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Abstract

Binary Hypotheses for Bipolar Mass Loss in Transients
Benedict Fitzpatrick

We investigate binary hypotheses for the formation of pakbulae using the
smoothed particle hydrodynamics code Gadget-2. In thergkoase, we present
a parameter study of mass loss from very simple common goeetwmdels, which
seems to show a strongly bipolar trend for sufficiently ablatvelopes and low
enough spiral-in injection energy. The density profileshad envelopes produce
differing structure within the ejecta.

We also investigate 3 specific bipolar mass loss events.eledke of the outer
nebula of SN 1987A, we study the effects of fast polar jetsraatting with a pre-
existing progenitor wind and find that these are consistettt the observed light
echoes from the nebula, in particular for the feature knosviNapoleon’s Hat'. In
the case of Cas A, we briefly study the effects of close binantgupernova ejecta
and suggest the influence of a close, compact companion radydeat least one
jet-like disturbance that may be observable in a superneraant. Finally, we
study whether a fast bipolar wind, similar to that of Eta Carssent wind, may
inflate ejecta similar to that produced in the common enwelopdels to a shape
consistent with that of Eta Car’s Homunculus Nebula.
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Chapter 1

Introduction

1.1 Transients

The term transient is a label that is increasingly used tandefome of the most
interesting phenomena in stellar astrophysics. Broadtgfines astrophysical ob-
servations of 'things that go bump in the night’ - time depemigl galactically or
extra-galactically located electromagnetic sourcesahatncreasingly the focus of
optical surveys such as Skymapper, PANSTARRS, the Palomasiérat Factory
and others. Itis also a catch-all for X-ray, radio, IR, UV amdwvtational radiation
time-varying sources.

Objects that exhibit human-level time variance mark a depafrom a universe
that measures time in galactic dynamical times or main-secgilifetimes. We have
gone from a ’'celestial sphere’ that was thought to be fundaatly unchanging
(if with some periodicity with systems such as Algol) in medil times until the
evidence from the first documented observed 'nova’ (SN 1578)the modern
day, instrumentation advances and heavily automated \wdigar mean that many
hundreds of supernovae, not to mention other transiergsletected per year.

Observed transients consist of a range of luminosities antes. There are
statistically unlikely events in time, such observing themler 100-day light curve
of a core collapse supernova of a single massive star, wHossnability (power
in the electromagnetic spectrum) counteracts the sangae $here are also more
frequent events, such as recurrent novae, that are rdyapigpulous in the nearby

13



CHAPTER 1. INTRODUCTION 14

universe but may be far less luminous. Happily, in the casstedfar transients,
the most time-infrequent events, or the most dynamic, seecoincide with the
most observable changes in luminosity (with the honouratleeption of black
hole mergers).

The class of transients, and stellar transients in paaidok this thesis, there-
fore contains observed events such as supernovae, statks, feclipsing and sun-
spotted stars, gamma ray bursts, soft gamma ray repeatdsargy novae, neutron
star quakes, black hole mergers, tidal disruption by a btadd, luminous red novae
and others.

In general, any astrophysical phenomenon that varies itimescales gives us
much more specific information about the the physics of themitself than nor-
mal near-static observations across a population. Theraeae events within space
and rare events within time - the new observational era (ttaging revolution) at
its best gives us both. Theory must ramp up to drive, and métehonslaught of
new discoveries.

1.2 Bipolar Mass Loss

Many astrophysical objects exhibit bipolarity, which ingsl they have a preferred
axis in mass distribution, kinematics, composition or emois.

A preferred axis implies a fundamental asymmetry at thetrefahe object -
angular momentum, in the case of spiral galaxies such asofmetta, geometri-
cal alignment such as phases of planets and reflection reelpdées of magnetic
fields (themselves driven in stars and planets by rotatmanyement through some
ambient medium in the case of objects such as Mira and comadsgravitational
influence on certain perturbed mass distributions such smicdilaments.

Fundamentally, the properties of the object are differartne direction than
another. When trying to understand astrophysical processaphological asym-
metry such as bipolarity offers a valuable set of constsaistich as the still myste-
rious origin of the first planetary nebula discovered, andyrike it (M27, Figure
1.1).

The manifestation of the asymmetry can be varied, from jetors defined
by angular momentum and magnetic fields in active galactiten(AGN), young
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Figure 1.1: Messier 27, the first planetary nebula discaleisestrongly bipolar,
with a bi-conical structure in the plane of the sky (e.g. Kvatkal. 2008). Image
credit: Joe and Gail Metcalf / Adam Block / NOAO / AURA / NSF
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stellar objects (YSOs) and pulsars, mass transfer defingdiatorted by the grav-
itational geometry, to polar or equatorially enhanced ntass from high angular
momentum oblate stars.

In this thesis we will discuss various possible mechanism#ie bipolar asym-
metry in supernova remnants (Cas A), planetary nebulaeugira study of com-
mon envelope ejecta), unsolved giant eruption@arinae), and progenitor mass
loss (SN 1987A).

This thesis describes bipolar mass loss in the context dasestrophysics,
where preferred axes arise from stellar rotation, bindrigluding multiple sys-
tems), and magnetic fields. All of these mechanisms can Bedin high stellar
angular momentum can result from tidal or merger spinup imarl, and magnetic
fields act to brake pre-main sequence stars to lower anguaaranta to the point at
which after leaving the main sequence they may require pgmareate any signif-
icant preferred axis. The same magnetic fields are strorgpgident on rotation,
although their axis by no means has to be aligned near theomtaxis, and they
may in fact be strongly multi-polar in many cases.

We do not examine the role of magnetic fields in shaping bipolass loss
in detail in this thesis, although it is a rapidly advancirgldiof research in, for
example, the planetary nebula community. We examine the agbbinaries and
multiple star systems in shaping mass loss, and provideegealto support a binary
hypothesis for bipolar mass loss in the areas we cover.

1.3 Chemical evolution

Big Bang nucleosynthesis is well constrained to produce alnmmwge of the heavier
elements past beryllium that we see in the universe today.

These are produced in stars as a result of the triple alplt@gsdeading to fus-
ing of existing nuclei and successively heavier products oitkel - the elements
heavier than this being produced by slow or rapid neutrotucags and r-process)
by nuclei in conditions such as in asymptotic giant brancBBAstellar winds and
in the classes of supernovae.

The extent to which stars enrich their surroundings and enfte future star
formation through their mass loss and supernova shocksisfthe major areas of
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study in galaxy formation and evolution. Supernovae shoeksnot only compress
over-dense regions into the formation of stars, but theyecaich their surroundings
to the point that dramatic line cooling from the heavy eletadeaches energy, and
they cool and fragment (see e.g. Slyz et al. 2005).

Mass loss from AGB stars, common envelope ejection, and gramptive vari-
ables such as Eta Carinae also has a large effect on the sdinguS8M. Asymme-
try in kinematics or chemical abundance could affect theepration of the enriched
material into the surrounding ISM, and potentially enhaocal chemical inhomo-
geneities (Sam Geen, private communication). The trengidnddynamical galaxy
evolution simulations is to treat mass loss as sphericalsatropic chemical abun-
dances, butin the case of Eta Carinae and Cas A the elementalaaines are either
skewed to particular axes or missing altogether in certmectons.

1.4 Thesis outline

This thesis will describe binary hypotheses for bipolar snlass in several tran-
sients and planetary nebulae, reproducing morphologidserematics with hy-
drodynamical modelling.

Chapter 2 describes the hydrodynamical method, smootheidlpdrydrody-
namics, and the particular code used, Gadget-2. It explagmshoice of code and
the particular method of solving the fluid equations.

Chapter 3 continues the work of Thomas Morris and Philipp Raltiswvski
(Morris & Podsiadlowki 2007) in providing evidence for a iy merger origin
for the nebulae around SN 1987A - in this case, the outer dpwbulae and the
light echo features within it, such as the famous 'Napolsdait'.

Chapter 4 contains a study of the asymmetric supernova ran@nA which
presents a new origin method, based on binary interactmmnthe main jets and
reproduces most of the peculiarities of the remnant.

Chapter 5 discusses the differing morphologies producechbgked, spunup
polytropic model envelopes and the implications for bipalbjects such as some
planetary nebulae.

Chapter 6 continues Chapter 5 in methodology, but attemptotiehthe Ho-
munculus nebula of Eta Carinae by incorporating an intargatiinds model.
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Finally, Chapter 7 summarises the results and conclusiotisofhesis.

18



Chapter 2

Smoothed Particle Hydrodynamics

2.1 Introduction

Smoothed Particle Hydrodynamics (SPH) is a Lagrangiandbagproach to com-
putational fluid dynamics developed by Lucy (1977) and Gldg® Monaghan
(1977). Instead of discretising the fluid as sets of grid fo{the Eulerian ap-
proach), tracer particles are mapped onto the densityilmisitbn, and used as in-
terpolation points for the local fluid properties. Each jgdets properties are deter-
mined by a local interpolation of the properties of the nsaneighbours, through
an appropriate function of the separation of the particlelse cut off separation
beyond which a particle has no direct influence on the oth#treisSPH smoothing
lengthh (or 2h in most codes), and defines a natural resolution minimum. dstm
modern SPH codes such as Gadget-2, the smoothing lengtowsedlto vary for
each particle, defined by a set number of neighbours thatteclpais allowed to
influence. This allows a very high dynamic range, equallingwpassing current
grid based methods in refinement on density.

The principal strength of SPH methods is their Lagrangiannea They obey
easily-defined conservation laws (naturally conservingshand do not require the
"advection’ of fluid properties due to bulk motion, as in gneethods. As the ap-
proach is based on following flow, rather than mapping a velutiney trace struc-
ture naturally through the movement of the particles - egjeint to a continual (and
very cost-efficient) remapping of grid points. This is esaly important in prob-

19



CHAPTER 2. SVIOOTHED PARTICLE HYDRODYNAMICS 20

lems with non-trivial geometries, in which calculating tdisutions of grid points
can be computationally expensive. This ability has the gmoeaated penalty of
only being able to map the density structure, rather thardisteibution of other
variables such as the divergence of the velocities or aatelas.

SPH methods also suffer from relatively poor resolution leécks (in more
than 1 dimension) - the particular nature of the discratsainiversally results in a
smearing of the shock over smoothing lengths, while grigéasethods can target
and adapt to shock fronts, resolving them more preciselyd Sethods also rely
on an ’artificial viscosity’ formulation to accurately sitate the entropy generation
of shocks and the behaviour of the fluid near fronts (see e.gndghan 1984).
This, in essence, prevents particles from approaching ltugely or freely inter-
penetrating, while parametrising shock microphysics. Wliiese are tailored to
reduce unphysical results, the need for this 'ad hoc’ anidits a flaw in the SPH
approach.

However, SPH offers numerous other advantages. It corsemnass, momen-
tum and energy (or entropy) naturally in modern formulagiol is generally rela-
tively easy to add new physics, and it allows for simultarsesimulation of com-
ponents of different types and masses. SPH was chosen $othésis above all
other reasons for the geometric fluency of the approach,hnddlows rigorous ex-
ploration of the morphology parameter space.

2.2 Description

It is necessary to distinguish between Eulerian and Lagaamgethods of tracking
changes in fluid properties. In the Eulerian picture, a vawetement or grid cell
Is modelled, through which the fluid may flow - the rate of cren§the cell fluid
properties with respect to time needs to incorporate a tezatirty with the inflow
and outflow of fluid with slightly different properties. InglLagrangian picture, a
parcel of fluid is followed along its path, and there is no ne®dhis extra term.
This makes the Lagrangian fluid equations simpler, as care®e 8y writing the
material (or total) derivative:
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le(;;’ B _ G@bgz, 2 i—’t‘ L VY(x,t) 2.1)

where the left hand side of the equation (LHS) is the timevadivie of a scalar
field ¢ (x, t) in the Lagrangian picture, and the right hand side of the BguéRHS)
contains the partial time derivative from the Eulerian et

The rate of change of density of our parcel of fluid is:

Dp d,AM 1 dAM dAV

_r_ = A — AM—— 2.2

Dt dt(AV) AVQ( v dt dt ) (2:2)
where, in the Lagrangian paradigm, the change of mass vmithﬁiﬁt—M in our

fluid element is zero, so the expression reduces to:

Dp  AM dAV p dAV
L= ==L = 2.
Dt AV2( dt ) AV dt (2:3)
and takingAV = AzxAyAz,
Dp P dAx dAy dAz
— = ———(AyA AxA ArAy—— 2.4
D = Ay A¥ATTg TATAIT S+ ArAy=aT) (24)
which is
Dp _ p 1 dAz 1 dAy 1 dAz

___r L daz 25
DI~ AVEAr at Ay @ A (2:5)

The change in extent of the fluid element along one axis istestifferential
velocity between the two extremes multiplied by the (inégitmal) time interval:

d(Az) = Av,dt (2.6)
and so
Dp 1 1 1

which in the limit of AV — > 0 becomes

Dp ov,  Ov,  Ov,
E__p(ax o dy * 5’2)
If we then express the RHS term in brackets as the divergenttee ofelocity,

(2.8)



CHAPTER 2. SVIOOTHED PARTICLE HYDRODYNAMICS 22
this gives us:

which is the Lagrangian form of the continuity equation. sTts an expression
of the principle of conservation of mass, which is impligcitlbeyed in standard La-
grangian computational fluid dynamics formulations sucBRl (discussed below)
with fixed particle (very roughly analogous to parcel) nunskend masses.

The forces acting to accelerate our parcel of fluid arise fifegrintegrated pres-
sure force over the surface of our fluid parcel:

Fp = / PdS = — / VPAV (2.10)

using Greens theorem, and from gravity:

Fo = /,ong (2.112)

We then have the rate of change of momentum in our parcel as

D
/ p=YAV = Fp + Fs (2.12)
Dt
and finally:
Dv VP
v_ ¥ 2.13
D 5 +8g (2.13)

The rate of change of internal energy of our parcel of fluitbfes from the first
law of thermodynamics, which for adiabatic processes ipkim

dU = —PdV (2.14)

whereU is the total internal energy? pressure, anél” volume. For our parcel
of fluid, it is convenient to work with the specific internalezgy, or internal energy
per unit massy. Since the mass: is constant, oudV term becomes:

av=a42)=-2

5 2 dp (2.15)



CHAPTER 2. SVIOOTHED PARTICLE HYDRODYNAMICS 23

which, dividing by parcel mass, results in:

du = ;dp (2.16)

taking the time derivative, and using our result from Equat2.9, gives us a
time derivative of specific internal energy for our fluid palrof
% = —%V -V (2.17)

SPH is a computational hydrodynamics approach that trefltdchin a La-
grangian fashion by sampling it with tracer points. Eachheke is responsible for
a given mass of fluid, but requires a summation over its neasghbours to re-
cover fluid properties - this collection of neighbours aranparticle is analogous
to the fluid parcel described above. The tracer particle rarrdbnsity follows the
fluid density (for equal mass points).

A fluid property¢)(r) is approximately recovered by integrating over nearby
space, using a smoothing or weighting function that givessiasing weight to de-

creasing distancas, and cuts off at a maximum distanke

P(r) = /w(r')W(r — ', h)dr’ (2.18)

The weighting function should be normalised such that

/W(r —r)dV' =1 (2.19)

and approach a delta function at very sntall
The value of the fluid property in the SPH method, 'at’ a givasiponr is
given by the summation

TOESY %%W(r — Ty, 1) (2.20)
N n

where our previous integration over volume has been disecttand substituted
for a summation of mass over density. Essentially, only aotehe nearestV
particles, no further away than a maximum distahcare allowed to contribute,
with contributions weighted by their distance and tﬁg}rvalue.
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The density calculated at a tracer point is therefore catedlvia:

p(r) =Y m,W(r —ry, h) (2.21)
N

which is substantially more accurate than a raw densityutaion using ap-
proximately the same set of particles, for good choices oidde Common choices
are truncated Gaussians, or cubic splines. For exampléeiisPH code we use
(described in section 2.3) the 3D kernel is as follows:

W =0, > h) (2.22)
W—%(Q{l—%r),<g<r§h> (2.23)

h
W:% (1—6[%]2+6(%)3>,<0§r<§) (2.24)

wherer is our)_ |r — r,|, the absolute distance between the particles, and the
first term is a normalisation. The kernel thus has units aéisg volume.

A qualitative plot of this particular kernel, adapted to 20shown for anV of

33 patrticles in Figure 2.1. The kernel strongly favours a m@arby particles in the
density estimate.

The pressure in an entropy formulation of SPH is givePby- A;p., whereA;

is the entropy of the particle andthe adiabatic index of the gas. This then defines
the accelerations of the particles as

Npgh—1

d’UZ‘ -
= 2 mlfidip] VW (rig, ha)+

_ 2.25
Fi 45002V W (rij, hy)+ (2.25)

W(T’Z’j, hZ) -+ W(Tl‘j, hj)

I1;V; 5 )

where the last term is an ’artificial viscosity’ (see Sprin@®05) that damps
kinetic energy into the entropy parametéy in the presence of shock-triggering
criteria andf is a correcting factor for the variation of density with srtiong
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weighting

L
25 30

20

Figure 2.1: The 2D kernel weighting map around a centraligarin red for a
random 2D distribution of SPH particles in blue. The largaeebtircle defines the
limit of the smoothing lengtfh.

length variation. (These equations are based on or takem tilhe formulation in
Gadget-2, also attributable to Springel & Hernquist, 2002his equation, apart
from the viscosity term, follows from the SPH discretisatuf the—% RHS term
in equation 2.13, where

Nygn—1

(VPyi= > "LPYW(ry.h) (2.26)

in the most simplistic case, but is now usually symmetrisedavmore com-
plex solution to include both particle pressure terms, as $& equation 2.25 (see
Rosswog 2009).

Entropy is generated by using a parameterisation of 'aglfiagscosity’ - auto-
matically generating entropy during conditions whereipkas approach each other
quickly. For example, in the code we use, the prescriptiomife viscosity between
a pair of particles is:

. — _ Quisc (G +¢j — Buij)uiy

i 2.27
b= - (2.27)
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where ;s is a constant of around.5 — 1, ¢; andc; are the sound speeds at
particlesi andj, anduw;; is the relative approach speed of the two particles, or zero
if they diverge. p;; is the arithmetic mean of the two particles’ densities. Tate r
of change of entropy due to this viscosity is

Nypgp—1

d/lZ ’y—l - mh, +th

dt = 2[)“/_1 E mnHijvij . VZ( j( ) 9 ( ])> (228)
=0

which, taking entropy as the particle property to be trackethe only equation
necessary to define the rate of change of a particle’s enwopgternal energy.
Equations 2.27 and 2.28 are taken from, and discussed fumt&gpringel (2005).

2.3 Gadget-2 and Implementation

2.3.1 Introduction

Gadget-2 is a massively parallel Tree-PM SPH code (Spriegal 2005), devel-
oped as a successor to the popular original GADGET, prignasla cosmological
hydrodynamics simulation tool. It has found uses in a wideyeaof other astro-
physical fields as well, owing to the highly optimised andgtizsed code and the
range of different environments that can be simulated. &@masge from n-body
dark matter cosmological simulations such as the Millenm&imulation (Springel
et al. 2005b) to idealised 2D pure SPH simulations. Thererslaively large
community of Gadget users, and good user support throughliagigst. The doc-
umentation and code are also quite user-friendly - in pagrdhe code is appropri-
ately modular, with many distinct single-purpose routitied are easily understood
and modified.

A strength of using a hybrid N-body SPH code as opposed toayphydrody-
namical code is the ease with which additional mass or moflepayation can be
incorporated. In the repetition of the SN 1987A calculasio8PH particles could
be briefly converted to dark matter particles for ballistitrapolation. In another
example, emplacing a gravitational potential source (&mgral star) in the centre of
an otherwise hydrodynamically-dominated simulation casilg be accomplished
by adding a few hundred massive collisionless dark mattetiicpes with negligible
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velocity vectors in the core. Accomplishing this with SPHtdes would require
very many particles (to represent the large mass of thewttr)inely tuned ener-
gies (to prevent explosion/implosion or particle ejectionfewer, but very massive
particles, potentially causing problems with unequal-snaarticles. In either case
it is possible that these central SPH particles would théymakinematically pol-
lute the surrounding regions. Achieving this with non-lgairnamical dark matter
particles is cleaner and more elegant in this situation.

Gadget-2 does not need to run on a power of 2 number of prasgssdike
some older SPH codes, as its domain decomposition is notl lmaseisection or
oct-tree splitting of the particles between processorss @ows a lot more flexi-
bility in day to day running of the code with limited numberfsppocessors, and in
particular on newer 12-core machines that were availallléhedwork undertaken
in this thesis.

An important advantage of Gadget-2 is the asymmetric naititee equation
2.25. This improves the handling of shocks originating frafow number of high
internal energy particles, which is particularly impottésr the models in Chapter
5.

2.3.2 Rescaling units for Gadget

Gadget-2, in line with many other codes, demands that pnabta an astrophysical
scale be rescaled before they can be run. A usual method g ¢lois is to set the
relevant timescale of the problem to unity - as an exampleet¢he freefall time

of a massive, extended sphere of gas to 1. We set the masslength units, and

velocity units to 1 in cgs, hence setting the time (lengtloeiy units) in seconds,
and our remaining parameters G and the initial velocitie®kswvs:

1 Rgphere
Lirectal = 22 m =1s (229)
sphere

RS ereng ere_ltreea -2
ph ph freefall (2.30)

cm g s

Gnew = G(old(cgs)

—1
Rsphere tfreefall

(2.31)

Uinew - Uiold cm )
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2.4 Initial conditions creation

2.4.1 Introduction

Gadget-2 requires, at a basic level, (with the exceptiomoflomly seeded gravita-
tional glass making - see section 2.4.2) the input of a sevsitions, velocities, and
internal energies for the SPH particles used in the simarlatVhere the masses are
different for a given particle type, this should also be irigd. The densities of the
particles are calculated from their positions and massékarstandard weighted
neighbour-number kernel way for Gadget-2. The problem e&tng the initial
conditions reduces to creating the positions of the SPHagbest(optionally vary-
ing masses) in such a way that the desired density mappirghisveed, and then
assigning the correct internal energy to each particlecbaseheir distribution.

2.4.2 Particle distribution

Sampling the required density field can be approached by &@airlo particle
seeding in regions with a certain mass (for example, for @isgdlly symmetric
problem, in radial shells) coupled with a form of rejectidgaithm to reduce par-
ticles being placed too close to one another. However, tiisnevitably result in
quite a noisy initial distribution. Another approach is t@ate a uniform density
field of particles and then either shrink it into binned reg@r apply a transforma-
tion to obtain the needed distribution (see Appendix 9.hjsTtan be considerably
less noisy.

The easiest homogeneous distributions to use are regutts gr crystalline
structures - cartesian and hexagonal are usually favousesvever, as these are
not isotropic they can occasionally create morphologidaifacts. As this thesis is
primarily concerned with morphology, randomly seeded,rapiately isotropic
gravitational glasses were used as the basis distribufidrese are created as a
special option in Gadget-2; collisionless (non-hydro)ticls with random posi-
tions are placed in a periodic box, gravitational force regd to repel each other
and then evolved forz 1000 timesteps. This creates a distribution where particles
are nearly equidistant from their nearest neighbour, witlimposing any repeating
motif. These positions are then used as input to create thetgdield needed.
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For a spherically symmetric density distribution, the det can be redis-
tributed from the glass positions by iterating out in radigsn a point within the
glass distribution (in effect a sort by radius). Densitiésagower law form in
radius can be dealt with using a geometric transform desdrib Appendix 9.1.
Otherwise, using equal mass particles, the desired disimibmassi/y(rq,) in the
shell(rq, — rq,,,) is represented by the set of particles of number %
between the radii in the glass positionsrgfandr,, , , whereM, (< ry,) = Mq(<
rq;). These particle positions can be remapped in a linear fadhycsetting their
radii as follows:

Tpi — M(rm —Tg,) +Td, (2.32)
Tgiv: — Tg

The particles are then assigned an internal energy basdrwomadius.

2.4.3 Relaxation and Repressuring

The initial conditions are produced with a certain amounhoise noise due to
particle clumpiness and any effects due to the SPH treatofetite gas. They
are run under damping conditions to evolve into equilibri@® in Morris (DPhil
Thesis). Velocity and acceleration are damped by a factq%ﬁf whereA < 1,
andA << 1 for conditions with little noise.

This evolves towards a sharply defined density distributayrresolved areas,
but produces a badly defined internal energy / radius relafibe internal energies
are binned by radius and then a continuous monotonic irten@xgy-radius profile
is reimposed on the particles. The conditions are then fe# mdo the damping
simulation, and the results are re-binned as before. Thsnsally sufficient to
produce a well-defined density-radius and pressure-raulafde.

2.4.4 Standard parameters

Table 2.4.4 shows some of the standard parameters used folltdveing simula-
tions. Where the parameters differ, they are noted in the text

A value for~ of g is the standard index for a monatomic gas, and the Courant
factor is also a Gadget standard parameter, corresponadifgtfor other codes
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Parameter | Value Definition
vy 5/3 adiabatic index
Courant factor; 0.15 Courant parameter (/2)
Artificial visc | 0.8 | Gadget2y in equation 2.27
Nugb 50 SPH neighbour number

Table 2.1: Standard SPH parameters used in this thesis.

using the standard non-Gadget definition of a smoothingttenthe artificial vis-
cosity parameter is also a standard within Gadget-2 ashiistd, within the range
0.5-1, although the user guide now recommends 1.0. The SigHowr number of
50 was chosen as a middle ground number between the tracmag# of resolution
vs performance (33-75 as a rough lower/upper bound), ajtmthe trend in the last
few years has been towards slightly higher numbers.

2.4.5 Plotting

Some plots presented here were generated using the SPLAS8IHgpackage cre-
ated by Dan Price (Price 2007). This has the capability oéggting cross sections
by projecting particle properties based on their smoothemgths onto the cross
sectional plane. In the cross-sectional plots that uttlié® no cross section width
Is given for this reason.

2.5 Testcases

In order to assess the reliability of the code we use, we wundugh several test
cases and compare the results to the literature.

2.5.1 Sod shock tube

The Sod shock tube problem (Sod 1978) is an example of a Rieqmairem,
widely used as a test for hydrodynamical codes (Hernquist&HK 989, Monaghan
& Gingold 1982, Springel 2005). A hot, dense region of gasisailly directly
bordered by a colder, less dense region, with gravity tagdretnull. A shock, and
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a rarefaction wave develop, as well as the pre-existingambliscontinuity, and the
resolution of these is an important benchmark for the coage e take the denser
region to be on the left, and the less dense region to be ongthie r

| Parametet Value |

Plett 1.0
Pleft 1.0
Prignt 0.1
Pright 0.125
~y 1.4

Table 2.2: Table of values used for the Sod shock tube simolat

The semi-analytical solution for the time evolution is ob& from the Euler
equations, using the Rankine-Hugeniot conditions. Thelspoapagates through
the under-dense region at the speed of sound:

Concrigh, = ﬁf—: (2.33)
and a rarefaction wave develops in the denser region, Bsgig at the local
speed of sound. After a short period of time, the system stmsi 5 distinct re-
gions:

1. The undisturbed region of dense gas.

2. The region bounded by the head and tail of the rarefacterew

3. The region between the tail of the wave and the contacodisuity.
4. The region between the contact discontinuity and thelshewe.

5. The undisturbed region of under-dense gas that the shagk Was yet to
reach .
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The pressure, density, size and position of these regiandeabtained from
the Rankine-Hugeniot conservation laws

P1U1 = P22 (2.34)
P14 P} = p2 + pavi (2.35)

1 1
LAY R R N (2.36)

p 2 2
(where the subscript 1 denotes the region upstream of thek stmal 2 the region
downstream, and\u represents the difference in the internal energy per ungsma

between the two regions) , and the use of the generalised Rreimgariants across
the rarefaction wave:

2¢(p)

1= constant (2.37)
ry —

A fuller account can be found in the appendix to Pfrommer .e{24106).

We set up the system with 1179648 particles, using two dilassdistributions
a factor of 8 different in particle density and a facteP, / p, P» different in internal
energy to reproduce the initial conditions. A small amourdrdificial conductivity
was added in Figure 2.4 as per Price (2008), using a fixed phalticonstant of
ay . 0f 0.25. This improves the internal energy behaviour overdiscontinuity.
The results can be seen in Figures 2.2 to 2.4, and show a goeenagnt with the
analytical result.

I'=v+

2.5.2 Wind code

Modelling nebulae of the Eta Carinae / 1987A type requiresikiting the effects
of stellar wind on gas structure. This was implemented invials8adget-1 version
by Thomas Morris (Morris & Podsiadlowski 2007, Morris DPthiEesis).

We updated the code to Gadget-2 and parallelised the wingl foodise on the
Oxford Astrophysics Beowulf cluster. The advantages of @&@gover its prede-
cessor include improvements in raw speed and efficiencyabiléy to run with



CHAPTER 2. SVIOOTHED PARTICLE HYDRODYNAMICS 33

density

Figure 2.2: Density profile of the gas in the shock tube at ttme 0.8. The
rarefaction wave, contact discontinuity and shock locetican be seen.

2.5

Figure 2.3: Specific internal energies of the gas in the shao& at time = 0.8.
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Figure 2.4: As Figure 2.3 but including some atrtificial cociility to improve the
code over discontinuities.

any number of processors (rather than power-of-two), anding SPH simulations
in arbitrary aspected and sized periodic boxes. Paraltedis and the use of the
code on the astrophysics Beowulf cluster has greatly redwedieclock simulation
length.

2.5.3 Adiabatic collapse

An isothermal sphere of gas initially at rest and with a dgngrofile pa% col-
lapses adiabatically under gravity, rebounds with a shao#, eventually becomes
virialised. This is again a classic test for hydrodynamuades, first proposed by
Evrard (1988) and performed in various forms many timeses{ieg Hernquist &
Katz 1989, Theuns 1992, Navarro & White 1993).

Following Evrard (1988) and Springel et al. (2005), the si@ite set taz =
M = R = 1, resulting in a freefall time of unity. The specific interrexiergy
of the gas is set ta, = 0.05%, setting relatively low pressure support for the
sphere compared to the gravitational force. The SPH pestete placed according
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to a glass-like distribution, with coordinates warped teate the necessary density
distribution. Note that it is also possible to use a normil,gvith varying mass par-
ticles - however in situations with strong mixing of paréisl, high dynamic range
in mass can cause errors. Additionally, regular grids cgmose strong artefacts
and departures from symmetry, even with larger numbersrbties; we use the ir-
regular glass making available in Gadget-2 to evolve an asstmic, evenly spaced
distribution of particles.

A shock develops at time = 1.1tg..tan, and propagates outwards. The radial
velocity and specific internal energy profiles at this time ba seen in Figures (2.5
& 2.6). The results compare favourably to those in Spring@0g). Purely analytic
solutions are difficult for this problem.

2.5.4 Isothermal sphere

In this test case, a rotating sphere of gas with radius 5 x 10'%cm, massM =
1M, and temperaturé = 100K collapses isothermally (Boss & Bodenheimer
1979, Burkert & Bodenheimer 1993). As a result of a small dgrsérturbation
around the equator the gas forms a bar structure and fragmehis test problem
Is particularly relevant in star formation studies. It i®fitd when measuring mass
and structure resolution in hydrodynamical codes. To thdf we study the effects
of parameter variation on the results.

We rescale the units in order to bring the timesteps withénafiowed range of
Gadget - we set the sphere to have unit radius and mass (egsahtode units),
and define the unit time as one freefall time. We then scaledahes of G and the
velocity units according to these definitions. See sectoB.2) for brief notes.

A complete survey of Gadget-2 parameters can be found ingheralix, and
demonstrate the convergence of the code. The minimum ex$ohass in an SPH
code iSM = NygrMpariicle (€9 Whitworth 1998), and this must be below the Jeans
mass in order to resolve fragmentation. We find that this lshoccur at roughly
the 12k particle level.
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Figure 2.5: Radial velocity profile of the gas after reboundieBparticles are from
a~ 1 million particle simulation, red frons 16k particle simulation. The Gadget-2
artificial viscosity was increased tg,;,. = 1.6.
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Figure 2.6: Entropy radial profile of the gas after reboundhe Bimulation used
Npgp = 200 and 137000 particles.

Figure 2.7: Isothermal collapse after 1.24 freefall timedificial viscosity = 0.8,
particles = 17k, grav softening = 0.004.



CHAPTER 2. SVIOOTHED PARTICLE HYDRODYNAMICS 38

Figure 2.8: Isothermal collapse after 1.24 freefall timedificial viscosity = 1.0,
particles = 17k, grav softening = 0.004.

Figure 2.9: Isothermal collapse after 1.24 freefall timesificial viscosity = 1.0,
particles = 17k, grav softening = 0.0001.



CHAPTER 2. SVIOOTHED PARTICLE HYDRODYNAMICS 39

Figure 2.10: Isothermal collapse after 1.24 freefall timfegificial viscosity = 1.2,
particles = 17k, grav softening = 0.001.

0.2
-0.220.1 0 0.1-022-0.1 0 0.1-02>-0.1 0 0.1-022-0.1 0 0.1-022-0.1 0 0.1 0.2

Figure 2.11: A parameter study of isothermal collapse afi24 freefall times. The
number of particles is 137000. Viscosity varies along thexig:atop to bottom

(0.8,1.6,2.4) and the x axis is softening = 0.1, 0.01, 0.@DAN01 and adaptive
(proportional to smoothing length). Note how large valuesadtening relative to

the structure, and higher viscosity, suppress the highesityeregions.



Chapter 3

SN 1987A

3.1 Introduction

The light from the supernova SN 1987A reached Earth on FepA8 1987. It was
hailed as the closest observed supernova in 400 yearg)atirgg in the Large Mag-
ellanic Cloud (LMC) at a distance of 51 kpc (Panagia 1999). Aga tl supernova
(Gregg, Kimble, and Davidsen 1987) it was one of only a fewhwiteasured time-
discrete spectra (Menzies et al. 1987) and helped confirordtieal models of
core-collapse with the measurement of its neutrino fluxgtdiret al. 1987, Bionta
et al. 1987).

It became apparent that 87A was somewhat unusual - origgn&tom the star
Sk — 69202 (Sonneborn et al. 1987, White and Malin 1987), a blue ratteanr ted
supergiant as had been expected (Woosley 1987). It wastaveblasubluminous
Type Il supernova, at an absolute magnitude of -15.5, witlowes core ejecta
expansion velocity (Phillips et al. 1988) that explodedhwain intact hydrogen
envelope (Woosley, Pinto and Weaver 1988).

Over time the UV flash ionisation and light echoes revealedcincumstellar
nebula around SN 1987A, first revealing an equatorial ring, duter polar rings
and several larger, unusual structures. These structnoesle the mass-loss and
chemical history of the progenitor star; modelling themcassfully can help define
the nature of one of the most important and best-studied'sapae.

40
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3.2 Background

Type Il supernovae such as SN 1987A are a hydrogen-rich sabsere-collapse

supernovae. Core-collapse is a phenomenon belonging tivedfamassive stars
that reach the central pressures and densities to fusessig heavier elements
down to the limit of silicon "burning’ (fusion).

At this point, the star is extremely centrally condensed,iarmbout to reach the
limit of the fusable resources left in the core. However tiae sormally still retains
an extended hydrogen envelope, somewhat masking theah@rants in the core,
and is classically observable as a red supergiant. No mamggican be extracted
via fusion after the silicon is fused, and the burning musegpess extremely fast to
support the core against the self gravity of the star.

Once silicon burning has been completed, the pressure duggeinst gravity
drops, and the core collapses. The internal contents ofdhean collapse to create
a black hole, or can create a proto-neutron star object, inohwtase the infall can
rebound and cause a core-collapse supernova (for morésdatal references, see
section 4.2). The neutrinos emitted during this conversvene one of the most
important diagnostic tests of this picture, and the measeant of 87A's neutrino
flux on Earth helped cement the standing of this theory.

3.3 Inner Nebula

The nebula consists of the three major rings lying with tp&ne at approximately
45 degrees from the line of sight. The two outer rings wereenlesi some time
after the event (as a result of light travel time) and weré&aly hypothesised to
be merely light echoes (Crotts, Kunkel and McCarthy 89) unigtar study found
their apparent motion was undetectable, proving they walegively discrete and
illuminated by the flash ionisation from the SN (Plait et aB9%, Burrows et al.
1994).

The outer rings contain less CNO processed material (regdftom the Carbon-
Nitrogen-Oxygen cycle which dominates in massive stai) the equatorial ring,
pointing to an earlier origin at abowb* years prior (Panagia et al. 1996). This is
disputed however by Maran et al. (2000). The radial veloaitthe equatorial ring
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and the known spatial extent suggests an origiz ©f10* years ago.

3.4 Outer Nebula and Light Echoes

Light echoes as a method of mapping circumstellar or ire#estmaterial were
first studied by Couderc (1939) in the case of dust-scattégatfrom Nova (GK)
Persei. Light echoes of this form, over time, trace the 30rifigtion of material
around the light source in a non-intuitive (but recoverafdem (for a recent review,
see Rest et al. 2011).

Figure 3.1 shows the cross-sectional distribution of ligtlho parabolas over
time from the focus point marked with an X, superimposed orrasszsection
through a spherical shell centred on the focus.The inteosecbetween the parabola
(in reality, 3D paraboloids of revolution) and the shell ntlag points which will be
illuminated as viewed at extreme angular distance fromitjte,rover time.

Distance from focus in the plane of the sky
(=)
T

Distance from focus along the line of sight

Figure 3.1: A cross section through equally spaced in tiglet lecho paraboloids
emanating from the central cross, intersecting a sphestoal of material. Units
are arbitrary, with the provision that the angular extenthi@ plane of the sky is
small.
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Distance from focus along the line of sight {north}

o
-2 -1 o] 1 2
Distance from focus along the line of sight (west}

Figure 3.2: As Figure 3.1 but from the observers perspedtithe spherical shell
material illuminated by the paraboloids. Early light echageden extremely rapidly
(central point to red), but linger at the maximum radial exief the sphere (green,
blue) before rapidly shrinking on the far face of the shedid(to point) in time
symmetry.
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The zero-time echo will be on a straight, horizontal lineeexting right from
the focus, and thereafter a series of circles on the sphastied, shown in Figure
3.2. However, although the paraboloids marked are spacegallgdn time (seen
by their minimum distance spacing from the focus) the angengent of the echoes
from the spherical shell is certainly not. The echoes witivgvery rapidly from a
point at the focus, then spend a long time near the maximumlangxtent of the
sphere, and then shrink rapidly again. The equation for tigeilar extent of the
echoes from a spherical shell is

0 = 2ctr — c2t? (3.1)

wherec is the speed of light, the (positive) time after the first light has reached the
observer, and the radius of the shell.

Distance from focus aleng the line of sight {north)

el 1 Ll P R B
B 4 -2 0 2 4 6
Distance from focus along the line of sight (west)

Figure 3.3: A cylindrical shell of material illuminated bight echoes from a source
on the cylindrical axis, equally spaced in time. As with poess figures, red through
to blue follows early through to late. The light echoes failan unusual pattern as
the path length becomes longer than twice the cylindriciilsa(the X shaped green
echo progressing to the blue separate lobes).
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A sheet placed in front of the shell perpendicular to the lriesight, at a
distancex would still display some non-linearity at early times; thguation is
0 = \/2ctx + 2.

Light echoes from a cylinder placed with its axis in the plahthe sky will have
characteristics of a sheet in the axial direction and cheristics of a spherical shell
in the plane of the cylindrical radius.

These are shown in Figure 3.3. An important note is that epgergt on the
cylinder is mapped at a unigue time, and the geometry is exate from the time
distribution of light echoes provided that the origin tinseknown.

Angle dependent scattering by dust can also be used to laekptine structure,
although it is strongly dust grain size dependent. GrairthénRayleigh limit for
UV-visible light (less than a few nm) will isotropically siter light - this behaviour
has an extreme wavelength dependei;m& At wherel is the intensity received at
a given angle after scattering from a partidlgthe original incoming intensity, and
A the wavelength). Larger grains up to micron level have lessaength dependent
scattering and an extremely strong bias against back sogttef around 2 orders
of magnitude in efficiency; the difference between small Emde grains can be
calculated by density, obscuration and colour measuresmerihe case of 1987A
(Sugerman et al. 2005).

We have considered spherical shells, and sheets and agimde plane of the
sky, but it is also useful to supplement intuition by consiag a tilted shape - in
the case of SN 1987A, a tilted cylinder is particularly relet

The light echoes from a cylinder &5° to the line of sight are shown in Figure
3.4, and display a slightly more unusual light echo disttdou Whereas the north-
ern, nearest part of the cylinder is nearly perpendicul@héadirection of parabola
movement, the southern nearest face is almost paralleldaadtincreasingly paral-
lel at later times. This results in a faster apparent motasritie echo in the south,
and if angle dependent scattering is a factor, an increlgsmmghter southern echo
as well.
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Figure 3.4: A tilted cylindrical shell of material illumited by light echoes from a
source on the cylindrical axis, equally spaced in time.
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Figure 3.5: A tilted cylindrical shell of material illumined by light echoes from a
source on the cylindrical axis, equally spaced in time. Tgletlechoes follow an
unusual pattern as the path length becomes longer than tingagylindrical radius
(the X shaped green echo progressing to the blue separat® lob
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Figure 3.6: Early observations by Wampler et al. (1990)yshg the three rings of
1987A and the Napoleon’s hat feature to the north.

Density enhancements exterior to the three ionised ringarbé be apparent
approximately 2 years after the supernova with the deteatioa curved bright
nebulosity 6” north of the SN extending west and east, naregholeon’s Hat’
(Wampler et al. 1990). An approximately circular light ecbforadius > 8-9”,
stronger in the east, was discovered by Bond et al. (1989) asaiserved to move
rapidly outwards in subsequent observations. A summatidriwl analysis of light
echoes is found in Sugerman et al. (2005), from which the mlgervational tests
are drawn for this work.

Figures 3.7 and 3.8 show the positions of the light echoearatws times from
approximately 2 years post-supernova to 10.4 years.

Sugerman et al. (2005) under the assumption of reflectiveufahe equatorial
ring plane) and rotational (approximately around the pabas through the triple
rings) analysed light echoes from the more distant parthe@fmiebula to build a
rough picture of the surroundings, reproduced in Figure Bspecially in the outer
regions, most of the shape is inferred from assumptionstabtational symmetry
- only a small fraction of the shape is returned by the obskhght echoes. The
outer structure implied has an over-density in the equaltptane, and two almost
closed polar lobes.
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Figure 3.7: Early light echoes from Sugerman et al. (200®wsng 50 arc second
by 50 arc second star-PSF subtracted fields centred on tleenswa and colour
coded by structure 'type’ from 1.8 years post-peak SN to €&'y. The structures
of particular interest to this work are the Napoleon’s hdtoss (in green) and the
largest, extended structure (in blue).
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Figure 3.8: Later light echoes from Sugerman et al. (200%wing 50 arc sec-
ond by 50 arc second star-PSF subtracted fields centred osugiernova and
colour coded by structure 'type’ from 5.7 years post-peakt&NO0.4 years. The
Napoleon’s hat echoes are highlighted in green, a southeer echo identified as
its counterpart in pink, and the larger, extended strudtubdue.
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Figure 3.9: Inferred outer nebula structure around SN 198@# Sugerman et al.
(2005). Itis clearly bipolar, with two lobes and an equatbeinhancement.
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As mentioned earlier, the properties of the dust can be tiisgied from the
wavelength angle dependence of the light echoes - thesestaytarge grain distri-
bution for the largest echoes, which is strongly biasedregdiack-scattering; only
the nearest parts of the structure should have light treatl angles close enough
to 180° to have detectable flux. This, together with time constsaimeans that the
structure is necessarily incomplete, instead of being madmuit fully in all dimen-
sions in the case of isotropic, small dust grain scattertiggerman et al. (2005)
suggest that the Napoleon’s hat locality contains smatking, which is the reason
for the illuminated 'Napoleon'’s collar’ despite the acught path angle.

3.5 Modelling background

The standard model in the early years after 1987A considtgeérmeralised inter-
acting winds implementations with a single star (e.g. Luo eQvay 1991, Wang
and Mazzali 1992, Blondin and Lundqvist 1993) where a fast-density wind
hits an equatorially enhanced, pre-existing slow high temgnd. This leads to a
deflection around the equator and an hourglass form for thelaeThis had some
success, but ultimately was not compatible with the disgesehat the outer rings
were not mere limb brightening (Burrows et al 1994) and pdgsikiginated at a
different point in the star’s evolution (Panagia 1996).

In addition, single star hypotheses rely on convective siveoting / rotational
dredge up /metallicity in order to make the RSG-BSG (red suaetdo blue su-
pergiant) transition, which is perhaps not actually préserihe observed LMC
Hertzsprung-Russell diagram (Podsiadlowski 1992).

Early binary models of the nebula created the outer ringsuthin a truncated
double cone formed by a colliding wind interface betweenlimary stars - after
the stars merged, an excretion disk was ejected formingitter ring, and the BSG
fast wind swept up the outer ring material into limb densith&ncements (Podsi-
adlowki et al 1991, Lloyd et al 1995). Models that suggestraiging companion
are not borne out by observations.
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3.6 Binary hypothesis and reproduction of the inner
nebula

Binary merger models can produce the dredge-up / rejuvenatiatively easily
(Hillebrandt and Meyer 1989; Podsiadlowski et al 1990; Famtlewski 1997), the
latest of which predict a 15/, and a 5/, binary merger from a common envelope
pathway (Podsiadlowski and Ivanova 2003).

These progenitors were then invoked in a model to reproduodetail the
three rings of the SN 1987A inner nebula by Morris and Podsveki (2007). A
schematic of the stages in this hypothesis is shown in Figui@.

Originally, the 87A system was hypothesised to be a binaity the 15 M,
and 5M ., members from the chemical analysis work. The primary (thetmmaas-
sive, 15M/., star) began to transfer mass to the secondary (the first stathe
schematic). This process was unstable, and the mass trasielerated to the
point that the secondary became engulfed in the same hyalesgelope as the pri-
mary (the common envelope phase, second stage in the satier@aer a course of
hundreds of years, the cores of the primary and seconddmgtigd their orbit and
spiralled in towards each other, losing angular momentuthécenvelope, which
became spun up and oblate.

The separation between the cores exponentially decayshanzbres merge -
the energy released is sufficient to release a shock and sbyive of the envelope
off (the third stage in Figure 3.10. This was modelled usiR¢iSin a parametrised
way, with the cores not individually modelled. This prodd@n asymmetric flow
of ejecta from the distorted envelope, for lower energy Ekpwhich later provided
the north and south material for the two outer rings. Shattgrwards, some of
the rapidly spinning outer envelope was shed, which createdus of expanding
material that would become the equatorial ring.
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Figure 3.10: Schematic from Morris and Podsiadlowski (3@Biowing their binary
progenitors origin hypothesis for creating the inner rirgdinary system evolves
into a common envelope phase after mass transfer, and neas®®ejfrom the end
of the common envelope phase forms the material for the rilipsese are shaped
by a wind from the merged star. The merged star goes supetwevdy thousand
years later as SN 1987A.
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After rejuvenation, the now blue supergiant star then ksetprevacuate its sur-
roundings with a fast, hot wind. This shapes the north andhspalar envelope
ejecta into a more hourglass shaped morphology and to a lestsat, shapes the
equatorial outflow ejecta. This phase lasts for approxiim&e000 years, in line
with the findings above. After this point, Morris and Pod$maski simulated the
observed emission from the flash-ionisation of this ejextated by SN 1987A, and
found very good agreement with the observations.

The focus of this work is to explore whether the outer nebofa987A can be
well explained by this picture. To do this, we start at anieagdoint, in the unstable
mass transfer phase (first stage in Figure 3.10, and hyps¢hibst the accretion of
this mass onto the secondary could have launched jets iatsutroundings. We
further hypothesise that there would have been a pre-egissiow red supergiant
wind from the binary members before the merger, out to thequarlevel needed
for the scale of these outer nebula features. We investtbateffects of these jets
propagating into this pre-existing wind.

3.7 Method

This work will attempt to model the outer regions of the naleylin particular the
well-constrained Napoleon’s Hat arc feature to the nortthefrings (Figure 3.6),
and the larger bipolar structures as summarised in Sugeetran (2005). This is
a missing part of the 1987A picture of Morris and Podsiadlka2007, 2009), and
provides a further test of the common envelope merger hgsatlior the progenitor
of SN 1987A.

We attempt to reproduce the bipolar outer nebula with a BipBSG wind ex-
panding into an ambient, slow spherical RSG wind. This is iptssn the stage
immediately prior to a common envelope phase, when Rochedebelow leads
to mass accretion onto the companion, driving a brief jesphzefore engulfment.
Physically realistic reproductions of this phase and tbemparison to data would
be a valuable test of the binary theory of SN 1987A.

We use hot (10000K, initially) bipolar jets to simulate thfeet of possible jets
arising from the mass transfer to the companion, with a masseare than 0.9/,
in 500-1000 years. In practice, the leading edge of the jetelérates, and the jet
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becomes shell-like rather than conical when driving it tlylo the whole time period
of 20000 years. The time period is relatively unconstramwébin the range given.
The mass lost in the jets is also not critical, as above aiogptaint (much lower

than0.5M,) it does not decelerate significantly when driving into thedmim that

we use and causes much the same morphological effects on it.

We drive a 10000K bipolar jet with total mass Q\5, into a slow, cold (10K-
100K) spherical wind. The temperatures used are roughbtbais expected cold/warm
dust temperatures for an old wind, and a photospheric teatyrerfor the jets, but
are not particularly significant due to the overwhelmingetio energy of the jets
in this frame. The jet phase last8® years in the simulations below, correspond-
ing to the rough timescale of unstable mass transfer befleredmmon envelope
phase. We choose realistic values for the speed and massies®f both winds -

a few hundredkms™" and10~*M,yr~! for the jets, and 20-3Rms " and around
10~ M, yr~* for the ambient RSG wind. The speed of the jets was chosen ¢o giv
the 8 parsec length scale after the approximate 20000 yeame of the merged
remnant - hence, arourgb0kms~—t. This is also in rough agreement with main
sequence surface escape velocities, which are good primxidéisal stellar wind
speeds. The opening angle of the jets was experimented Wil worth noting
that extremely small opening angles are ruled out by the s#mmap effect of the
jet-launching star’s orbital velocities. The numbers theate the best general fits to
data were opening angles of betwea@nand20 degrees, representing a total angle
per jet of20 to 40 degrees. The speed and mass loss of the wind forming the am-
bient medium was chosen to be broadly in line with observesisnass velocities
from red supergiants, although mass loss from red supésgmnelatively loosely
constrained as a whole. The mass loss rates give of ordeaamaks in the red
supergiant progenitor wind, which is a reasonable numbethf® 15 solar mass
post-mass loss primary star.

4000 years after the end of the jet phase, we could emplacbhattistically
extrapolated ejecta (from the standard A4 model in Morri®KD thesis)) from
the common envelope into the simulation and switch on the B8@ exactly as in
Morris and Podsiadlowski (2007). This would give a compjstture of the system.
However, as the interaction between this ejecta and our ofeula structure is
minimal, we omit it for the sake of computational speed.
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The detailed reproduction of the triple rings is not the aiinthis work, as it
has been amply explored in Morris (DPhil thesis) and subsegpapers (Morris
& Podsiadlowski 2007, Morris & Podsiadlowski 2009). Howeutbe material that
comprises the ring structures - the common envelope ejadtéha equatorial torus
- can be simulated within the context of the outer nebula. irT$teucture can be
seen below in Figure 3.11.

We test the simulated structures in a similar way to the lggiio demonstration
cases shown earlier. We create a time series of paraboknd&ysing a width of
100 days (a square wave approximation to the core collagbedurve), as seen
from an observer at5° to the axis of symmetry. Each image is composed of a
100 x 100 grid in the simulated plane of the sky, and each particlefedkst within
the paraboloids volume produces a reflection based on istglevhich is summed
into the grid cell value. Each grid cell should have a fewipke$ illuminated, if it
has any, as seen from the particle plots above. As any sogttetikely to be angle
dependent, and the mass loss not well constrained, thepeesiented as qualitative
geometrical illustrations rather than in a realisticalbservable form - if this was
done, column density along the centre of the pixel bin shbaldalculated from the
particle distribution as in the SPLASH visualisation code.

3.8 Results

3.8.1 Parameter study - raw hydrodynamics

In our example simulations presented here, the outer steictf the interacting
winds bears some striking similarities to the sketch in $ugea et al. (2005).
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Figure 3.11: A cross section of the full 87A nebula simulatishowing the swept
out bipolar structure and equatorial enhancement. Stegtanalogous to the
'spurs’ in the Sugerman results are found at the equatatgg® of the wind shock.
Axes are in units of 8 parsecs.
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Parameter Value
Jet velocity 350 km/s
Jet opening angle 20 deg
RSG wind velocity 20 km/s
RSG wind mass loss rate2.0 x 107> Myyr—!
Jet initial launch time to SN 1987A delay 22800 years
Jet production lifetime 1000 years
Jet mass loss 0.06 M,
Total number of particles 900000 (approx

Table 3.1: Table showing the standard parameters used girthudation.

Figure 3.11 shows the results of a typical SPH run in a puregbaplot - these
can be taken as tracing the density structure of the sinonlahile the equatorial
enhancement and spurs can be seen, the larger bipolaustrigtoo wide. The
following simulations use the following parameters:

Where a higher progenitor pre-existing wind velocity wasd,ske progenitor
pre-existing mass loss rate was correspondingly incresiseldl that the total mass
in the 8 parsec sphere of wind remained constant. The massdtasin this wind is
compatible with known red supergiant wind mass loss raess ésy. Groenewegen
et al. 2009 for a study of evolved LMC/SMC (Large Magellanic @land Small
Magellanic Cloud) stars). The velocities used for this wiz@land 30kms ™', are
within the observed ranges of red supergiant winds suchatsofiVY CMa (as
discussed in Decin et al. 2008).

The delay between the start of the jet launching from thealohstmass transfer,
to the merger remnant resulting in SN 1987A and the light eshis here taken to
be 23000 years. This is slightly over the sum of the 20000sydalay between the
rings material production (the common envelope ejectiasphn Figure 3.10), and
the delay between the start of the jet launch phase and tbgogj@f the common
envelope. However, it encompasses a range of jet phasmifethat may be longer
than our canonical 1000 years, and gives a slightly bettew flie data than 20000
or 21000 year jet expansion times. A higher jet mass losswatdd allow the
ejecta to decelerate less, and produce roughly the samiésrisua slightly lower
lifetime.

The jet mass loss parameter was chosen to be a rough minimatmvtuld
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(@) RSG wind =20kms~* (b) RSG wind =30kms ™!

Figure 3.12: Final wind structures at the point of the supeanwithout considering
the inner CE ejecta, for a jet velocity 850kms™!, an RSG wind o20kms ™! (left
figure) and30kms~! (right figure) and a jet opening angle of°. The smaller
opening angle results in a smaller width cavity, which appéabe exacerbated by
the higher RSG wind in the right hand figure.

produce a jet that began to fragment and decelerate slightlyrder to produce
some axial jet material as in the Sugerman findings. It is iveldw a physically
believable upper bound (compared to the total mass tramsfelved in creating
a common envelope) of 0.5 solar masses, and representsagodtievably small
fraction of the mass transfer from the 15 solar mass staret® $olar mass star, as
well as a low amount of energy needed to fuel the jet launchhan@sm compared
to the power released in the mass transfer and any accresioniddeed, the ’jets’
here could be realistically said to be a relatively high-spa#polar, average velocity
massive star wind rather than classic microquasar jets.

Figures 3.8.1 to 3.8.1, show the differing morphologiedpied by a variation
in jet and RSG wind parameters. We choose 2 values of RSG wimtityel 20
and 30kms~!, and three values of jet opening angle (10, 15 20fd We keep the
mass in the RSG wind constant, which implies a differing mass fate. In fact,
we assert that the cavity shapes are not very sensitive toalss in the RSG wind;
simulations with the mass 10 x lower demonstrate much thes szavity shapes,
albeit slightly wider (Figures 3.15 and 3.16). To the extidat the BSG wind is
not too strongly decelerated, the raw kinematics ensutevirétions in the mass
in the BSG wind has little effect as well - the fragmentatiod arstabilities in the
BSG jet material is a function of mass and resolution, however
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(@) RSG wind =20kms~* (b) RSG wind =30kms !

Figure 3.13: Final wind structures at the point of the supeanwithout considering
the inner CE ejecta, for a jet velocity 850kms—!, an RSG wind o20kms ! (left
figure) and30kms~! (right figure) and a jet opening angle t#°. A slightly wider
jet opening angle increases the breadth of the cavity, beg dot produce a tapering
towards the jet material. As in Figure 3.12(b) the right haadity is wider than the
smaller opening angle examples (Figures 3.12(a) and 3)1 2t is mitigated by
the faster wind.
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(@) RSG wind =20kms~* (b) RSG wind =30kms ™!

Figure 3.14: Final wind structures at the point of the supeanwithout consider-
ing the inner CE ejecta, for a jet velocity 850kms~!, an RSG wind o20kms™!
(left figure) and30kms ! (right figure) and a jet opening angle2if°. These figures
show the most bulbous cavities of this set of 6 - the left haguk& has a combina-
tion of relatively slow RSG wind and relatively large jet opemangle. The right
hand figure produces an equally wide cavity, but, in terme@féproduction of the
schema found in Sugerman et al. (2005), is still affectectregly by the speed of
the wind.
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The figures show a relative trend of increasing cavity ’'bteadith increasing
jet opening angle, and a trend of decreasing cavity 'bréadth increasing RSG
wind velocity. They also belong to the same density regimmdbin Sugerman’s
study of around 1-3 atoms per cubic centimetre in the lighbes (approximately
1.67e-24 - 5e-24cm—?) decreasing to around 0.03 (5e-2i.cm ) and have a
roughly similar mass (of order a solar mass of material,ightlly less).

In our attempt to create the general type of cavity found enSkigerman et al.
2005 schema (Figure 3.9), it appears wider jet opening anglkey create larger
equatorial breadth, but at the expense of tapering polas.ehdrger RSG wind
velocities, while plausible, would act to slim the cavitfesther. We should also
note that although Figure 3.9 appears clearly defined ineshthp morphology is
only very partially observed, with an assumed offset from light source; these
points are elaborated further in the paper. We will therefdso test our jet cavities
directly against observations in the form of light echossjascribed above.

1.5

log column density

-26

z [/8 pc]

0.5

x [/8 pc]

Figure 3.15: Final wind structure as in Figure 3.13(a), vgfiherical red super-
giant (indirect progenitor) wind mass loss a factor of 10dewl he cavity shape is
gualitatively similar to the above simulation results, tmider in breadth.
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Figure 3.16: Similarly to the above Figure 3.15, the final dvstructure with the
same parameters as Figure 3.13(b), with spherical red giap&findirect progen-
itor) wind mass loss a factor of 10 lower. Already a wider tgvihe lower mass
loss rate increases the breadth.

While a constant velocity, constant mass loss win will alwargsluce & o« r—2
profile, variations in these parameters over time will picela deviated profile. The
cavity shape should be sensitive to the profile because dittegential shock ve-
locities as it propagates through different density matexi different radii. Figure
3.17 shows a comparison between a standard parameter huthe/ithormal density
profile and one with @ o r~2° profile. The newer profile shows a wider base
for the cavity, nearer the equatorial plane. It has alsougied the jet as it has
passed through the higher density centre and left both gadual fragments and
some entrained core material close to the axis.

3.8.2 Non-isotropic mass loss

RSG stars such as our indirect progenitor producing the neergiant wind (when
free of binary or planetary interaction) are not expectetiddast rotators due to
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Figure 3.17: A comparison of the jet cavities in the normabc =2 profile
(3.17(a)) and @ o 20 profile (3.17(b)). Both models have the same exterior
mass, but the =2 profile has a more concentrated central density. It has degrea
extent near the equatorial plane, and has fragmented thppe¢ciably in the early
stages.

the conservation of angular momentum when expanding frdar sadius to as-
tronomical unit scales. However the progenitor in questounld well have been
spun up to a degree, especially in the outer envelope, fobstautial period of
time in the pre-CE pre-fast mass transfer phase. The rottedfects would then
produce a bipolar asymmetry in the mass loss - perhaps nagéario help create a
strongly bipolar cavity from a weakly bipolar fast, hot pos¢rger BSG wind, but
potentially enough to alter the shape of the cavities weycedvith jets. Given the
long axis incompleteness of the light echoes observed g ildtomogeneity in the
surrounding ISM affecting the expansion of the indirectgaitor’s red supergiant
wind is also quite possible.
We therefore repeat a selection of the above jet simulatigtiisa simplistically

distorted red supergiant wind. We distort the red supetgiand both to have an
equatorial plane over-density and under-density.
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Figure 3.18: Finished jet simulation using a distorted mexrger RSG progenitor
wind (z velocities increased by a factor of 2) fat@ms ! equatorial plane velocity
RSG wind,350kms™* fast, hot companion jet with &0 deg opening angle. The
cavity is initially wider, with a much flatter gradient at mid low z values than in
Figure 3.12(a), the control test for this simulation.

Figure 3.19: Finished jet simulation using a distorted mexrger RSG progenitor
wind (z velocities increased by a factor of 2) faz@kms ! equatorial plane velocity
RSG wind,350kms~! fast, hot companion jet with 20 deg opening angle. The
cavity, while more bulbous owing to the opening angle thakigure 3.18, is far
wider at the base than in Figure 3.14(a), the control teghisrsimulation.



CHAPTER3. SN 1987A 66

Figure 3.20: Finished jet simulation using a distorted mexrger RSG progenitor
wind (z velocities increased by a factor of 2) fos@ms ! equatorial plane velocity
RSG wind,350kms™* fast, hot companion jet with &0 deg opening angle. The
cavity is more tubular and broader initially, with a flattenadient at mid to low
values of z than in the control Figure 3.12(b).
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Figure 3.21: Finished jet simulation using a distorted mexrger RSG progenitor
wind (z velocities increased by a factor of 2) fos@ms ! equatorial plane velocity
RSG wind,350kms™* fast, hot companion jet with a0 deg opening angle. The
cavity is more tubular than in the standard case in Figuré(B)1the control test
for this simulation, and it is broader at the base than mesidstrd results above.

The cylindrical axis 'under-density’/over-velocity sitations, seen in Figures
3.181t0 3.21, show a general broadening of the base of thygalative to the stan-
dard 'control’ simulations with undistorted pre-mergereexisting RSG winds.
Given the significant inner breadth of the cavity calculabgdSugerman et al.
(2005), this should allow a greater parameter space withinpanion jet opening
angle and pre-merger RSG wind baseline velocity - solutibasgroduced cavities
with insufficient width would be expected to fall within aqtable bounds given
this kind of distortion in initial conditions. It should beoted that relative equa-
torial over-densities have been extensively used in teealitire, notably in many
interacting winds simulations, to force bipolarity - unally, although the causes
are quite different, in our simulations it decreases thelanity inherent in our jet
simulations. It is particularly striking that the cavitibegin to display very little
curvature in their outer regions, becoming increasingbutar and bearing a strong
resemblance to the outer shells of many bipolar planetamylae.

Conversely, an equatorial under-density appears to foregrawing of the base
of the cavities. This, together with the observation thatrttaximum cylindrical ra-
dius extent of cavities in the simulations above tends toooiglly constant, gives
the cavities a more conical, less tubular shape. It givesiarase in the strength
of the bipolarity as measured in opening angles (Figure? &23.25). However,
a greater outwards tapering does not fit well with the infémesults of the light
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Figure 3.22: Finished jet simulation using a distorted mmerger RSG progeni-
tor wind (equatorial plane velocities increased by a factbR) for a 20kms™*
z-velocity RSG wind,350kms™! fast, hot companion jet with &0 deg opening
angle. The cavity is initially thinner with a higher gradiet low z than in Fig-
ure 3.12(a), the control test for this simulation, and retyr thinner than the
oppositely-distorted Figure 3.18.

echoes (the curvature appears to be mostly at least flat, @s=lbfy tapering in-

wards). Given these initial conditions, judging by the tageometry alone, less of
the parameter space explored in the standard simulationklwe a good fit to the
extrapolated Sugerman et al. (2005) result.

Figure 3.23: Finished jet simulation using a distorted merger RSG progenitor
wind (equatorial plane velocities increased by a factor)do4 a 20kms~—! equa-
torial plane velocity RSG wind350kms~! fast, hot companion jet with 20 deg
opening angle. The cavity is far more conical than in the mnivith jet material
further out. See Figure 3.13(a).
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Figure 3.24: Finished jet simulation using a distorted merger RSG progenitor
wind (equatorial plane velocities increased by a factor)do? a 30kms™! equa-
torial plane velocity RSG wind350kms~! fast, hot companion jet with &0 deg
opening angle. The distortion gives an initial narrowingleé cavity, tapering to
slightly broader relative to the control at higher z as inufe3.12(b).

Figure 3.25: Finished jet simulation using a distorted mexrger RSG progenitor
wind (equatorial plane velocities increased by a factor)dio# a 30kms~—! equa-
torial plane velocity RSG wind350kms™! companion jet with &0 deg opening
angle. The cavity is even broader than in Figure 3.14(b)cthdrol test for this
simulation - quite significantly more conical than the cawhape extrapolated in
Sugerman et al. (2005).
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Figure 3.26: A simulated light echo, 1.8 years post supexnaith a square pulse
light curve of 0.3 years duration, in a 24” by 24” field of viefar the following pa-
rameters: jet velocitg50kms~!, jet opening anglé0°, and RSG progenitor wind
velocity 20kms~* (3.26(a)) and0kms~! (3.26(b)). Pixel brightness is an approxi-
mate proxy for integrated flux. As in Napoleon’s Hat, a cdntratrusion flanked
by wider arcs can be seen, although smaller in extent thaereds. In 3.26(b),
the central 'bulge’ is shallower in angle where it meets theKing spurs, and is
mildly smaller in distance from the central point, at slighess than 5” North at
maximum.

3.8.3 Simulation light echoes

The simulated light echoes (at 1.8 years post-SN) in Figsu26(a) to 3.28(b) con-
tain a mix of apparent geometries - all show a larger soutbeah with a smaller,
partially completed northern oval. These correspond tartteesections of the light
paraboloid with the northern (further away) and the soutl{eloser to) cavities,
once they have been rotated to an assudiéchngle from the line of sight about
the east-west line passing through the origin / light sou@ere these align is a
function of the curvature and breadth of the cavity near tpeatorial plane, and
produces an effect similar to the Napoleon’s Hat featureenlesl at that time in
Figures 3.26(a) - 3.27(b), while the larger cavities in el figures have a much
larger northern extent of the southern-based echo and aeatisfactory reproduc-
tions. In all cases, the northern extent of the feature attthie is approximately
5".

Figures 3.28(a) and 3.28(b) demonstrate an envelopmerteotdntral echo
by the wider ellipse, and are clearly inaccurate representaof the Napoleon’s
Hat features seen in 3.7. We do not observe any particulag widthern echoes,
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Figure 3.27: A simulated light echo, 1.8 years post supexnaith a square pulse
light curve of 0.3 years duration, in a 24” by 24" field of viefey the following
parameters: jet velocity50kms—!, jet opening anglé5°, and RSG wind velocity
20kms~! (3.27(a)) andB0kms~! (3.27(b)). Compared to Figure 3.26, the flanking
arms are much wider, reflecting the larger width of the caatd are beginning to
flatten the "hat’ shape found in the earlier figure. The shabése echoes between
these two are broadly similar, due to the opposing effecte@bpening angle and
RSG wind velocity on the breadth of the cavity.

@ o)

Figure 3.28: A simulated light echo, 1.8 years post supexnaith a square pulse
light curve of 0.3 years duration, in a 24” by 24" field of vietor the following
parameters: jet velocity50kms—!, jet opening angl€0°, and RSG wind velocity
20kms~* (3.28(a)) and0kms~* (3.28(b)). Compared to Figure 3.26, The pattern of
expanding flanking arms has continued, and the centralysiotr has been almost
completely enveloped. The northwards extent of the echtillisjgproximately 5”,
although slightly larger than the aforementioned figure.hB@ures show that the
arc of the central protrusion is no longer distinct from thegéer flanking arc of the
echo from the southern cavity. In 3.28(b), some jet matéiaslbeen encompassed
within the light travel time sphere as well.
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Figure 3.29: The light echoes in a simulation colour codecdegn light deflection
- a very rough proxy for the diminution in brightness due tglardependent scat-
tering in dust. Blue areas should be relatively decreasedix Whereas red and
green should be relatively brighter. The simulation uses tha BSG wind velocity
and opening anglg50kms—!, 15° and the RSG wind velocit90kms*.

although the natural bounds to the north shown could showatwe enhancement
due to angle dependent scattering. The other figures do $teorequisite features
- in particular Figure 3.28(a) shows a very clear Napoleétds morphology. The
southern inner echo or 'Napoleon’s Collar’ could also be pomdl here with the
addition of the inner CE ejecta, which we have not done in tfigsees.

Figure 3.29 demonstrates, in a crude way, the angle depeaddrihe echoes
produced - the average LOS (line of sight) angle of the bir(imegixel) particles is
shown colour coded from blue to red, with absolutely red Isixehere there is no
data (no lit particles). Without assuming an explicit dusdttering angle relation,
it is nevertheless likely that the northern echoes shoulsligatly diminished and
the southern echoes slightly enhanced in the Figures 3.2&&8(b). It is also
important to note that at this point, we have only considé¢nedparticle count per
bin in determining our flux proxy.

Figure 3.30 demonstrates the echo given by the wider caggiylting from a
lower mass loss rate - an order of magnitude less than in &i827(a) to which
it should be compared. The fit to the observations suggeats#ploring lower
mass rates trends towards larger disparities (althoughtewl data points are used
here). Figures 3.31 and 3.27(b) are the complementary getampanion jet wind
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velocity 30kms~—! and give the same conclusions.

—10 5 0 5 10
West (arcsec )

Figure 3.30: As Figure 3.27(a), with a pre-merger RSG prdgemass loss rate
reduced by a factor of 10. The echo shape reflects the trendrs€ggures 3.26(a)
to 3.28(b) of broader cavities giving worse fits to obsenai results at early light
delay times.
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eeeeeeee

Figure 3.31: As Figure 3.27(b), with ébre)-merger RSG prdgemnass loss rate
reduced by a factor of 10. As seen in the comparable Figu@ 8@ very broad
cavity gives a poor observational fit due to the co-incidesfdde two arcs - it is a
worse fit than the above-referenced figure.

It is also important to examine the later echoes, which weegnkin Figures
3.32(a) - 3.34(b), including the simulations which failedtatch earlier in order to
gualitatively measure the effects of their morphology ie tluter layers. The light
echoes are simulated at 4 years, corresponding to Figuee 3.7
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(a) v=20, angle=10 (b) v=30, angle=10

Figure 3.32: Simulated light echoes at a delay of 4 years #ie SN. The pa-
rameters used were RSG wirhkms ™! (3.32(a) &30kms™* (3.32(b), BSG wind
velocity and opening angkb0kms—! and10° respectively.

(a) v=20, angle=15 (b) v=30, angle=15

Figure 3.33: Simulated light echoes at a delay of 4 years #feeSN. Parameters
for the simulations are as Figure 3.32, but with an openirgieaof 15°.

Figures 3.32 to 3.34 show the larger scale light echoes isithelations, 4 years
post SN. The flux is based on column density, as before, anésnakallowances
for angle dependent scattering. They are intended to be @@dpo Figure 3.7 e),
which shows a wider half-ellipse (blue) around a central/dbiagpoleon’s Hat echo.
The southern extent of the large echo is approximately 18eaonds, whereas the
northern extent of the Napoleon’s Hat structure is well bel® arcseconds at this
time. In our figures, the Napoleon’s Hat wings and largeipsé#i are part of the
same structure, and we do not reproduce the isolated easighern parts of the
large ellipse seen in Figure 3.7. We do however reproducgeéheral morphology
quite well, including in particular the southern 'Napolé&@ollar’ and the southern
extent of the southern echo.

Figure 3.34(a) particularly well represents the southeterd of the echo, al-
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(a) v=20, angle=20 (b) v=30, angle=20

Figure 3.34: Simulated light echoes at a delay of 4 years #feeSN. Parameters
for the simulations are as Figure 3.33, but with an openirgieaof 20°.

though the curvature at the southern edge is more defineckifighre above it,
Figure 3.33(b). We find that for the large scale echoes, tlietmlarge opening
angles better represent the morphology and extent, alththey Napoleon’s Hat
structure is slightly over large in all of these.
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3.8.4 Offset study

The best fit found in Sugerman et al. (2005) was found undeaskamption that
the assumed axis of symmetry of the bipolar cavity passexititr the light echo

source (the supernova and its originating star). We notethigabest fit found in

Morris (DPhil thesis) for the triple ring nebula also incedla small displacement
of the central star due to a merger kick. It is clearly wortplexng the effect this

would have on our models.

A 2 kilometres per second kick at merger, slightly out of tig@atorial plane
and north-west in the plane of the sky gave the best fit to tfeebivithin the three
rings - this equates to 0.04 parsecs, or 0.13 light years 20800 years, using
the approximate metric that 10&®ns—! for 1000 years gives a displacement of 1
parsec.

An offset in the plane of rotation could lead to an east-wesbdion in the echo
shapes, with greater echo curvature in the direction of ise® We note that large
asymmetries in the east-west echoes are not well suppoytéldebobservations,
suggesting that if there was a mechanism producing an edlyeleirge offset, it
would need to be ‘fine tuned’ to the correct set of directions.
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(";)(ogﬁset (b) no offset

Figure 3.35: The offset (3.35(a)) compared to the controBg®) as Figure
3.26(a)), with a 0.14 light year offset north and west, up @git in the image,
of the cavity from the central source.

West (arcsec)

Figure 3.36: Red - blue differences between Figure 3.35 aguar€i3.35. The echo
from an offset light source (red) produces a larger southeho.

We compare the effect of an offset on a light echo with theioalgin Figures
3.35 and 3.36, where we show the offset, the original, andlyimared/blue dif-
ference image in the last figure. Figure 3.36 shows areaseitwth images that
are different - redder pixels are the offset echo, and blmesare the original.
Although it is a noisy image, it displays a clearly larger th&un echo for the off-
set. However, compared to the differences between our s@tnodations shown, a
0.14 light year offset does not significantly change the kmions. For larger scale
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echoes, a 0.14 light year displacement in a 4 year delayen satuld produce a
smaller effect.

3.9 Conclusion

We studied the effect of varying speeds and geometries, gshother factors, in an
interacting winds, fast jet to slow wind, series of model® Wen directly matched
the effects of these parameters to observed light echoely. tibae echoes support
smaller opening angles, less than 15 degrees, with slowetsAieing a better fit to
the Napoleon’s Hat feature and others (20 rather thakn39'). In later echoes,
mid to large opening angles give a better fit to the large soatkecho. However,
it is striking that simulations which produce quite sigrafitly different shapes of
cavity support the same basic set of echo features.

All standard simulations can be affected significantly byiatsons in the pre-
merger RSG progenitor wind mass loss rate and velocity bigtan. However,
it seems quite difficult, with our choice of ranges of parangtto reproduce a
inwardly tapering double cone as inferred by Sugerman €28l05). Tubular and
outwardly tapering cavities are relatively easy to produoatwardly tapering or
conical cavities are a natural convergence in the limit of/vew mass loss and
conical jets. Tubular cavities result when the collisionahvelocity is sufficiently
great in the denser interior to counteract this.

It should be noted that in addition to the natural breadtmgfjats produced, an
additional spread due to the orbital motion of the jet-pdg companion would
lead to a larger opening angle, as the jet producing phasgdsbe much longer
than a single orbit. Although the results are not shown harthe limit of a very
small natural opening angle and large tangential orbitlony (a significant frac-
tion of the350kms ! jet) a conical, ’hollow’ jet can be produced. A hollow jet giv
very similar results to the standard one, where decelerasimegligible. It does
produce some interior structure on the axis of the jets, /hiee pre-merger RSG
progenitor wind has been ‘threaded’ through the hollow atdrjaterial has been
stripped. However these structures, which correspond gei®uan et al. (2005)
‘Jlet’ material, can easily be replicated by the hydrodynamstability shredding of
the jet in other simulations.
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In summary, we have shown that the 'outer structure’ sholong term light
echo features of the last 20-odd years can be reproduceddditermedium open-
ing angle jets launched into an existing slpwx r—2 wind, with parameters con-
sistent with the binary picture elucidated in papers sudf@sis & Podsiadlowski
(2007). We find, as in Sugerman et al. (2005), that it can bé&egd by a bipo-
lar waisted cavity, with the famous three rings at the vemtiee Light scattering
and light ionisation features have played a central pati@gradual unravelling of
the mystery of SN 1987As nebula, which is integral to the taggs of the super-
nova itself. The last-discovered, earliest-time featwfethe mass loss history of
SN1987A seem to suggest the last piece of the nebular myisténg earliest part
of the binary story.



Chapter 4

Cassiopeia A

4.1 Introduction

The supernova remnant Cassiopeia A (Figure 4.1) is one ofdhiegest and most
unusual in the Galaxy. The light from the supernova itsel€heed Earth in 168%19
AD (Fesen et al. 2006), but it appears to have been too faipe tetected unam-
biguously (although see Hughes 1980). Instead, the renwasidetected in the
radio by Ryle and Smith (1948).

When identified in the optical, the remnant was found to hasendit aspheric-
ity. It had a prominent jet (Minkowski 1968), a weaker courjez and both low
and high-velocity knot ejecta (Fesen et al. 2001, 2006, HalingnFesen 2008),
with pronounced structural elemental abundance diffexgmedicating substantial
mixing (Chevalier and Kirschner 1978,9). An X-ray point stjrpresumably the
remnant neutron star (NS), was discovered (Tananbaum 88){caind to be dis-
placed orthogonal to the jet/counter-jet axis of Cas A - ikithe remnant star, it
would have a transverse velocity of approximatghpkms ' (Thorstensen et al.
2001, Fesen et al. 2006).

This is particularly interesting, as if the jets were dril®na bipolar instability
in the heart of the supernova, the neutron star might be éxgedo be displaced
along this axis, instead of orthogonal. The X-ray source lwaiseen as a yellow
point near the centre of Figure 4.1. This stellar objectchvig likely to be a neutron
star, does not appear to be a pulsar - it is devoid of a pulsad mébula (Hwang et

80
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Figure 4.1. The Cassiopeia A supernova remnant in X-rays (tdved al. 2004).
The jet extending towards the top left of the figure, the weakeanter-jet extending
opposite it, and the yellow displaced X-ray point sourceloaiseen clearly.
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Figure 4.2: Cas A X-ray band ratio (1.78-2.0 keV to 1.3-1.6 keNowing Si emis-
sion in the reverse shock and jets (Hwang et al. 2004).
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14000 km/s

Figure 4.3: Knot positions figure from Fesen et al. 2006 shgyiN II] emission in
red, [O Il in green, and [S Il] in blue. Normal stellar elent@iiayering is preserved
except in the jet regions.
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al. 2004) and no regularity in emission has been detectgd [ Luca 2007). It
has been hypothesised to be a dormant magnetar from infrgh¢dchoes pointing
to a possible flare-like event in the last century (Krausd.2G05).

The study of Cas A is of huge relevance to many other fields; iitiqodar in the
fields of core-collapse and GRB simulations, the mechaniaghafh remain two of
the outstanding mysteries in stellar astrophysics. If Cagdleen a typical core-
collapse supernova (to the extent to which they can be cteaised as standard,)
it would still remain a very interesting supernova remnanviotue of its proxim-
ity and young age. However, in common with SN1987A (discdsssewhere in
this thesis), the supernova appears to have been quitealnnsts luminosity and
asphericity!. Cas A is a 'laboratory’ for remnant cosmic ray production €On
Wilhelmi et al. 2008, Abdo et al. 2010), neutron star equatd state and outer
envelope studies (Heinke & Ho 2010), and ISM studies (e.gn Ki al. 2008). It
has also been used to probe Type Il supernova dust produatiotal question for
the unresolved problem of over-abundance of dust at higbhittde.g. Rho et al.
2007).

Cas A is chemically inhomogeneous as well as kinematicalgrimogeneous.
In the south-eastern limb the normal stellar onion-likeslatyg of elements is largely
preserved in N, O and S with some Fe infiltration (see FiguBgiato the S layer
(Fesen et al. 2005), while the NE jet is largely S-rich (Festeal. 2006) with
very little Fe (Hughes et al. 2000). Successful models rmisdduce some kind of
turbulent motion or dramatic instability to disturb the gemitor chemical profile.

Although chemical and kinematical evidence established\tb and SW jets as
unambiguous phenomenona, there have been suggestionkematin mass axis
of the explosion lies in the N-S direction along the presumedtron star kick,
defined by two significantly Ne-rich 'crescents’ in the noatid south of the rem-
nant (Burrows et al. 2005, Wheeler et al. 2008, DelLaney et al02Rest et al.
2011) - although these are in part hypothetical based dd$etlignment predicates
(Wheeler et al. 2008). Rest et al. (2011) in particular assegia higher kinetic
energy to the northwards, compared with NE and SW directimos a light echo

! Although an analogue has been recently discovered - SNR QR D219 - with an apparently
intrinsic bipolar asymmetry (Vogt & Dopita 2010). SN 2008al%0 had an intrinsically aspherical
explosion, as revealed bydHolarisation (Chornock et al. 2010).
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study. This axis also passes through areas identified bynFetsal. (2006) and
Hammell & Fesen (2008) where no high-velocity knots app€his introduces yet
another potential axis for modellers to consider.

Light echo spectra establish the supernova as Type llb @&ratal. 2008) or
1993J-like (Matheson et al. 2000) - indicating that the protpr had lost nearly all
its hydrogen envelope before undergoing core collapse.aderythe circumstellar
medium (CSM) appears not to have been consistent with a WR pimaiseating
possible binary influence (Schure et al. 2008, Van Veeleh €089); instead it ap-
pears to have beengax r~2 profile fast wind (Chevalier & Fransson 1993, Hwang
& Laming 2009, Nozawa et al. 2009). A CSM-induced asymmetithéejecta has
also been ruled out, based on knot survival and reverse gitoplagation (Laming
et al. 2006), and it appears that the supernova explosieli tes asymmetrical
(Rest et al. 2010). Typical estimated mass loss rates for-&Nrevind are of order
2 x 107°M,yr—! (Chevalier & Oishi 2003, Nozawa et al. 2010). It appears that t
causes of the unusual features in Cas A were tightly couplétetearly explosion,
and the mass loss certainly suggests binary influence.

The total mass in the ejecta is estimated at approximatelyt M., (Vink et al.
1996, Franssen et al. 1997, Willingale et al. 2003).

4.2 Core-collapse supernovae and Cas A

Events with energies of order 1 Beth#){* ergs) that do not show strong absorp-
tion in the Si 116150 angstrom line region are strongly believed to be the regult o
gravitationally-powered core-collapse in massived)/,) stars. The natural end-
point for nuclear fusion is silicon fusion, which producesdtionally inert iron nu-
clei. When a core of iron nuclei is built up whose mass excdeel€handrasekhar
limit of approximatelyl.4M, a critical moment is reached. Neutrino losses from
electron-positron annihilation at the extremely high deraperatures, electron cap-
ture, and photodisintegration of the Fe nuclei by extrenagyh energy photons
force the core to contract, either reaching a limit in nenitlegeneracy pressure at
nuclear densities or, in more massive stars, forcing tretioreof a black hole in the
inner core (for a review, see Woosley & Janka 2005). In the edeere the collapse
does not immediately create a black hole, but stops at tregicneof a small core
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of nuclear-density material (a proto-neutron star) thaditeon from almost unop-
posed infall to active repulsion generates a shock waveouribe’ in the outer core
regions which was originally proposed as the driver for thedtion of the extracted
gravitational potential energy into the envelope, powgtime supernova (Colgate
et al. 1961). However some of the same mechanisms that eategléhe collapse
of the core also affect the shock - photodisintegration dect®n capture leading
to neutrino losses stall the shock and lead to accretion battkthe proto neutron
star, which can then collapse into a black hole (see Jankkh @087). However
the neutrino luminosity from the proto-NS (from approxielgtl 0% of the NS rest
mass energy) is theorised to revitalise the shock if a tiagtion is absorbed - of
order1% - to create the 1 Bethé&()*'erg explosion. Strong evidence supporting the
basic core-collapse theory comes from the detection ofrimest from 1987A, as
discussed in Chapter 4.

However, the successful re-launching of the shock fromyagelaneutrino ab-
sorption appears to be a strongly three-dimensional flurhdycs/neutrino physics
problem (although a different possible mechanism is pregas Burrows et al.
(2006)), beyond the state of the art computing capabildtgsresent (Nordhaus et
al. 2010). The evidence suggests that the detailed physiot/ed in relaunching
the shock is strongly non-spherically-symmetric, with pdb&r component noted
in 2D simulations (Blondin et al. 2003). If the jets in Cas A wpreved, or proved
not, to be a result of a bipolar core instability, this wouegarticularly relevant for
this ongoing research. Our simple models can’t compete thélstate of the art in
the core of the supernova, and these, arguably, cannot ygiete with reality in
three dimensions. We therefore only consider 'toy’ modater than attempting
more sophisticated modelling.

Core collapse supernovae can lead to neutron star natal kibksh are thought
to be derived from some asymmetry in the supernova itsesdtare implicated in
the anomalous velocity distribution of radio pulsars (Lynkeorimer 1994) and the
close orbits of NS-MS low mass x-ray binaries (LMXBs) (Kalcgg@997) amongst
other evidence. The observed kick of the Cas A X-ray sourcegoanvaluable
constraints on this process, which is normally statidija@covered - however this
is only really the case if we assume the X-ray source is thanasmof the Cas A
supernova. We assume that the X-ray source could also haredeompanion
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object, and to that end don't consider the supernova to eraadkicked’ object
explicitly. This also would create a much larger paramegteacs for the simulations,
which is out of the scope of this work.

If the Cas A NE/SW asymmetry and the NS kick are produced byupersiova
explosion mechanism itself, in a simple dipolar model the g Cas A should then
be on the same axis as the neutron star candidate displatanstead of almost
perpendicular. If the supernova was jet-powered, the fedsld have more energy
as well and be more enriched in core elements - some of thene@asons Wheeler
et al. 2008 cite as evidence that the real polar axis of therspa is approximately
along the NS kick. However, no models account for the lacknoé@uatorial torus
in a plane perpendicular to the plane of the sky, which shbelgroduced by jet-
driven supernovae and is not found - instead the ejecta epfiatiened in the plane
of the sky (DeLaney et al. 2010). This provides the motivatior considering
alternative hypotheses for creating the asymmetries.

Cas A and its interesting departure from classical soapibutitaped, onion
layered core collapse ’piston’ models has implicationshigh redshift dust pro-
duction, ISM chemical enrichment, and many other fields,rhast of all in the
detailed, as yet unsolved workings of the heart of coreapsk supernovae.

4.3 Binary hypothesis

We believe that the alignment of the jets and the orthogtynalithis of the neutron
star kick, together with non-WR hydrogen stripping (as haanb®oted elsewhere,
see above) and confinement of the ejecta towards their ptaeeidence for a high
angular momentum, probably binary interaction-inducedrenment.

Production of jets along the line connecting the binarysstand the subsequent
unbinding of the system could replicate the orthogonal la€khe remnant NS
relative to the jet axis, as shown schematically in Figude th this picture, a jet is
formed by the gravitational influence of the companion orxpnal ejecta (labelled
P, termed the primary jet in this work) and another enhano¢nsedue to tidal
displacement of the core relative to the envelope in theratlection (labelled S,
termed the secondary jet). This hypothesis allows us togingpthe requirement
that the jets be integral to the supernova mechanism ietf,keep the jets only
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weakly energetically distinct, as observed.

In addition, the plane of the jets and NS-kick should be thmtalplane where
most material could be shed, possibly reproducing the flatteejecta seen in De-
Laney et al. (2010). The motivation for studying the possibik between binarity
and the jets of Cas A and the idea for the physical mechanisthéssecondary jet
came through Danail Obreschkow, which is discussed in teed8dary jet’ section.

T

Figure 4.4: A SN progenitor in a binary system could proviterequired geometry
seen in the Cas A remnant. Jets would outflow towards the caommpaand be
enhanced away from it by an asymmetry in the core-envelopéigo. After the
supernova, the proto-neutron star and the companion wouolgraway from the
explosion centre, approximately orthogonal to the jet,aagss seen in Cas A.
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Parameter Description Values used
« Fraction of binding energy deposited 0.4, 0.8
M,, Companion (point potential) final mass 7, 10

Table 4.1: Parameters used in these simulations.

4.4 Modelling

4.4.1 Primary jet
Method

To test the binary hypothesis, we set up.a\/.,~ 1R core radius helium star
model (the primary in our binary paradigm), provided by mypenvisor’s stellar
evolution codes, in close orbit with a point gravitationatgntial which represents
a compact companion - either a white dwarf, neutron star|amkidhole. We refer
to this compact companion as the secondary. We then exphedg@timary’ and
explore the effects of the compact companion on the ejecta.

The stellar model for the primary is limited at the stage aboa burning, but
can be centrally condensed artificially by selective, gehdore cooling. However,
as the condensation of the central core does not significafiéct the shock prop-
agating into the envelope we have neglected this. It woulthitdy be preferable
in future work.

In order to set up the binary, the point potential initialgstzero mass, in effect
a test particle, with the central model rotating synchratpto the particle orbit.
We then increase the mass of the point potential in incresngméserving orbital
separation and increasing the spin of the primary as thegégecreases.

The velocity field imposed on the SPH particles of the prinfaag an effect on
mass transfer where the conditions for Roche lobe overflodyapptil the point
potential mass is incremented fully. For this reason, ammdbse significant mass
transfer on dynamical timescales is unstable and unlilelyoincide with the su-
pernova, systems with parameters that cause rapid masseiran the secondary
are not considered.

We then deposit a fraction of the binding energy of the priniatio the inner 1.5
solar masses of its core, as a rough analogue (almost cadbtre core collapse
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shock initiation.

As these simulations are relatively cartoonish, involviogimodels, we look to
create some bipolar overdensity or overvelocity in thetajeand hopefully some
gualitative chemical inhomogeneity.

At first, we consider the raw effect of the companion, for @as orbital, mass,
and gravitational softening parameters as the ejecta passeit, shown below.

Results
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Figure 4.5: Early weak jet/tail production (top left) frohetcompanion (solid black
circle) in a density-highlighted cross section of a testidation. The time is about
3 primary dynamical timescales post-injection of energyeg\are cartesian coor-
dinates in solar radii, density is in log cgs.

Figures 4.5, 4.6, and 4.7 show the density evolution of theaoy’s ejecta over
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Figure 4.6: Jet/tail production in the top left from the canpn (solid black circle)
in a density-highlighted cross section of a test simulatibime time is about 4 pri-
mary dynamical timescales post-injection of energy. Axescartesian coordinates
in solar radii, density is in log cgs.
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Figure 4.7: Late, strong jet/tail production relative tgtie 4.5 from the companion
(solid black circle) in a density-highlighted cross sectaf a test simulation. The
time is about 5 primary dynamical timescales post-injectib energy. Axes are
cartesian coordinates in solar radii, density is in log cgs.
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the course of a few dynamical timescales. Pixels which docoatain particles
are shaded at the minimum colour. The shock becomes noliycdesborted as it
passes close to the companion, which precedes the maimtidiston its orbital
direction. As material flows close to the companion (bluelej, it is focused into
a density-enhanced tail as seen in mass transfer simuai@og. Mohamed et al.
2010) which is truncated after the substantial majority eftenial passes outside
the companion’s orbit.

The corresponding absolute velocity over time relativeh® tentre of mass
velocity of the system can be seen in Figures 4.8, 4.9 and #H®formation of an
accretion disk can also be seen in the top left of Figure 4urat the companion,
due to the shaded velocity field. The unbound movement of dhgpanion in an
approximately perpendicular direction to the tail/jetogty vector can be seen as
the displacement of the black solid circle from the axis @& thp left jet feature
in Figure 4.7. While the jet is not particularly distinct inlgeity space, unlike
the Cas A remnant jet-counter-jet velocities, we posit tbates significant uniform
circumstellar medium interaction (sufficient to decelettaie highest velocity ejecta
slightly) would allow the feature to be relatively enhandedelocity compared to
the rest of the ejecta.

We do not observe a jet in the other direction, which leadowexplore other
possibilities for the companion’s influence.

The jet produced can be seen in cross section in Figure 44 latdr time. The
distortion in the ejecta can be clearly seen in the top ldfie jet also has a slightly
bifurcated morphology, as seen in the NE jet in Cas A - howdweré¢production
of this precise piece of morphology is not strictly necegsas various instabilities
in the SNR could create this level of disruption in any evetft the knots in Figure
4.3).

To assess the likely strength of the jet formation processhave performed a
parameter study over companion mass, orbital separatmh¢c@mpanion gravita-
tional softening, shown in Figure 4.4.1. The companion nma¢only affects the
companion tidal asymmetry and the SN ejecta through gtasial influence, but
controls the orbital velocity of the companion and the priynalative to each other
and to the system centre of mass. The orbital separation kimsilar effect, and
has a particularly strong effect on the solid angle of ejétaéh can be substantially
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Figure 4.8: Early weak, fast jet/tail production from thergmanion (blue circle) in
a radial velocity-highlighted cross section of a test satioh. The time is about 3
primary dynamical timescales post-injection of energye#are cartesian coordi-
nates in solar radii and radial velocity islms—!.
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Figure 4.9: Jet/tail production from the companion (bluele) in a radial velocity-

highlighted cross section of a test simulation. The timeisua 4 primary dynami-

cal timescales post-injection of energy. Axes are camesi@rdinates in solar radii
and radial velocity is irkms!.
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Figure 4.10: Late strong, slow jet/tail production from tt@mpanion (blue cir-
cle) in a radial velocity-highlighted cross section of & wsmulation. The time is
about 5 primary dynamical timescales post-injection ofrgneAxes are cartesian
coordinates in solar radii and radial velocity iskims .
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gravitationally influenced by the companion. The gravital softening parameter
is notorious in N-body and SPH simulations for producingrapus accelerations
of particles that approach within approximately this valdepending on the for-
malism adopted. Here we have the magnitude of the grawitatiorce from the
companion as:

GMCOHI i

Fig = r—.QpIn(ri > 6) (41)
Mcom i

F = Ge_zpm(ri <o) 4.2)

wheree is the gravitational softeningy; is the distance between the compan-
ion and the SPH particley; the mass of the SPH particl®].,,,, the mass of the
companion, ands as the gravitational constant. While only a fraction of egast
Bondi-Hoyle accreted by the companion and will approachagnitude distances
(substantial losses of angular momentum are needed), diisriad will be quite
capable of influencing the surrounding ejecta hydrodynalyicThe gravitational
softening is therefore an important factor to test, whicshiewn in Figure 4.4.1.

The knots in the NW jet are S-rich (Fesen et al. 2006) and thershould orig-
inate from deeper inside the star than would otherwise beagd. Although the
stellar model is not a close match to a pre-supernova, irogdcstar, we attempt to
test the predicted inversion qualitatively by colour capihe material in the ejecta
by its original depth in the star. This can be seen in Figut@.4This shows a slight
increase in deeper-layered ejecta relative to the resedsttr, which could explain
the S-rich knots at further distances, but suggests thajethis not qualitatively
different in other elements.

We originally hoped to create not only a disturbance or eobiarent following
from the ejecta flowing past the secondary, but also someneehazent in the ejecta
in the opposite direction, as observed. This was not evidefite simulations
performed above, leading to a slightly different examimatof how another jet
could have been produced in that direction, below.

We term the most promising jet production method, aboveptheary, and the
following method the secondary.
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Figure 4.11: Jet appearance at 8 dynamical timescalesrgestion of energy in
the example simulation. Axes are cartesian coordinateslar sadii, with a cross
section in z, and colour coding is by velocity magnituderins—!.
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Figure 4.12: Jet appearance at 8 dynamical timescalesrgestion of energy in
the example simulation. Axes are cartesian coordinateslar sadii, with a cross
section in z between -0.5 and 0.5 (plot units), and colouringpds by original

density of the material in the star before the explosion,easlered by SPLASH
in place of the normal particle density, if this is to be tadst The jet is mildly
enhanced relative to the rest of the ejecta.
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@ « = 04, soft=0.01,(b) « = 04, soft=0.001(c) o« = 0.8, soft=0.001,
mass=10 mass=10 mass=10
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Figure 4.13: A small parameter study of companion influencéhe ejecta, colour
coded by velocity magnitude. The two columns have diffegogipanion soften-
ings - the left, 0.01 solar radii and the right 0.001 solaiirdche top row contains
the results for a 10 solar mass companion, with a semi-majercd 3 solar radii,

with ana of 0.4. The middle row contains the same simulation witlwvarf 0.8, and

the bottom row contains a simulation with a 7 solar mass comopaagain at 3 solar
radii. Although the details of the disturbance vary, andantigular the softening
appears to have some effect, all figures show notable d@tort
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4.4.2 Secondary jet
Method

Using the samé&.7M,, ~ 1R, core radius model, we explore the effects of an
asymmetric envelope around the core of the star at the moaiertre-collapse.
This is directly motivated by the ideas of Danail Obreschkow collaborator on
this research. In zero-gravity water droplet experimeatsnall off-centre cavity is
induced within the droplet, and the resultant collapse caate a strong jet / weaker
counter-jet system as seen in Figure 4.14 (Obreschkow 20@6). Having worked
on this, Danail came across Cas A and immediately noticedatedlepls.

{a) | +— Elecirodas
0us
Cawitation : i ) .
bbbl = 3 ! LUl Dirop wilh cavitation
- bu;bhsalnmhhnm
10vmarm = Injactor wbs radius.
; "'F. P Micrajet 708 s
i -
T "
= i Microjel propagalas
o the righi.
Jat induced
# by microjet 8125 us
4 |

Twi liguid jets
escape.

Figure 4.14: Double jet production in a water droplet in zgravity from an as-
pherical cavity collapse (from Obreschkow et al. 2006). r€hare clear visual
parallels between the third panel and Figure 4.1. Danaik&titkow inferred a
similar off-centre core-collapse might reproduce the NE/Bt-counter-jet system
in Cas A.

We induce a differential velocity between the core and thvelpe, both to dis-
place the core relative to the geometric centre of the epeeémd to produce over
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and under densities in a preferred direction. This prodacesak jet purely from
the cavity collapse (Figure 4.15). Unlike the water droplerk, we do not find
a strong double jet production from asymmetries around tne collapse cavity
- instead we find strong single jet production, as seen in ésalts below (Fig-
ures 4.17 to 4.19). The physical similarities between theewdrop experiment
and the immediately pre-supernova star are limited; thenconication between
the extremely small scales in the core and the rest of theisstanited by their
timescale differences, and the nearly incompressibleteguaf state for the water
droplet leads to a direct immediate communication betwkercavity and the sur-
face through a column of fluid - substantially different clyog. The length scales
of the core-collapse cavity and the rest of the star are alsghrmore extreme.

The detailed physics and length/time scales in the actualcollapse are ex-
tremely difficult to simulate, and assessing the likely etfeof a velocity differential
is slightly beyond the scope of this thesis - future work byHRicl Booth may at-
tempt this. Without modelling the cavity collapse and sgjosat rebound itself,
we note that a simple deposition of energy in this situatian also produce jets.
We therefore concentrate mostly on this.

Results

In our test simulation, we impart a 1000 km/s kick to the inhe¥ solar masses
relative to the rest of the star. We let the core move notigeafi centre, and
deposit a large fraction of the star’s original binding gyeinto a few particles in
the centre of the core. The subsequent shock is much strarigar it reaches the
'surface’ of the star nearest to the core than in other aras,ejects material at
higher velocity. A schematic of this process can be seengargi4.16.

In Figures 4.17 - 4.19 we show the effect of imparting a draom@isplacement
to the core before explosion, which can produce an enhareledity asymmetry.
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Figure 4.15: Cartesian z coordinate vs the z component otirglat approximately
half a dynamical time ( 200s) after the explosion. A jet isrsgethe negative z
direction.
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core given velocity kick

energy deposited
in offset core to
drive ejecta
strongly in the kick
direction

Figure 4.16: A schematic of the process for inducing our sédget. The core is
given a velocity kick, then allowed to move off centre befereergy is deposited.
The ejecta will have a higher velocity in the direction theecbas been offset.
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Figure 4.17: A cross section through the explosion at 8 dycantimes post-
injection of energy, colour coded by the log of the velocitagnitude incms*

and contoured according to log density. The core was giveokadf 1000kms !
with a relatively weaky of 0.4.
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Figure 4.18: A cross section through the explosion at 8 dycantimes post-
injection of energy, colour coded by the log of the velocitagnitude incms™*
and contoured according to log density. The core was giveokadf 1000kms !
with ana of 0.8. There is a small asymmetry in outflow roughly alongztsis.
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Figure 4.19: A cross section through the explosion at 8 dycantimes post-
injection of energy, colour coded by the log of the velocitagnitude incms—!
and contoured according to log density. The core was giveinkadf 2000kms !

with a relatively strongy of 0.8. There is a substantial asymmetry in outflow along
the z axis.
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4.5 Discussion

While the models here are relatively simplistic, and are petsically representa-
tive of core collapse processes, they demonstrate genexdianisms for the pro-
duction of asymmetries such as those in Cas A. The distorfitimecejecta flowing
past the companion should in theory be relatively univethalugh in need of much
more study and likely to vary in absolute effect. The tidaitdition will be much
more dependent on the length-scales (such as the core sigmtonajor axis ratio)
and mass ratios used, together with the stellar structurgveihould be much more
strongly condensed in a realistic iron core progenitor,lasd liable to tidal effects
in the interior.

The variation of the primary jet with softening is an inteéneg issue, as the low-
est gravitational softening used for the companion wasl0dalar radii, less than
white dwarf length-scales but considerably higher thartneaustar or black hole
length-scales - the two latter classes of object that it weenided to represent. In
view of the average spatial resolution of the ejecta pa&siplassing the companion,
and the undesirability of artefact production, it is prolydiest for the purposes of
this thesis to stop at this lower limit. Higher resolutiomsiations, localised to the
region around the companion would help to shine a light orptieeesses and the
dependence on parameters used.

4.6 Conclusion

While the two (classical) jets of Cas A have a roughly similagar motion veloc-

ity of 14,500 and 13,50Rms ' in the NW and SE jets respectively, we suggest they
may have a separate, but connected, origin. A companioiiteirce could distort
the passage of the supernova ejecta into a jet as it dist@tsiternal structure of
the star to give a preferred direction for the ejected maltefllthough the jets pro-
duced in our simulations here are not particularly strongelocity, the 'primary’

jet mechanism certainly contains a additional, significanirce of momentum in
the companion to give the ejecta a relative velocity booke $econdary’ jet mech-
anism is a little more uncertain, and a little too undiregtedur simulations. It has
the most to gain from future work, and is perhaps the easidstt. If the jets were
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produced by these two mechanisms, primary (perhaps the j\Wjexplicit ejecta
gravitational shaping, and secondary (perhaps the SEyet)ial distortion of the
star, it produces a natural way to create a weakly prefertisdrathe ejecta without
having to resort to changes at the heart of the supernovh itse

This story also naturally explains a perpendicular kickh® temnant compan-
ion, as Philipp Podsiadlowski and Danail Obreschow sug¢esgive a perpendicu-
larly displaced X-ray point source. The companion’s exiseis strongly suggested
by the mass-transfer hydrogen stripping of the core-cegpogenitor. The jets in
our model are not particularly energetic, nor are they iogtéd in the processes of
the supernova itself, and they do not create a toroidal ppediggned along the line
of sight, which has not been discovered. They would be, atstthe defining and
lasting mark of the progenitor’s binarity.

4.7 Future work

Future work is planned by a fellow student, Richard Booth, ailbimcorporate
both jet models with realistic pre-supernova stellar msaath more accurate treat-
ment of the core collapse process, which is particularlgvaaht for any secondary
jet production and affects the mass flow rate past the corapaaiinfluence the pri-
mary jet. He is already studying the first jet in a collisidéallistic calculation.
The two jets need to be tied together in a single simulatiod, & wide parame-
ter study needed with detailed chemical and kinematicaliptiens which can be
checked against observations.



Chapter 5

Common envelope mergers and their
ejecta

5.1 Introduction

Common envelopes were first invoked as a mechanism for expudgtine very short
periods of cataclysmic variables (CVs) - systems where aevdviiarf accretes mat-
ter from a late main sequence star, leading to classicahii@uclear novae. The
orbital period of these systems was found to be of the ordépafs, implying an
orbital separation far too small to be reconciled with altionbinary star forma-
tion and the predicted white dwarf progenitor sizes. In tddj the large angular
momentum loss needed to form such a system from standard/foranation as-
sumptions remained a mystery. Comparisons with W Ursae hdaggstems, short
period semi-detached common envelope binaries, led tdh#wey that the angular
momentum and mass loss required to form CVs occurred in a conaneelope
phase of the system after Roche lobe overflow (Paczynski 19stéiker 1975, Rit-
ter 1976).

Roche lobe overflow occurs through the overspilling of onélastatmosphere
into the gravitational domain of the other star. This is restwhen the atmosphere
of one extends past the Roche radius:

O.49q§“
r = 2 1
0.6¢3 + log(1 + ¢

(5.1)

109
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where q is the ratio of the masses of the binary Sﬁ{,sanda the separation of
the centres of mass of each star(Eggleton 1983).

If a system reaches a point where one star (the donor staovesilow its Roche
lobe and transfer mass to the other, a common envelope sdagilt be avoided if
the companion can accrete or expel the mass transferreefiiyc(such as accre-
tion onto a neutron star or other compact object - King and Beae(1999)) or if
co-rotation in the binary stars is established quickly (faad Sandquist 2000). In
some systems with a mass ratio lower than a critical valupdidgent on envelope
response and other factors) dynamically stable mass &angf lead to a widening
of the binary (Hjellming and Webbink 1987). Additionallfe different responses
of a radiative and a convective envelope to mass loss cact dfffe creation of a
common envelope phase - the entropy gradient in a radiativel@e results in a
reduction in size with mass loss (although a net shrinkagfe mspect to the Roche
radius) whereas a convective envelope as in a post hydragerbarning star can
expand rapidly, forcing a dramatic runaway of the system antommon envelope
phase.

When the transfer happens too quickly, or the atmospherdsstoel rapidly,
for the matter to be expelled or accreted, the envelope addner star engulfs the
companion, forming a common envelope around the two. Thetgtenal wake of
the companion, and the differential rotation or hydrodyitatdrag of the envelope
around the donor star core and companion transfers orlpigallar momentum into
spin-up of the envelope, which is eventually ejected thihotige deposition of a
fraction of the binding energy of the orbits.

The common envelope pathway that we study here is descnibEdjure 5.1.
The donor star (larger filled circle) evolves to a point whieteansfers mass to the
companion (smaller filled circle), which leads to a commowedope around both
stellar cores. This envelope is spun up by the decay of tiarstere orbits, and
the final exponential core orbital decay drives a shock tipnadhe envelope.

A large number of stellar systems are expected to pass thrawgpmmon en-
velope stage, and the resulting complication in stellatugian from accretion and
pollution, orbit modification, mergers and untimely enyeddoss is capable of re-
producing many unusual observed stellar systems (e.g. ddaitga 1996, and see
Taam and Sandquist 2000). In this report we are primarilgregted in the mass
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ejected from putative common envelopes in the final mergas@lof the envelope.

Mass loss from common envelopes has been used in the cohtegbtar plan-
etary nebulae, usually in the form of supplying a dense egizgtenhancement to
deflect winds along the polar directions (Morris 1981, Saket Livio 1988). Mor-
ris and Podsiadlowski (2006) showed that the morphologyasdsioss from orbital
energy deposition in a common envelope is not necessarilfiraa to the orbital
plane; ranges of envelope angular momenta and the propastiorbital energy
injected can produce ejecta in exclusively polar directias well; this was used
in the reproduction of the three-ringed SN 1987A nebula (8 Podsiadlowski
2007).
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Figure 5.1: A schematic of one common envelope evolutiopatiiway. One star
in a binary system evolves, expands, and transfers mase totlier, inducing a

common envelope phase which ends with a merged stellar odreaane envelope
ejection.
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The work in this chapter is to further investigate the motpgyp of common
envelope mass loss, with particular reference to bipolaukae. Optical transient
surveys such as the Palomar Transient Factory and Skymajilp&aopefully ob-
serve plentiful common envelope ejection events, sucheapulative 'mergeburst’
(Soker & Tylenda 2007) M850T 2006-1 (Kulkarni et al. 2007).

Extracts from this work were presented in the APN5 planetetyula confer-
ence, and were written into an accompanying conferencer g&gepatrick and
Podsiadlowski 2010).

5.2 Method

We construct two polytropic models of a 50 solar mass, 30rsaldi star by nu-
merically solving the Lane-Emden equation for values of A.&fand 3, where n
determines the pressure-density relation:

n+1

P=Kpn

(5.2)

and K is a constant. These values of the polytropic indexsdad 3) were cho-
sen to represent two different modes of stellar structuoaighly speaking, a con-
vective envelope and a radiative envelope, respectivdig. difference between the
two envelopes in our simulations is a good indicator of ttieecénce in behaviour
between real stellar envelopes in these regimes. A poligtingex ofn = 3 is also
a good fit for stars on the main sequence such as the Sun.

The profiles, once transferred into an SPH realisation, @pge in Figure 5.2.
The low index (redy; = 1.5 ) has an almost flat density profile, whereas the high
index has much higher contrast between the central regimhghe outer envelope.
An adiabatic index ofy = g is used, except where noted in section 5.3.5.

Each envelope, or toy star, is designed to be a simulacruheafdmmon enve-
lope process. In order to produce a general result acraesefif stages of stellar
evolution and different mass ranges, a point mass core &dtnor star is not
included - the simulations are pure envelope. Additiondalg companion that is
engulfed by the common envelope is not explicitly modellElis is for the reason
that in order for the standard common envelope process tallak the stellar diam-
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Figure 5.2: Density profiles of the two polytropic models @sresented in the SPH
relaxed initial conditions for a 50 solar mass, 30 solarirstdr. The red profile has
the indexn = 1.5 and the blue has the index= 3. The lower index model has
much more mass in the outer regions, but much less in the Theehigher index is
much more centrally concentrated. The profiles reach aalidiensity limit before

the limiting radius of 30.
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eter of the companion must be significantly smaller than xterg of the envelope.
The influence of specific values for companion mass and raslialso a problem
for producing general results.

The influence of the companion on our toy star is modelled lmredangular
momentum to the envelope in a way that mimicks the effect gii@ting in point
mass. The final deposition of orbital energy by the compamiod the putative
donor core is treated as an instantaneous injection of dlezrrergy into an inner
region of our toy star. Provided that the actual effects im@mon envelope path-
way of an inspiralling companion and the merging cores daguafitatively differ
from this regime, these assumptions will produce qualiédhyivalid results. They
will not apply very well, for example, in situations with edively large companion
stellar diameters or mergers between main sequence stargerwy similar masses
and radii.

We add angular momentum on dynamical timescales to eachlyodghly
following the methodology of Morris & Podsiadlowski 2005. evddd tangential
velocity incrementally (using an interval of time betweeatle addition which is
small compared to the dynamical timescale of the star) iag¢he highest angular
momentum absorbable by the star after tens of dynamicabktiales. We should
note that in contrast to the standard methodology of MoRH) thesis) we incre-
ment the tangential velocity by, ., = v;,,, + (Wnew — Woid )72y INStead of imposing
a velocity fieldv,,., = wnewrsy Wherev, . is the new value of a particles tangen-
tial velocity, w is the angular velocity, angd,, is the cylindrical radius where the
cylindrical axis is the axis of rotation of the star. We stbp angular momentum
addition when the particle achieves critical velocity - wreeparticle’s centrifugal
pseudo-force exceeds the gravitational force compondheiplane of rotation.

At certain values of angular momentum in the models, we adgingenergies
FE4ep to the core regions (by default in the central 5 solar radiijodlows:

E, dep

U; = Uy +
Mcore

(5.3)

where is the particle indexy; the specific internal energy of the particle and
M.... the mass contained in the region. The standard region okitepq of 5 solar
radii radius (or 1/6 envelope initial radius, which is mopmeopriate), was chosen



CHAPTERS5. COMMON ENVELOPE MERGERS AND THEIR EJECTA 116

as a rough boundary beyond which assumptions of point magsahwould not be
appropriate.
The amount of energy to add is calculated by

Edep - aEbind (54)

whereFEy,;,q IS the gravitational binding energy of the star at the timermdérgy
addition, andy has0 < a < 1.

The energy added is therefore model-dependent, and copatéy to the mo-
mentum parameter.
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5.3 Results

5.3.1 Density profiles after spinup

Solid body spinup of the envelopes gives the most angular entum to the par-

ticles furthest from the axis of rotation. More importantityimparts the largest

increase in tangential velocity, relative to their critivgalocity, in these particles.

As they begin in hydrostatic equilibrium, all particles exignce an outward drift
as their effective potentials reduce, due to the imbalamtlea equatorial plane be-
tween the existing pressure force plus the centrifugal gsdarce and the gravita-
tional force on the particle. The envelope becomes inanghsoblate, and towards
the equatorial plane the pressure gradient decreasestidaly as the density pro-
file is stretched. The gravitational force decreases as amdl these effects with the
increased tangential velocity increment at increased alldiv the outer layers to

expand increasingly rapidly until they reach critical v@tg, whereupon they spiral
outwards under the effect of expanding underlying nonealitayers, and the ve-
locity shear forces from them. The pressure gradient prafitethe degree to which
the gravitational potential becomes disk or point-likehwibtation affect the rate at
which these outer layers evolve outwards.

Figure 5.3.1 shows the morphological evolution of the twdyfropes during
spinup, colour coded by the logarithm of the density. The- 1.5 polytrope is
much less centrally condensed, whereasrthe 3 polytrope is dominated by the
gravitational influence of the inner regions. The parti¢lethest from the rotation
axis in then = 3 polytrope in effect break away from the main body once they
become critical (see Figure 5.3.1 and form a new toroida¢lepe dominated by
small local differences in pressure forces, centrifugatéoand the rotation axis-
parallel components of the gravitational force. The-= 1.5 polytrope can absorb
much more angular momentum with its greater mass at mid aigd fadii and the
outer layers do not become critical as quickly.
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(a) n=1.5, low angular momentum (b) n=3, low angular momentum

50
x [ solar radii

(c) n=1.5, mid angular momentum (d) n=3, mid angular momentum

(e) n=1.5, high angular momentum (f) n=3, high angular momentum

Figure 5.3: Contour plots of cross-sections of the two polyitt models ¢ = 1.5
on the left,n = 3 on the right) during angular momentum addition highlighigd
log density. The final value of angular momentum is approxaétyaa third of the
total angular momentum the models can absorb under thesktioos. The lower
index polytrope becomes increasingly ellipsoidal, but hirgher index polytrope
experiences breakaway particles forming into a toroidtkepa.
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Figure 5.4: Contour plots (x-z cartesian) of cross-sectiminghe two polytropic
models ¢ = 1.5 on the left,n = 3 on the right) during angular momentum addi-
tion highlighted by velocity in the cartesian y directiorhélfinal value of angular
momentum is approximately a third of the total angular motmerthe models can
absorb under these conditions. The higher polytropic imdedel has more critical
particles at the same value of angular momentum.
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5.3.2 Explosion evolution

Figures 5.3.2 t0 5.3.2 show the evolution of the two enved@iter the deposition of
a moderate amount of energy € 0.2) after a typical angular momentum addition
of L = 6.0eb4gem?s™ L. The interface between the hot deposition region and the res
of the envelope gives rise to a shock which propagates appataly spherically
outwards and reaches the polar regions first, while wealdmjrihe time it reaches
the outer extent of the envelope in the equatorial plane. Hibteleposition region
expands as a pressure-driven 'cavity’ and subsequentiglaas lobe-like structures
in both envelopes. However the toroidal envelope develapede » = 3 model
blocks and refocuses some of the ejecta into a bi-coniaadtsire - to some extent
this happens in the equatorial plane in the- 1.5 model, where a slight focussing
can be seen in the top row of Figure 5.3.2.

Figure 5.3.2 also shows a secondary ejection event causedymamical 'slosh-
back’ of the inner regions, driven by the infall of materia&t was displaced by the
cavity expansion and shock.
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Figure 5.5: Cross section plots in cartesian x and z ofithe 1.5 model evolution
after the deposition of energy, colour coded by velocity nmiagle (left column)
and the logarithm of the cgs pressure (right column). Atyetames, the deposition
region gives rise to a hot under-dense, expanding regidnasshock that generates
initial bipolar loss and progresses in the equatorial plane
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Figure 5.3.2. At later times, the weakened shock finallytsjsome slower moving
material in the equatorial plane, and a relatively violenplosion/explosion takes
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Figure 5.7: Cross section plots in cartesian x and z ofithe 3 model evolution
after the deposition of energy, colour coded by velocity nmiagle (left column)
and the logarithm of the cgs pressure (right column). Atyetamies, the evolution

is similar to then = 1.5 model in Figure 5.3.2, but the interaction with the complex
structures near the toroidal envelope gives rise to a bieebeanhancement.
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Figure 5.8: Cross section plots in cartesian x and z ofithe 3 model evolution
after the deposition of energy, colour coded by velocity mitagle (left column) and
the logarithm of the cgs pressure (right column). This is mtiooation of Figure
5.7. At later times, there is no dramatic secondary expiggiat the shock finally
reaches the edge of the toroidal envelope and ejects a vaill/amount of material
in the equatorial plane.
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5.3.3 Energy, momentum and structure effects

We see the appearance of inner bipolar structures in sons&adje Figure 5.9.
These are not formed by the initial shock, but by the inflabbthe hot gas in the
deposition region causing a second mass loss event. Thesponding velocity
field is shown in Figure 5.10, which broadly reflects the posimap - where they
are similar, this indicates a ballistic regime or 'Hubbl&pansion of the relevant
ejecta.

The bipolarity of the ejecta for lower deposition energias be seen from Fig-
ure 5.11 which displays the mass distribution by altitutleragle measured from
the z-axis. As each bin in the histogram represents equal sofittait can be seen
that while there is some mass loss near the equatorial plaa@reatest density of
ejecta is at or above/4 from the rotation axisz-axis). Figure 5.11 demonstrates
the higher momentum in these regions as well, which woul@bg $uppressed than
the slower moving equatorial ejecta by any circumstellatemial, and thus enhance
bipolarity.

Figures 5.9t0 5.11 have on the y-axis descending values-00.1,0.15,0.2,0.3
and on the x-axis momentum left to right = 150, 200, 150,200. The left two
columns aren = 1.5 models and the right twa = 3.0.
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Figure 5.9: Particle position plots of unbound ejecta & lehest ~ 40t,4,,. Lower
deposition energies produce slower moving ejecta, as &ghend there is a clear
morphological difference between high and low polytropidices.
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cylindrical radial velocity in km/s
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Figure 5.10: Particle velocity plots of unbound ejecta & tanest ~ 40t4,,,. The
similarity to the position plots in Figure 5.9 is a test of hbuallistic the ejecta is -
differences in morphology between the two indicate a spieaithe of the ejecta.
Ejecta emitted at a single point in time will produce rougidlgntical plots.
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Figure 5.11: Histograms of mass per solid angle of unbouadt@jat late times
t ~ 40tqyn. The high index models can produce ejecta strongly peakédraim
the poles. Velocities less than0 kms~! are in red, less tha#b0 kms in yellow,
less thar600 kms~! in green, and more tha00 kms~! in blue. Total amounts are
in fraction of stellar mass.
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5.3.4 Effects of energy deposition method

The relative size of the energy deposition region should m&ajar factor in deter-
mining the morphology of the ejecta, both in terms of stromgck production and
in the inflation of a central hot cavity to produce lobes, as lsa seen in the low
index polytrope models above. We choose the depositiolwmetgi ber,., = 1.0
solar radii, as it is substantially smaller than the volumecenpassed by the stan-
dardr,., = 5.0 and at these resolutions, after spinup of the star, confairder an
Ng, Neighbour number of particles, and therefore is somethirgawer limit.

Figures 5.12 to 5.14 have on the y-axis descending valuegyoia momentum
and on the x-axis, odd columns are origingl, = 5.0 and even columns are their
rqep = 1.0 equivalents. The left two columns ane= 1.5 models and the right two
are for models witm = 3. The value ofv is in all cases 0.2.
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Figure 5.12: Particle position plots of unbound ejecta & tamest ~ 40tqy,.
Smaller deposition regions (first and third columns froml#fg produce stronger
shocks than the standard (second and last columns fromfthe le



CHAPTERS5. COMMON ENVELOPE MERGERS AND THEIR EJECTA 130

cylindrical radial veloecity in km/s

n=1.5, r=1 n=3, r=5 n=3. r=1

won 1002 o |,
L=4.4e54 | a o
-1600 B =1003 -— —- =1000 |- -
. : . . . :
a2 1900 200 0G0 a 100y 2000 2000 Q000 o 1000 2002 2000

1000 - LoD - 1600

L=5.6e54 |

- 100 — 1o |5 —1eo0 |

L L . L
2000 AOGD [ long 2000 A060 [ ‘ool 2005 AnDo o 1000 ROGD 3000

polar velocity in km/s

on - - inno -

- 164an
L=8.8e54 ,
1e00

- 1o0¢

Qa0 s0C 000 3000 o l0en @000 @000 3 1000 #00hD d000

Figure 5.13: Particle velocity plots of unbound ejecta & tamest ~ 40t4y,,.



CHAPTERS5. COMMON ENVELOPE MERGERS AND THEIR EJECTA 131

s altitudinal angle in radians
o
s n=1.5, r=5 n=1.5, r=1 n=3, r=5 n=3. r=l
0.006 1 . . 0.008 T . 0063 . .
o z B :
w
- . . 8
0 0004 - - 2004 — - 0oes - -
® o4 2e54
‘e i i
LOXVIEE o e | auue = g LINIIELN of ]
Q2 1 3 3 a 1 2 a ¢ 1 2 a

n.Ras

=
n

o
[+
]
o
A

L]

total mass fraction of unbound ejecta il

Figure 5.14: Velocity -coded histograms of mass per solglenf unbound ejecta

at late timeg ~ 40t4,,. Smaller radii (2nd and 4th columns) depositions increase
the mass loss by driving a stronger shock, although stillpcong a bipolar flow.
Some noise resulting from the small deposition region igeable.
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While the size of the deposition region is undoubtedly a ldeggor in the
strength of the generated shock, the geometry of the déeposit a strong factor
- indeed it could be expected to be disk or ellipsoid shapedha companion spi-
rals in in the equatorial plane. For envelopes where the sigpo region can be
reasonably approximated as a point, or at least where theksham a flattened
region becomes indistinguishable from a spherical regnatls, this makes no real
difference.

However, especially when considering relatively largea$#on regions such
as the 5 solar radii out of 30 standard in this chapter, it ighvehile studying the
effect of a flattened morphology deposition region.

In order to facilitate comparison with the 1 solar radii ane 5 solar radii cases,
and to provide a strongly flattened geometry, the region imee as an ellipsoid
with minor axis of 2 and major axis of 10; it is the region whete-y? + (5z)? < r?
wherez,y,andz are the cartesian coordinates, witparallel to the axis of rotation,
andr as a constant of 5 solar radii. We apply the same energy isef@amalism
as before.
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Figure 5.15: Particle position plots of unbound ejecta & tamest ~ 40tqy,
resulting from an ellipsoidal deposition of energy. Thetfivgo columns show an
n = 1.5 model for (left column)L = 150 (code units), right columi = 200, with
descending rows as = 0.1,0.2,0.3. To be compared with Figure 5.9 on page 126.

It is useful to compare these figures with those in subseéti®s3 - in particular
it is apparent from Figures 5.9 and 5.15 that the qualitatifference between the
n = 1.5 and then = 3 polytrope models remains - polar lobes in the case of
the lower index model, roughly bi-conical in the case of tighkr index model. In
particular, many of the inner structures (closer to theinrgnd within the lobes) are
very similar. This is an interesting result, given that ttrecures should be highly
sensitive to the size of the deposition region. However,stiepes in general are
significantly larger in extent, implying much larger velioes as seen in Figures 5.10
and 5.16. The mass ejected is also larger, and the momentipox aaisignificantly
higher, as seen by a comparison between Figures 5.11 andA.IGiver energies
(a = 0.1) the distribution is significantly more bipolar for the= 1.5 model; we
should note the number of particles in each bin is still stally significant at these
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Figure 5.16: Particle velocity plots of unbound ejecta & kmest ~ 40ty
resulting from an ellipsoidal deposition of energy. Compare Figure 5.10 on
page 127.
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Figure 5.17: Histograms of mass per solid angle vs altitaldamgle of unbound
ejecta from the above simulation at late tintes 40 ¢4,,, colour coded by radial
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128.
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levels. The mass distribution is also slightly more bipatamost cases, examining
the bins between: 1 and 2 radians versus the 0 to 1 and~ 2 to 3.14 bins. In

all cases, the mass and velocity distribution is at leastigaldr as the standard
cases, and much more than in thg, = 1 solar radii cases. These features can be
explained by the asymmetry of the driven shock - it shouldalvelio zeroth order
as strong as the, = 1 solar radii cases in the poleward direction, and as weak in
therqe, = 5 solar radii case in the equatorial plane.

We find that ellipsoidal deposition regions, where they dr@an-negligible
size relative to the rest of the envelope, should also prediistinctively bipolar
mass loss with sufficiently weak shocks (ladpha or large deposition regions).
We suggest that together with thg, = 1 and thery,, = 5 spherical deposition
region studies that this qualitatively covers the likeljeets of varying size and
morphology in deposition regions. Interestingly, if thedsition is somewhat stag-
gered and a series of shocks propagates outwards, muttipe $tructures may be
formed, in a possible link with the many nested bipolar strtes found in many
bipolar planetary nebulae.

5.3.5 Adiabatic index effects

We use pressure-density relation Bf < p” where~ is 5/3 as standard, which
reflects a standard ideal monatomic gas, not dominated ti@upressure. How-
ever, especially in higher mass stars, the envelope canrpelyjaradiative, and
an index ofy = 4/3 would be more appropriate. The change in index should
also strongly affect the spinup density profiles in the eogpi@lt plane, as the pres-
sure drops more slowly with decreasing density. We found dhspinup on the
same timescales asya= 5/3 simulation produced a substantial amount of nearly
Isotropic mass loss, rendering the comparison of deposgv@nt produced ejecta
nearly void. The results below were produced assuming thee spinup profile
as standard, with only the explosion performed i & 4/3 context, and are for
illustration purposes.

The following results displayed in Figure 5.18 has on thexig-aescending
values of angular momentum and on the x-axis the first coluasn h= g and the
second column has the= % equivalents. The value aef is in all cases 0.2.
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Figure 5.18: Particle position plots of unbound ejectat@t timest ~ 40tg4,, from
the standard set of simulations (1st and 3rd columns) and-a4/3 set (2nd and
4th). Columns are in ascending order of angular momentum ahdw= 0.2.
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5.3.6 Extremely low mass loss

The simulations presented so far have use800000 equal mass particles to trace
the envelopes. This allows reasonable resolution of shadke lower density parts
of the envelope, but is not prohibitively high for the purpe®f a parameter study.
However asy decreases to low levels the number of particles in the efEtames
negligible (see, for example, Figure 5.9), and values below 0.1 need a higher
number of particles to resolve in three dimensions. Tegtiage low values would
be a valuable experiment in studying conditions where tloelshare very weak,
possibly from inefficient or non-instantaneous energy déjfm. While objects
such as Eta Carinae have lestl0 — 20% of their mass to produce a visible nebula,
smaller amounts from less massive stars may still produeeepdry nebulae if the
density of the ejecta is high enough, depending on the iogsburce). Future work
will use higher resolution models, with a factor of 10 highember of particles, to
model this.

5.3.7 Planetary Nebulae

The origins of planetary nebulae (PNe) that are bipolar atearell constrained;
a single star losing mass on the AGB, in the absence of suffiegumtorially en-
hanced circumstellar material, cannot produce strongdplbr mass loss without
rapid rotation. This requires angular momentum additiolnetier by tidal spinup
from a companion or by a merger with a stellar or planetarypgamon (e.g. Soker
2003, Nordhaus (PhD thesis)). Significant mass loss frortimmasn sequence stars
can also occur as part of a merger which leads to a commonapa/g@hase, in
which a relatively compact companion enters the envelopezyhski 1976, Os-
triker 1975). Angular momentum is deposited in the envelap¢he companion
spirals in, and energy can be released thermally in a dyraiyishort timescale
during the final fast spiral in / core merger phase.

We find that distinctly different envelope structures caodoice bipolar ejecta
under our methodology. Although the model is simplistic amakes no allowance
for the gravitational and hydrodynamic influence of the aping-in secondary
other than in angular momentum addition, it is a qualitatieenonstration of the
types of ejecta produced by reasonably weak shocks prapggato high angu-
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lar momentum envelopes. The bipolarity of the ejecta unde@am parameters in
mass and momentum reinforces the role of common envelomegses as a pos-
sible cause of bipolar planetary nebulae. The differingphology produced by
varying envelope structures suggests that given a CE owogia particular PNe, the
envelope structure of the PNe progenitor could be deduced.

5.3.8 Population studies

As we deal with low deposition energies insufficient to urbihe envelope com-
pletely (although we do not have a core as a realistic remrmamtresults apply
to merged objects, not close binaries. If the envelope i®untd completely, the
ejecta will tend to be strongly equatorially enhanced insn&sdlowing the distri-
bution of mass in the envelope. The polar loss should berfaktrigh, as the shock
strength will decrease with distance from the origin. Wedfare suggest that our
simulations support an association of ejecta with strongstass along an axis,
or strongly bi-conical mass loss could be associated withoagstion of merged
stars, whereas no close binaries should have this by thisanexm- mass transfer
causing jets, bipolar winds and magnetic fields may play th&it in this. Unless
another mechanism can eject material with similar timescahd energetics, this
should be a very testable hypothesis.

Furthermore the differing ejecta morphologies producedifigrent mass dis-
tributions gives the opportunity to trace back the progerstructure of many neb-
ulae, once they are disentangled from the disturbances getia fields and inter-
acting winds.

5.3.9 Observability

We have chosen 50 solar mass, 30 solar radii envelopes fostilnily, which sets
our absolute energy deposition amount, our dynamical tales, and our photon
diffusion time. The light curve produced by partial commamvelope ejections

in nature will depend heavily on mass, extent, density gaitd the observer’s
polar angle of sight - the last two demonstrated in the abawkwHowever, two

iImmediate observable properties can be deduced - the ergegged in our models
Is a substantial fraction of the star’s binding energy @ltjh substantially less than
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pre-core-collapse core binding energy); for large red tgggavelopes at least, the
observed colour index should be red.

Good candidates for observed common envelope ejectiortk@heminous red
novae or 'V838 Mon-like objects’ , notably M85 OT 2006-1 (Katni et al. 2007)
and especially Nova Scorpii 2008, known as V1309 Sco. Thisschas energies
in an intermediate range between the ranges of supernoathamanges of no-
vae, with relatively cool spectra, and low ejecta expansglacities by supernovae
standards. In the case of V1309 Sco, Tylenda et al. (2011yesththat pre-existing
observations proved that it had been a 1.4 day contact hmwéhya decaying period
and changing light curve immediately before the event. Tost-purst morphology
of the region was examined by Mason et al. (2010), who foundtwinay have
been an emissive polar region and absorbing equatoriad.tdie pace with which
new transients are being found in the modern day means thaimulations are
eminently testable, not just post-event as in planetarylaeb but actually in the
moments of rapid spiral-in and merging.

5.4 Conclusion

Our simulations demonstrate a bipolarity in mass loss utiterstandard set of
parameters: small deposition energies, and a medium togstnmount of angular
momentum sufficient to produce significant distortion (atskea factor of 2 axis
ratio). Increasing deposition energy will tend towards engpherically symmetric
and ultimately equatorially enhanced mass loss. Differmtal density profiles
in our simple models will produce differing features - acr@air simulations we
have found a generally bi-conical product in the more célgtcmndensed: = 3,
while the flatter profilen = 1.5 generally produces a polar-peaked double lobe
structure. However, the differing adiabatic index models=(4/3) seem to produce
a large amount of premature mass loss during spin-up, stiggébkat this would
overwhelm an ejecta signal from a deposition event.

Future work will utilise the higher resolution model alrggatoduced (5 million
particles forn = 3) and another for the = 1.5 profile to update and ideally support
these results. Equation of state effects and more reatisiaels (including cores)
would also be important to investigate further.



Chapter 6

Eta Carinae

6.1 Introduction

Eta Carinae is a massive binary located in the Carina neburejpally remarkable
for the high inferred luminosity of the central stag 6 x 10°L. (Cox et al 1995,
Hillier et al 2001) and the dramatic brightening and ejetod > 12M,, (Smith et
al 2003) by the system in the 1840s-50s, now observed as éarsbuounding and
obscuring the central stars. The 'Great Eruption’ causimggHiomunculus nebula
released a huge amount of energy10%*-¢=°°%ergs) into liberating this ejecta over
a 20 year period (Smith et al. 2003). At its peak in 1841 Etar@a&ribecame the
second brightest star after Sirius in the night sky, altloongre than 2,000 parsecs
away. It attracted great attention for an event in the soathemisphere (Frew
2004), and even became part of Aboriginal oral traditiorer{idcher & Frew 2010).
Events such as these in stars like Eta Carinae are good ctexiidarelatively low-
luminosity 'supernovae imposter’ Type Iin SN (van Dyk 2005)

As one of the closest and easily observable massive staheiGalaxy, Eta
Carinae also offers insights into massive star formationemodlition. Understand-
ing its single most defining and unique characteristic, tbendnculus nebula and
the Great Eruption, can give us valuable clues to theseanutstg issues and to the
still unresolved nature of bipolar structures in astronomy

141
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Parameter Value

Mass of primary, 120M
Mass of secondary 30M
Orbital period| 5.54 yrs
Eccentricity 0.9
Semi-major axis 16 AU
Periastron separation 1.6 AU

Table 6.1: Tabulated orbital parameters for the Eta Caripstes from Soker 2005

6.2 Eta Carinae AandB

Eta Carinae possesses a 5.54 year periodicity in radio (Du&c#/hite 2003)
through to the X-ray band (Corcoran 2005) which has beenrgdeas the effects
of an orbitally eccentric ( 0.9) binary companion (Damin&896) with an identical
period (eg Hillier et al 2006). In particular, the observe@ day X-ray minima is
associated with the binary companion going through peaast

The parameters of the system can be recovered in most cdgésrongh mod-
elling the binary interaction from the observed multi-b&igdt curve. Adopting the
values from the compilation of literature model results lok& (2005), parameters
are listed below.

6.3 The Homunculus

The Homunculus nebula is an approximately axisymmetriolaipnebula, with
two large lobes and a 'ragged skirt’ of material around theagorial plane. These
can be seen in Figure 6.1. The maximum extent of each lobe fhencentral
stars is~ 0.1 pc (Morse et al. 1998B¢10'"cm) and both contain the majority
of the mass contained in the nebula>efl2 M. (Smith et al. 2003) or as much
as~ 20 M., (Smith & Ferland 2006). Through spectroscopy, the lobe® lieen
revealed to have a thin double shell structure, with [Fe rihjteng bulbs within a
thin H, skin (Smith 2002). The expansion of the material, with adgpvelocity of
650 km/s, and the thin-shelled structure of the lobes indga common origin in
time coincident with the peak apparent luminosity of Eta Gaeiin the 1840s-50s
(Morse et al. 2001, Smith 2006). The same data indicateghbatast majority of
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the nebula was ejected in a period spanning only 5 years.

Fast-moving outer ejecta>(2000kms ') can also be traced back to this event
and are more filamentary in nature (Weis 2005), forming #islland 'strings’ that
are strong emitters in X-rays and contain very little dust.&Omuch smaller scale,
the 'Lesser Eruption’ inz 1887-1895 is thought to have produced the much smaller
Little Homunculus (LH) (Ishibashi et al. 2003) which altlgtusignificantly less
massive and extended is similar in shape and axis. On the seafe is the in-
frared Butterfly structure, also nested in the Homunculustemathesised to have
a common origin with the LH (Chesneau 2005).

The nebula as a whole is significantly depleted in C and O na&t@rerner,
Bruhweiler & Gull 2005), and comparatively rich in helium anirogen (5 and
10 x solar abundances respectively), strongly indicatiMéO (carbon-nitrogen-
oxygen cycle) processed material (Davidson et al. 1996tISenial. 2004).

The nebula features condensed structures close to thersytbieeWeigelt blobs
(Weigelt & Ebersberger 1986). Proper motion studies witiTH&ta have revealed
potentially different temporal origins in the early 20tmogry (Dorland, Currie &
Hajian 2004, Smith et al. 2004).

The Homunculus nebula surrounding Eta Carinae can be wedlided by an
extremely energetic (although sub-supernova) prolongpdision of convectively
mixed material from a massive star’'s envelope. The detéilseoexpulsion and of
the bipolar shaping of the ejecta are however uncertain.

6.4 Modelling the Homunculus

Early attempts to model the Homunculus followed from theglef Balick (1987),
taking the theory of interacting stellar winds (ISW) from dli@r planetary nebulae
and applying it to the similarly shaped Homunculus (Frankletl995). In these
models, a fast-moving stellar wind from the star or binarilides with a slower-
moving pre-existing dense equatorial torus around theatakris deflected towards
higher latitudes. However the existence of an equatoriaistonassive enough to
deflect the outburst from Eta Carinae into polar lobes is ndt @gtablished - the
clumpy skirt of equatorial material is insufficiently derseaxisymmetric (Morse
1996). The apparent discovery okal5M,, torus around Eta Carinae (Morris et
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Figure 6.1: HST image of Eta Carinae (Jon Morse, NASA).
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al. 1999) was later found to be lobe material (Smith et al.3}00

Models have since studied the effects of asymmetric windsh &s Frank et
al. (1998), motivated by theoretical models of the effedtgmvity darkening
(anisotropic distribution of surface gravity over the $tard rapid stellar rotation on
stellar wind (Langer et al. 1999, Owocki et al. 1998, Maeddd&sjacques 2001,
Dwarkades & Owocki 2002). While these enjoyed some sucdesgliscovery by
Smith et al. (2003) that the Homunculus was more massivetthdieen suspected
and the mass loss rate in the Great Eruption was much largeth(8006) (of order
1M.yr~1) largely dampened conventional wind models.

A new approach came with the confirmation of Eta Carinae’sriginampanion
(Damineli et al. 2000) in Soker (2001). Soker posited thib¥ang the ejection of
a large amount of mass from the central star, the stagnation petween the pri-
mary and companion winds would occur within the Bondi-Hoyeration radius of
the companion. A large fraction of the mass ejected ( 40 péreeould be accreted
onto the companion and would form polar jets or collimatest f@inds (CFW) to
inflate the lobes and form a bipolar structure. While this reenlexpanded upon in
(Soker 2005, 2007) problems remain with the choice of orbitd wind parameters
for the system, and the mechanism proposed to inflate/&jearivelope.

Smith & Townsend (2006) successfully reproduced the equadskirt and lobes
of the nebula by modelling an explosion normal to the surt#aerapidly rotating
star followed by a parametrised radial force. It is not ciaat physical mecha-
nism could produce these phenomena, and angular momennsargation seems
to be violated (Soker 2004).

Indeed the outstanding problem in the modelling of the Horolus, and in
LBV (luminous blue variables, a phenomenological class afsive variable stars)
giant eruptions in general, is the mechanism of ejectingitass. The mass loss
rate of Eta Carinae was approximately’—* greater than a typical superwind, and
yet continued on a timescale much greater than that of amsxp. Mechanisms
have been proposed that invoke super-Eddington contindnivan radiation pres-
sure (Owocki et al. 2004, Belyanin 1999, Quinn & PaczynskiS)98xtreme mag-
netic fields (Matt & Balick 2004, Soker 2007), ineffective gention driving den-
sity inversion (Arnett & Young 2005), and non-radial grguihode oscillations in
the core (Townsend & Macdonald 2006), but these invoke mdseof energy stor-
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age or conversion over a timescale much less than the thériélyrs) and much
greater than the dynamical ( 10 days).

Ejection of the quantity of mass in the Homunculus over aqueaf years can
be conventionally explained by common envelope ejection.

6.5 Binary companion and common envelope mod-
elling

The binary companion of Eta Carinae is a massive, roughly/300 star, with an
orbital period of 5.5 years as deduced from the multi-wavgtle periodicity of the
central regions. In Soker’s summarisation of the obseyaatiresults (Soker 2005),
the semi major axis of the orbit is around 16 AU, and the ectstyt extremely
high, at about 0.9 (Note that there is still controversy dberexact values). This
predicts a periastron of just 1.6 AU or around 320 solar radimparable to the
radius of e.g. S Doradus, another blue hypergiant in the LM@,certainly close
or within the range of a spun up common envelope central syste

If Eta Car's Homunculus nebula originated in a common envelgpction, we
would assume that the most massive star was previously a bioary, with the
surviving observed companion making a triple system, asritessi schematically
in Figure 6.2. However, the orbit of the surviving companibit had similar orbital
parameters, would pass extremely close to the close binary.

This close approach to the putative common envelope wouhldst certainly
lead to mass ejection if the highly supersonic, high lumilyosompanion passes
through it. This however would lead to a large velocity veabthe ejected ma-
terial in the plane of rotation / orbit (assuming a commomplawhich is not nec-
essary to this conclusion). This anisotropy is not obseiwetthe larger nebula,
which does not preclude it being a smaller event. Criticallis interaction would
lead to a slowing of the companion at periastron, which waddto decrease the
eccentricity. Given the high eccentricity post-ejectitims is an argument against
an extended common envelope phase. Tidal effects from eloseunters with a
common envelope would also act to decrease the eccenwiditye orbit.

If we assume that this disruption of the common envelope didoacur, the
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I/

surviving inner binary -> PN
companion ejecta and merged @ @
star P

Figure 6.2: A common envelope origin schematic for Eta Car.oBethe Great
Eruption that caused the Homunculus Nebula, the existingripisystem may have
been a triple. The putative inner binary pair may have metgedeate the existing
primary, and the mass outflow in the Homunculus Nebula.

periastron must have been further out in the past. This esghat the high eccen-
tricity of the companion is partially a product of the massslevent, corresponding
to either time specific major mass loss from the interior. finass passing the orbit
mostly near aphastron) or a braking in velocity near apbastfhe counterparts, a
mass accretion or velocity increase near periastron, asaéalistic.
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It is important to note that an initially circular orbit is hiequired, and in fact a
relatively high initial eccentricity could be obtained by#ody interaction during
the birth of the system, leaving the lightest (the 'secoyndlan an eccentric, distant
orbit with the two heavier components relatively near toheaiher. The star that
would become the primary would therefore have a more equas waio than that
of the primary / 'secondary’ today.

Soker(2006) posited that a magnetically-driven inflatibthe primary’s radia-
tive zone to 20 AU radius led to a Roche lobe overflow / slow wigdration
onto the secondary - mass loss is supposed to be drasticddneed when the
companion is outside the envelope, leading to the obser@sh&ricity.

The differences between an inflated slow rotating singleist&oker 2006 and
a spun-up common envelope would become apparent in theelrag ind angular
momentum transfer in the secondary’s orbital evolution. Whethe Homunculus
Nebula could be a result of common envelope accretion oeteg¢bondary (tertiary
at the time) rather than a secondary-influenced common @pwedartial ejection
can theoretically be distinguished by the morphology ofdfezta, the orbital pa-
rameters of the secondary and the rotation of the primary.

There are notable problems with modelling the Homunculbsitzeas a common-
envelope derived phenomenon, including accounting fohitle eccentricity of the
companion, possible pre-Great Eruption outflows (Bohigasd.e2000), the Little
Eruption 40 years afterwards, and the problem of modellunghshigh-mass pro-
genitor stars. Nevertheless, common envelope ejectionésobthe few plausible
physical mechanisms for the scale of mass loss and axisymofeéhe Great Erup-
tion. Common envelope ejection leads to a significant amdungss loss in a high
angular momentum, morphologically distorted environmethis distortion of the
envelope can produce almost purely high-latitude or polassioss under the cor-
rect circumstances (Morris and Podsiadlowski 2005). If caon envelope ejection
is the correct mechanism, the problems above simply becah@me constraints
on the process leading to the Homunculus nebula.

The first step in checking the plausibility of the Great Eroiptas a common
envelope related event is therefore to model the orbitduéienm of the companion
star under varying mass loss profiles and ejecta velocitiéstris (DPhil thesis)
suggests that an asymmetry in the mass loss from a commolopewsuld further
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increase the eccentricity of the companion.

6.6 Testing the triple hypothesis

One problem is the proximity of the (existing) binary comjaento the proposed
inner merging system. Using criteria from the literatureafiling and Aarseth
1999), and assuming co-planarity, we can produce conttraimthe inner binary
system.

The closest allowed approach of the outermost star to theribhnaryR;”’t
was given in Mardling and Aarseth (1999) (reproduced henef6aleh and Rossio
2009) as:

(1 + Gour) (1 + €out) )0.4
(1 — eour)/?
whereq,,; is the mass ratio of the outermost star (masg to the inner binary

(massesnl andm2) #‘jng a;, the inner binary semimajor axis, argut the

outermost star orbital eccentricity.

Figure 6.3 seems to rule out a binary system of total 100 soémses on the
main sequence if the companion eccentricity was/is 0.9 fana reasonable range
of companion masses. However an eccentricity of 0.8 mone doables the al-
lowed semi major axis, as seen in Figure 6.4. An accurate\faluthe companion
eccentricity would be a very useful test of the validity of tinodel.

RO = 2.8( in (6.1)

6.7 Method

As in the generalised CE ejecta simulations in the above ehagigular momen-
tum is slowly added as solid body rotation to SPH particl@sasenting a 50 solar
mass, 50 solar radii star. If a particle reaches its critiotdtion velocity, it is no
longer spun up. This represents the decoupling of the odifézrentially rotating
envelope and roughly solid body rotation of the inner regiamere the merger is
happening. After a predetermined amount of angular momeiguadded, a sub-
stantial fraction of the star’s binding energy is injectacthe core. This follows
work by Morris and Podsiadlowski(2006).
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Max ztable inner s-m axis vws mass of companion for Eta Car, aout=16AU, eout=0.9
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mass of companion, total system mass 130.0 (solar mass)

Figure 6.3: Upper limit on stable inner orbit semi major axésus outer com-
panion mass with an eccentricity of 0.9, from the equaticesgnted in Mardling
& Aarseth 1999. The total mass of the system is fixed. The ufypdtr on the
semi-major axis is somewhat sensitive to the outer compamiass ratio.
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Max stable inner s-m axis vs eccentricity for Eta Car aout=16AU, qout=0.333
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outer eccentricity

Figure 6.4: Upper limit on stable inner orbit semi major ax@ssus eccentricity of
the companion orbit from the equations presented in Magdiarseth 99, for an

outer companion system mass ratio of 0.33. The upper linsiregly dependent
on the companion eccentricity, as it is inevitably boundgthie distance of closest
approach. This upper bound varies by a factoftéfde4 in the range 0.7;ej0.9 from
200 to 50 solar radii.
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Property Values

Stellar Structure model realistic, low, high index poly

Fraction of binding energy deposited 0.3
Post-merger wind mass losdl.6e-3, 3.2e-3, 6.4e-8/,, /yr

Table 6.2: Parameters used in these simulations.

We then extrapolate the ejecta from reasonably late tinoeg)fly 2 weeks post
energy deposition, at tens of dynamical timescales) to it yest eruption, before
beginning a wind simulation. This step is purely to managettansition from stel-
lar radius scales to light year scales in the injection ofdyiout is not completely
rigorous - future work along these lines would probably eorg separate wind sim-
ulation phases, or a more flexible framework. We inject a vinased on the ¢:2000
findings of Smith et al. 2003, with a mass loss ratd.ﬁfx10‘3M/odot/yr and an
angle-dependent wind as seen in Figure 6.5. We extrapdlétever latitudes that
are observationally incomplete, but do not explicitly unbé effects due to the in-
teracting winds of the binary which is thought to cause icistrong disturbances
in the plane of the system (for example, see Icke 2010). Theséitl, based on a
Python polynomial fit routine for selected points on the $reital. 2003 dotted fit,
can be seen in the corresponding figure, Figure 6.6.

We then run the wind simulation for 150 years (in simulatiomef) to mimic the
Homunculus evolution timescale.

6.8 Results

We study the ejecta from a model star, a low index polytrogkaahigh index poly-
trope (the latter two from Chapter 5). The model star ejeciaaty resembles the
high index polytrope ejecta, which is quite encouraginggithe mid-latitude mass
loss enhancement in Eta Car, and the parallel feature in tteihdex polytrope
ejecta.
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Figure 6.5: Figure 7 from Smith et al. 2003. The filled squari@{s and their dotted
fit indicate a significantly bipolar wind which exceeds thenioculus expansion
velocity (lower solid line) at all latitudes and should h&wed some effect on the
evolution of the nebula at the stated observational massrége. In particular , it

should have a relatively large effect on the polar lobesgtt katitudes compared to
mid latitudes where the bulk of the mass lies, and where tadity between wind

velocity and nebular expansion velocity is lower.
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Figure 6.6: A fit (solid line) made with a Python polynomial fitutine, of order
6, to selected points on the dotted fit in Figure 6.5, whichslr@wvn in red. We
extrapolate an approximately flat velocity profile near theator, and follow the
gradient of the 80-85 fit out to 90 degrees.
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Figure 6.7: Ejecta from the 100 solar mass, 30 solar radii fstaan o of 0.3
extrapolated to 1 year post-energy injection.
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Figure 6.8: Cross section (in y) in cartesian coordinatef®fwtind simulation of
the 100 solar mass, 30 solar radii star= 0.3 ejecta at 150 years post-energy
injection. The inner wind has blown a bubble of the approxentangth scale of Eta
Carinae’s lobes.
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Figure 6.9: Cross section (in y) in cartesian coordinates wfral simulation of
the ejecta produced in Chapter 5 for a low index polytropewttr o = 0.3 and
moderate angular momentum evolving with a present-day Etan@al for 150
years. The wind particles occupy the inner cavity aroundtiggn.
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Figure 6.10: As Figure 6.9 - a wind simulation of the ejectadoiced in Chapter
5 for a low index polytrope star withh = 0.3 and moderate angular momentum
evolving with a wind with twice the present-day Eta Car windsséoss rate for
150 years .4 x 10-3M,yr—1). The wind particles occupy the inner cavity around
the origin.
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Figure 6.11: As Figure 6.9 - a wind simulation of the ejectaduced in Chapter
5 for a low index polytrope star withh = 0.3 and moderate angular momentum
evolving with a wind with four times the present-day Eta Candvimass loss rate
for 150 years €4 x 10*Myyr~!). The wind particles occupy the inner cavity
around the origin.
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Figure 6.12: A wind simulation of the ejecta produced in Ckhapt with a velocity
scaling of 0.5, for a high index polytrope star with= 0.3 and moderate angular
momentum evolving with a present-day Eta Car wind for 150 gedrhe wind
particles occupy the inner cavity around the origin.
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Figure 6.13: As Figure 6.12 - a wind simulation of the ejectadpiced in Chapter
5, with a velocity scaling of 0.5, for a high index polytrogarswith « = 0.3 and
moderate angular momentum evolving with a wind with twice phesent-day Eta
Car wind mass loss rate for 150 years. The wind particles gcthginner cavity
around the origin.
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6.9 Discussion and future work

We find that a wind with similar parameters to Eta Car’s presend is sufficient to
partly 'inflate’ ejecta produced in a similar way to chaptener similar timescales
to the time since the Great Eruption. The length scales eshbly the inflated
lobes, of around 0.25-0.3 light years, is approximatelysdnr@e as Eta Car’s nebula.
Ejecta is generally inflated into a rather more sphericall ghan double lobed, as
equatorial plane ejecta in our models offers less resisttnthe merged star wind,
even with a bipolar component. With this strength of windpithese ejecta, we
find that the hypothesis is definitely promising, but not ssegily very plausible.

The orbital constraints pose valuable questions as to thailiy of this ap-
proach, given the size increase in the equatorial plane.

The method above simulates a stellar merger with simpleuppand energy
deposition inside a single massive star. While this is apptgofor red giant/white
dwarf mergers, or others with large envelope/core ratios,Ear is thought to be
on the main sequence and so, potentially, were its binarygmitors. Proper, high
resolution, full parameter study treatment of stellar reesgs the only satisfactory
way to resolve the question of a binary merger for Eta Car.



Chapter 7
Conclusion

It could be argued that the many subjects of investigatiahisthesis are too dis-
parate to have a unified conclusion - however the hypothessepied have a uni-
fying theme, and a unified effect. Where bipolar nebulae ane@med, whether a
SNR or eruptive mass loss event or planetary nebula, we hagemed a range of
simulations arguing the case for a binary origin. While theale differ, essentially
we present a range of different ways of creating a preferxexlad mass loss from
a binary starting point. Although this is often hard in smgtars, especially stars
on the AGB or stars which are no longer newborn and magnbtibedked, it is a
relatively natural product of a binary system - whether ithis axis normal to the
orbital plane, through the centre of mass, or the line commgthe two objects.

In Chapter 3, we produced simulations suggesting that tr@driputer nebulae
as revealed by light echoes could be reproduced if early tnassfer in a binary
such as that of Morris & Podsiadlowski 2007 produced jets dnave into a pre-
existing progenitor wind. The mass transfer jets do not nesaticularly exotic
physics to represent their launch mechanism, as the low losssate and velocity
near the companion surface escape velocity means that theg be described
as a relatively massive, relatively focused bipolar stelland. We argue that the
bipolar outer nebulae around SN 1987A is the final piece afewe for the binary
progenitor scenario.

In Chapter 5, we performed a parameter study of ejecta frorpldied com-
mon envelope models (spun-up polytropes). For lower ilgastof energy into the
interior, and significant angular momentum, the ejecta viiasgly bipolar from
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the distorted, oblate/toroidal envelopes in both mass aoch@mtum. A range of
structures from bi-conical enhancements to polar enhdingpee-8 shapes was pro-
duced, depending on the polytropic index of the envelopaiakgns of state with
different adiabatic indices are suggested to behave sulabadifferently. This set
of simulations, although not performed with any one objaaind, is suggested
to be relevant to planetary nebulae and eruptive eventsasifthminous red novae
and Eta Car.

In Chapter 4, we (meaning also Danail Obreschow) tentatsefjgest mecha-
nisms for producing a SNR like Cas A, invoking a close binargnpanion. We
initially sought to explain both jets with an offset core lepise within the star
(tidally produced by the companion), in close analogy torogcavity fluid droplet
implosion which produces this effect with an offset cavijowever, the analogy
breaks down, as the conditions are fundamentally differéim¢ equations of state
(nearly incompressible water, versus compressible plaantathe different length
and timescale ratios of the core/envelope and cavity/dtgphirs. However, we
do find that an offset core will produce a single ’jet’ or inased velocity in one
direction. We also find that a close binary companion canyedravitational dis-
tortion of supernova ejecta as it passes. These two dmtsrshould be in opposite
directions, and together provide an interesting mechafesproducing jets within
a supernova remnant such as Cas A.

In Chapter 6, we drove a wind into merger envelope ejecta suishpoduced in
Chapter 5 to study to what extent a fast double-lobed sheftl asan Eta Car can be
produced using the very general method of that chapter. Wieplarly studied the
effect of a bipolar-enhanced fast wind (from a putative rmergmnant). Although
the morphology was not exact, these produced density eehsnts or lobes at the
approximate length scales of the present day Eta Car Homushcul

These chapters have the unifying theme of bipolar nebutae friypothesised
binary transients. They also have unifying consequencemsypeffects in particu-
lar affect both the rates at which various transients cosldliiserved in upcoming
and current transient surveys, and if decoded from the veddransients, the bi-
nary information could be used to place more constraintstanfermation and
actual binary rates.

Outside the field of stellar astrophysics (although, arguaoething is!), partic-
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ularly in the age of rapidly evolving studies of galaxy exau, a more significant
conclusion is that at such time as it is possible to move away S§imple parametri-
sation of mass loss from events such as supernovae, CE ajaatiplanetary neb-
ulae formation, valuable adjustments could be made to thsiphby including the
effects of bipolarity and chemical inhomogeneity.
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Chapter 9

Appendices

9.1 Geometric Warping

9.1.1 Introduction

In order to produce a radial density profile from a uniform Siéks, it is usual to
divide the profile into discrete bins with a certain numbepaifticles each. Starting
from an arbitrary point, a search iterating out in radiusdthgr the particles into the
correct radial bin is made. In the case of simple profiles sisghx %, | wondered

if a global transform applied to the radial coordinate of plagticles could produce
the requisite density profile. | discovered through triadl @mror that cubing the
radial coordinateR;,., = R} ) produced the -3, then the following values for

other profiles (Table (9.1.1).
| found the cubed radial coordinate approach above=< 2,;m» = 3) in the

S

m

not found
3

1.5

0 (triv)
0.75

P OFRPDNW

Table 9.1: Numerically found transforms to produce radeisity profiles:n from
(pox R°",misR,;,, = R

new Lold
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literature, but did not find an analytical justification. Irdked it myself, and found
the equation linkingn andn below - in the next section is the derivation.

3
= 9.1
m=g_ (9.1)
9.1.2 Derivation
A density distribution of the form
p=kR™" (9.2)
wheren # 0 andk is a constant, has mass interior to a radiusf
AmkR3~"
M(< R) = —— 9.3
(<R)=—5— (©3)
and can be defined, relative to others of its type by
M(< 2
(< R) _ 23—n (94)

M(< R)

which characterises the distribution Ass scalable to any value. The challenge
Is to apply a transform of the form

R.. =R" (9.5)

incw 201d

with a certain m, to a uniform distribution such that it falle equation (9.1.2)
for a given n. In a uniform distributiorp( R) = const), the mass interior to a radius
Ris

Ak R3
M(< R) = ”3 . (9.6)

The required distribution requires that a certain fractdmass be interior to
R compared to withirR k. We therefore need to find the radiw8R,0 < o« < 1 in
the uniform distribution which contains this fraction. Whever transforni?; . =

new




CHAPTER9. APPENDICES

R makes this radius2 R equal toR is therefore the correct one.

told

So we need
M<< ZR) 3—n
M(< a2R)
and have
m 1
o = 2.
We know that
4 23 3 PR3
M(< a2R) = mh 3a R
and so
M(< 2R) 1 o3—n
M(< a2R) a3
o 1
9
from equation (9.1.2),
1 J—
23_T" o 21/m

and so equating powers of 2:

QED
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(9.7)

(9.8)

(9.9)

(9.10)

(9.11)

(9.12)

(9.13)



