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1. Stellar Evolution
Stellar evolution takes place over a vast expanse of time compared to the timethe human civilisation has been in existence. So how did we come to know howit takes place?Well there exists stars that show changes on timescales that wecan observe. Such stars that show change periodically are known as Variable
stars.These stars serve as ’Experimental Laboratories’ for Stellar Physics. Studyingthe physical properties such as Mass,Temperature and Radius are best studiedusing Variable Stars. To study the complex systems that govern the stellarsystems, we must fist know study about stellar evolution:

1.1 The Hertzsprung-Russell DiagramIn the 1910s, 2 astronomers named Ejnar Hertzsprung and Henry Norris Rus-sell observed that when you plot the brightness of individual stars versus theirspectral type(colour), the stars lie within a well-defined area of the diagram.Thisdiagram shows stars in various ages of their life cycle.

Figure 1.1: Hertzsprung-Russell diagram showing evolution of main sequence

1



1.2. Star Birth 2
Stars of certain Brightness can only lie in a particular spectral region whilestars of certain colours can only lie in a particular range of brightness.Variable

stars of a region in the diagram can tell us the general properties of the stars inthat region.When we talk about stars in general, we refer to them based on their positionon this diagram. Hydrogen Burning stars are referred to as main sequence stars.Stars that have evolved well beyond the main sequence are often on the red
giant branch or might be asymptotic giant branch. In the following section wewill study some of the stages of stellar evolution and see what studying variablestars can tell us about them.

1.2 Star Birth

Figure 1.2: Hubble’s legendary Pillars of
Creation, seen bathed in the blistering
ultraviolet light from a group of young,
massive stars located off the top of the
image

Hubble has observed many bizarre look-ing landscape sculpted by young, incred-ibly bright stars. One of them, dubbedthe Pillars of Creation, show trunks of in-terstellar gas in the Eagle Nebula whichis part of the Serpens constellation.Thisis a nursery to a cluster of young massivestars that are radiating ultraviolet light.
Young stars like these are formed in inter-stellar molecular clouds when the massof it reaches a critical point called Jean’smass. Gravitational Collapse in initiatedand is continued until a point when thegas is hot enough for the internal pres-sure to withstand it.Hydrostatic Equilib-
rium is achieved.The star is now referredto as a protostar.

Accretion of material on the protostar continues. Deuterium fusion is initiatedwhich slows down the collapse of the star a little.During this stage bipolar-jetsare produced termed as Herbin-Haro Objects which helps the protostar to expellthe excess angular momentum of the accreting material.Finally when the core pressure becomes large enough, nuclear fusion begansand the star is officially born.These young stars can be extreme in there variability and as they are mostlyformed in nebulae they are often referred to as nebulae variables. The mostfamous class of these nebular variables are the T Tauri stars, named for theprototype, T Tauri.They’re less bright than we would expect a star of their size and color to beand they show emission lines of highly excited atoms of a thin gas.



1.3. The Main Sequence 3
But why are these stars variable?Their variability can be caused by a number of things but much of it is relatedto accretion. The infalling dust and gas has some viscosity (or friction) and as itfalls toward the protostar, viscosity within the gas causes it to heat up. As it getshotter, it gives off more and more light until it impacts the surface, where it givesoff even more light.

1.3 The Main SequenceOnce a young protostar has accreted all of the gas and dust that it can from thecloud from which it was born, it may be massive enough to burn hydrogen in itscore and shine as a star. If and when this happens, it becomes a zero-age main
sequence star (ZAMS).A star enters the main sequence when it starts burninghydrogen and stays on it as long as it is burning it.The Sun will spend 9 to 10million years in the main sequence which is a lot shorter than the 100 millionyears a star with lower mass than the Sun may spend. The time interval a starstays on the main sequence is entirely dependent on its mass.

1.3.1 Studying the variability of Main Sequence StarsWe have been talking about how nuclear fusion happens in the core,hydrostaticequilibrium etc. But how can we confirm it? This is where Asteroseismologycomes in.As is done on Earth to study its interior,The vibrations on the surface of thesestars are studied by seeing how the brightness of different parts of the star’ssurface change over time. These vibrations are called pulsations, and we canmeasure the properties of these pulsations to say something about the conditionsinside the star. In many stars – including our own Sun – there are many differentvibrations happening at the same time; each vibration frequency is called apulsation mode.
1.4 Post Hydrogen PhaseAs all the hydrogen in the core has been converted to helium, the nuclear reactionstemporarily cease. As it was the heat and pressure created by these nuclearreactions that prevented the outer layers from gravitational collapse.The starstherefore goes through a readjustment phase where both the inside and outsidegoes through complex physical changes.As the stars starts collapsing, the outer layer starts shrinking, As it shrinks itincreasing the temperature of the layer just outside the core. After a limit, thehydrogen in the layer outside the core starts to undergo fusion.This results inexpanding the outer layers of the star to much higher extent than before as the
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fusion is happening much closer to the outer layer. The star expands exponentiallyand cools down resulting in a star that is much cooler but larger than before.As the core is still not hot enough to start helium fusion, the core keepscontracting while the outer layer remain as they are. Once the core is smallenough, it starts undergoing fusion and starts producing carbon through the
Triple α process where 2 α particles combine to produce an unstable isotopeof Beryllium which quickly captures another α particle to form stable carbonisotope.

4He +4 He −→8 Be (1.1)
8Be +4 He −→12 C + γ (1.2)

If the temperature and pressure conditions are met this carbon captures another
α particle to form Oxygen isotope.

12C +4 He −→16 O + γ (1.3)
1.4.1 Variation in these StarsAs stars undergo these changes they may become true variable stars, or if theyare currently variable, that variability may change or even cease altogether. Sowhat are some types of variable star of the post main-sequence?• Instability Strip :Located from the upper right(luminous and cold) to the lower left(faint and

hot) on the H-R diagram.In all stars, certain layers within them can become more opaque to radiationas they become hotter or cooler. When this happens, energy from insidethe star can become trapped in that layer, increasing its temperature andpressure. In the stars of the Instability strip, this layer is located at just theright depth,So the layer acts like a piston that drives the outer layers of thestar up and down in a periodic fashion, making the star pulsate. Stars havinga few times more mass than the sun cross the instability strip after the mainsequence. These are Cepheid variables and they follow the unique propertythat the time period of their fluctuation is proportional to the luminosity ofthe star.This is known as the Period-Luminosity Relation or the P-R relationwhich was given by Henrietta Swan LeavittCepheids are used in determining the distance to various astronomicalobjects and also finding the length of the Universe by finding the Hubble’sConstant to an acceptable error limit. Other types of Variables found are
delta Scuti and RR Lyrae.Delta Scuti stars are used to find distances withinthe Milky Way, RR Lyrae are used for globular clusters and Cepheids areused to find distances millions of light years away.
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Figure 1.3: AbsoluteMagnitude vs time for Delta-Scuti stars showing the Regular Pulsation
that its Luminocity goes through.

• Hertzsprung Gap (HG)There is a small gap between the main sequence and the red giant branchwhich represents the stars that are undergoes transition from core hydrogenburning stars to core Helium burning stars.
• Horizontal Branch (HB) The HB is the region on the H-R diagram wherestars are found when they have completed the Red giant phase of their lifeand have begin burning helium in there core.

1. Helium Main Sequence Stars (HeMS stars):When a cloud of Helium gas collapses under its own gravity and startsnuclear fusion. They lie on or near the Hydrogen Main Sequence2. Core Helium Burning Stars (CHeB stars):CHeB stars have a Helium-carbon-oxygen core which are still burningHydrogen in their outer layers. These stars were Red Giants beforeHelium ignition occured.3. Helium Horizontal Branch Giant (HeBG stars):These are typical low mass stars that have evolved beyond the Hori-zontal Branch but have not reached the Asymptotic Giant Branch (AGByet.
• Asymptotic Giant Branch (AGB):the asymptotic giant branch (or AGB) stars is considered the last stage ofstellar evolution , when it still shines due to energy created by thermonu-clear reactions. After a star has passed through the red giant branch andlanded on the red clump(younger and more metallic helium burning stars)



1.5. The Glorious Death 6
or the horizontal branch , it has a core made mostly of carbon or oxygensurrounded by layers of helium and hydrogen.Burning helium slowly settlesonto the carbon core, while burning hydrogen slowly settles onto the heliumshell.These burning shells are the main reason why AGB stars are so lumi-nous; because the shell is closer to the surface, the outer layers becomemuch hotter and so the star puffs up to enormous size. Due to the largesurface area, the energy produced is distributed more widely, therefore,resulting in a much cooler surface. That’s why AGB stars are red – mosthave temperatures no more than 3000 to 3500 K.The AGB is the locus of the most famous and earliest known variable knownas Mira Varables. These are giant, variable pulsating stars with time periodof approximately 100 days and have light madnitudes of at least 2.5 magni-tudes going as high as 10 magnitude,a brightness level 10,000 higher thanthat of the Sun. Most of the matter( if not all) came from inside an AGB star.

• RV Tauri stage:These are characterized by pulsations of period ranging from 30 - 150days.These pulsations aren’t regular, but instead seem to be weakly chaotic,that is while they may have cycles of maxima and minima that are fairlyregular, their lightcurves often don’t repeat from one cycle to the next,and often get out of sync over many cycle.These are headed to becomeplanetary nebulae or white dwarfs.
1.5 The Glorious Death

What happens to the star postAGB is completely dependent onone thing. Its mass. If the massof the star in less than 1.4 M⊙( M⊙ depicts the mass of theSun),the star will end up as a
White Dwarf. This mass limit isknown as Chandrasekhar Limit.As the core of the star becomesmore metallic, the gas inside thestar becomes so dense and theatoms become so compressiblethat it stops acting like normalmatter.

Figure 1.4: An Image showing the Helix Neb-
ula,captured through infrared filters, a Planetary
Nebula in the constellation of Aquarius. It is often
referred to as ’The Eye of God’

.

The matter becomes degenerate i.e. the electronic fields of the individualatom can no longer keep them separated. The fundamental nature of the gaschanges and it begins following a degenerate equation of state.
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1. WHITE DWARFA star whose core is in such a state will soon head towards its paradise soto say.Mind you the "soon" is in cosmic terms i.e. The core of these starsis referred to as White Dwarf. These stars begin to shed off their layerswith the help of until only the core is remaining. This happens in the mostspectacular way popular. As the material flows away from the star into thespace, it forms a nebular structure while having a hot remnant in the centre.What we now observe is called a Planetary Nebula.Stars that die as a White dwarf go through one last phase of substantialmass called the post-Asymptotic Giant Branch (pAGB)in which they undergomass-loss through processes like Stellar Wind and Thermal Pulses(these
are periodic short-lived bursts of Thermonuclear Energy which are causes
when Helium clumps together at some placesWhen all the mass has been shed, All that remains is a whitish core whichreleases energy only through thermal means and it continues this for billionsof years until eventually it freezes into a solid state from inside out. Thegreater the temperature of the white dwarf, the faster they will cool. Hencethe cold White dwarfs provide a lower limit to the age of the universe.A carbon–oxygen white dwarf that approaches this mass limit, typically bymass transfer from a companion star, may explode as a type Ia supernovavia a process known as carbon detonation. More on this in the next section.2. NEUTRON STARSWhat happens if a star in AGB happens to be more than 1.4 M⊙ ?A low mass stars stops its nuclear reactions once it has a Carbon-Oxygen
(CO) core. Great deals of pressure and temperature is required to beginthermonuclear reaction of these elements. For masses greater than theChandrasekhar limit, these conditions are met and a thermonuclear reactionchain is initiated which goes on until we have Iron(Fe).As Iron is the moststable element, the reactions till the formation of Iron are exothermic. Theseprovide energy to the star and helps to further increase the temperatureand pressure in the core.If all the core is converted to Iron, it will start todraw energy from the surrounding as further reactions will be endothermic.This proves to be catastrophic for the star as the very energy that was being
used to withhold the star form gravitational collapse is being absorbed bythe core. What follows is one of the most spectacular events in the life of astar, a supernova. In a flash, the pent up gravitational potential is releasedcreating one of the brightest explosions in the universe. The explosioncauses the runway nuclear reactions to take place creating every heavyelement in the periodic table.For a few months the light releases by the supernova can be equivalent tothe combined light of every other star in its galaxy - the light of 100 billionstars or more.
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If the mass of of collapsed coreof the Supernova > 3 M⊙, then ifmay form aNeutron starwhich isa super-dense object spanningnearly 10 km in diameter but hav-ing 3 or more solar masses inthem. The matter is very denselypacked, so much so that theelectrons and protons combineto form neutrons and thus thestar is essentially just composedof neutrons.These stars spin very rapidly,many times a second, and alsopossess a strong magnetic field(magnetic flux is conserved, asthe surface area of the star hasdecreased exponentially, themagnetic field increases expo-nentially as well).

Figure 1.5: An Image of the Crab Nebula, a
supernova Remnant in the constellation of
Taurus having a neutron star at the centre

.

So some bursts of radiation are released from their magnetic poles andthese magnetic poles are not always aligned with their equatorial Poles. Sothese bursts can be observed periodically from the Earth as the neutronstar rotates. Such types of neutron stars are referred to as Pulsars.An ever more extreme form of neutron stars are Magnetars. They possessan even higher magnetic field and they undergo enormous outbursts at highenergy. Sometimes there energy may even reach the Earth’s atmosphereand cause disturbance in our communication.
3. BLACK HOLESBlack holes don’t require any introduction. When the mass of the remainingcore after the supernova is > 3 M⊙, then even the atomic forces aren’t strongenough to withhold the star from collapsing further. Their gravitational fieldbecomes so strong that even light can’t escape once it enters the Event
Horizon, a point in space a few kilometers away from the black hole.Black holes are one of the most interesting objects in the Universe but wewon’t we discussing it any more as we would go on a long tangent and thematter of the topic won’t be discussed



2. In case they go BINARY
We just looked how an isolated star evolves throughout its time, but as we knowmost stars in the universe are formed in bulk and they ain’t alone. In fact, alarge percentage of the stars( about half) exist in either a binary or a multi starsystem.The presence of other stars greatly affect the evolution of these stars.Here we will study how the star evolves if it exists in a binary system.

2.1 Binary InteractionsStars in binary systems, interact in many special ways and produce many differenttypes of systems as they evolve.We will be studying some of them and how likelythey to form in this project.How they evolve essentially depends on three factors:
1. Their Masses
2. Their Metallicity( how much heavier elements they possess)
3. The Semi-Major axis of their orbit.
Based on these One of the following things may happen

2.1.1 Roche Lobe Overflow• There exists a surface around the stars, where the gravitational forces ofthe 2 stars cancel each other out. This surface is referred to ad the Roche
Lobe. As a star grows bigger than the Roche lobe ( during its Red Giantphase), the companion star starts accreting some matter onto itself from itthrough the inner Langragian point (L1).

• If the companion star in a Compact Object( i.e. a Black Hole, a Neutron Staror a White dwarf), then a Accretion disk may form around it to conservethe angular momentum of the infalling material. /item As the material fallsinto the companion star, The intense gravitational field heats the materialto the point that it may start radiating X-rays.More on this later.
9
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Figure 2.1: An image depicting mass transfer from one star to its companion depicting
Roche-lobe Overflow

• This type of Mass transfer is stable as the hydrostatic Equilibrium of thedonor star remains stable.This mass transfer may make the mass on thecompanion star more which results in weird cases where stars which hadmass less than 1.4 M⊙initially to form black holes and neutron stars at theend of their lives.
2.1.2 Common Envelope

Figure 2.2: Common Envelope Evolution

. • If the 2 stars are born in a rela-tively wide binary,allowing them toexpand. The star with more mass,while undergoing expansion as aRed Giant may engulf its entirecompanion and form a common En-velop surrounding both of them.
• This Envelops cause friction whichresults in loss of Angular momen-tum of the system causing themto come closes by a factor of 2 ormore. This also results in unstablemass transfer.
• At the end of this process, The 2binary may be close enough thatthey merge together to form a sin-gle star. If they aren’t that close theenvelope is erected out and we geta binary w orbiting each other at amuch closer distance.
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2.1.3 Separate EvolutionIf the distance in the system is too large for them to interact in any way, The starundergo Evolution separately without the influence of their companion star.
2.2 After the Mass TransferOnce the mass transfer process is over, one of the following events may takeplace depending on the components of the system:
2.2.1 X-ray BinariesIf one of the stars is a Compact object, while the other is a main sequence star, asthe matter is being accreted onto the compact object, the intense gravitationalpotential causes the matter to release X-ray radiations(upto 30 percent of its restmass).It is further divided into Low Mass X-ray Binary and High Mass X-ray Binarybased on the mass of the donor star. As high mass stars may be more closer

to the Compact Object when they expand, the major mass transfer in that case
might be stellar winds and not through an accretion disk while the case is
opposite for low mass stars

2.2.2 Dwarf NovaeWhen the binary is composed of a white dwarf and a main sequence star, thematerial is pulled of off the main-sequence star, and spirals towards the whitedwarf.In some cases if the mass transfer rate is very high, the accretion disk mayundergo outbursts,brightening by a factor of 100 or so.
• At the highest mass accretion rates, the accretion disk doesn’t go out of itsoutburst state and the matter keeps piling onto the disk very quickly. Suchstars are called novalike.
• Sometimes, if enough mass builds up on the white dwarf’s surface, thetemperature and pressure of the accreted material can rise high enoughthat it undergoes thermonuclear fusion, just as it would in the star’s core.When this happens, the system becomes a classical nova, brightening bya factor of 10000 or more for a short time.
• Most novae recur on very long timescales, as it takes a long to build upenough mass to trigger a thermonuclear explosion. But in very few cases,the rate of mass transfer and the mass of the white dwarf are high enoughthat they recur on observable timescales of years or decades.These areknown as recurrent novae

• If the mass of the White dwarf is close to the Chandrasekhar Limit, thenthe collapse of the white dwarf results in a supernova. Such supernova
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that happen due to the binary nature of the system are known as Type
1a Supernova.These supernovas hold the special property that the peakbrightness reached by them is almost identical at of -19.3 ± 0.03. Thereforethey are considered as Standard Candles which help us to find the distanceto the galaxy of their residence.

2.2.3 When a Black Holemet another Black HoleThese are systems in which both the stars have evolved to their latter stages.The most interesting of them being binary black holes and neutron star - blackhole pairs.

Figure 2.3: A still from an animation depicting what a binary system of Black holes would
look like

Einstein’s General Theory of Relativity states that accelerating mass releasegravitational waves( Ripples through space time). Pertaining to the high mass ofthe black holes and their high acceleration, they lose a lot of their orbital energyin the form of Gravitational Waves.
• These Gravitational Waves are observed here on Earth through Laser In-terferometry by LIGO(The Laser Interferometer Gravitational-Wave Obser-
vatory. LIGO detected the first gravitational Waves when they detectedGW150914 (detected September 2015, announced February 2016).
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• The life cycle of such binaries have 3 different phases:

1. Inspiral Phase:Initially the orbit is gradually shrinking releasing very Weak GravitationalWaves are released. This goes on for a very long time. But as the orbitcomes shrinks, the speed increases and the frequency of gravitationalwaves increases until in reaches the innermost stable Complete Orbit
ISCO.2. Merger:A plunging orbit follows and it results in the merging of the CompactObjects. Gravitation Wave emission peaks here.3. Ringdown:The now single black hole will "ring". This ringing is damped in thenext stage, called the ringdown, by the emission of gravitational waves.The ringdown phase starts when the black holes approach each otherwithin the photon sphere(a sphere outside the black hole where light
bends so much that it boomerangs).

• These mergers happen in a very ... very long time. They may take longerthan Hubble Time which is the current age of the Universe. Such Double
Compact Objects (DCO) that merge in less time than Hubble time are saidto merge in Coalescence Time. We will study them further in detail.

Note:
The Helium core star that is left after the envelope is transferred or

lost is called a Wolf-Rayet star.

2.2.4 Merger Methods:1. the ’Vanilla’ method( pun intended )
Here we are studying a particular case where accretion disk is initially
formed on the companion star while a common envelope is formed when
the it undergoes expansion.[75M ⊙and 100 M⊙with a seperation of 10
AU in low metallic environment.]

• This is what we discussed earlier where the stars undergo an inspiralphase and merge.• Initially as the star with the greater mass goes through its red giantphase and expands past the Roche-lobe, it starts mass transfer to theother star which is still in the main sequence.• Mass is lost as the companion star can’t accept the mass at the rateit is being donated. This along with stellar winds results in mass losswhich widens the system.• The primary star in converted into a Wolf-Rayet star before it collapsesinto a black hole/neutron star.
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• Some time later the companion star reaches the end of the main se-quence and the process is repeated in reverse. Then the companionstar undergoes expansion and forms a common envelope. Expulsionof the envelope is followed by it becoming a black hole resulting in abinary black hole that will eventually merge.( Eventually −→ 10 billion years)

2. Chemical Homogeneous Evolutionif the stars, at the onset of hydrogen burning are in near contact to eachother, tides are raised in the component stars which triggers instabilities inthe stellar interior which may result in meridional circulation throughout thestellar structure causing gradual enrichment of Helium in the envelope.The stars soon become tidally locked to each other as the rotation periodof the star is synchronized to the orbital period of the Binary.As the stars undergo nuclear fusion more efficiently, they form Wolf-Rayetstars and continue to contract and eventually produce binary black holeswith comparable mass that will merge before Hubble Time.
3. Dynamical formationFor 2 black holes to merge, It isn’t necessary that they lie in a Binary systemfrom the start, but they can me made into a Binary system by a matchmakeror rather a bunch of matchmakers.Such a system can be formed by a initial 3 body system,where one of theobject gets sufficient kinetic energy to be ejected from the system. Else,there can be a substitution case, where a black hole interrupts a stellarbinary and ejects the lightest star, forming a binary with the more massivestar.There can be many permutations and combination to this. Basically otherstars/objects may result in them forming a binary by ejecting it towordsthe other through a natal kick, Gravitational Sling etc. Other stars may alsocome into their binary orbit and end u closing their distance as it takes awayangular momentum from the system as ot goes away.



3. Tasks
Here are the tasks that we were given to present:

3.1 Task 0We have to run a simulation of 10 stars with fully conservative mass transfer asthe condition. Here is the code fore that:
./COMPAS –number-of-systems 10 –mass-transfer-accretion-efficiency-prescription

FIXED –mass-transfer-fa 1 –detailed-outputWhen we compare the total mass of the system initially and finally we seethe total mass does not add up. This happens as even though the mass transferis fully conservative, If and when the system undergoes through a commonEnvelope phase, and the supernova explosion, novae explosions in case of whitedwarfs, expel the mass of the common envelope.Supernovae in general alsoexpel a lot of stellar mass. Stellar winds may also cause mass loss. We can seesome cases in the following graphs.

Figure 3.1: COMPAS processed timeline showing reduction of mass through expulsion of
common envelope

15
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Figure 3.2: COMPAS processed timeline showing expulsion of mass through a supernova
explosion

Figure 3.3: COMPAS processed timeline showing expulsion of mass by formation of
Wolf-Rayet Star
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3.2 Task 1We will be studying Seed 1719454779 in detail.

• Initially, we have 2 ZAMS stars having 7.7M⊙and 3.7M⊙respectively.Themetallicity of the stars Z = 0.0142. The semi Major axis = 2689.5 R⊙.
• After 45.9 Myrs(million years),The bigger star goes Supernova and expe-riences a mass loss of 6.1M⊙.There was no interaction between the starsas the distance between them was quite vast.The semi-major axis hasdecreased slightly though as the 2 stars spiral towards each other slowlyreleasing negligible gravitational waves.

Figure 3.4: COMPAS processed timeline showing evolution of Seed 1719454779

Figure 3.5: M⊙vs time(Myr) for Seed 1719454779
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Figure 3.6: Stellar-Type vs time(Myr) for Seed 1719454779

Figure 3.7: R⊙vs time for Seed 1719454779

Figure 3.8: Log(L/L⊙) vs Log(T/K) for Seed 1719454779
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• The second star eventually forms a Carbon-Oxygen White-Dwarf COWD267 myrs down the line.
• The 2 objects eventually form a double Compact Object (DCO), at 14116.67Myrs after slowly spiraling towards each other.
• These stars don’t merge within The Hubble Time and remain like this.

3.3 Task 2• In this task, I ran 10,000 simulations and distribute the number of binariesaccording to how they interacted through different mass transfer channels.
• Also, we had to demonstrate the distribution of occurrences of supernovaeamong these binaries. These binaries were simulated on default settings.
• the table below summarizes my results:

Statistics ValueTime taken to simulate 94.567336Number of binaries that never interact 4087the binary pair that undergo only stable masstransfer are 1366
the binary pair that undergo stable mass trans-fer along with 1 common envelope are 1694
the binary pair that undergo stable mass trans-fer along with 2 common envelope are: 238
the binary pair that undergo common envelopewithout stable mass tranfer are 2614

Table 3.1: Dataset for the simulation of 10,000 binaries without mass conservation on

3.3.1 PlotsAs the life cycle depends of a binary system of stars isolated depends on 3factors: Semi Major Axis(a), and the Mass of both the primary and secondarystar It is difficult the show the trends of such evolution using a graph. A uniquemethod which one of the members of the project group Advait Mehla presentedwas to create a 2-D plot of Semi-Major Axis vs Mass Ratio with the size of thedot representing the combined mass of the system.
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Figure 3.9: Scatter Plot showing the mass transfer mechanisms they go through de-
pending on their initial mass ratio and Semi-Major Axis(AU))

Figure 3.10: Scatter Plot showing the mass transfer mechanisms they go through de-
pending on their initial mass ratio and Semi-Major Axis(AU) unto 20 AU

Figure 3.11: Scatter Plot showing the mass transfer mechanisms they go through de-
pending on their initial mass ratio and Semi-Major Axis(AU) unto 1 AU
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• Straightaway we can notice some trends that for a > 20 AU, No interactiontakes place and both the stars evolve separately.
• For Mass Ratio < 0.2 Roche Lobe Overflow(RLOs), don’t take place . Thiscan be accounted to as the Primary star can envelope the small star toundergo Common Envelope evolution.
• CEEs are mostly restricted to a < 15.0 AU as farther than that it would takea quite massive star for it to somehow have a common envelope with itscompanion star.
• Most of the massive stars undergo RLO as we can see a lot of big greendots. This can be attributed to that in their Red Giant phase, they becomesupergiants and their outer mass is now so far away and much closer to thesecondary star that Roche lobe overflow is possible.• there is a patch for Mass Ra-tio < 0.2 and a < 2.5 AU wheremostly every system results ina merger. This must be be-cause the more massive starengulfs the smaller star AndCEE brings it so close thatmerger becomes inevitable.• Almost every system for a < 5.0AU undergoes some type of in-teraction.• There is one outlier here whichwe can see visible as a red dotat a ≈ 200 AU and mass ratio ≈0.5 which seems to be under-going merger. Figure 3.12: Outlier Timeline generated though

COMPAS• This is not possible and we see the error happening from B to C as s isdecreased from 43648 R ⊙ to just 871.9 R ⊙. This is theoretically impossiblewithout external factors being involved.

Figure 3.13: Outlier Mass Timeline generated though COMPAS showing that the Semi
Major Axis change at step 3 is not followed here thus it is an outlier
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Mergers

Figure 3.14: Binary Systems undergoing
Mergers

.

Figure 3.15: Binary Systems undergoing
Mergers with a < 1 AU

• A total of 3150 systems undergo stellar mergers.Almost all mergers tookplace when the semi major axis was less than 10 AU.
• The masses vary from 0.1 M ⊙ to 100 M ⊙, with only a handful systemshaving masses of the stars beyond 100.
• We can notice a spike at mass ratio = 1 which is expected as this comesfrom how COMPAS initializes close binaries. Since it randomly samplesmass, mass ratio, and a, sometimes we get binaries that are overflow-ing their Roche Lobe’s right at birth. This is non-physical and come fromthe fact that we are not considering the birth environment of these sys-tems,therefore, COMPAS simply assumes that these stars would have inter-acted pre ZAMS, and would have equilibrated their masses (i.e we get M1

= M2 = 0.5(initial total mass). That’s the spike we see.
Roche Lobe Overflow (RLO)

Figure 3.16: Binary Systems undergoing
Mergers

.

Figure 3.17: Binary Systems undergoing
Mergers with a < 1 AU

• a total of 1362 binaries that experience Roche Lobe overflow (RLO) withoutundergoing merger.
• RLOs occur mostly when a < 20 AU. However, the systems having primarymass (@ZAMS) around 5-8 M⊙ are able to experience stable mass transfereven when the semi-major axis (@ZAMS) is as high as 40 AU.
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• The primary masses of these systems vary from 5 M⊙ to 150 M⊙, while thesecondary masses vary from 0.1 (minimum limit) all the way to 140 M⊙ .

Common Envelope Evolution

Figure 3.18: Binary Systems undergoing
CEE

.

Figure 3.19: Binary Systems undergoing
CEE with a < 1 AU

• A total of 1606 binarie experience CEE. Most of these systems have a < 10AU, with only a few experiencing Common Envelope Evolution near 15 AU.
• Majority of the systems have masses less than 10 M ⊙, with only a fewheavier systems experiencing CEE upto the limit of 50 M ⊙.

No Interaction

Figure 3.20: Binary Systems undergoing no interaction

• The total number of systems that do not interact are 4087. Almost all ofthese systems have semi-major axis to be greater than ≈ 10AU, all the wayupto 1000 AU.
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3.4 Task 3Now we had to run 10,000 binaries with conservative mass transfer. To do this,the Mass Transfer Accretion Efficiency was set to 1. All the other parameterswere default.

Figure 3.21: Scatter Plot showing the mass transfer mechanisms they go through de-
pending on their initial mass ratio and Semi-Major Axis(AU))

Figure 3.22: Scatter Plot showing the mass transfer mechanisms they go through de-
pending on their initial mass ratio and Semi-Major Axis(AU) unto 20 AU
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Figure 3.23: Scatter Plot showing the mass transfer mechanisms they go through de-
pending on their initial mass ratio and Semi-Major Axis(AU) unto 1 AU

• One major difference that comes with mass conservation is that duringRLOF, the mass loss due to stellar winds and other factors does not happen.This means that during the red giant phase of the Primary star, the masslost to space all goes to the secondary star.
• This means that on average the secondary star will have more mass thanthe default case before there red giant phase. This means the formation ofneutron stars and black holes should increase if only a little as more massis conserved

Statistics ValueTime taken to simulate 176.144812Number of binaries that never interact 4140the binary pair that undergo only stable masstransfer are 1012
the binary pair that undergo stable mass trans-fer along with 1 common envelope are 1594
the binary pair that undergo stable mass trans-fer along with 2 common envelope are: 312
the binary pair that undergo common envelopewithout stable mass transfer are 2942

Table 3.2: Dataset for the simulation of 10,000 binaries without mass conservation on
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• We can notice the time taken to stimulate the events has almost doubled.This can be assumed to have come from the extra computation required todisregard for mass loss and other factors such as computer heat etc.
• we can straight away notice that the number of stable mass transfers havedecreased and CEEs have increased. This can be attributed to the fact thatas we saw in task 0, as all mass goes towards the secondary star, when itundergoes expansion, the stars have reached close enough at this pointthat CEE takes place. Therefore the case for only stable mass transferdrops.
• the number of individual CEE events also increased which was a little strangeas individual mass transfer events shouldn’t have been affected for the givenchange.

Mergers

Figure 3.24: Binary Systems undergoing
Mergers

.

Figure 3.25: Binary Systems undergoing
Mergers with a < 1 AU

• A total of 3621 systems undergo stellar mergers
Roche Lobe Overflow (RLO)

Figure 3.26: Binary Systems undergoing
Mergers

.

Figure 3.27: Binary Systems undergoing
Mergers with a < 1 AU

• a total of 1011 binaries that experience Roche Lobe overflow (RLO) withoutundergoing merger.
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