the bright-
ness of the object, after which the apparent magnitude dagps), e.g. novae
and dwarf novae (since it is not a recurring event, a superi) is often

classified as a ‘catastrophic variable’).

Extrinsic variables

e Eclipsing binary systems — when the orbital plane of the tyins close to the
line of sight of the observer, the apparent magnitude drepsne star eclipses
the other.
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¢ Ellipsoidal variation due to binary systems —in a close hjirsgstem, distortion
of the stellar envelopes can occur due fi@ets of mutual gravitation during its
orbit.

e Irradiation (reflection) ffects — in a binary system, a hot star illuminates one
surface of a cooler companion, increasing the surface teatyre and therefore

the luminosity of the companion on the irradiated side.

e Rotation dfects — cool spots on the stellar surface cause a slight deciea
magnitude as the surface points towards the observer, arebses again as the
star rotates causing the cool surface to point away. Alteselg the star’'s shape

may be naturally ellipsoidal, causing brightness variaias it rotates.

There are two main techniques behind time-series photgrinett can be employed

to determine what causes the suspected variability of tigetta

¢ Differential photometry — measuring how the apparent magn{iuelethe raw
flux) of the target changes over time in comparison to anattaarin the local
field of view to create a lightcurve. By simultaneously obsgg a number of
comparison stars alongside the target, it is possible towatdor errors largely

due to non-photometric conditions.

e Absolute photometry — determining the apparent magnitddenaobject on a
standard photometric system. The observations of the ttamgethen com-
pared with other absolute photometric measurements autaiith diferent
telescopes and instruments. On top of the standard camsdtr atmospheric
extinction, etc. mentioned above, for absolute photonietsyalso necessary to
correct for diferences between th&ective passband through which the target
was observed and that used to define the standard photosygtem. This is
typically carried out by observing both the target and ssveinotometric stan-

dard stars in dferent filters.
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For the work presented in this thesis, we chose to carry digrdntial photome-
try to produce the lightcurve and hence determine the piertgf the target due to
the high precision to which it can be measured. This is thédoved by performing
absolute photometry to put the derived stellar magnitudébeosystem in absolute,
rather than relative, terms. fBerential photometry is performed using a ‘stellar aper-
ture’ and a ‘sky annulus’. Here, observed counts (flux) araraed within a circular
aperture centered around the target star on a given image.rattus of the stellar
aperture is typically taken to be 1-3 times the full width alf maximum (FWHM)
of the stellar point source function (PSF), and usually #iraes aperture is used for all
images to be included in the analysis. However, because imaiseases with aperture
size as the flux tailsfdin the ‘wings’ of the stellar profile, it is important to find an
optimum radius that would allow the greategiNSvhilst minimising the background
contamination, and subsequently minimising the overatirasn the results. Too large
an aperture, and there will be too much contamination fraerbickground. Too small
an aperture, however, would not allow for image-to-imageat@ns in the stellar PSF
due to e.g. changes in the nightly seeing conditions, andxfilile lost. To determine
what the optimum aperture radius is, it is possible to pletrtdial profile of the star
and look at its ‘curve of growth’. If one plots aperture ragluersus counts, there is an
initial steep increase before flattening out and eventdadiyng linearity. The point at
where the curve just starts to level out (i.e. the point atciwhihe stellar flux starts to
merge into that of the background) can be taken to be the aptiaperture radius.

Once the optimum aperture radius has been determined, xhetap is to perform
sky subtraction by positioning an annulus around the stelerture (typically with
a ‘buffer’ region between the two) and summing the raw counts (sgd2E$). The
mean counts per pixel within the sky annulus are then suletldoom the overall flux
to ensure that the value used is representative of thersflekeonly. A typical radius
for the sky annulus is 3 x width of the stellar aperture to easagood sample of

background is acquired.
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Figure 2.5: A typical set-up for aperture photometry

An instrumental magnitudey, of the star can then be determined from the equa-
tion:

m = —-2.5x log (ti) + 25 (2.11)

exp
whereF is the sky subtracted flux of the target in couns, is the exposure time of
the image, and 25 is an arbitrary constant that ensureslaéyafm remain positive.

To perform diterential photometry, this process is carried out for bothtdrget
and a selection of comparison stars. By plotting helio¢edtrlian date (HJD) against
Meomparison — Meomparisoas It IS pOSsible to see if the selected comparison stars have
intrinsic variability, as well as allowing any variation e€io seeing to be visualised
that can then be directly compared to the apparent vatialofithe target star. One
comparison star is then selected to subtract againgttlod the target star to give a
differential magnitude. Plotted against HJD, this then givesrtitial light curve, and
is the first pointer towards evidence of variability.

The orbital period of the lightcurve can be estimated usidgdicated time-series

program such aseriop04. By inputting a data set containing HID and the previcusly
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determined dterential magnitudesgrion04 aims to find sinusoidal functions that are
approximate to the observed lightcurve when several ardowd. A Fourier analysis
algorithm is used to extract individual, dominant frequeag¢equivalent to AP, where

P is the period) detected within the input data set and outjougsspectral window of
frequency versus the square of the amplitude (i.e. the powine analysis is then
followed up by refining the frequencies using a least-squfite The Fourier analy-
sis alone cannot be used to solve the problem as it is onlyghesirequency method,
and therefore several frequencies must be extracted. Ebrfesgjuency, an associated
amplitude and phase are calculated along with the residualsa zero-point. It is
then possible to see if the residuals possess any furthiedpety by applying another
Fourier analysis and extracting a new frequency. This ssté@yuency is then used
along with the first for the next fit to improve the residualy. ‘Byquist’s Theorem’,
the smallest period that can be measured ld804 has a period of twice the sam-
pling timescale, i.e. the Nyquist frequen®y; = 1/2t and so shorter periods will not
be well accounted for. ®Riop04 automatically determinds¢, and suggests that the
Fourier analysis should cease at this value.

This method is susceptible to a problem with ‘aliasing’, aodcare must be taken
when determining the peaks in the Fourier spectruiron04 does not account for
gaps in the data set very well (i.e. when there is uneven sag)pbnd as such the
program will try to fit maxima on existing points, and minim&eve there are none.
Due to the cyclical nature of the observations, this willoatsibsequently result in
peaks being produced at multiples of the frequency in qoie$#, 3f, etc.). The result
is that it can create sinusoidal fits that look viable, butiafact spurious and can deter
from assigning a true period to the data.

Once a period of variability has been established, it isiptesto determine at what
phase ¢) of the cycle any given data point lies - the data are ‘phasgef!’ to show an

entire cycle of variability. Phase-folding the data is daseng the following equation:

Ct—to
P

¢ (2.12)
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wheret is the time each data point is observed (usually in terms g¢$,ddJD -
2456446)}, is a zero-point time (i.e. the point in the lightcurve where 0 will lie),
andP is the period.

By varying P and using the estimates gained from the Fourier analyshsmii-
riop04 as a starting point, it is possible to acquire a best-fittigrve and subsequently
refine the value for the period of the central star system.e@ine period has been de-
termined, it is desirable to use a modelling program suchaasraLL to ascertain what
the best-fit stellar parameters are in order to recreate alightcurve and allow us to
determine with more certainty whether the variability isedo an eclipsing binary
system, or if ellipsoidal and irradiatiortfects are the more dominant factor.

NIGHTFALL IS an inverse-modelling program, whereby a generaliseddfiDevinney
method of solution-convergence is used to alter and asssspérameters in order to
reproduce the observed lightcurve. Conventionally, thmary star is defined as the
brighter of the two (and therefore usually the more mass$hajgh this cannot neces-
sarily be assumed), and the secondary star is the faintémin¥henicatraLL program,
however, the primary star is taken to be that whicadbpsingfirst. A standard Roche
lobe geometry for the binary system is assumed. Six freenpetexs are mandatory:
mass ratio @), inclination of the binary system®(, T of the primary and secondary
stars, and the Roche lobe fill factor’ (RLFF) of each stanreEhother free parameters
that were altered for the work presented in Oh. 5 are the tighd contribution, ab-
solute mass of the system, and absolute distance (the Sepdratween the primary
and secondary). By inputting values for each of these paem@atonigaTraLL, the
program automatically converges the result to a best fiteémtiserved data. The ob-
served data read in bycuTraLL must be edited so that= 0 corresponds to the bottom
of the primary eclipse.

For flux calibration purposes, the aperture photometry rhastpeated for a se-
lection of photometric standard stars at a variety of aiseas By observing these
standards in the BessB| V, Randl filters it is possible to determine the magnitudes

and therefore colour indices across these bands, and sidmBogapply a correction
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factor to the target in order to derive its magnitudes andursl using absolute pho-
tometry.

The instrumental magnitude acquired from HQ. P.11] mustdreected for both
the target and the standard stars to account for local ¢ixtmat the observatory site

(k), and air mass at the time of observatid:(

Meorr = My — (k X X) (2-13)

A zero-point magnitude (i.e. a correction factor) must biedrined by taking the
difference between a given catalogue magnitude and the caldwalue ofm,, for
each standard star used, which is then applied by addititveto,,,, of the target star.

Once all values ofn.,, had been determined using EQ.3.13] for both the target
and standards, a colour-correction factor needs to beegblhis is determined using

observations of standard stars and the equation:

Mstg = (€ X colour) + C (2.14)

wheree is the colour-correction factor, ‘colour’ refers to the @ot indices B — V),
(V-R),and B - 1), andC is a linear co#icient.

By applying a best-fit line to a colour-magnitude diagraneated by plotting the
calculated colour term against.gn for a particular filter, it is possible to derive the
codficients shown in Eq[JZ14] required to calculate the finarected magnitude
of the target inB, V, Randl. The slope of the fit represent¢s and the y-intercept
represent€. This then gives the desired overall correction factor folgjo the target
data:

My = Meorr — (e X colour) — C (2.15)

wherem, is the final corrected instrumental (apparent) magnitudaebbject.
The colour index is predominantly determinedy for the star. Since hotter stars

radiate more at shorter wavelengths, thband magnitude tends to be low relative to
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that in B, therefore theB — V) colour index is large compared to that of cooler stars
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2.3 Basic data reduction

The aim of data reduction is to remove any artifacts genérayeeither the telescope
or the instrument (the ‘instrumental signature’) that cdoabntaminate the acquired
target data. Eects such as pixel-to-pixel sensitivity variation, inegnhg cosmic rays,
temperature fluctuations, and simple non-uniform illuntiora on the CCD can all
have an fect on the resultant image, and need to be accounted forebefective
analysis of the data can take place. Accurate calibratidgheofiata is also required in

order to extract the useful information contained withia taw spectra.

2.3.1 Preliminary data reduction

The following basic CCD data reduction techniques have laggfied to all data pre-
sented in this thesis, both nebular and stellar, usingmeatiound within th@tarLink

data reduction package

Bias subtraction

It is necessary to put each acquired data frame through theegs of ‘debiasing’.
A ‘bias frame’ is simply a zero-second exposure (i.e. a glaread-out of the CCD
with the shutter closed), that is taken to account for vemmain the dfset level of
each pixel. The bias level is a deliberate electrotiset added to the received signal
to ensure that the Analogue-to-Digital Converter (ADC) @& receives a positive
value. The @set level generally follows a pattern across the CCD, and ‘staater
bias’ frame (an average of several bias frames taken at éneastthe night) can be
subtracted from each data frame acquired to account for(skis Fig[ZZ6). Simple
subtraction of two frameBicreasegandom noise in the resulting image by a factor
of around V2; however, by subtracting the average of several framegyusimedian
combination — whereby the median value for each pixel in tigiral frames is used
rather than a simple average, and any pixels falling outbiglevalue are rejected — one

simultaneously significantly reduces the readout noisefagtar VN (where N is the
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Figure 2.6: An example of a master bias frame from VLT-UVES, created gisiarLink package,
CCDPACK.
number of frames used in the median combination procesd)akows the removal
of random cosmic ray hits that may have been missed in thaidiggprocess (see
Sec[Z31 below).

The starLINK routinesmakesias and peeias were used to create the master bias

frames and subsequently subtract it from the data frames.

Overscan

The bias level can change over the course of the night, andestrue bias may be
slightly different to what the master bias accounts for. Thefferdnces can be esti-
mated using ‘overscan regions’ (otherwise known as ‘biapssj - pixels in the final

frame that are read out, but are not part of the exposed insageRig[Zl7 for an ex-
ample). The mean level of the pixels in the overscan regigasga measure of the
average bias level at the time of observation introducedbyacCD, i.e. the overscan
level. Once this level is deduced, it is removed from all {Exe the image. The over-

scan regions are then trimmed from the frame to leave onlpiteecorrected data.
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Pixel coordinate 2 (pixel)
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Figure 2.7: An example of a master flat frame for nebular data from NTT-BEQ, created using
STARLINK packageccopack. An overscan region can be seen to the top of the image.

Dark current

CCDs are sensitive to temperature, and the dark currerdgsepts the thermal response
of each pixel in the frame - it is possible for some electranglteady have a high
enough energy to activate a CCD pixel without the need foutimghotons, and so
excess charge accumulates across the chip. By cooling tBev@i@ liquid nitrogen,
the dark current isféectively reduced to zero. Generally, if dark current is sadied
from the data, it is not necessary to perform bias subtrac® well as the bias is
already contained within the dark exposures. Since altunsénts used to acquire the
data in this thesis do have their CCDs cooled by liquid nigrggnly bias frames were

necessary.

Cosmic ray cleaning

The starLINK programricaro and itsecLean (non-interactive) andiean (interactive)
routines were used to remove cosmic ray ‘hits’ and bad cofmows on the CCD
detector. When a cosmic ray hits the CCD its high energy ditasrelectrons intrinsic
to the chip, appearing as either a cluster of bright pixatsloaly positioned across

the CCD or as a bright line where the cosmic ray has skimmexsathe detector at an
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angle (see Fig—2 8agcLean automatically detects and removes the cosmic ray hits, by
replacing the bad pixels with a value interpolated from tneainding pixels in either
the x- or y-direction (i.e. in rows or columns), or the pragrautomatically chooses
an interpolation direction based on which has the smalksitiuals (see Fig._2.8b).
The cosmic ray search algorithm looks at every pixel in thagemand compares its
value with the average value of the four nearest surrounplixgjs. To be regarded
as a cosmic ray, the pixel must exceed that average by an am@ater than a value
dictated by the algorithm multiplied by the square root @& #verage. To dlierentiate
random cosmic ray hits from stars, a ‘sharpness’ test carabréed out. Here, the
ratio of the peak of the central region of the cosmic ray topbak value of its wings
is measured. For stars, the wings tend to be a significartidraof the peak height,
whereas cosmic rays generally have much sharper edges.

cLEAN IS usually used as a follow-up teLean to patch up any bad pixels that were

missed in the initial cleaning process.

2.3.2 Reduction of nebular spectroscopic data

The following steps for further reducing the nebular daespnted in this thesis were

carried out using routines found within teerLink data reduction package.

Flat fielding

By flat fielding the acquired data frames, variation in thesgernty of each pixel to
the arriving photons can be accounted for. This variationlccde due to foreign
objects on the detector and filters casting shadows ontoltipe non-homogeneity
of the quantum #iciency (QE) of the CCD (the linear response of each pixel with
photon hits), or vignetting (optical response). For skysflat known ‘empty’ field of
sky is observed at twilight across the wavelength range tatitised for that night of
observation to create a uniformly-illuminated exposumeBal exposures are taken in

each filter, and then each frame is bias-subtracted andgaettagether to account for
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noise, bad pixels and unwanted on-sky objects (the expsaneaisually dithered to be
able to dfectively remove these objects when averaged). The subseda frames

are then divided by the resultant ‘master flat’ (see Eigl..2SRy flats are preferred
over dome flats (flat field frames taken by e.g. pointing thes@dpe at a blank piece
of dome wall) as there are less systematicditech the image.

ThesTtarLINK routinesmakerLAT andrLaTcor were used where necesSagkEFLAT
initially ‘cleans’ the data before creating the master ftatrie by using a ‘box filter’ (a
rectangular box X- and Y-pixels large that gives a local medhin it). The standard
deviation of each pixel from its local surroundings is cédted, and any that deviate
by more than a given number of standard deviations are egjedthis procedure then
undergoes several iterations, where the bad pixels arevehimefore each next itera-
tion. A mean value is estimated in each frame to be used asghtvfer a particular
combination method in creating the final master flatrcor then divides the target

images by the master flat.

Wavelength calibration

Independently of the type of object being observed, it iseémafive that the data are
accurately wavelength calibrated - that is, it is necesgarg-bin the data onto a lin-
ear wavelength scale. For the majority of instruments, ithésfairly straight-forward
process. Wavelength calibration involves determiningréiationship between pixel
number and wavelength across the extent of the CCD. An ‘anp’laxposure is taken
close in time to the target exposures, whose spectral liresfeknown wavelength,
and covering the wavelength range required for the filted useaccount for any drift
as the night progresses due to e.g. instrument flexure. més in the arc lamp spec-
trum are identified by the observer, and the centroids autioaily determined for
many cross-sections by a program of choice - for the datapted in this thesis, the
STARLINK programarc2p was used. By fitting a polynomial to the pixel position and
wavelength of the line, the resulting deients are then used to re-bin the data onto

a linear, calibrated wavelength scale. The choice of arplenmainly dependent on
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Figure 2.8:An example of an acquired data frame from NTT-EMMI (a) befibre cleaning process

to remove cosmic rays and bad pixels, and (b) after the alggimocess, using theLean routine within
thestarLINK packageriGaro.
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the wavelength range to be calibrated, as the elementas gagen the lamp possess
strong lines across filerent ranges. When the calibration needs to be applied over a
wide spectral range, two lamps can be used in conjunctidmeéth other to provide
strong lines across the whole extent of the spectrum. Im&tntial factors, such as the
overall optical setup and the ificiencies of the gratings, can also determine which arc
lamp is best suited. When using AAT-UCLES, SPM-MES or VLTES, Thorium-
Argon (ThAr) is the usual choice for the standard filters use@®Ne observations

of Ha+[N n] and [Om]. NTT-EFOSC2 observations tend to be calibrated against an
Helium-Argon (HeAr) lamp, as do those acquired from VLT-F&IR(in conjunction
with Neon (Ne) at higher resolution) or alternatively MemgiCadmium (HgCd) for
grism 600B.

As mentioned previously, performing spectroscopy on Pfecgvely means it is
possible to create a 2D image of the object. In this way, sgkiciformation, such as
radial velocities and line widths can be determined alafgequally-important spatial
information, such as the physical size and inclination effN. ThestarLiNk program
Arc2p, found within thericaro package, was used to wavelength calibrate the nebular
data presented in this thesis. An arc lamp exposure asedaath a particular data
frame in time is input into the program for the initial linesictification, and a minimum
of four lines are selected to give good spectral coverageKgp[2.9). A wavelength
is assigned to each line by the user, as given by a line atiagard for the particular
instrument used. The lines are then accurately locateckdp at each cross-section
by fitting a Gaussian to them; this is more accurate than siriptling centroids,
as data from several cross-sections can be blocked togatldea Gaussian applied
to a block, to improve the /8l. Gaussians also provide errors on the fits, whereas
centroiding does not.

Once the Gaussians have been applied to all blocks, a wdigbtgnomial func-
tion is then fitted to the lines to determine the dispersidatia. arc2po finds all of
the line centres first and checks the fits of the cross-sechefore rejecting any bad

lines. This happens before any of the polynomial fitting escuather than the alter-
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Figure 2.9:An example of line selection for a ThAr arc lamp used with NEWHMI created using
Arc2p, found within thestarLink packageicaro.

native of locating the centres immediately prior to polynalnfitting as the program
reads up the spectrum. The residuals of the fit are plotteidstgaoss-section so it is
possible to see if there is affect from noise. The dispersion relation can then be vi-
sualised graphically (see FIg. 21 1@rc2p tables the dierence between the user-input
wavelength and the fitted wavelength assigned to a partitink, and any spurious
or bad points can be manually rejected from the fit. When this 8atisfactory, the
results (including the start and end wavelength to be agpppiehe target spectrum),
are written to an output file that is then used to re-bin thetspkdata from the target
using thericaro program,iscrunca (see FigCZl1). An example of a data file before

and after the scrunching process is presented ifFEigl 2.12.

Transforming to a velocity scale

Since the inverse of the spectral resolution (see[Eq. [BHjuivalent to the equation
for a non-relativistic Doppler shift (i.e. the formula islgvalid in the case where the

velocity is much less than the speed of light ¢), the spectral axis can be converted
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Figure 2.10:An example of the dispersion relation for a completed fit eaisingarc2p, found
within thestarLink packageicaro.
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Figure 2.11:An example of an calibrated ThAr arc spectrum created usiagp, found within the
STARLINK PackageiGaro.
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Figure 2.12:An example of ThAr arc lamp (a) before, and (b) after perforgnine ‘scrunching’

operation of the wavelength calibration process usingtke.ink programarc2p, found in therigaro
package.
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to a radial velocity scale once the data has been properlglemagth calibrated using

the following:

ﬁ—j _ ‘—é (2.16)
whereAA is the diference between the observed and rest wavelengtis, the rest
wavelength (for the most common nebular emission linesevalues are 6564A for
Ha, 6584A for [NI], and 5007A for [Olll]), v is velocity andc is the speed of light.
This is applied to the data using tkesrLINk KaPPA COMMandseTaxis, using the fol-

lowing format:
/lc - /10
Ao

V =

X C (2.17)

where/. represents the central wavelength of each pixel elemestds the equation

implies that for each given pixel centre, a new value is gs@mesponding to the cur-
rent pixel centre minug, for a given filter. The resultant velocity is the spectroscop
radial velocity of the emission (i.e. the radial componéithe velocity of the source

along the line of sight - a linear quantity).

Since the observed emission is not foundig@ta correction must be applied to
account for this by taking into account heliocentric vetp¢the radial velocity of the
centre of mass of the system with respect to the Sun, i.egtissnSun as a standard of
rest) at the time of observation. By inputting the name ofeostory used in acquir-
ing the observations, the target coordinates and the ringhdlata were acquired into
the starLINK programey, radial velocity components of the system relative to the Su
are tabulated for every 30 minutes throughout the seledtgd.nThe radial velocity
component corresponding to the time of observation of thdiqular data frame (to
an accuracy greater than 0.01 km)ds then subtracted from the nebular radial veloc-
ity using theseraxis command. Once the correction has been applied, the digplaye
velocity at the centre of the nebular emission is the corephetiocentric-corrected

systemic velocity.
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2.3.3 Reduction of stellar spectroscopic data

Since stellar spectra are acquired on a 2D detector, theybeuwllapsed down to 1D

in order to extract the spectrum. This involveffelient data reduction and calibration
techniques to those involved in the reduction of nebulaa gatviously described. The
following steps for further reducing the stellar data préed in this thesis were carried

out using routines found within thearLink data reduction package.

Flat fielding

To flat field the stellar data, the initial step to make a maka¢frame is the same as
outlined previously for the nebular data in SEC.3.3.2. H@wethe master flat must
be calibrated to be used with a 1D spectrum. UsingstARLiINk COMMaNCEXTRACT,
found in theriaro package, the area of the frame containing the stellar spaas
chosen and ‘collapsed’ by summing a number of rows acrosge @nge in the y-
direction to give a singular row from which the spectrum Wwal extracted. The output
file is then divided by a constant - in this case, the numberxdle making up the
range that produced the 1D array in the previous step, ulggiiv command. The
resultant output spectrum undergoes a series of 1D smadoting eross-sections in the
x-direction using thexsmoors command, by convolving them with a Gaussian pos-
sessing specific values of sigma and cfitwadth - outside of this width, the Gaussian
is assumed to be zersxpiv is then used to divide each pixel of every cross-section in
the x-direction (i.e. each column with a constant y-valuethie master flat by a value
from the corresponding pixels in the input smoothed spettrihe output file at this
point is the calibrated master flat frame that is then usedatdiélld the data frames,

using themrv command to do so (see FIg.2113).

Wavelength calibrating stellar spectroscopy

The initial identification of arc lines usingrc2p is the same as the steps outlined pre-

viously in Sec[2Z.3]2. However, insteadisfrunch, the commandcrunch (applicable
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Figure 2.13:An example of a master flat frame for stellar data from NTT-ES&EQ, created using the
STARLINK packagericaro. A dead pixel row is visible at pixel coordinate 760 on thexjsa

to 1D spectra) is used to rebin the data to a linear wavelesggle. It is important
to note that the accurate measurement of stellar spectes Is not without its dii-
culties; for example, the spectral lines of early type staesbroad and éuse as a
result of their highTe and Stark broadening of the lingas well as their associated
rapid rotation. The spectral lines of late type stars areerons, crowded together and
prone to blending. With a double-lined binary, the linesiirone star may be well sep-
arated from those of the other for much of the orbital periddwever, at some point

in time the two sets of lines approach each other and becontiallyablended and

"The ‘Stark éfect’ is the shifting and splitting of atomic spectral linagdo presence of an external,
static electric field. A typical stellar atmosphere canmustain a large electric field, as it is an electrical
conductor due to its higfies and therefore high level of ionization. However, as two a@pproach
each other in a near-collision, each induces a temporaolalgn the other. Theffect of the resulting
electric field of one atom on the other produces a generabieriag of the lines as a result of the Stark
effect MD.
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Figure 2.14:Example of a blended Gaussian line profile. The blending eftio solid lines is
represented by the dashed line. Image taken from T 2008

as a result the minima of the blended Gaussian profile wilioctoser together than
the true minima of the individual lines (see Hig.2.14). & tminima of the blended
profile is inadvertently measured, then an incorrect vatuetfe radial velocity of the
system will be noted. As well as this blendinfjezt, the spectra of the binary system
may also be susceptible to a rotatiditeet - if the orbital inclination of the system is
close to 90° then the system could be both a spectroscomcyb@md an eclipsing bi-
nary. However, if the spectrum shows a single-lined binauy this star is determined
to be a rapid rotator that is partially eclipsed by the seaoydt is only possible to
view part of the surface of the primary that appears to be-bhifted (due to rotation)
towards the observer. This in turn would also give an inairneeasurement of the

radial velocity of the system.
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Extracting the stellar spectrum

The first step in extracting the 1D stellar spectrum from theldta frame is to perform
sky subtraction. Using the commardlysky, regions above and below the spectrum of
interest are selected and fitted with a polynomial in theigpdirection. Only the area
within the selected limits is sky subtracted (see Eig.]2.18)e proriE command is
then used to determine the spatial profile of the 2D imageyréadptimal extraction,
by selecting the area on the image containing the spectruahate and dividing
values along each column by the sum over the same columnndulgls are used to
smooth this profile by accounting for variations with wavegjth within the profile. In
doing so, the data are normalised (each column is summedttoeljsure that there

are no negative pointsoptexTrRACT IS then used to perform the optimal extraction of

the stellar spectrum using the algorithm_of Horne (1986 ®htput spectrum is then

the 1D, flat fielded spectrum that can subsequently be flukreadéd.

Flux calibrating stellar spectroscopy

Using spectroscopic standard stars, it is necessary tcedothe pixel count into a
relative flux (in this case, in units of efg&m?/A). The spectra of the standard stars
are calibrated and extracted in the same way as previoustyibed. The wavelength
calibrated spectra of the standard stars are input intaitia@o package in a table
format that provides both the wavelength scale and assabita values (in this case,
the average flux density at a given wavelength), with the dipraviding the required
range in the x-direction for the target data. The initiapsteto turn these spectra into
‘spiketra’, a spectrum where all the non-tabulated elesiarg given a value of zero,
with the commandsrike. When plotted, the output file shows the flux density at each
of the tabulated points versus the given valuetpfor each point in the form of a
series of spikes. The next step is to calculate the instrtethegsponse at each of the
tabulated points with the commansbike. By combining the spiketrum generated by

GspIKE With the observed spectrum of the standard star, a new spikas generated
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Figure 2.15:An example of a raw 2D stellar spectrum from NTT-EFOSC2 (dptee and (b) after
thericaro commandorysky has been evoked.
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that represents the instrumental response at each poimt sfandard star spectum (in
‘units’ per count per second per angstrom), by summing thentsoin the observed
spectrum over the given wavelength range, and dividing thetmoth the wavelength
range and the exposure time. This result is then dividedth@walues for flux density
given in the spiketrum generated byrike. By interpolating between the points of the
new spiketrum with the commamdrerp (by spline fitting), a new calibration spectrum
is the final result. This newly calibrated spectrum of thendtad star is then applied
to the original, wavelength calibrated spectrum of thedtagjar to give an overall
flux-calibrated spectrum (see Hg.2.16).
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Figure 2.16:A 1D spectrum of LoTr 1 from NTT-EFOSC2, (a) before flux cadition, and (b) after
flux calibration.
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A study of the kinematics and

binary-induced shaping of PN HaTr 4

The work presented in this chapter was published.inﬂn.ﬂlﬂlj 2012)*

3.1 Introduction

The planetary nebula HaTr 4 is one of few known to contain &@asnmon Envelope
(CE) central star system. CE evolution is believed to playrgortant role in the shap-
ing of planetary nebulae, butits exact nature is yet to berstdod. Using high spatial-
and spectral-resolution spectroscopy of thed[ebular emission line in combination
with deep, narrow-band imagery, it is possible to developatis-kinematical model
in order to accurately determine the three-dimensionapimalogy and orientation of
the nebula. Frictional forces between the binary and CHtrasthe transfer of angu-
lar momentum, causing the CE to be preferentially ejectedarstellar orbital plane —
the symmetry axis of the PN is then expected to be perperadituthe orbital plane

of the binary. Therefore, observing this predicted alignte a given PN is strongly
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indicative that the nebular morphology has been influengeithd binary central star.

Only six PNe have previously been observationally shownasspss the predicted
alignment between nebula and binary plane — Abell 63 (MiteHeall[2007), Abell 41
Jones et al. 2010b), NGC 6337 _(Hillwi [. 2D10; Garciaz®t al. 2009), Sp 1
Jones et al. 2012a), NGC 67718 (Miszalski et al. 2011a; @ued Mirandal 2012),
and Abell 65, |(Huckvale et &l. 2013; Shimansky et al. 2009).

3.1.1 HaTr4

PN HaTr 4, also referred to as PN G335.2-0%6-(16" 45" 00.2%, § = -51° 12 22.0",

J2000) is known to contain a photometric binar

Bond & Livio

99

). More detailed investigation

central wiiétn a period of 1.71 d

oy Bodmathaub & Hillwig

201P)

revised the period to 1.74 d. In either case, no evidenceuisddor eclipses in the

lightcurve, indicating that the inclination of the binambdal plane with respect to the

line of sight must be less than 85°, with the best fit to the d&iag from a model

developed b

Bodman, Schaub & Hill

Based on the discovery ima

subsequent narrowband image

wb(zolz at 75°.

of Hartl & Tri

n(l

s of Bond & Lli

io(

(1085), shawhig.[31
990), showrig.[3.2, HaTr 4 has

and the

the appearance of a classic ‘butterfly’ or ‘bow tie’ bipolabnla lying in the plane

of the sky with twin lobes emanating from the central starnneast-west direction.

However, imagery alone is inflicient to precisely and unambiguously determine the

nebular structure and orientation, as PNe are very pronetimation-dependent pro-

jection dfects

Kwoki 2010

Frank et 5l

1€

93). Only by using high-rasoh, spa-

tially resolved spectroscopy is it possible to fully asagrthe intrinsic 3D structure of

a given nebula in order to assess whether the binary hasdotasae in the shaping of

the nebula (see Chl 2 for more details).
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Figure 3.2:UKST-R and SERC-J images of HaTr 4 publishe
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3.2 Observations

The deep KH+[N 1] image shown in Figi_313 was acquired on 1995 April 22, using
the ESO Multi-Mode Instrument (EMMI;_Dekker, Delabre & Dattw [1986) on the

New Technology Telescope (NTT) with an exposure time of 18@8d seeing of 1.1
arcsec. The image clearly shows the ‘bow tie’-shaped denétaula as seen in the

original [Om] imagery oflBond & Livio (1990) presented here in Hg.13.2f hiso

faint extensions to the north and south. These extensi@enmare consistent with a
symmetry axis orientated roughly north-south (as opposétid previously inferred

east-west axis), indicative that the observed emission mégct, form the waist of of

a larger nebula.

On 2005 March 03-04, data were acquired in bothfN 1] of HaTr 4 using the
red arm of NTT-EMMI. NTT-EMMI was operated in its 300 arcsendslit, REMD
(REd Medium Dispersion) echelle spectroscopy mode usiagjingy #10 and a slit
width of 1 arcsec (R 54 000,= 5.5 km s'). Two MIT/LL CCD chips arranged in a
mosaic were used, each possessing 4092648 1mm pixels, and the subsequent data
frames were stitched together using the MIDAS software pgek The data were 2
x 2 binned to give a pixel scale of 0.33 arcsec in the spatiaktion, and a velocity
scale of 3.4 km s per pixel. An exposure time df,, = 1200 s was used. Three slit
positions were acquired at a position angle (PA) of 97°, amelat a PA of 7°, giving
good nebular coverage. The slit positions are shown i E4(.

On 2008 July 10-11, data were acquired of HaTr 4 using gratign the visual-
to-red arm of the Ultraviolet and Visual Echelle SpectrpirdUVES;|Dekker et al.

000) on the Keuyen Unit Telescope (UT2) of the Very Largee3ebpe (VLT). VLT-

UVES was operated in its 30 arcsec longslit mode with a 0.6e&rslit width (R
~ 70 000) using a narrowband filter to isolate the i) emission line profile and
prevent contamination from overlapping orders. 1200 s supes were taken at 10
different slit positions, shown in Fig—8.4 (b). Slits 1-5 werketaat a PA of 7°,

and slits 6-10 were taken at a PA of 97° in order to give fullul@bcoverage in
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both an east-west and north-south direction. The spaiée st the observations was
0.17 arcsec per pixel, and the seeing was between 0.8 amdet.@ arcsec for all
observations.

Reduction of the spectra was carried out using standardthesutvithin thestar-
LINK Software package, as described in 2.3. The spectra warelemgth cali-
brated against a ThAr emission-lamp. Due to the opticaupetf EMMI (the ThAr
calibration lamp has poor flux in the bluest orders), it waseseary to perform the
wavelength calibrations using a long exposure (3600 s) TérAission lamp at the
start and end of the night to gain a good number of arc lindsréeross-correlating
with shorter exposure (200 s) Ne lamps taken immediategr &fch observation, to
account for any drift due to telescope and instrument flex8raall shifts ¢ 0.06A)
were accounted for with a linear correction.

The reduced nebular spectra of HaTr 4 from VLT-UVES are preeskin Figs[3316
and[3®6. Similarly, the reduced NTT-EMMI spectra are présgin Fig[3JY. In each
PV array, cross-section 0 arcsec defines where the cerdras$ound.

The PV arrays presented in FIg.13.5 are consistent with alaebdended in the
north-south direction, as indicated by the+HN n] image shown in Fig[Z3]3, with
slits 1, 3 and 5 showing velocity ellipses. However, somea @aé missing as the slit
is not quite long enough to cover the full north-south exwthe nebular emission
(as indicated by the sudden cut-at the top and bottom of the PV arrays, e.g. at
cross-section 13.5 arcsec in Fig. 2e). The PV arrays from &lds 1 and 3 (Figg.35a
and c) appear to be closed at their northernmost extent (geosied by the northern
extension of slit 3, shown in slit 2, Fig.—3.5b) but open in sloeith; however, the data
from the southern extension to slit 3 - slit 4, Hig.13.5(d) easly shows that this PV
array is in fact closed.

The presence of two separate velocity components (comespg to the red- and
blue-shifted sides of a velocity ellipse) is consistentwiibnt and back walls of an
expanding hollow shell extended along the slit length (inea north-south direction)

- this orientation is perpendicular to the east-west oagom previously indicated by
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Figure 3.3:High contrast k-+[N n] NTT-EMMI image of HaTr 4.

the imagery presented in Fig_B.3. The emission from theakfgquatorial) region of
this shell is significantly brighter than that from the naatid south ends, and it is this
equatorial region which gives the impression of an east-bas tie shape, as seen in
Fig.[33.

The PV arrays presented in FIg.13.6 are obtained from slitipas perpendicular
to those in Figlz315. They each show a closed velocity ellipsafirming the presence
of a shell extending in a north-south direction. Slit 7 appéa have a larger FWHM
for the blue-shifted component at cross-section 0 arcskeereas slit 9 appears to have
a larger FWHM for the red-shifted component at cross-sediarcsec.

The PV arrays presented in FIg.13.7 show HaTr 4 to have strangidission,
but only accompanied by significant il emission through the central E-W slit (slit
position 2, Fig[33l7d). The emission from a field star is is#ét around cross-section

7 arcsec in this PV array. The ‘hollow shell’-like structihat is apparent in FigE_3.5
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Figure 3.5:PV arrays showing reduced [@ spectra from the VLT-UVES slit positions 1-5. North
is to the top of the array. The velocity axis is heliocentrgtocity, Ve The display scale has been
modified to highlight the spatio-kinematic features regdro in the text. Cross-section 0 arcsec defines
where the central star is found, the continuum of which casdas in (c). The continuum of a field star
is visible in (d) at cross-section -8 arcsec.
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3.3: SPATIO-KINEMATICAL RECONSTRUCTION

and3.® is not so clear in the EMMI data due to the solid appearaf the K emission.
There is a suggestion of it in the [ijlemission shown in Fig._3.7 (d), as one can see the
obvious brightening to the red-shifted side, but also atémjrconnecting component
between 90-100 knt$to create a velocity ellipse. TheaHemission shown in Fig. 3.7
(a) could also be said to show signs of a velocity ellipse enfghnter, more extended
components at around cross-sectieBsarcsec and -5 arcsec. No discernible structure
is shown in the [Ni] emission in Fig33l17 (b). No [M] emission was visible for slit
positions 3 and 4, and so only thexHs presented in PV arrays for these two slits.
Again the Hr emission presented in Fig_B.7 (f) shows an indication ofstmell-like
nature of HaTr 4, with a fainter component visible in the ceratiso between cross-
sections+5 arcsec and -5 arcsec that is obscured by the bright componéhe red-
shifted side (the spectrum of another star is visible at@darross-section 7 arcsec).
However, it is only with the VLT-UVES spectra presented abthat the true structure

of HaTr 4 can be inferred.

3.3 Spatio-Kinematical Reconstruction

Using the astrophysical, user-driven modelling progsanee’ S.Leien_&_mD.eu_ZO_dG

Steffen et all 2011), a spatio-kinematical model was developeddar to reconstruct

the nebular morphology of HaTr 4 based on both the high résoltia+[N 1] imagery
shown in Fig[33B and the high resolution, spatially resdlf@ m] spectra shown in
Figs.[35 an@316.

The main aim of thauape program is to allow users to reconstruct the 3D struc-
ture of an astrophysical object based on the observatiansrad (as such, the term
‘reconstruction’ is more appropriate than ‘model’), sfieaily with data sets in mind
that may lack sfiicient detail, or for cases where the observed object doesomdbrm
to usual standards that allow for easy and obvious modellmgts most basic form,

the initial model is constructed in a 3D environment with asiméased renderer by

'httpy/bufadora.astrosen.unam fslapg
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the user from a basic geometric object that is subsequarttigately adjusted with
so-called ‘modifiers’ (that allow user control over gengratameters such as size, ro-
tation, etc., and also operations along a specific axis sachhaer’, ‘squeeze’ and
‘twist’) until it represents the observed objestiape then allows the user to view the
the result in a 2D simulation representing how the 3D mod@aitwould appear in
‘reality’, by producing both an image and a spectrum as thaugad been observed
through a telescope and spectrograph. These output imagdben be directly com-
pared to the observations to gain a best fit, with a marginrof érased on how much
the parameters can be changed before the two no longer aonfor

A wide range of diferent morphologies and orientations for the nebular simell a
waist were applied to the model of HaTr 4. The nebular exmangias assumed to
follow a Hubble-type law (i.ev « r), but the scale velocity was considered a free

parameter in the modellingr([r,] xk, where r is radius from the central stayjs the
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inner equatorial radius, arids the velocity at ).

A more cylindrical structure for the base geometry was disted, as a cylindri-
cal shell produced a nebula which was too ‘straight-edgedimared to the observed
imagery, and did not create the roughly elliptical profildldawed by the two spec-
tral components observed in slits 1-10 (see Eid. 3.8). Sityjla tighter waist was
also discounted as it gave both the nebular image and spetigure-of-eight’-like
appearance, with the nebular shell protruding from theraébow tie rather than it
being a smooth transition, i.e. it is not ‘wasp-waistedinai other such close binary

central star planetary nebulae (bCSPNe) whose waist réle@mparable to that of

its bipolar lobes, such as Abell 41 (Jones et al. 2010b).dfstell thickness parame-

ter was set to greater than 5 arcsec, it created broader cwnisoat the northern and
southern tips of the model spectra than are observed in tiae daring was applied

to the equatorial region of the model in order to increasefiparent thickness of the
shell at low latitudes. The bow tie shape could not be acelyratproduced by simply
enhancing the brightness of the shell in this region. Moegothe increased physi-
cal thickness also leads to broader FWHM spectral compsrfent this equatorial

region due to the larger range of velocities present.

The best-fitting basic model, determined by eye, was an aledgovoid nebular
shell incorporating a thicker equatorial ring, an image dich is shown in Fig[Z3]19
at the same scale, PA (7°), and inclination to the line of tsighthe image shown in
Fig.[23 and presented again here for comparison. The gymB\ arrays correspond-
ing to this best-fitting model are presented in [EIg.B.10. froelel accurately repro-
duces the two velocity components seen in all of the slittpms shown in Figd3l5
and[3.®6, corresponding to the front (blue-shifted) and Kae#-shifted) walls of the
main nebular shell. The model also recreates the brightsomsssociated with the
nebular waist, appearing as the two bright velocity comptsaround cross-section 0
arcsec (see Fig._3110e).

Once the basic model was determined, its inclination wagdan order to assess

over what range a satisfactory fit to the data could be foundmgarison between
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observed and modelled imagery constrains the inclinatidgheonebula to be between
65° and 80° — below 65° the central bow tie becomes too extemdne north-south
direction, and its centre becomes too narrow as less of tigeosrerlaps in the line of
sight. Above 80°, the ring becomes too tube-like in shageerahan the apparent bow
tie as the model nebula becomes close to lying in the planbeosky. Comparison
between modelled and observed spectroscopy further eimstihe inclination to be
75°+ 5°, as other inclinations did not replicate the observegHtriess iset between
the red- and blue-shifted velocity components seen inEhs

The key parameters of the best-fit model are summarised irf3[&b The deter-
mined expansion velocity relative to the central stavgf, = 13 + 2 km s in the

equatorial plane is fairly typical for a PIiGALeLab.e“J.&U]E%wd the systemic velocity
Vsys=-94 + 4 km s1) is in good agreement with that lof Beaulieu, Dopita & Freeman

; Veoys = -97 £ 15 km s?). The kinematical age per unit distance, as deter-

mined by the model parameters, is found to be 4516 yrs kpc!. Using a surface

brightness-distance relationship, Frew (2008) finds aadcs to HaTr 4 of roughly 3

kpc; using this value, we derive a kinematical age of 1352300 yrs for HaTr 4 and
an equatorial radius of approximately 0.18 pc.

Fig.[3.I0 (e) shows the model spectrum corresponding to liserwed PV array
from central slit 3 (reproduced above it in F[g._3.10a) at Ilest-fitting inclination
of 75°. The model PV array nicely confirms that the splittifgpdght components
shown in the spectrum is indeed due to an elongated shelegsisg a thicker and
brighter equatorial ring, as the relative verticéliset between the two bright compo-
nents is dependent on nebular inclination. Hgs13.10 @f)aad (h) shows theiape
models of slits 8, 9 and 10 (see Hig.13.4) at the best-fittictjination of 75° beneath
their observed spectral counterparts to highlight how tighlness variations across
the velocity ellipses change depending on the gialkt overlap as a result of inclina-
tion effects. The fact that the variations in the model do not exam#ych the spectra
highlights the asymmetry of the structure of HaTr 4 in rgalihdeed, in all of the spec-
tra shown in Figd315 arld 3.6, the blue-shifted emissionpmrant is observed to be
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Table 3.1: Table of the main parameters of nebular ring in the beshgttiape model of HaTr 4
shown in FigC3P (errors are the range over which the parmanaeuld be altered and still be considered
a reasonable fit to the observed image and spectra).

Parameter Value

Semi-major axis (to outer edge) 12.6%).5 arcsec
Semi-minor axis (to outer edge) 7450.5 arcsec
Shell thickness & 1 arcsec

Equatorial expansion veloCityex, (r = 7.5 arcsec) 13 2 kms*
Heliocentric systemic velocity/sys 94+ 4kmst

Inclination,i 75+ 5°

brighter than the red-shifted with no obvious explanatasthe best-fitting model does
not replicate this trend; however, possible explanatio@$3M interaction (which may
also account for the thinner nature of that side in Eid. 3)f ¢ more likely that there
is internal extinction blocking emission from the back wall

The velocity diference between the front and back walls of the nebular staell w
determined by subtracting the heliocentric velocity of &npon the red-shifted side
of the model spectra from an equivalent point on the bluéteshside, giving an ex-
pansion velocity oVe,, = 13 + 2 km st. The angular diameter of the nebula was
determined to be 22 2 arcsec, giving an equatorial radius of 0.16 pc. The kinemat
ical age of HaTr 4 is therefore of order 12 0442450 yrs at 3 kpc. The expansion
velocity and age of the nebula are fairly standard for a PNhisfgize.

The suape-modelled nebular inclination of 752 5° relative to the line of sight
is approximately perpendicular to the binary plane, asrdeted in the work of
gL(2012). Bodman, Schaub & Hillivigdd2) state that the

best-fit range for the binary falls between 75° and 80°, bulh\&n acceptable fit as

low as 55°. In knowing that the PN symmetry axis is expectedgtperpendicular to
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the orbital plane of the binary and having seen that thenatilbns of the tware in
agreement, these results further imply that the binarysgassible for influencing the

shaping of HaTr 4.

3.4 Discussion

The imaging, spectroscopy and subsequent spatio-kinemhatodelling presented in
this chapter clearly show HaTr 4 to have an elongated, axisgtmc morphology with
an equatorial enhancement consistent with a nebular rihig. Work demonstrates for
the first time that the symmetry axis of HaTr 4 lies in a rougidyth-south orientation,
as opposed to the east-west orientation inferred from pusvimagery. The ‘bow tie’
appearance of the central region of the nebula is shown tdt fesm a line-of-sight
inclination dfect associated with the enhanced nebular waist, ratheraHhapolar
structure as previously believed.

The spatio-kinematical modelling of HaTr 4 reveals faigipital dynamical prop-
erties, with a kinematical age of order 13 500 yrs and an egahy/e,, = 13 + 2 km
s, This is consistent with the age derived from the observedtsa within the asso-
ciated errors, which is of order 12 000 yrs at a distance ofc3 kp

No evidence is found for extended emission beyond the mdualaeshell or jet-
like outflows associated with HaTr 4, such as those found freroknown bCSPNe:
ETHOS 1 (Miszalski et eu__mlla), The Necklalce (Corradi 22@11), Abell 63 (A63)
dMimh.eILe.La.l. 20017) and NGC 6337 (Garcia-Diaz et al. 20@@imilarly, even once
the dfects of inclination have been taken into account, no obvémagogue for HaTr 4

can be found amongst the other bCSPNe which have been thecsubjdetailed

spatio-kinematical study. While the morphology of HaTr 4aigsymmetric it is not

bi lobed, displaying more of an overall elliptical struaur Perhaps those that are
morphologically the closest in resemblance to HaTr 4 are JM&h.eLLeLa.I 20017)
and Abell 41 (A41)l(Jones etlal. 2010b); however, both showkethditerences to

HaTr 4. A63 has no ring-like equatorial feature, and alspldigs extended polar out-
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flows which are absent in HaTr 4. A41 does display an equatanig, but a far less
extended version than the one seen in HaTr 4. Similarly, Ag andistinct bi lobed
structure not seen in HaTr 4. The other three PNe mention8eé@f 3.1l that are also
shown to be aligned to the binary orbital plane are NGC 63&CN778, and Abell 65
(A65). Once again, they are very morphologicallffelient to HaTr 4 which empha-
sises how many elierent mechanisms and intring@gtrinsic factors influence the pro-
cess of the formation and shaping of PNe. NGC 6337 shows assatompletely cir-
cular (slightly elliptical) morphology, but is in fact theamt of a nearly edge-on bipolar
nebula possessing point-symmetric structures, with amattd binary—nebula incli-

t 0P| Hillwig et al.l2010).

1

nation of order 15°((Corradi et al. 2000; Garcia-Diaz

NGC 6778 is described as having a main nebular shell posgeadilisrupted equa-

torial ring and kinematically disturbed bipolar lobes, igipg that it most likely un-

derwent an explosive event earlier on in its lifetime (Gassr& Miranda 2012). The

binary—nebula inclination for this PN is of order 85° (Mifsa et al.l2011a). Finally,

A65 shows to be a double-shelled (non-coeval) PN with thenmebula displaying
the bipolar morphology, implying separate mass-loss ewsith a time diterential of
around 7000 yrs. In this case, the binary—(inner)nebulaiaitton is of order 68°. This
lack of direct analogue highlights the morphologicallypdisate nature of the current
zmald)). The imaging

study ol Miszalski et all(2009b) did, however, indicatet th@ most common morpho-

n

sample of bCSPNe that have been studied in detail (Jone,

logical feature amongst the known sample is some form oftegiahring - a feature
we have shown to clearly be present in HaTr 4, and is probaddg@ated with the
ejection of a CE.

The inclination of the nebular symmetry axis of HaTr 4 is fdto be~ 75°, consis-

tent with the non-eclipsing nature of the binary centrat. Seairther investigation into

the central star system | illwig (201&)jaates that the incli-

nation of the central binary plane is very close to the netinldination, as predicted

by theories of binary-induced PN shapi R006). HaTr 4 is

one of only seven PNe to have had this alignment between arebyrihmetry axis and
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binary plane observationally shown, a finding entirely ¢stent with HaTr 4 having

been shaped by its central binary star.

Notes

The imagery presented in FIg-B.3 was acquired by S.A. BellarPollacco under ESO programme
ID 055.D-0550(A). The NTT-EMMI spectroscopy was acquirgdln Mitchell and D. Pollacco under
ESO programme ID 074.D-0373(A). The VLT-UVES spectroscapg acquired by T.J. O'Brien and D.
Jones under ESO programme ID 081.D-0857(A). The subsedatnteduction, analysis and modelling

was done by the author.
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LoTr 1 and its relation to PNe possessing

Barium central stars.

The work presented in this chapter was published.inﬂn.ﬂlﬂlj 2013)*

4.1 Introduction

LoTr 1 is a planetary nebula thought to contain an intermedd&riod binary central

star system of orbital period® ~ 100-1500 d;[(van Winckel eti&l. 2009). The sys-

tem shows the signature of a K-type, rapidly rotating gianat enost likely constitutes
an accretion-induced post-mass transfer system similathter PNe such as LoTr 5,
WeBo 1 and A70. Such systems represent rare opportunitigtteer the investi-
gation into the formation of barium stars and intermediaequ post-AGB systems
— a formation process still far from being understood. Irs tthapter, | present the
first detailed analyses of both the central star system amduhrounding nebula of
LoTr 1 using a combination of spectra obtained with VLT-FQRBAT-UCLES and
NTT-EMMI, as well as SuperWASP photometry.
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411 LoTr1l

As discussed in detail in CHL 1, the interaction between thggmitor star and a binary
companion is believed to shape the resulting PN and in soses@ven thought to be
almost essential for a PN to forrln (Moe & De M vlco 006). Thepgi@influence of

CE evolution has been studied extensively (see,_ag_al(mdal 0] Tyndall et al.

2012) and understood in terms of either a collimated fasdvaarving out an ax-

isymmetric nebula (Soker & Rappapbrt 2000) or the ejectedd@ing an equatorial

density enhancement_(Nordhaus & Blackiman 2006) as reqbietie GISW model
.Ka.hn_&AALeﬁu.lQ.BEIb; see Ch_T.2.3). However, very little isln about intermediate

period, post-AGB binaries, including theiffect on PNe formation and morphology,

due to lack of observations. The intermediate period bésafall between post-CE

systems|(Miszalski et 9a) and visually resolvedesyst(e.gL_Ciardullo et al.

1999). [Sokerl(1997) claimed that these interacting sysemmshe most likely PNe

central stars to form the classical ‘butterfly’ (bipolar) mpbologies, but with few sys-
tems known and limited investigations this has yet to be coafil. Only by finding
and studying CSPNe with intermediate periods can we sutistathis claim and re-
late the processes at work in the formation of PNe by both-@&sevolution and
intermediate period CSPNe.

The PN LoTr 1 ¢ = 05" 55" 06.6°, 6 = —22° 54 02.4’, J2000) was first dis-

covered by A.J. Lonfmore and S.B. Tritton with the UK 1.2 m r@ah telescope

Longmore & Trittoln ). It is generally noted that LoTr élbngs to the so-called

‘Abell 35-type’ group of PNel(Bond, Ciardullo & Meakes 1993)owing evidence of

a binary system consisting of a cool central star (a rapidigtimg subgiant or giant)
and an optically faint hot companion (a WD witfective temperaturélss ~ 10° K)

since these giant stars are too cool to ionize the surrognugibula. Four PNe fell
into this category: Abell 35 (hereafter, A35), LoTr|5 (Theiue& Jasniewicz 1997),
WeBo 1 (Bond, Pollacco & Webbink 2003) and Abell 2012, here-
after A70). Howevel, Frew (2008) determined that A35 is niigsly not a true PN,

é
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but rather a Stromgren zone in the ambient interstellar olediSM). This claim is
substantiated by Ziegler et aJL_(L)lZ), who find that theregstar may in fact have

evolved directly from the extended horizontal branch to\WP phase (a so-called
AGB-manqué, or ‘failed’, star). As such, we choose not tosider A35 in our com-
parisons among this group.

Another common factor amongst the A35 group is evidencelfereixistence of

‘Barium (Ba) stars’|(Bidelman & Keensn 1951) — Population/K&ype giant stars

that show an overabundance of carbon and s-process elenmeptsticular barium

Thevenin & Jasniewicz 1997). As discussed in detail in[CEZ] a now-canonical
model for the formation of these Ba stars states that thew fost through CE evolu-

tion, as is the case for close binaries found within PNe, &iitar via a wind accretion

scenariol(Bffin & Jorissen 1988). However, some exceptional systems nasalso

experience similar enrichment within a close binary system. the Necklace nebula

Miszalski, Bdfin & Corradli 201B) which possesses a carbon dwarf star. PN K 1-6

Frew et al. 2011) is another potential candidate for thmugrof objects as it also

shows evidence of possessing a G- or K-type giant (infemaa imagery, looking at
both optical and 2MASS near-infrared colours) and a verysbtdwarf or WD (in-

ferred from GALEX archival images) at its core. However, tallar spectroscopy is

available as yet to look for signs of chemical enrichmlmMEe.La 2011). More re-

cently,[Miszalski et @l.[(2013) presented evidence for A@amand s-process enriched

giant at the centre of the PN Hen 2-39. However, due to it baingwly investigated
system, Hen 2-39 is not included in this study.
One important prediction to come out of the wind accretiomeids that the accret-

ing star, i.e. the future Ba star, also accretes angular mamefrom the companion

to become a rapid rOtatC].L@HES_&_SLEALEE“ 1996; Theuns, i & Jorissen 1996).
Indeed, photometric monitoring of LoTr W 1997) and Webo 1

Bond, Pollacco & Webbink 2003) has revealed that their coohponents are in fact

rapid rotators with a rotation period of a few days, thus pimg further evidence

for this formation scenario. This is further emphasisedh®y/ fact that Montez et al.
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010) found that the X-ray emission from the binary cengtats of LoTr 5 is most

likely due to the chromospheric activity from a spun-up campn.

Most Ba stars are not observed to be within PNe, almost oérthecause the life-
time of the PN is very short with respect to the lifetime of sellar system. However,
this does not completely rule out the possibility that sonaesBars may be formed
without passing through a PN phase. There are a few examipliiesdostars that have
been shown to consist of a rapidly rotating cool star linkecmn optically faint hot
component in a similar fashion to the A35 group, but withautrent evidence for a

surrounding PN. HD 12822@(= 872 d) is one such system, made up of an O sub-

dwarf and a GO giant companioL (Bond, Pollacco & Webhink 3003 subdwarfs

overlap with CSPNe in terms of their lagand T, implying that they too are found

to be in a post-AGB phase of evolution (Howarth & Heber 19%®) Pegasi is another

example, whereby it possesses a system consisting of a KOayd a hot WD com-

panion with evidence for an overabundance of Ba, and hastiamagsd orbital period

of 111 d (Grffin I2006). In knowing that the chemical pollution process thatned

the Ba central stars happened very recently — either duoingnmmediately prior to,
the formation of the PN — makes it highly important to studgtsaystems as A70 and
WeBo 1, as it will allow us to gain greater insight into botle $rprocess within AGB
stars and mass-transfer mechanisms.

In this chapter, photometric and spectroscopic obsemsid LoTr 1 and its cen-
tral star are presented along with complementary data ofakidOWeBo 1, in order to
try to relate the evolutionary processes of these threesysand see if they belong to

a common ‘fellowship’ of s-process enriched, cool CSPNeamsng-like nebulae.
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4.2 Observations and Analysis

4.2.1 LoTrl
Imaging

The deep [Gn] and Hx+[N 1] images shown in Fig§._4.1 (a) and (b) were acquired on
2005 March 03 using the red arm of NTT—EMI\I’II (Dekker, Delabr®&doric 198L3).
EMMI was used with the mosaic of two MJIL CCDs of 2048x 4096 1mum pixels.

The exposure timée,,, in each filter was 1800 s, and the binning was set t02(=
0.33 arcsec pixel). The seeing was0.7 arcsec.

The images show LoTr 1 to have an apparent double-sheltstejavith the central
shell having a circular profile of angular diameter 472 arcsec, and the outer shell
a more irregular, but still roughly circular, appearancéhva diameter of 2 arcmin
26 arcsect 4 arcsec. Furthermore, in i@, the outer shell appears brighter in the
north-west and south-east directions. This, coupled wWithdlight deviation from
circular symmetry, could be considered evidence for annad|, elongated structure,
where the brighter areas result from a projectifiea. Interaction with the ISM is

also frequently invoked to explain deviation from symmednd brightening of the

nebular shell (e.d. Jones etlal. 2010b); however, this woatdroduce the apparent

axisymmetry in the nebular brightening as the nebula wonlg imteract strongly with

the ISM in the direction of its motior i ij ien200V).

Nebular spectroscopy

Longslit echelle spectroscopy was carried out using AATEES and NTT-EMMI,
focusing on [Qn] emission over eight diierent slit positions (see Fig—4.1b) in order
to gain spatially resolved velocity profiles across a gooda of the nebula and sub-
sequently build up the 3D environment (see Ch.1.3.1 for ndetail). The resulting
spectra are then plotted as position—velocity (PV) arrays.

On 2005 March 03, a spectrum was acquired from the nebulg EMMI in its
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Figure 4.2: PV arrays showing reduced, longslit {@ NTT-EMMI and AAT-UCLES spectra of
LoTr 1, both aligned E-W, to show the overall nebular streetuMest is to the top of the array. The
velocity axis is heliocentric velocityWhe. The display scale has been modified to highlight the spatio-
kinematic features referred to in the text. Cross-sectiarc@ec defines where the central star is found.
The gap between the two CCDs in (a) is visible as a black stipss the frame at cross-section 58
arcsec (see the text for details).
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Figure 4.3:PV arrays showing reduced @ AAT-UCLES spectra of LoTr 1. The velocity axis is
heliocentric velocityVhe. The display scale has been modified to highlight the sgatiematic features
referred to in the text. Slits 2—4 are N-S (north is to the tbihe array), slit 5 is E-W (west is to the
top of the array). Cross-section 0 arcsec defines where titeatstar is found. The continuum of a
field star is visible at cross-sectiei arcsec in (a) and (b), and at cross-sect@B8 arcsec in (d).
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single order echelle mode, employing grating #10 and a néaad [Omi] filter to
prevent contamination from overlapping echelle orderse iifaximum slit length of
330 arcsec and a slit width of 1 arcsec was used to give a tesglliR ~ 54 000
(5.5 km s1). A 1800 s exposure was taken at a position angle (PA) of 9@5simg
the central star (slit position 1 in Fig—4.1b), and the datser2x 2 binned to give a
spatial scale of 0.33 arcsec and a velocity scale of 3.9 Rmigell. The seeing was
~0.7 arcsec.

On 2005 January 14, spectra were acquired from the nebulaloflusing the 79
lines mnT! grating on AAT-UCLES. UCLES was operated in its longslit readith a
maximum slit length of 56 arcsec and a slit width of 1.97 acdsegive a resolution
R ~ 20 000 (15 km st). The EEV2 CCD (2048 4096, 13.;um pixels) was used
with binning of 2< 3, resulting in a pixel scale of 3.88 km'spixel™! in the spectral
direction and 0.48 arcsec pixélin the spatial direction. 1800 s exposures were taken
at five diferent slit positions (shown in Fig._4.1b) using a narrowb#ilite to isolate
the 45th echelle order containing @ emission line profile. Slits 2—4 were taken at a
PA of 0°, and slit 5 was taken at a PA of 90°. The seeing duriegtbiservations was
~2 arcsec. A further three slits (slit positions 6-8 in Fidl).were acquired using
the same instrument and CCD on 2013 January 3 with a seeinfj.6farcsec and a
binning of 2x 2 (= 0.32 arcsec pixet in the spatial direction). Here, a slit width of
1 arcsec was employed for slits 6 and 84R5 000= 6.7 km s?) and 1.5 arcsec for
slit 7 (R ~ 30 000= 10 km s*). The slit width for slit 7 was altered to try to match
the seeing conditions during the night. However, as all otagi®ns were carried out
with the same binning in the spectral direction and the saratng resulting in them
having approximately the same dispersion, they can all bd tsqualitatively assess
the spatio kinematic structure of the nebula (varying orescenuch greater than the
slit widths employed, due to the angular size of the nebida Being much greater
than the slit width).

All the spectra were cleaned of cosmic rays and debiasedppately, as de-

scribed in Ch[ZI3. The AAT-UCLES spectra were wavelenglibiaed against a
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ThAr emission lamp, rescaled to a linear velocity scale appate for the [Qu] emis-
sion and corrected to heliocentric velocit,e. Due to the optical setup of NTT-
EMMI, it was necessary to perform the wavelength calibragiaccounting for spectral
shifts using a long exposure (3600 s) ThAr emission lamp asrdeed previously in
Ch.[32.

The reduced nebular spectra of LoTr 1 are presented in [Ei@sart[4B as PV
arrays. In each PV array, cross-section 0 arcsec definegwheecentral star is found.
In Fig.[£2(a), the bright lines located around the centealat cross-sections3 arcsec

and -3 arcsec are most likely artifacts due to the compardifterence in brightness

between the central star and the nebula (Joneslet al.l2010a).

The closed velocity ellipses shown in the PV arrays present&igs[4.2 (a)l-4]3
(c) and the central PV array bf4.2 (b) (i.e. representirtgpsisitions 1, 4 and 7) have a
major axis which has the same length as the diameter of tlee giell (see SeE. 4.2.1),
with no significant asymmetries visible. This is indicatihat the nebular structure is
indeed an isolated, closed shell or elongated ovoid vieweditly along the symmetry
axis rather than a projectiorifect related to a bipolar structure being viewed end on.
The expansion velocityey, for the inner shell is measured to be 374 km s* at

the location of the central star, while thg,, for the outer shell is measured to be 25

+ 4 km s falling within the typical range for a PN_(Weinberger 198#ssuming

typical expansion properties for the nebula (i.e. the vigfas proportional to distance
from the central star), the latter velocity is then the maximexpansion velocity for
an elliptical shell viewed pole-on, or the uniform expamsielocity of the shell in
the case of a sphere. The heliocentric systemic veloeity,of this central shell was
determined to be 14 4 km s*.

In slit 1 (Fig.[£2a), emission associated with the outel shelearly detected out-
side of the central shell at cross-sectien40 arcsec and —40 arcsec (see Sdc. 4]2.1).
Here, the emission from the eastern side appears bluedhith respect to the nebu-
lar Vsys, and the west appears red shifted; this is indicative of alnied and extended

structure, e.g. an elliptical nebula, where the approartabe’ is tilted slightly to the
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east of its receding counterpart. Consideration of theratlits presented in Fig—4.3

(b), (c) and (d) confirms this asymmetry in the velocity peficross the nebula, but

indicates that the symmetry axis may lie closer to the nadhesouthwest direction

than east—west. However, any deviation from the line oftsighst be rather small

given the almost circular appearance of the shell in the eadgee Fid411).
Determination of the exact structure and inclination of tledula would require

a more extensive, higheyI$ data set covering more of the physical extent of nebula

(given the outer shell’s faintness), and a detailed spatierkatical model such as that

presented in.Jones et al. (2012b). However, it is clear froth the imaging and spec-

troscopy presented here that LoTr 1 shows a double-shetlectsre with evidence for
an elliptical and slightly inclined outer shell, and a marfayically similar inner shell

at a diferent orientation.

Stellar photometry

The field of LoTr 1 has been observed by WASP-S between 2006 Mayd 2012
February 17 with a total of 21407 photometric points obtdinéh the two cameras
DAS 226 and 228. WASP-S is a wide field survey camera situdt8hAO, Suther-
land, South Africa, and together with its northerly sisBrperWASP-N, is designed to

obtain extremely accurate photometry of bright stars ireotd search for transits from

exoplanets (see Pollacco etlal. 2006, for a more detailextigden of the facility, the

data reduction and archive). Data mining tools and the pwsthive are discussed by
B.ulLaLs_el_aJI. (2010). After reduction through the instraigpeline (Pollacco et

006), the time series were examined with a simple Lomb-gBeéitter for periodic

signal detection. From the light curves reproduced in [Eid.tdken from_Jones etlal.

0114a), a period of 6.4 d was derived with a peak-to-peakliaudp of 0.061 mag.

This is close to the value of 6.6 d with an amplitude of 0.1 nray,iinitially derived
bylBond, Ciardullo & Meakes (1989). Given the period, thigditande is probably too
high to be considered due to irradiatidiieets Qe_ManJL_ZM)G), so the most likely ex-

planation is that the periodicity is following spots on a kstar — the signature of a
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Figure 4.4:SuperWASP photometry of LoTr 1. Upper panel: periodograawshg a clear detection
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the periodogram. Lower panel: the data binned into phasg birerlaid is a sinusoidal fit with a peak-
to-peak amplitude of 0.061 mag. (Figure credit: D. Polldcco

rapid rotator, analogous to the systems of LoTr 5 (6®.3 d;| Thevenin & Jasniewicz
1997) and WeBo 1 (4.62 0.05 d; Bond, Pollacco & Webbirnk 2003).

Stellar spectroscopy

On 2012 February 10, a high resolution spectrum was acqoirédae central star of
LoTr 1 using VLT-FORS2[(Appenzeller et $.L_1998) with grisi20Dg. FORS2 was

operated with a maximum slit length of 6 arcmin and a 0.5 arctié width (R ~
3000), and at a PA of 45°. The data wer& 2 binned to give a spatial scale of 0.25
arcsec pixeft, with a dispersion on the spectral axis of 0.3A pitelA single 600 s

exposure was taken under seeing-di.7 arcsec.
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On 2012 February 29, a low resolution spectrum was acquifrégeocentral star
of LoTr 1 using NTT-EFOSC2_(Melnick & Mendes de Oliveira 1992 x 2 binning
of CCD-40 was employed to give a spatial scale of 0.24 arcs@t b (2048x 2048,

15um pixels). A slit width of 1 arcsec was used at a PA of 0° to aegthe spectrum,
giving dispersion on the spectral axis is 4.04A pixeAn exposure ofey, = 300 s was
taken under 0.6 arcsec seeing.

The EFOSC2 data were eventually discounted dueffiwdities encountered with
the flux calibration of the spectrum and were not used in thsesguent analysis of the
central star of LoTr 1. There was also an unusual high flux tde/¢he blue end of the
spectrum between 5000-6000A which could not be accounted for (see[Eld. 4.8) an
is most likely due to an instrumental, rather than physitééct. As such, a proper fit
could not be made to determine the spectral type accurately.

The FORS2 stellar data were extracted to 1D and flux calibrag¢minst standard
star Hz 4, and are presented in Figl4.6. All reductions wareerl out using standard
STARLINK routines.

The central star of LoTr 1 was classified as a K1 llI-type giapntomparing the
flux calibrated FORS2 spectrum with UVES Paranal Obseryd&ooject (POP) stan-
dard stars/(Bagnulo etlal. 2003) that had been rebinned andtbed to match the

resolution of the FORS2 data. Figurel4.8 is presented hesbde a comparison of
the overall fit of the spectrum between a KO Il giant (a) anel thosen K1 Il giant
(b) with LoTr 1. As is evident here, a KO spectral type was diisted as the overall
flux is too low, as well as there being a mismatch with some tsplefeatures when
compared with a K1 Il giant (e.g. there is a bad fit to the blo€kines that peak at
around~ 90 ergs crm? A~ at ~ 4590A). FigurdZ19 shows the chosen K1 Ill spectral
classification across the acquired spectral range to shegdbdness of fit.

To refine the analysis and derive the possible s-processlowedance, the stel-

lar spectral synthesis code of R. Grayrctrum version 2.76 with models from

Castelli & Kurucz (2003), was used by H. Bo (private communication). The best-

'See httpywww1.appstate.eddepfphysicgspectrum
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4.2: OBSERVATIONS AND ANALYSIS

fitting parameters subsequently derived wé&ge = 4750+ 150 K and logg = 2.0

+ 0.5, which is in agreement with the K1 Ill spectral type. Ugsthe average value
of the absolute magnitude, = +0.7 for such a giant as given in Allen‘astro-
physical Quantities{(2000), the flux for the spectrum shown in Hig.]4.6 that allows

the derivation of an apparent magnitude,= +12.6 (accounting for 20% slit-losses)

and extinctionAy=0.1285 i ' is 1998), one can deteenai

rough distance to the star of 2.6 kpc and a not-unreasonadblasr of the giant of
11.5 R,. Alternatively, one can use the average valu®¥ aferived from SuperWASP
(see Fig[Z1), i.eV = 1244, to derive a distance of 2.1 kpc. Note that this observed
SuperWASP magnitude is likely to be contaminated by linession and close field
stars because of the broad observing band and large (1&ppisels. Therefore, it is
preferable to use the distance derived from the flux caldorapectra.

To check that the giant and the PN are indeed linked and nalyne@chance super-
position, the radial velocity élierence between the nebular lines in the FORS2 spec-
trum and the giant star’s absorption lines was computedsecorrelating the acquired
spectrum (shifted so that the nebular lines were at velamtp) with the synthetic
K1 Ill spectrum. The resulting stellar velocity of 4 2 km s with respect to the
nebula implies that the cool central star and nebula areigdiiysrelated.

The FORS2 spectrum was used to check for signs of Ba pollatid654A. Figure
H.T10 shows the FORS2 spectrum of LoTr 1 plotted alongsideetBynthetic spectra
with various Ba enhancements, from [Ba] = 0.1 to 0.5. An overabundance of 0.5 or

greater classifies the system as a definite Ba star, with a @&lll2—0.5 being possibly

a ‘mild’ Ba star (Pilachowski 1977). Due to the relativelyd&/N and resolution of

the spectrum, we are unable to determine a definitive valuthtoBa abundance in
LoTr 1, but we can clearly state that it is much less than Odbtherefore does not

show any measurable Ba enhancement. This is contrary tod¥@land WeBo 1 (see

2012 and Bond etlal. 2002, respectively)iciviiboth possess definite

Ba stars.

On 2013 January 3, 8 30 min spectra were acquired from the CSPN of LoTr 1
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Figure 4.10LoTr 1 FORS2 stellar spectrum (solid line) alongside thyaglsetic spectra with [B#&e]
=0.1,0.2,and 0.5, smoothed to match the FORS2 resolutioplattédd over a wavelength range which

includes the Ba 4554A line. (Figure credit: H. i)

using AAT-UCLES using the 79 lines mrhgrating, operated in full echelle mode
with a slit width of 1 arcsec to give a resolution~R45 000. All spectra were reduced
using standardrarLiNk routines, corrected to heliocentric velocity and then swam
Unfortunately, because of the large interorders in thetspédCLES operated in this
mode gave non-continuous wavelength coverage from rousg0y to 8900A across
19 orders with interorder spacing of 100-200A), it is notgibke to assess the Ba
abundance as none of the available orders contain the Badir@141.7 and 6496.9A.
We have verified, however, that the iron lines are well fittéth\& solar abundance and
our preferred model, in agreement with what we derived froemRORS2 spectrum.

Looking at the Lar 6390A and Yu 6222A lines it is also clear that these elements are
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Figure 4.11:Ha emission seen in LoTr 1. (Figure credit: H. fiia)

not overabundant, confirming the lack of s-process enhaeceim LoTr 1.

The AAT-UCLES spectra allowed us to find that the stellar congnt of Hr is in
emission (see Fig._4111). The line is very broad and is glatolible peaked, with an
equivalent width of about 6A and a velocity spread of 572 ki 8sing the method of
Hodgkin, Jameson & Steele (1995), H.fBo derived an K luminosity Ly, = 0.044

Lo. With the above estimated total luminosity of the stiar ¢ 60 L), this gives a
value logLy, /L, = -3.12.

Such Hr double peaked emission lines have been found in LoTr 5 (Sastd et

1994,_Slta$ﬁ.mﬂiﬂL_Hu.b.L&_BJL€L1£ 97)and ASE_LAQKEL&J.&SN.JW99 Jasniewicz etial.

1992), but the origin is still unknown. Rapidly rotating gig, such as RS CVn or FK

Com stars, are known to have high chromospheric activitcvis often revealed by
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emission cores in some lines. Indeed, Acker & Jasni =\Li39_0 18nd a modulation of

the Hx emission line with the rotation phase, while Jasniewic4.€(1892) postulate

that the variable double peaked emission line is the re$alt overlap between an ab-
sorption and an emission line atdHwith the possibility for the absorption component
to be formed in the photosphere or through a self-absorgioness as in Be stars.
However, the measured FWHM velocity seems too high to besthiog mass motions
inside the chromosphere, while the luminosity is too snudltlé due to accretion. Such
double peaked emission is also sometimes found in symlsitatis (detached systems
which interact via wind accretion). A few of them, out of artlmurst event, produce
bipolar nebulae very similar to PNe. It turns out that manykiptic stars show dou-

ble Ha profiles (e.g ' itz 1996; Burmeistereedjary 2009),

which might be caused by a narrow absorption component fnengiant overlaid with
very broad k emission from high velocity jets at the core of the systenfyodisc-
like structures. It would thus be of interest to further sttige possible link between
LoTr 1 and symbiotic stars.

A spectrum of the central star system of LoTr 1 was acquirédguthe Interna-
tional Ultraviolet Explorer (IUE) satellite by Bond, Ciartio & Meakes ,19_8|9). Pre-
sented here in Fi§.4.7, it indicates a strong UV continuuyet> 10° K. Comparing
this IUE spectrum to a known WD within NGC 7293 £2193! pc, m, = +13.5;
Harris et al! 2007) gave us a reasonable fify > 1.23x 10° K and R= 0.017 R.

Based on values of B 2 arcmin 22 arcseg 4 arcsec, an¥e,, =25+ 4 kmstata
distance of 2.6 kpc, we derived a kinematical age of 33 0®DO00 yrs for the outer
nebular shell. For the inner shell, with given values o B7 + 2 arcsec anW¥e,, = 17

+ 4 km s, the age is derived as 16 0806500 yrs. Using the white dwarf evolution-

ary curves from_Bloecker (1995) and assuming an averageaminmass of 0.6 IV}

we derived a stellar temperature at the age of the PN of appadgly 120 000 K. The

derived radius and age of LoTr 1 are consistent with Bloégleolutionary curves.

144 A Study on PN Possessing Binary Central Stars



4.2: OBSERVATIONS AND ANALYSIS

0450 T T T e T
55|
-7:05:00

05

Declination

30F
35F

40F

] L £ NS B
30.5 20:31:30.0

Right ascension

Figure 4.12:Hae+[N 1] image of A70 showing all slit positions. Slits 1-4 were aitgd in [Om]
using VLT-UVES, and slit 5 was acquired irdkand [Om] using SPM-MES. The central star is visible
ata = 20:31:32.2¢9 = —07:05:17.0.

4.2.2 A70
Imaging

The Hx+[N n] image of A70 shown in Fid—412 was acquired on 2012 July 08gus
FORS2, with an exposure time of 60 s and seeing of 0.8 arcsefirsAglance the
image shows a general ring-like appearance similar to th&N& such as SuWt 2

.J.o.n.eﬁ_eLElLZO_'LDa); however, just as noted by Miszalsk &_051_2), closer inspection

reveals a ‘ridged’ profile more like that of a bipolar nebuiewed end-on (e.g. Sp 1;

Jones et al. 201Ra). Furthermore, this image shows in dbtalbw-ionization knots

first identified by Miszalski et all (20112). Many of these stures seem to be akin to

the cometary globules seen in the Helix Nebula (dense caadiens of molecular gas

embedded in the ionized nebula; see Meaburniét al.l 19923),knitty heads closest

to the nebula centre and extended tails reaching out tovtaedsuter rim. Extended

material is also visible outside the east-southeasterye eaf the nebular ring (the
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emission visible to the north of the ring originates from akgaound field galaxy).
Assuming the ‘ring’ is a physical structure rather than gguotion dfect, the in-
clination of the nebula can be derived by deprojection. Tirguéar size of the nebula

was determined to be 44 38 arcsect 2 arcsec, falling in line with the previously

given value of 45.% 37.8 arcsec by Tylenda etldl. (2003), giving an inclinatibB@
+ 10°.

Nebular Spectroscopy

On 2011 June 10-11, high-resolution data of the nebula ofwét@ acquired in [Q]
using grating #3 on the visual-to-red arm of VLT-UVES (Dekkeal..2000). UVES

was operated in its 30 arcsec longslit mode with a 0.6 ardgewidth (R ~ 70 000,
4.3 km s? pixel™?) to give a spatial scale of 0.17 arcsec pixelA filter was used to
isolate the [Qu] emission lines and prevent contamination from overlagmrders.
The seeing was between 0.5 arcsec and 0.7 arcsec for alvabeas. Four 1200s
exposures were taken over fouffdrent slit positions. Slits 1 and 2 were taken with
VLT-UVES at a PA of 160° and slits 3 and 4 at a PA of 70°, to linewifh the major
and minor axis of the nebula, respectively. Slit 5 was aeglin both [Om] and Hx

on 2011 May 15 using SPM-MES 2003; Lopez &_Qni). The full

slit length of 5 arcmin was used with a slit width of 160 (= 2 arcsec, R- 30 000),
and taken at a PA of 90°. The data wer 2 binned to give a spatial scale of 0.75
arcsec pixel'. The seeing was 3 arcsec.

The nebular spectra acquired from VLT-UVES shown in Eilg34how two highly
filamentary components, one red shifted and one blue shiftgdre roughly symmet-
rical, joined by bright knots of emission where the slitsssthe nebular ring to form
a closed velocity ellipse in both axes. These filamentaryiaedular structures are

typical of disrupted nebulae, where instabilities haveumetp structurally deform the

shell (Guerrero & Mirandha 2012), and clearly show that A78assimply an inclined

ring but instead has ‘bubbles’ extending in the line of sighis reasonable to assume

that these bubbles form a closed and axisymmetric structimebright emission at the
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Figure 4.13:PV arrays showing reduced VLT-UVES spectra infifrom A70. Figures (a) and (c)
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text. Cross-section 0 arcsec defines where the centrabdtaund.
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Figure 4.14:PV arrays showing reducedaHand [Om] SPM-MES spectra of A70. Emission is
through the horizontal axis (slit 5 in Fig—4112). The vetgaxis is heliocentric velocityWhe. The
display scale has been modified to highlight the spatio katenfeatures referred to in the text. Cross-
section 0 arcsec defines where the central star is found.

extremes of each slit indicate that the nebula may have aeduspist, with slits 1 and

2 showing the ‘crow’s foot’-like structure typical of nawewaisted nebulae viewed

along their symmetry axis_(Jones etlal. 2012b). Howevergetigea clear brightening

in these regions and those of slits 3 and 4, consistent witigatlring. We therefore
deduce that A70 is composed of such a bright ring, encirdhiegvaist of a disrupted
and faint bipolar shell.

Using the same spectra, a polar expansion veldityfor A70 was calculated to

be 39+ 10 km s*. This is in agreement with the value for expansion velocityg, =

38 km s given by Meatheringham, Wood & Faulknhér (1988), althougrerror was

quoted. AVgysof -73 + 4 km s was determined for the nebula, which is consistent
with the value of -72+ 3 km st by MLszalakLe.t_al (2012). The kinematical age of
A70 was determined to be 2700950 yrs kpc!. Taking the distance to the nebula to

be 5 kpc, as given by Miszalski etlal. (2012), this gives arraV&inematical age for
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A70 of the order of 13 40@ 4700 yrs.

The limited depth and resolution of the MES-SPM specffardittle extra to the
discussion of the nebular morphology and kinematics, dtier to show that there is
no major diference between the emission i ldnd that in [Qu]. They are shown
here in Fig[ZI¥ mainly for comparison with similar data @ced from WeBo 1,
which will be discussed in Selc4.P.3.

4.2.3 WeBol
Imaging

The deep K+[N n] image shown in Fig—Z4.15 (a) is the result of coadding 220 s
exposures, each with seeing better than 1.2 arcsec, ad@srpart of the IN/WFC

Photometric k& Survey (IPHAS) surve)_(.D.LaALeL&.L_ZC 05) using the Wide F@tan-
era (WFC) on the 2.5m Isaac Newton Telescope (INT) base@ &liservatorio Roque

de los Muchachos, La Palma. Theijfpimage shown in Fid_4.15(b) was acquired us-
ing the same instrument on 2010 September 9, with an exptisueeof 1200 s and
under seeing of 1.4 arcsec.

The images show another ring-like morphology, althoughcstrrally diferent to
A70 (see Sed4.2.2), with a pronounced inner edge and faimtere extended emis-
sion around its entire circumference. The ring is partidyldiffuse in [Om], as shown

by the lack of a visible inner edge. Similar extended emisgalso found in SuUWt 2

ones et al. 2010a) and HaTr 10 (Tajitsu et al. 1999), whHegeainhg is actually the

waist of an extended bipolar structure, possibly indigativat WeBo 1 may display the

same morphology but with as yet undetected, very faint lobeSuWt 2, Jones et al.

010a) attribute this extended material to structural lamghtness variations across

an irregular toroidal structure; however (particulariytiie light of the Hr+[N 1] spec-
tra acquired — see Fif_4]16), WeBo 1 shows a much more reguotheven ring-like
shape, indicating that this is more likely an intrinsic stuural property, i.e. a tear drop

rather than circular shaped cross-section.
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Smith, Bally & Walawender (2007) deprojected the ring of WeB determining

that it is seen almost edge-on with an inclination of/3° with an inner-ring radius of

~ 25 arcsec, which is consistent with the ring dimensions ok @2 arcsec given by

Bond, Pollacco & Webbink (2003) and as measured from the @nggesented here

(65 x 20 arcsec: 4 arcsec).

Nebular Spectroscopy

On 2010 December 10, spectra were acquired of WeBo 1 in be#{Mu] and [Om]
using SPM-MES. The maximum slit length of 5 arcmin was usetth wislit width of
15Qum (= 2 arcsec, R~ 30 000) for each filter. The data werex22 binned to give

a spatial scale of 0.75 arcsec pixXelSlit 1 was taken at a PA of 352nd slit 2 was
taken at a PA of 263to cover the major and minor axes of the nebula, respectively
The seeing was 1.5 arcsec. Due to thedHprofiles having high galactic background
emission, only the background-subtractedui]Nind [Omi] are presented here. The
reduced PV arrays are presented in Eig.14.16.

Just as in the imagery (see Sec.4.2.3), the][profiles show well defined emission
originating from the ring, while the [@] is much more diuse. The [Ni] profiles from
both slit positions show strong emission at the inner edgefring, with slightly
fainter material (also with a lower velocity dispersionaching out to greater angular
extents. This is consistent with the tear drop cross-sedtiterpretation presented
in Sec[4ZB. The [M] profile from slit 1 shows little velocity dference between
the emission originating from the two opposing sides of thg,rindicating that the
slit is roughly perpendicular to the PA of the nebular synmneixis; therefore, the
deprojected velocity dierence of the two sides of the ring in slit 2 shoufteo a good
measure of the ring’s expansion velocity. Taking the nemghnation to be 75°, the
deprojected expansion velocity for the ring was calculatede Ve, = 22.6£10 km
st

A Vs of -6 = 4 km st was calculated for the nebula. The kinematical age of
WeBo 1 was determined to be of the order of 730@700 yrs kpcl. Taking the
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distance to the nebula to be 1.6 kpc (Bond, Pollacco & We 3), this gives an
overall age for WeBo 1 of 11 708 5900 yrs."

No clear evidence of lobes or extended nebular structurdedeeted in the spectra,
unlike for A70 (see Se€4.2.2); however, faint materiabdttd inside the ring on the
[Nu] PV array of slit 1 could be consistent with such a structueeper, higher
resolution spectra are required to confirm the nature ofehission, but it is safe to
say that if any lobes are present they are significantly daititan those of A70, as its
lobes were still clearly observable in the SPM-MES spectes FigC4.14).

4.3 Discussion

4.3.1 The A35 group and PN mimics

A35 - the archetype of the class of PNe discussed in this papes recently been
shown to be a PN mimic. It is, therefore, critical to estdblise true nature of the
objects considered here before beginning a comparisone¥teat our analysis to the
three PNe presented in this work, and exclude both A35 (wikinb longer considered

a true PN) and LoTr 5 (which is a considerably more complex @asl discussed in

more detail in_Frelw 2008; see also Graham €&t al. 2004).

Frew & Parker|(2010) present a ‘recipe’ for determining wieetwe can classify

an object as a true PN or not, parts of which we can apply to éhellae presented

here.

e Presence of a hot, blue central star — all three nebulaerniszsbere show evi-

dence of excess UV flux that point towards the existence oft @dmpanion —
see Figd 416 arfd 4.7 for LoTr[1, Miszalski etlal. 2012 for Aﬂmml.
012 for WeBo 1.

¢ Nebular morphology — each PN possesses what we would glassd ‘typical’

iIBond, Pollacco & Webbink (2003) assume an expansion vgloti20 km s? to derive a similar
age of 12 00@: 6000 yrs.
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PN shape, with rings (A70 and WeBo 1) and shells (LoTr 1). A miis often

more difuse.

e Systemic velocity — th&/s of the central star is consistent with thfg, of the
nebula for both LoTr 1 and A70 (see SEc.4.2.1 a.n.d_M.lﬁza.Iﬂll 12), and

so we can say that the observed emission comes from a true W, Nor the

central star of WeBo 1 has been published.

e Nebula expansion — all three nebulae have been shown to maegpansion

velocity typical for a PN (see Tab.3.1).

e Nebular diameter — using the values stated in this papephsical diameters
of LoTr 1, A70 and WeBo 1 are all of the order ofl pc (see Tad4l1): a

sensible value for a PN.

e Galactic latitude — two of the three nebulae are found at h@jactic latitudes
of —22° and-25° for LoTr 1 and A70, respectively (WeBo 1 is-at°). PNe are
more likely to be found away from the Galactic plane thanated Stromgren

spheres.
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Table 4.1: Physical parameters of LoTr 1, A 70 and WeBo 1

Nebula

Vexp (km s71)  Kinematical age (yr) Physical size (pc) Morphology

LoTr 1 (inner)
LoTr 1 (outer)
A70

WeBo 1

17+ 4

25+ 4

39+ 10

23+ 10

17 000+ 5500

35 000+ 7000

13 400+ 4700

11 700+ 5900

0.59+ 0.05
18623
1.10006

=0.04

0.50+ 0.03

Sphericaélliptical
Sphericgklliptical
Ringed-waist with detected lobes

Ringed-waist, no lobes detected
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It is apparent that the three objects studied in this paper she characteristics of
bona fide PNe, although, as mentioned earlier, their link witmbiotic stars should

also be investigated further.

4.3.2 Conclusions

From the study conducted in this paper, we have been ableote ttat LoTr 1 pos-
sesses a double-shelled, slightly elliptical morpholoiggge 35 00Q: 7000 yrs for the
outer shell and 17 008 5500 yrs for the inner. We have been able to infer the pres-
ence of a K1 lll-type giantTe; ~ 4500 K) and hot WD e ~ 123 kK, R=0.017 R)
binary system at its core. The cool star has been shown taleenlatically associated
with the nebula and to have a rotation period of 6.4 d. AltHoiigvas not possible to
accurately determine the [B&e] value for the central star system, we were able to say
with confidence that LoTr 1 doast show any evidence for an overabundance of Ba.
LoTr 1 also presents double peaked emission lines, whica baen seen in the other
PNe with cool central stars.

Unlike LoTr 1, the PNe A70 and WeBo 1 have both been previoashfirmed
to contain a Ba-enriched central star system at their cohe tivo nebulae are also
shown here to display morphologies distinct to that of LoTwith both possessing
ring-like waists and possible extended lobes. The similarpiologies and chemical
enrichment strongly imply that the two have undergone vamnjlar evolutionary or
mass-loss processes, and so it is possible that the windtaeciprocess involved
in the formation of Ba stars is also responsible for the fdiomaof these ring-like
morphologies. Although the CSPN of LoTr 1 does share somarcamiraits with
those of A70 and WeBo 1 — namely binarity with a hot and cool gonents, and rapid
rotation of the secondary — both the lack of a significant abendance of Ba and the
marked diference in nebular morphology would imply afdrence in the evolution
of this system. The lack of Ba enhancement could be expldiyea diference in

progenitor mass, metallicity, or simply quantity of masssferred via the same wind-
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accretion process (the amount of material accreted is @ratependent on orbital
separation; Bffin & Jorissen 1988). However, as show

1522

) only
a small amount of matter is needed to be accreted to make apgiear as a Ba star
and some mass must have been transferred as it is requiredento spin up the
secondary to its rapid rotator state. The most obvious esilan, therefore, is that the
mass was transferred at an earlier stage in the evolutidmegbtimary, i.e. before the
thermally pulsing AGB phase, when the s-process elemeatsraated and brought
to the surface. This would allow us to infer that the AGB evioin of the primary
was cut short by this mass-transfer episode, signs of whichild be detectable in
the properties of the WD. Follow-up observations of the exystn order to confirm
this hypothesis would be the logical next step to contingeitirestigation, and it is
particularly crucial to determine the orbital period of $kesystems. However, given
the inclination of the nebula of LoTr 1 (very close to polesoany radial velocity
variations of the central star system would be veffjicilt to detect, particularly for
the expected period 6f1-3 yrs.

With regards to the nebular morphology, multiple shellsreseuncommon in PNe,

with 25—-60% found to show outer structurz . However,

itis important to distinguish here between ‘halo-like’ Hh&_oLLa.d.LeLaILZO_C” 2004),

which are extended, generally spherical, structures tatat¢o the inner shell, and

detached outer shells, with the latter being far less comnidns is critical as the
halos are generally understood to be the ionized remnantagErost on the AGB

which is now being swept up to form the inner shell, while tberfation mechanism

for multiple, detached shells is still a mystely. _Schénbkest al. (1997) show that

this may be possible via a combination of photo-ionizatiod aind interaction, or,

alternatively, a binary evolution might be responsible fapid changes in mass-loss

that could form two distinct shells, such as with Abell 5 2013).

LoTr 1 clearly shows a detached outer shell which may have lpeeduced by
rapid changes in mass-lggansfer during the PN formation phase. Thatence in

kinematical ages between the two shells of roughly 18 00@e®20yrs is much shorter
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than the single star evolutionary timescales on which tbhaages might occur.

The results presented here show that we still have some vggyttofully constrain
mass-transfer mechanisms in intermediate period binasypast-AGB systems. As
such, further study of other similar systems would be hiddpeficial, in particular

with regards to Ba pollution.

Notes

The acquisition of both the imagery presented in Eig. 4.1taadebular spectroscopy from NTT-
EMMI of LoTr 1 was acquired by M. LIoyd under ESO programme ID40D-0373(A). The nebular and
stellar spectroscopy of LoTr 1 from AAT-UCLES was acquired2®05 January 13-14 by A. Lépez,
H. Riesgo and D. Mitchell, and on 2013 January 03 by D. JondsSatMartell. The SuperWASP-N
WASP-S photometry of LoTr 1 was carried out by D. Pollacco Brieaedi, who are also responsible for
writing the relevant paragraph that is included in this ihésr completeness. The VLT-FORS?2 stellar
spectroscopy of LoTr 1 was aquired by H.M.J.fBo under ESO programme ID 088.D-0514(A). The
NTT-EFOSC2 stellar spectroscopy of LoTr 1 were acquired byi.B. Bdfin, D. Jones and the author
under ESO programme ID 088.D-0573(A).

The acquisition of the imagery of Abell 70 presented in EidZ24vas done by H. Bfin under ESO
programme ID 0.89.D-0453(A). The nebular spectroscopy mélA70 from VLT-UVES was acquired
by D. Jones under ESO programme ID 087.D-0174(A). The nelsplactroscopy of Abell 70 from
SPM-MES was acquired by M. Lloyd, D. Jones, and S. Akras. Thmmata analysis of Abell 70 was
carried out by D. Jones.

The imagery of WeBo 1 presented in Hig.4.15 was acquireditiirehe IPHAS survey using the
Isaac Newton Telescope (INT). The nebular spectroscopyeBd was acquired by P. Boumis using
SPM-MES.
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Photometry of the binary central star of
PN G033.801.5

The work presented in this chapter is in preparation for pedtion. *

5.1 Introduction

PN G033.801.5 @ = 18" 47" 48.52, § = +01° 32 46.08’) was originally detected

through the Macquari@AO/Strasbourg k4 (MASH) planetary nebula survey (Parker et al.
006

;LMiszalski et all. 2008b). The latest version of the MA&kialogue contains

over 1200 true, likely and possible new Galactic PN foune@rafe-examining the
AAO/UKST SuperCosmos &l Survey (SHS) of the southern Galactic Plane. The
newly formed Paranal Observatory Project to Image Plapdtabulae (POPIPIlaN;

Boffin et al.. 2012a) aims to become its descendant by updating AfeHtatalogue

using the high resolution available from an 8m-class telpsc As such, when com-
plete the POPIPlaN database will consist of deep, narrod/raages using FORS2
on the VLT of each of the previously discovered MASH PNe. PNB&6+01.5 is the
first of the POPIPIaN PNe to undergo the analyses presentadiohapter.
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5: PHOTOMETRY OF THE BINARY CENTRAL STAR OF PN GO3BL.&

Figure 5.1:Original colour-composite image of PN GO33@®L.5 from the MASH catalogue. North
is to the top of the image, east is to the left.

Previously, only three images had been acquired of PN G883.5; a colour-
composite acquired using the 1.9 m Rafieltelescope based at SAAO on 2000 June
24 (Fig.[51), and the other two acquired from the ARBST Ha survey and repro-
duced in the MASH catalogue (a 3 hitéxposure shown in Fi.3.2a, and a 15 min
Short-Red (SR) exposure shown in F1g]5/2b; Parker|et aBR@nly two 600 s stellar

spectra in the 6000-7000A wavelength range has been peblahpart of the online

version of the MASH catalogue, along with a J-K colour of 2:8tlf an upper limit

of 13.5 for the K-band observation from the 2MASS all-skyvayr, |Skrutskie et al.

2006). Only described as a ‘likely PN’, it was shown to posdds, [N ], and weak

[O m] emission, but no A.

5.2 Observations and Analysis

5.2.1 Imaging

The Hy+[N n] and [Om] images shown in Fid.8.3(a) and (b) were acquired on 2012
June 27 using VLT-FORS2. FORS2 was used in its imaging motlethe mosaic of
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Figure 5.2:Original (a) Hr and (b) red images of PN G033:.81.5, from the SHS survey. North is to
the top of the image, east is to the left.

two MIT/LL CCDs, 2048&4096 1m pixels. The exposure timéy,, in each filter
was 200 s and the binning set tox2 (= 0.25 arcsec pixel). The seeing was 1.5
arcsec.

The images show PN G033:81.5 to have strong &dlemission with an angular size
of 51 x 37 arcsect 4 arcsec. The hl emission is strongest in concentrated regions
centered atr = 18" 48™ 00.3, § = +01° 3 56.0" on the western side of the central
star, and in two parts centeredat= 18" 48™ 00.%, § = +01° 3% 56.0’ anda = 18"

48" 01.C°, 5 = +01° 31 52’ on the eastern side (see Higl5.3a). The overall structure of
PN G033.801.5s, at first glance, very asymmetric with several ‘wismmponents
emanating from the eastern side of the nebula that extenadtkothe north and south-
westerly directions. Another component is seen emanatimy the western side of the
nebula in a south-south-easterly direction. The nebulaasprery dtuse away from
these concentrated regions. However, one can be conviheedhiere is an overall
oval shape to the nebula that has perhaps been disruptede iBhenly very faint

[O m] emission, of angular size 14 13 arcsect 4 arcsec, visible around the central

star. The emission appears strongest in two bandsi¥ arcsec in length to the east
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Figure 5.3:VLT-FORS2 image of PN G033:®1.5 in (a) Hr+[N ], and (b) [Om]. North is to the
top of the image, east is left. The central star is visible at18:47:48.52§ = 01:32:46.081teyp = 200 s
for both images.
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and west of the central star (see gl 5.3b).

PN G033.801.5 has perhaps the closest morphological resemblanceotbea
PN known to contain a central binary system: Hen 2<% (08:37:07.98,
6 = -39:25:05.4), shown here in Fig.5.4. As with PN G0338.5, Hen 2-11 pos-

sesses a dense (brighter) core with mofeude emission emanating to the north-west

and south-east directions that traces a possible bi lobedhutogy.lJones et al. (2014;

in press) classifies this morefilise emission as low-ionisation filamentary structures
and shows that, similarly to PN G033:81.5, there is little emission in [@] away
from the central region but shows evidence of potential laipextensions in the [fg
and Hy+N 1] imagery.

PN G033.801.5 also displays morphological similarities to two otihrembers of
the MASH catalogue. The first, PN G001@6.3 (@ = 17:24:53.89 = -24:19:21.0), is
an object of similar size at 59 41 arcsec (see Fig.5.5). Described as a ‘faint, striated,

highly oval PN’ in the MASH catalogue, it was first discoveraad categorised as

a possible (very reddened) globular cluster_by Bica (1994 subsequently as a SN

remnant by Bi [L.(1995). However, its weaki[&nd strong [Ni] emission allow

for its current status as a ‘likely’ PN. Morphologically, PBI001.4-06.3 similarly
displays a more dense region around the central star folliyenore difuse emission
to the north and south. There is a similar ‘wispy’ compondrgmission emanating
from the central region and sweeping downwards in an ‘L’ ghiapa south-westerly
direction.

The second object, PN G315.00.3 @ = 14:37:53.2¢ = -59:49:25.0), is perhaps
morphologically less convincing. It is noted as a ‘true’ PKhaa bipolar morphology
in the MASH catalogue, of size 108 63 arcsec (see Fifg.$.6). Also determined to
be a radio source (Bdiic et al.| 2011), it is noted as possessing the N n] and
[O m] emission typical of a PN. On first glance of the imagery pnésé in Fig[5.5,

the nebula emission is similarly enhanced on the westemwith an apparent curve

towards the east.
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Figure 5.4: i
mages of Hen 2-1NTT-EFOSC2 images of Hen 2-11. (a) Colour composite in][S
16716+6731A (red), Hv+[N 1]16584 A (green) and [@] 15007 A (blue), and (b) H+[N 116584 A.
Images taken from Jones el al. (2014).

5.2.2 Stellar photometry

In the period 2013 June 06-13, the central star of PN GGIR.& was photometri-
cally monitored using NTT-EFOSC2. The data were taken ugiagsunnkfilter and
CCD #40 (2048< 2048, 17um pixels), employing &2 binning & 0.24 arcsec pixel).
94 frames were acquired for the photometry of varyigg 90 x 90 s, 1x 30 s, 2x
120 s, and X 180 s. The seeing varied between 0.47-1.06 arcsec. By takiwegal
observations of the object overfidirent nights, it allowed the potential variability to
be investigated as well as accounting for variations in @imatric conditions.

The general method of flerential photometry used to investigate the central star
of PN G033.801.5 is described in CRL_2.2. The photometry of PN G038185 was
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Figure 5.5:Ha image of PN G001.406.3 from the SHS survey.
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carried out using the DAOPHOT package within IRAF. Due tditbe wide variation
in seeing between frames and the predicted variability®fdliget, the stellar aperture,
and therefore the sky annulus, could not be taken to be aamnstdius, but instead
were varied to compliment the FWHM of the star in each indraldframe using a
code pacpHot) written by O.A. Gonzalez (private communication). The FWof
the central star varied between 3—-12 pixels across all fsardd! 94 i-band frames
were initially aligned so as not toffect the photometry. The FWHM for the target
star and a selection of comparison stars in the same imageeasured for all frames
usingoacpror. By compiling a list of 8 diferent aperture radii (in terms of multiples
of the FWHM) and inputting the corresponding sky annuludgirddken to be 4x
aperture radius for the inner annulus, ang @perture radius for the outer annulus),
oacpHoOT performs the photometry using each radius at a time, andutaigplist of the
raw instrumental magnitudes extracted by the photometrjhi® target and selection
of comparison stars for the desired aperture. By runnisagsor in this way for each
of the eight aperture radii, it is possible to narrow downdp&mum aperture size to
use for the creation of the lightcurve and subsequent aisalys aperture radius of
1 x FWHM was eventually decided upon based on a curve of growtheoéxtracted
instrumental magnitude against several smaller and |laagir It was determined that
the selected comparison stars had no intrinsic variapditg so were suitable for use
in the diferential photometry.

In order to be able to estimate both the colour of the targdtitsndistance, data
were also acquired in BessB] V andR filters during the same period, as well as H
and H3 continuum. The Bessd@, Ha and H3 continuum data were taken under 0.47
arcsec seeing with,, = 30 s, 60 s and 120 s respectively. The BedsahdR data
were acquired under 1.06 arcsec seeing andiwiilk 120 s. Appropriate photometric
standards were taken in the same filters (GuyrBesseB x 6,V x 4, Rx 4, Ha x 7
and HB continuumx 6) under 1.06 arcsec seeing and with exposure times betvieen 1
30 s. The extracted instrumental magnitudes and asso@ategoints are presented
in Tab[B2.
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Figure 5.7:Initial plot of time (in days) vs. dferential magnitude of PN G033:81.5 generated by
Per1op04, showing the first evidence of variability of the centtals

5.2.3 Lightcurve analysis

A period for the variability of the central star of PN GO38@..5 was estimated using
Perion04 (see CH_Z]2 for details on its operation). Based on thebeuwf input data
points and their separation in time, a Nyquist frequency3#.83 cycles per day was
determined. The initial plot from#Riop04 showing the first evidence of the variable
nature of the central star is presented here ifE1g.5.7. Bppeing Fourier analysis on
the data and extracting the common frequencies, estimateods of 1.52, 2.01 and
3.93 hrs were obtained (there werdfidulties in distinguishing what were actually
common frequencies - see FIg.15.8 below - and so these pesiedstaken only as
estimates). Due to the physical unfeasibility of the smaberiods, the data were
phase-folded using EJ_ZI12] over a range of periods betved hrs to determine
the best fit. This turned out to be a period of 3.04 hrs (0.126&md the associated
phase-folded lightcurve is shown in Hg.15.9.

Once a period was determined, the next step was to creatd &tlmedel to the
lightcurve in order to derive the most likely stellar paraems using the modelling
programniGHTFALL (See Ch[ZI2 for more details). Contrary to usual notatiathiw
the nigHTFALL program the primary star refers to that whicheipsingfirst - in this

case the MS star, and so the WD is referred to as the secondarthughout the
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Figure 5.8:Fourier analysis plot for extracted photometry of PN G038B5, generated byeRiop04.

0.
0.

uuuuuuuuu

168 A Study on PN Possessing Binary Central Stars



Ilepufil v Awy

69T

0.1

-0.0

Ft iﬁ %3 f%% % iﬁ %3 1‘9?%%

> C K1} & 3
s E S5 ; SR
\_g/ —0.1— “_ —]
= f 5
- + -
—0.2— —
—-0.3 = . . . . I . . . . I . . . . I =

0.0 0.5 1.0 1.5 2.0

Phase

Figure 5.9:Plot showing the phase-folded lightcurve of PN GO3®8.5. The lightcurve consists of @band data points. The data are phase-folded over
a period of 0.1268 d~ 3 hrs) and plotted over two complete orbital cycles for tjari

SISATVYNY ANV SNOILVAY3ISdO ¢'S



5: PHOTOMETRY OF THE BINARY CENTRAL STAR OF PN GO3BL.&

rest of this chapter for continuity. It was assumed thatdmeust be a large luminosity
difference between the two stars due to tiedng appearance of the two eclipses (a
deep primary and shallow secondary). The two best-fittingetwhad the parameters
presented in Tal3.1. Although model A, represented infE[D, has the lowey?

of the two, it was diicult to reconcile the results with a physically viable exaon

as it would imply that both stars are filling their Roche lolfes. mass transfer is
occurring) which would result in an unstable system. As thigal assumption is
that PN G033.801.5 is a regular PN (i.e. a stable system), it made sensertyp ca
out the initial analyses with model B. Also, the determinedination for model A
would imply that the two stars are not eclipsing but instdaal lightcurve is mainly
due to elongationféects. Model B, represented in Fig. 3.11, is therefore a mkeéyl
solution with a cool main sequence star filling its Roche labd a hot WD that is
much smaller than its Roche radius. The inclination of theaky in model B would
allow for a partial eclipse. The dip in the primary minima bétmodel as shown in
Fig.[E11 dfers an explanation for the spread in points in the same mimirttee true
lightcurve of PN G033.801.5 that model A does not account for.

Table 5.1:Table showing the best-fit stellar parameters for two modg$icating the lightcurve of
PN G033.801.5. g = mass ratioj® = system inclination, RLF= Roche lobe fill factor. The subset
numbers refer to the primary (1) and secondary (2) star isyseem.

Model q i° RLFF; RLFF, Teri (K) Ter2 (K) X7

A 0.80 49.0 1.0 1.000 3990 19000 1.73

B 0.80 67.7 1.0 0.026 3571 38270 3.32

5.2.4 Colour determination

Using themexamine routine within the IRAF software package, an aperture mdiu

corresponding to 4 FWHM of the radial profile of the star was chosen, utilising th
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curve of growth method for selection. Correspondingly, ramer sky annulus radius

of 4 x aperture radius and outer sky annulus radius af &erture radius was used
to give the total, sky-subtracted flux of the target and eaahdard star. By taking
the values for the stellar flux=) from the photometry andk,, for each frame, an
instrumental magnituderf) was calculated for the target and all observed standard
stars using Eq[J2.11]. This instrumental magnitude was tt@rected (again, for
both the target and the standard stars) to account for lotmicion at the La Silla
Observatory and air mass at the time of observation, usin@ZE3]

Catalogue magnitudes for each standard star in the fieldsa@aswere acquired
from a list of EFOSC2 photometric standards from ESO. A zeimt magnitude (ZP,

i.e. a correction factor) was determined by taking thedence between the given
catalogue magnitude anmd.., for each star. Since several images were acquired of
each standard field, an average ZP was calculated in eaatuperfilter. This ZP was
then applied (by addition) to,, of the target. Talf. 5l2 shows each valuengf;, and

the associated ZP for each standard star, and the subslgqiented colour indices
are presented in Tab5.3.

Once all values ofn,,, had been determined using EQ.[3.13] for both the target
and standards, a colour-correction factor had to be applied was determined using
the observations of the standard stars and[Eq.][2.14].

The colour indices referred to by the ‘colour’ term used iis tnalysis areg—V),

(V- R), and B — I). By using the statistical computing and graphics languRgg
was possible to create colour-magnitude diagrams (CMD9Idying the calculated
colour indices againsty,,, for each filter used (the residuals of each point were also
plotted; see FigE. 5.1 2[=15]18). By applying a best-fit to &seiltant points, the colour
codficiente and intercep€ required for Eq.[[2.714] were calculated for each standard
field and are shown in Tab.%.4. The standard errors on eadtesétterms are gener-
ated by the program. The resultant correction factors wexe applied tan,, for PN
G033.8+01.5 to give the final, corrected instrumental (apparengmitade (n,) of the
object, presented in Tah.5.5. Based onBh®/, Randl colours given in Tall_al5, the
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binary system is overall more luminous in the red than in fhe b

As can be seen from Tabh 5.2, there is an apparent outlieriitband for star
#338 in the field of SA 104-334 (16.368.287). As such, this star was removed from
the analyses for all three bands so as notffeca the colour indices or the fit for the
CMDs.
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srels [enua) Areuig buissessod Nd uo Apnis v

Standard field

Star #

mB/ZP

my / ZP

mg / ZP

m, / ZP

SA 101-408

413
408
410

12.979+ 0.002/ 0.587
15.425+ 0.002/ 0.560
13.663+ 0.002/ 0.529

11.838+ 0.002/ 0.745
14.068+ 0.002/0.717
12.950+ 0.002/ 0.696

11.204+ 0.002/ 0.850
13.248+ 0.002/ 0.819
12.520+ 0.002/ 0.828

13.49+ 0.005/ -0.02

SA 104-334

338
336
334
339

16.363+ 0.005/ 0.287
14.659+ 0.005/0.575
13.431+ 0.005/ 0.570
15.707+ 0.005/ 0.583

15.367+ 0.003/ 0.691
13.688+ 0.003/0.716
12.771+ 0.003/0.712
14.736+ 0.003/0.723

14.903+ 0.004/ 0.808
13.140+ 0.004/ 0.803
12.344+ 0.004/ 0.817
14.126+ 0.004/0.857

12.79+ 0.005/ 0.04

G93-48

48

12.209+ 0.002/ 0.523
12.550+ 0.002/ 0.585
12.939+ 0.002/ 0.582

12.095+ 0.003/ 0.648
11.698: 0.003/0.718
12.136+ 0.003/0.720

12.050+ 0.004/0.789
11.173+ 0.004/ 0.838
11.605+ 0.004/ 0.848

12.90+ 0.005 0.03

NGC 7293

12.667+ 0.002/ 0.420

13.87+ 0.004/ 0.020

Table 5.2:Table showing corrected instrumental magnitudes and their

associated error and zero-pointBnV, R, andl for a range of standard
stars. Star #338 of standard field SA 104-334 was not inclurde¢lde

analyses for any of the bands.
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Standard field | Star# | (B-V) V-R (B-1) V-1 (R=1)
SA 101-408 413 1.141+ 0.002 0.634+ 0.002 | - - -
408 1.357+ 0.002 0.820+ 0.002 | 1.935+ 0.005 | 0.578+ 0.005 | -0.242+ 0.005
410 0.713+ 0.002 0.430+ 0.002 | - - -
SA 104-334 338 0.304+ 0.007 | 0.464+0.005 | - - -
336 0.971+ 0.007 | 0.548+0.005 | - - -
334 0.660+ 0.007 0.428+ 0.005 | 0.662+ + 0.005 -0.018 -0.446+ 0.005
339 0.972+ 0.007 0.610+ 0.005 | - - -
G93-48 48 0.114+ 0.004 0.045+ 0.005 | -0.691+ 0.005 | -0.805+ 0.006 | -0.850+ 0.006
0.852+ 0.004 | 0.526+ 0.005 | - - -
B 0.853+ 0.004 | 0.532+0.005 | - - -
NGC 7293 - - - -1.204+ 0.002 | - -

Table 5.3:Table showing derived colour indices and associated error.
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Table 5.4:Table showing the extrapolated colour fio@ents and associated err@r= intercept,

e = colour codficient.

Bessel filter C €
B 0.529+ 0.019 0.044+ 0.021
\Y 0.655+ 0.014 0.065: 0.015
R 0.797+ 0.019 0.061 0.034
I 0.018+ 0.013 -0.014+ 0.012

Table 5.5: Table showing colour-corrected instrumental magnituag, for the central star of
PN G033.801.5

Bessel filter my
B 21.52+ 0.06
\% 19.18+ 0.09
R 17.23+ 0.05
I 17.87+0.04

5.2.5 Determination of stellar and nebular parameters
Stellar masses, radii and luminosities

Eq. [L.3] can be reduced to:
a3

M=

(5.1)

whereP is in yrs,ais in AU, andM is in units of M,. By using the determined total
mass of the binary system of 0.4.Mnd the previously determined period of 0.1268 d,

this gives a value foaof 0.78 R,.
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Oncea has been determined, the RL radiR4,, can be calculated using EQ.TIL.4]
to give a value of 0.46 R This givesRL; = 0.34 R, andRL, = 0.44 R,, when
a=0.78 R,. As determined by the WNuTraLL model and noted in Tab. B.RLFF, = 1
and RLFF, = 0.026, meaningR; = 0.34 R, andR, = 0.01 R,. The former ra-

dius is consistent with an M V -type MS star, also known as adedrf (e.g. see

Kaltenegger & Traub 2009), whilst the latter falls withirettypical range of radii for
a WD of 0.008-0.020 Ras stated bL/j.hip.mlalJ_(_'LS??Q).

The luminosity of each star can subsequently be determisied) the luminosity

relation for a blackbody:

2 4
- (S

Given the values fof ¢ presented in Tab. 5.1 and the previously determined values
for R, this allows the derivation df; = 0.017 L, andL, = 0.188 L.

The mass of the M V star may now be derived using the followiggagion as

given byJ_Qa.Lda.L_Bllana.chanLa_&_Eihana.uhL'ya (2008):

2.3
()

to give a value of 0.17 M Given the inputucatraLL valueq = 0.8, the total mass of

the binary system of 0.4 Mcan be derived as:

1
M M, =0.17x —— 54
1+ M ><q+1 (5.4)

which in turn would imply a mass for the WD of 0.23MBoth masses fall within the
suitable range of radii values for M V and WD stars.

Using the following equation to calculate the surface gyewf each star:

log g= Iog(GR—Iz/I) (5.5)

in CGS units, subsequent values of Igdor the primary and secondary stars can be
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derived as 4.61 and 7.80 (again, consistent with M V and WRtspltypes), respec-
tively.

The derived stellar parameters for both the primary andrs#any stars are listed
in Tab.[5®.

Table 5.6: Table showing the derived stellar parameters of the prinaacy secondary stars of the
central binary of PN G033:81.5. The binary separatioa,is 0.78 R..

Star M(My;) R(Ry) L(Ly) logg

M2V dwarf 0.17 0.34 0.017 461

White dwarf ~ 0.23 0.01 0.19 7.80

Distance to the system

To calculate the bolometric magnitude of each star in theegy$that is, the magnitude

of the object across the entire spectral range), the follgwigquation can be used:

Moo = 4.73— 2.5|og(|_£) (5.6)
©

where 4.73 is the solar bolometric magnitudié,,,, as given in_Caox.(2000) This

givesMy po = 9.15 for the M V primary, andVl; o = 6.53 for the WD secondary. To
obtain the absolute magnitudd,,, a bolometric correction factoBC) is required that
is mainly dependent on theg (and therefore colour) of the object in questidm/(=
Mpoi = BC).
Using the equation following given hy Reed (1998), a BC vdarehe M V star

"However, there is a lot of discrepancy as to what the stafsktdalue foMope should be — see

Morres (2010).
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can be derived:

BC = —8.499[log(T,) — 4)]* + 13.42[log(T,) — 4]° — 8.31[log(T,) — 4] 57
—3.901[log(T,) — 4] - 0.438
giving a value of BC=-1.90. As a result, a value favl,;; of 11.05 for the M 2V star
can be derived.

The apparent magnitudey,; of the M V star can be found using the following:

=Myy— 2.5 |Og(1+ Fz/Fl)

(5.8)

wheremy is the apparent visual magnitude,is the flux, and the subscript 1 and 2
refer to the primary and secondary stars in the system riégglgc The value of,/F;
is given by:

F2

F_l = 10 %4Mv2-Mva) (5.9)

Solving Eq. [538] formy; gives a value for the apparent visual magnitude in the
V-band of the primary star of 19.65 mag. Givieh,; = 11.05 for the primary star, an
estimate of the distance to PN GO38(..5 can be made using the distance modulus
equation:

my — My = 5logd - 5. (5.10)

This gives a distance to the system of 525 pc. It should bedrtbeg the Galactic
extinction,A,, has not been accounted for in these calculations. Due towhdecli-
nation of the object£01°), it can be assumed that this value would be fairly laafe (
order~ 7 mag).

Givenmysysand the distance, a value fihsyscan be calculated as 10.58. To then
derive the magnitudes of the WD in the V-band, E§S][5.8[Z{bcan be utilised
using the values acquired fom,ss andmy; to determine the flux of the WD, which

can then be converted back to a magnitude. The resultantitndgs aren,; = 20.32
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andMy, = 1172, at a distance of 525 pc.

It is possible to go back and calculdfeandmfor each of the stellar components in
the other bands using the magnitudes given in[Iab. 5.5, tinedalistance of 525 pc,
mean colour indices from the literature, and Eqs1[5.8[Z{%h. A typical (Vv — 1)

of 2.62 for a M2 V star was taken from_Ducati er ¢ 01) tccaldte M, andm,
using Eqs.[[50]. From this, the flux ratio given by Hg. J5c@h be determined, sub-

sequently allowing the derivation af; of the binary system as a whole from Hg.]5.8].
Similarly, an averageR — V) value of 1.503 for an M2 V star was assumed, as

given by Erik Mamajek (2010), in order to calculat®lg andmg. An averageV — R)

value of 1.52 for an M2 V star was also assumed, as given by {i@83), to calculate

M, andm,.
All of the computed values are tabulated in Tahl 5.7.

Table 5.7:Table showing derived and predicted magnitudes of eaclnbgmanponent in the various
bands at &= 525 pc.

Magnitude B \ R I

Msys 1292 1058 8.38 9.05
Mwoy 1259 11.05 953 8.47

Mwb 14.04 11.72 9.27 9.43

Msys 2152 19.18 17.23 17.65
Mp2 v 21.19 19.65 18.13 17.03

Mwp 22.64 20.32 17.86 18.03

ihttp//www.pas.rochester.ef@mamajefmemo_M.html

188 A Study on PN Possessing Binary Central Stars



5.3: DISCUSSION

Absolute size and age of the PN

The absolute size of the nebula of PN G0338.5 can be determined using basic
trigonometry involving the derived distance and angulae sioted from the imagery

in Fig.[23. At its widest point, the nebula is in the regio®dE3 pc in diameter. Given
that the expansion velocity of the nebula is unknown, anaeupper limit of 40 km

st and a lower limit of 20 km s were assumed to give an estimate of an age for the
nebula of 3180—-6359 yrs at a distance of 525 pc. This is coabpato 12 580 yrs for
HaTr 4 at a distance of 3 kpc (see Chl3.3), 13 4G0700 yrs for A70 (see Ch4.2.2),
and 11 700+ 5900 yrs for WeBo 1 (see CAL4.D.3).

5.3 Discussion

It is safe to say that the model used in the analysis presémtiais chapter does not
seem to fit into the classical scheme of PN kinematics, aseheead results contain
inconsistencies. The most obvious problem is that the M Wegipears more luminous
than the system as whole in tiiBeand | bands, as shown in Tab. 5.7, and the WD
appears much less luminous in tBéand both compared to the M V star and compared
to the the other three bands. One possible explanationtishbaypical ¥ — 1) and
(B - 1) indices taken from the literature are inaccurate (or astlp@ssess a fairly
large range of potential values) which would in turn havefé@ot on the other derived
magnitudes. The desirable next step would be to re-do theeaamalysis based on
model A presented in Talp. 3.1, in order to compare the results ofwtbeand see if
more sense can be made out of the derived magnitudes.

Relating to this, the binary pairing presented here of a WihaiRL-filling, low-
mass M2 V companion along with a very short orbital period-d hrs means that

PN G033.8-01.5 could be a cataclysmic variable fCV: candidate, or-@Y& on the

edge of the so-called ‘period gap’ (see, for exa

). Ina CV scenario,

the presence of the WD is usually obscured in the optical andyts bright accretion
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disc, becoming detectable during periods of quiescencenedisc is smaller and
less Iuminous.(.HiI.diJAlJ.ZOj)l). The WD sustains a slow, yeiticmious, mass accretion

that also serves to increasg;, affect the chemical abundance, and supplement angular
momentum to the stellar envelope. This slow accretion gperiodically punctuated
every few weeks to months by a more intense accreting penatdrésults in an out-
burst of gravitational potential energy lasting over a tcae of days to weeks — a

dwarf nova. Every few thousand years, a more violent ejeaiitzurs as accreted hy-

drogen undergoes thermally-unstable fusion on the sudattee WD (Siol 1999). If
PN G033.801.5 can indeed be classified as a pre-CV candidate, theal$sloismplies

a stronger case for modalfrom Tab[5.1 also being viable, with the WD appearing to
fill its RL due to the surrounding accretion disc.

Conversely, a WD of mass 0.23JVlas derived here, would in itself imply that we
are observing a helium (He) WD amdt a CSPN. He WDs are formed when the hy-
drogen envelope is stripped away from the star before hejnition commences, and
such a process can occur through mass transfer within aylsygatem. However, the
detection of such low-mass WDs 0.3 M,) is extremely rare and would by definition

mean that we are also not observing a CV as generally a higass WD is required

(however, there is a good chance that this is due to seleefiects;| Ritter & Burkert
1986). This truly makes PN G033:81.5 an interesting object!

The filamentary wispy structures seen in the imagery of PN G038.8.5 may

be indicative of the presence of high velocity outflows, vilhéze potentially features

created as a result of mass transfer in a binary sys]lem (ﬂxbai 52014, in press;

MLB@LL&.QOL@HMZQBMD&IL%JM&LQO.&M&”M 13). Althoutte

distance and estimated age of PN G03®.8.5 fall within typical ranges for PNe, one

cannot assume that it is indeed a true PN and not, for exampleya shell without

further investigation. Similarly to above, we can estimateage for the nebula by
assuming expansion velocities typical of a nova rather th&N. Typical expansion
velocities lie between- 300-3000 km 3, which would result in an age of order
40-400 yrs.
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NOTES

It is important to acquire high resolution longslit spectfathe nebula using a
similar method utilised with HaTr 4 (see Ch. 3) and LoTr 1 (€&d4) in order to gain a
more definitive value for the expansion velocity of the neligsimaterial, which in turn
affects the inferred age of the PN. It would also be possible &mnéxe the emission
and absorption lines from such spectra to see if it posséissdsatures more typical
of a PN or a nova remnant. Similarly, the stars themselvesiregletailed spectra
in order to more accurately determine if it is a CV system or. nGurrently, only

two novae have been fouwdthin a PN — GK Perl(Bode et gl. 1987) and V 458 Vul

Wesson et al. 2008). If PN G033:81.5 does contain a nova, it would imply that it is

undergoing its first outburst as any prior eruptions wouldtaaisperse the PN, else

it would simply dissipate during the system’s quiescentsgh@dounse |L2QJ.2). Allin
all, PN G033.801.5 appears to be a more interesting object than initiathyght, and

certainly warrants further and more detailed investigatioorder to ascertain its true

nature.

Notes

1The VLT-FORS2 imagery of PN G033t81.5 presented in Fif3.3 was acquired through the POPI-
PlaN project, under ESO programme ID 089.D-0357(A). Phetoynof PN G033.801.5 from NTT-
EFOSC2 was acquired by H.M.J. 8@ and D. Jones under ESO programme ID 091.D-0475(A). The
IRAF/IDL code used to perform the stellar photometry (under threex@crror) was provided by O.A.

Gonzaléz (private communication).
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Conclusions

The work presented in this thesis has covered a range of RiNgylsystems; a close
binary (HaTr 4), an intermediate period binary (LoTr 1) antbanpact binary system
(PN G033.801.5) were examined with the overall aim of investigating oy how
such a central star systenffects the formation and morphology of the surrounding
PNe, but also what it means for the binary system itself imgeof mass transfer and

envelope ejection.

6.1 Summary of results and future work

The main conclusions of each investigation are as follows:

6.1.1 HaTr4

Presented in CiIil 3 is the first detailed spatio-kinematitalyasis and modelling of the
planetary nebula HaTr 4, one of few known to contain a postEfiral star system
(P =1.74 d). High spatial and spectral resolution spectrosajdgite [Om] nebular
line obtained with VLT-UVES were presented alongside dempawband k+[N o]
imagery obtained using EMMI-NTT, and together the two wesedito derive the 3D
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morphology of HaTr 4. The nebula is found to display an exéeholvoid morphology
in the north-south direction, and not east-west as infgprediously from the original
imagery ol Hartl & Tritton ,19_8!5) and Bond & Livia (1990). Asrasult, HaTr 4 is in

fact not a bipolar nebula as initially thought, but appears that wag t inclination
effects related to an enhanced equatorial region consisténtamioroidal waist - a
feature believed to be typical amongst PNe with post-CEraestars. The nebular
symmetry axis is found to lie perpendicular to the orbitar@ of the central binary,
concordant with the idea that the formation and evolutiodaTr 4 has been strongly
influenced by its central binary star, and making it only teeemth close binary PN to
have had this alignment observationally shown.

The spatio-kinematical modelling of HaTr 4 revealed faiylgical dynamical prop-
erties, with a kinematical age of order 13 550 yrs at a digtai@ kpc and an equato-
rial expansion velocity of 13 2 km s. The systemic velocity was determined to be -

94+ 4km s, in good agreement with a previous study by Beaulieu, Ddpifaeemah

). The inclination of the system was constrained ast/%” (in agreement with

B.o.dma.n__S.Qha.LLb_&_I:LllhAL‘cJLZ(x.Z), and the equatorial radius walculated to be ap-

proximately 0.18 pc. These values, as taken from the modelpbe compared to those

derived by studying the spectra by eye. In this case, thelangize of the nebula was
determined to be 23 arcsec, and the physical diameter 0.IBgdkinematical age of
HaTr 4 at a distance of 3 kpc was therefore estimated to bedefrdr2 044 yrs - all
typical values for a PN.

The other six close binary PNe previously confirmed to shavatedicted align-
ment between the orbital plane of the binary and the nebylansetry axis are very
morphologically diferent to HaTr 4, which emphasises the variety of mechanisihs a
influences, both internal and external to the system, tfiatiathe process of the for-
mation and shaping of PNe. An apparent common morpholofgetdire amongst the
seven PNe is some form of equatorial ring; future work coolsbive a deeper study
into the exact formation process behind these equatongériand determine why this

feature in particular seems to be consistent for those tshjeat have ejected a CE.
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6.1.2 LoTr1l

Using a combination of spectra obtained with VLT-FORS2, AATLES and NTT-
EMMI, as well as SuperWASP photometry, the aim of the inggzgton presented in
Ch.[4 was to show the binary nature of LoTr 1, look for signsledraical pollution
and determine the nebular kinematics, with the intentioretzting the results to two
other PNe known to possess binary central stars showing ematundance of Bar-
ium — Abell 70 and WeBo 1. The binarity of the central star offlLd is confirmed,
consisting of a K1 Ill giant and a hot white dwarf ®f; ~ 4500 K and 120 000 K,
respectively. The cool giant does not present any evidehe@ enhancement of s-
process elements but is shown to have a rotation period a,8uixhich is a possible
sign of mass accretion. LoTr 1 also presents broad doulakegueHy emission lines,
whose origin is still unclear. The nebula of LoTr 1 considtséwm slightly elongated
shells of ages 17 000 and 35 000 yrs, respectively, and witerdnt orientations.
As such, LoTr 1 presents a veryfiirent nebular morphology than that of A70 and
WeBo 1, which may be an indication of afidirence in their mass transfer episodes.
As mentioned ift4.3]2, the fact that a star system such as1.0@n on first glance
appear so similar to A70 and WeBo 1, yet lack the predictednated pollution, al-
lows us to infer the possibility that the mass was transteatean earlier stage in the
evolution of the primary, i.e. before the TP-AGB phase, amossquently before the
s-process elements are created and dredged up to the surfasgotentially means
that the AGB evolution of the primary was cut short by this ;aaansfer episode, and
evidence of this should be detectable in the propertiessofD. Therefore, follow-up
observations of the system would be advantageous in ordssrtfirm this hypothe-
sis. Determination of the orbital period of these systenadss crucial; it is, however,
important to note that given the inclination of the LoTr 1 nkb(almost pole-on), any

radial velocity variations of the central star system wolkdvery dificult to detect,
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particularly for the expected period efl—3 yr. This would require stable instruments
with very high spectral resolution.

Two other PNe can be observed as follow-up work to the obenspresented
in this chapter; further study of K1-6 and LoTr 5 would helpg@&in a better overall
picture of the processes involved with an intermediategokebinary system and its

affect on the surrounding nebula. Spectroscopy of PN K1-6, iusthbow-shocked

morphology (Erew et al. 2011), would be advantageous, dsatshows evidence of

possessing a G- or K- type giant and a very hot (sub-)WD bipany With the spectra,

evidence for chemical enrichment can be searched for iniéaswway to that employed

with LoTr 1, and an orbital period and separation for the bjrtan also be derived.
LoTr 5 is also worthy of further investigation, as it too lackn apparent ring-like

morphology despite similarly possessing a rapidly rotat@5 lll-type, Ba-rich cen-

tral star. As mentioned in Chl 4, Montez et al. (2010) have@diout a study into the

X-ray emission emanating from this system and concludetittiamost likely chro-
mospheric in origin, implying the presence of a spun-up cangn. This would seem
to imply on first glance that it possesses more similarite&70 and WeBo 1 than to

LoTr 1, further emphasising the comparatively unique stafiithe LoTr 1 system.

6.1.3 PN G033.801.5

Presented in CHLl 5 is the first detailed analysis of PN GO3BL&, observed as part
of the newly formed POPIPIaN project aiming to update theesurMASH catalogue
of Galactic PNe with deep, narrowband images acquired UstdBS2 on the VLT.
The binary nature of this PNe has been shown thradggnd time-series photometry
showing a variability period of 3.04 hr (0.1268 d) an@aV, R andl magnitudes of
the binary system as a whole of 21.52, 19.18, 17.23 and 1iggpectively, as derived
using observations of standard stars. Using the V-bandreditsens, a distance to

the PN of 525 pc was derived. From the imagery, an angularaitee PN of 51x
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6.1: SUMMARY OF RESULTS AND FUTURE WORK

37 arcsect 4 arcsec was determined, meaning an absolute diameter3p6.1sing
average values for PNe expansion velocities (20-40Rman estimated range for the
age of PN G033.801.5 at a distance of 525 pc stands at the order of 3180—6359 yr

It is safe to say that the results presented in[Qh. 5 do not sedihinto that
expected of a PN in a classical sense. The inconsistent asiies in theB and|
band present a challenge to explain, as well as why the WDaappe be very faint
in all four bands compared to the M V companion. One possikida@ation is that
the typical ¥ — I) and @B - |) indices taken from the literature are inaccurate (or at
least possess a fairly large range of potential values)whiauld in turn have anféect
on the other derived magnitudes. The obvious first step ty car the investigation
would be to re-do the entire analysis based on médalesented in Tab 3.1, in order
to compare the results of the two and see if it makes more gereek at the results
from a diferent perspective.

To build up a complete depiction of PN G033@L.5, high resolution spectra of
the central star system and longslit spectroscopy of thesnding PN is necessary in
order to more accurately determine its morphology andisitikinematics in a similar
way to that employed in the studies of HaTr 4 and LoTr 1. A magénitive value
for the expansion velocity of the nebulous material can be&elé from such spectra,
which in turn dfects the distance to, and therefore the age of, the PN. The wéthis
velocity will also help to determine whether PN G0O3808..5 is a true PN, or is indeed
a form of CV (as the short orbital period ef3 hrs would seem to imply). Expansion
velocities lie betweer 300-3000 km g for a typical nova remnant, which would
result in a detectable age of 40—-400 yrs. It would also beilplesto examine the
emission and absorption lines from such spectra to seeabggsses the features more
typical of a PN or a nova remnant which would help strengthercase either way. If
it appears that we are observing a nevighin a PN, it would only be the third to be
discovered as such, along with GK Per (Bode &t al. 1987) ansBA il (Wesson et al.
2008)

The 3D morphology of PN G033+#®1.5 can determined from longslit spectra,
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again in a similar way to that utilised with HaTr 4, in orderrtwre clearly define
what the overall structure is and how this may relate to traébinary system. In
particular, it would be interesting to gain spectra of thepyifilamentary components
seen in the imagery to determine what the nature of the emnissi- whether it is in-
deed indicative of a high velocity outflow, or whether theulathas somehow become
disrupted and is undergoing strong ionisation from there¢binary.

On top of this, a WD of mass 0.23Mmplies that we are dealing with an He
WD and thereforenot a CSPN. Such objects be formed through mass transfer within
a binary system, but the detection of such low-mass WD$.8 M,) is extremely
rare and would by definition mean that the system is neitheu@ PN nor a CV.
Therefore, deeper follow-up work to that presented in thesis crucial, in order to
more accurately determine the true nature of PN GOS3R1%5.

As a whole, the POPIPlaN project is still very much in its mfg. Should similar
studies be carried out on each of the objects observed fartject, it would pave the

way for a definitive Galactic PNe catalogue.

6.2 Final comments

It can be argued that the work presented in this thesis hdmpgropened up more
guestions than it has answered! The results from all threéiet ended up being
counter to that expected upon first glance, and are all exuglgdnteresting for their
own reasons: HaTr 4 has helped to solidify the idea that tharpiis directly respon-
sible for axisymmetric morphologies in close binary systethe result from the study

of LoTr 1 has served to highlight the large gap in knowledgaugintermediate period
binary systems to date, and the nature of PN GOS318 appears to be more com-
plex than initially thought. Thefeect that these central binary systems have both on
each other and the surrounding PN appear to be highly sengitihe intrinsic stellar

parameters, which naturally makes every case truly unique.
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