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Abstract

Compact binaries allow us to study many spectacular and fantastic astrophysical phe-
nomena. The evolution of massive stars in binaries is filled with interesting, open
questions that we are just now beginning to be able to answer. The aim of this thesis has
been to investigate the evolution of compact binary stars to gravitational wave sources
via hydrodynamical simulations of interacting stellar binaries.
The thesis is organised in three main parts.

In part I, we present models for merger-driven explosions that arise after the merger
between a star and compact object following a common envelope event. In the merger
accretion onto the compact object produces a neutrino-cooled a disk, and the envelope
material is expelled into the surrounding environment, forming a dense circum stellar
medium. This event is accompanied by the release of approximately 1051 erg into
the surrounding medium, leading to an explosion with a light curve shaped by the
merger-produced circum stellar medium.

In part II, we explored the effect on LIGO sources of forming the second compact
object in a fallback supernova. We found that the observed black hole systems with
smallerM and positive χeff could be formed in fallback supernova. And we propose
that GW200115,a black hole neutron star system, was formed in a fallback supernova.
Its neutron star has a mass is more massive than mean observed for Galactic binary
neutrons stars, and its black hole has a mass close to the lower side of the black hole
mass distribution, both of which are possible to form in fallback supernova of a helium
star of 10.0 M⊙ only depending on the supernova energy.
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abstract iv

Finally, in part III we investigate the characteristics of an electromagnetic counterpart
to a binary black hole merger after a fallback supernova. In a fallback supernova, the
ejecta material settles in mini disks around each black hole and accretion continues.
We predict that the accretion luminosity at time of merger is ≈ 1035 erg/s for systems
formed in symmetric explosions, and can be an order of magnitude higher for systems
formed in asymmetric supernova with kicks.



Dansk resumé

Observeringer af tætte dobbeltstjerner giver os mulighed for at studere nogle af de mest
spektakulære fenomener i astrofysik. Store dobbeltstjerners evolution er fyldt med
interessante og uafklarede spørgsmål, som vi kun er begyndt at kunne svarer på. Målet
med denne afhandling er at undersøge tætte dobbeltstjerner, der udvikler sig til to sorte
huller eller neutron stjerner ved hjælp af fluid simuleringer. Denne afhandling består
af tre hoveddele.

I den første del præsentere vi modeller explosion fra kollisionen af en kæmpe stjerne
og et sort hul eller en neutronstjerne. I kollisionen falder store dele af kæmpestjernens
kerne ned i det sorte hul eller bliver optaget af neutronstjernen of danner en neutrino af
kølet disk. Samtidig bliver de ydre lag af kæmpestjernen spredt rundt om kernen og det
kompakte objekt. Kollisionen frigiver omkring 1051 erg ud i den spredte gas, hvilket et
kraftigt lyssignal, hvor der er imprintet strukturen af de ydre lag af kæmpestjernen.

I den anden del forskede vi i hvordan svage supernova eksplosioner kan ændre på
endelige parametre for LIGO objekter. Vores result blev at de dobbelt sorte huller med
små værdier forM og positive værdier for χeff kan formes med svage supernovaer. Vi
foreslår desuden at GW200115, som blev udsendt i kollisionen mellem en neutronst-
jerne og et sort hul, også blev formet i en svag supernova. Neutronstjernens masse er
højere end de fleste i vores galakse og det sorte huls masse er mindre end vores generelle
forventninger til sorte hul masser. Det er muligt at forme begge disse komponent fra en
10.0 M⊙ Helium stjerne i svag supernova.

Og i den sidste del undersøgte vi mulige observationer af kolliderende sorte huller,

v



dansk resumé vi

hvor det sidste sorte hul er formet i en svag supernova. I en svag supernova falder
noget af det ekploderende gas tilbage på de sorte huller og danner en mini disk rundt
om hvert sorte hul. De sorte huller optager derefter gassen i diskene og udsender lys.
Vi vurdere, at når de sorte huller efterfølgende kollidere vil de stadig udsende ≈ 1035

erg/s lysenergi, hvis supernova eksplosionen var helt symmetrisk. Hvis den derimod
var assymetrisk og systemet fik en impuls i modsat retning kan lysudsendelse være en
faktor ti højere.
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Introduction

assembly of binaries in the field

Stellar evolution has been studied for many years, but only recently has it been discov-
ered that most stars actually are formed as binary stars or multiple star systems (Offner
et al., 2022). When we model stellar populations and make statistical comparisons
to observed populations, it is therefore necessary not only to understand how stars
evolve as single stars, but also how interactions with companion stars effect the final
population. Massive stars are of particular interest, as they are believed to play key
roles in many aspects of astrophysics such as the reionization of the universe (Conroy
& Kratter, 2012; Eldridge et al., 2017; Götberg et al., 2019; Götberg et al., 2020; Ma
et al., 2016; Rosdahl et al., 2018), nucleosynthesis of heavy elements (Dray & Tout,
2003; Izzard et al., 2006; Langer, 2012; Woosley & Heger, 2007), and the diversity of
observed supernovae (Eldridge et al., 2019; Eldridge et al., 2018; Eldridge et al., 2013;
T. J. Moriya et al., 2017; Podsiadlowski et al., 1992; Tauris et al., 2015; Yoon et al., 2019;
Yoon et al., 2017; Zapartas, Renzo, et al., 2021; Zapartas et al., 2019). A subset of these
will be visible as X-ray binaries (Remillard & McClintock, 2006), double neutron stars
(Tauris et al., 2017), short gamma-ray bursts (Berger, 2014; Woosley & Bloom, 2006),
and gravitational-wave transients (LIGO Scientific Collaboration & Virgo Collaboration,
2019a; Mandel & Broekgaarden, 2022).

For massive stars 70% will exchange mass with their companion during their evolu-
tion (Sana et al., 2012). These interactions change the final masses, orbits and spins of
the remnant or remnants.
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0 .1 single-star evolution

A star spends most of its life on the main sequence, where it is fusing hydrogen into
helium in its core. During this time the star becomes more luminous while decreasing
its effective temperature, Teff.
For massive stars with masses above ∼ 8M⊙, phases of consecutive fusing in the core
lead to the different phases of evolution. When the star runs out of Hydrogen in its
core, it starts burning hydrogen in a shell around the core. This marks the end of the
main sequence. The shell burning causes the star to expand on a thermal timescale and
becomes a red giant star. When helium is ignited, the star contracts again and a phase
of core-helium burning follows. This phase is much shorter than the main sequence,
and after Helium is exhausted from the core a second giant phase begins.
For massive stars ensuing phases of core ignition and burning continues follows the
second giant phase. Strong stellar winds are present both during the main sequence and
later core burning phases, where large fractions of the star’s mass is lost. And finally,
massive stars with masses roughly between 8−25M⊙ end up exploding in core collapse
supernova, where they eject most or all their envelope material and the a neutron star
(NS) is formed. For even more massive stars, the explosion is not strong enough to eject
all the envelope material, and the NS instead collapses under the weight of the envelope
and forms a black hole (BH).

0 .2 binary-star evolution

Here I will go through a standard evolution of a binary in the field into a gravitational
wave source. What follows is one of the generally accepted evolution paths, though as I
will describe in sections 0.3.2, there are many uncertainties in this schematic.

Stars in binaries go through the same phases of fuel burning and expansions as single
stars. But when a close companion is present, the phases of expansion lead to mass
transfer between the stars, and often mass is also lost from the system all together.
Figure 0.1 shows a schematic evolution of a binary, starting out with two massive stars
of 38 and 34M⊙. The more massive star will reach the giant phase first. We will call this
star the primary. Because the binary is close, the primary expands beyond the size of its
own gravitational domain called its Roche Lobe (RL). The outer layers of the primary
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are stripped from the primary and transferred onto the companion. The companion
will accrete some of the material, but in most cases it will not accept all the gas from
the primary, so some of the gas is lost from the system. This decreases the mass of
the primary and increases the mass of the companion. Changes in the relative masses
between the stars changes the orbital separation. In this case the mass ratio increases
and therefore the separation also increases (see the derivation of this relation below).
Following the first mass transfer, the primary goes through its remaining phases of
burning fuel, until the star collapses into a black hole of 14M⊙.
When the companion reaches the giant phase and starts expanding, mass transfer is
again initiated. In this case, the giant star is much larger than the primary, and the mass
transfer makes the orbit shrink. The expansion eventually happens too fast compared
to how quickly the primary BH can accrete the gas, and the system enters a phase of
unstable mass transfer called the Common Envelope (CE) phase. In a CE phase the
expansion of the giant star results in the orbit of the primary being inside the envelope
of the companion. Now the material around the primary is very dense, and it causes a
lot of friction on the primary’s orbit in the form of gas drag. The gas drag effectively
transforms orbital energy into kinetic energy in the envelope material, so the orbit
of the primary and the core of the companion shrinks, while the envelope is ejected
from the binary. This rapid contraction of the orbit is necessary to make the orbit tight
enough to merge via gravitational-wave radiation within the age of the Universe.. But
many of these encounters are also expected to result in the primary merging completely
with the companion, and the explosive outcome of such a merger is described in 1.

After the CE phase, the binary consists of a black hole and Helium core star in a very
tight orbit. Because the orbit is so compact, tidal effects are efficient and will spin up
the Helium star and synchronize it with the orbit. When the companion collapses into
a spinning BH, with the spin relating to the pre-collapse binary separation.
Both BHs are now formed. The orbit continues shrinking due to energy and angular
momentum loss via gravitational waves, and the black hole binary will eventually
merge into one black hole. The time until merger depends strongly on the separation
after the CE phase, and therefore only systems with separations of a few tens of solar
radii can merge and be observed as gravitational wave sources by LIGO.
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Figure 0.1 – Classical evolution of a stellar binary black hole system going through a
phase of common envelope evolution. Figure modified from Belczynski et al. (2022)
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0 .3 binary orbit evolution during mass loss

When stars evolve in binaries, multiple phases of mass and angular momentum loss
change the orbit and the stars spins. Here I go through some of the analytical estimates
of the phases in binary evolution, where the orbit is altered by the interactions between
the stars.

0.3.1 Mass loss and torques

There are many types of mass loss and mass transfer in binary evolution. The simplest
case is that of one star losing mass through a stellar wind.The companion accretes some
of the gas and shapes the motion of the remaining material.
To simplify the problem we assume that the orbit is circular. Then we define the mass
loosing star as md for donor star, and the accreting companion ma for accreting star.
The donor star is loosing mass at a rate ṁd . The companion accretes a fraction β of the
mass lost from the donor, so ṁa = −βṁd , which is a variable we can set in the analysis.
The total angular momentum or the orbit is

J2 = G
mdma

md +ma
a, (1)

and by taking the total derivative, we can relate the changes in the binary to changes in
the orbit

2
J̇
J

=
ȧ
a

+ 2
ṁd

md
+ 2

ṁa

ma
− ṁd + ṁa

md +ma
. (2)

To understand the evolution of the orbit we need to keep track of changes in angular
momentum. The angular momentum lost in the wind from the donor star is J̇d =
ṁd(rd × vd), which is the angular momentum the gas had, while it was still part of the
star. In a circular orbit the velocity of the star is always perpendicular to its radial
vector, so we can drop the crossproduct and write J̇d = ṁd rd vd . ṁd is per defintion
negative when mass is lost from the donor star, so J̇d is also negative.
Some of the angular momentum lost from the donor star will is retained by the system,
when the companion accretes the gas. This adds a factor J̇a to the total change. The
angular momentum of the accreted gas will have changed as it moved across the Roche
potential of the two stars, so this factor will have to be measured numerically.
The gas that is not accreted by the companion is left around the binary. Some of it is
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focused in wakes behind the two stars, and these wakes exert drag forces on each object.
This will transfer an angular momentum J̇drag from the orbit to the wakes. How great
this effect is depends on how much gas is present around the binary, and how fast the
wind is moving. So this factor also has to be measured numerically, but is by definition
negative. In total the change in angular momentum is J̇ = J̇d + J̇a + J̇drag .
We define the parameter α as the ratio of the specific angular momentum of material
lost and the specific angular momentum of the binary

α =
J̇

ṁd + ṁa

md +ma

J
(3)

Putting all this into equation 2, we get the orbit evolution:

ȧ
a

= −2
ṁd

md

[
1− βmd

ma
− (1− β)

(
α +

1
2

) md

md +ma

]
(4)

ṁd is negative, so if the sum in parentheses is negative too, ȧ must be positive and the
orbit will widen. If the paranthesis is positive, ȧ will be negative and the orbit will
shrink.

Equation 4 is the general equation for orbital changes in binaries when mass and angular
momentum is transferred or ejected. It is useful to look at specific values for ȧ/a under
given physical setups.
First let us consider conservative mass transfer. This is the case when mass is transferred
perfectly from one star to the other, without any mass being ejected so ṁa = −ṁd . This
also means that no angular momentum is lost, so J̇ = 0. Then equation 4 simplifies to

ȧ
a

= 2
(
md

ma
− 1

)
ṁd

md
(5)

Again ṁd is negative, so if the sum in parentheses is positive, ȧ must be negative, and
the orbit will shrink. This is the case when md > ma. If md < ma, then ȧ must be positive
and the orbit will widen. This means that the separation will shrink until md = ma. On
the other hand, this means that a mass loss resulting in a greater difference in mass
between the two star will result a wider orbit.

Another likely situation is the perfect loss of mass in a stellar wind, where mass is
ejected from one star without interacting further with the binary. This type of mass loss
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is called the fast mode or Jeans mode of mass loss. In this setup ṁa = 0 and while the
mass lost from the donor is ṁd . The only angular momentum loss is that carried by the
material ejected. It has the angular momentum of the donor star with J̇d = ṁdrdvd , and
so α = m2

m1
. This simplifies equation 4 to

ȧ
a

= − ṁd

md +ma
(6)

Because md is negative, ȧ is positive, so the orbit expands proportionally to the amount
of mass lost.

It should be noted here that both these examples are simplifications. A perfectly
conservative mass transfer is hard to imagine, because the accreting star has to readjust
and actually absorb the oncoming mass. But the incoming mass is hot and the pressure
balance is likely to push material out of the gravitational well of the accretor. The more
correct orbit evolution includes an angular momentum and mass loss from the system.
The wind mass loss is also a simplification, as it assumes that the wind material leaves
the system with only the angular momentum it had when ejected from the surface of
the donor star. After the mass has left the surface, it still has to pass outside of the
potential of the binary, and will be affected by the gravitational forces. These forces
will redistribute the material into an asymmetric ambient medium, with wakes behind
the stars of high density material. These wakes in turn have a gravitational pull on the
stars, which acts as a gravitational drag on the binary. This invokes an extra angular
momentum loss term, counteracting the directly proportional expansion due to mass
loss.

0.3.2 Instantaneous mass loss in binaries

When a supernova occurs in a binary, the ejection of mass from the exploding star hap-
pens on timescale much shorter than the orbit, and it can to first order be approximated
as an instantaneous mass loss. Each star is assumed as a point mass moving in a circular
orbit around their center of mass (CoM). The exploding star has mass M1 and velocity
v1, and the companion has mass M2 and velocity v2. After the supernova the remnant
has a mass M1f , and the change in mass in the system is

∆m = M1 −M1f (7)



contents 8

and is it is useful to define mass loss ratio, m̃

m̃ =
M1 +M2

M1f +M2
(8)

To begin with I will assume that the explosion is symmetric, so no supernova kick is
added to the binary. Hereafter everything in the final orbit is denoted with a subindex

f , and everything in the original orbit has no marker.

Because the ejection of mass happens instantly, the remnant and the companion con-
tinue orbiting each other with the same velocities. But because of momentum conserva-
tion, the whole system starts moving at velocity

p⃗CoM = ∆p⃗M1
+∆p⃗M2

v⃗CoM(M1f +M2) = M1f v⃗1 −M1v⃗1

v⃗CoM =
−∆Mv⃗1

(M1f +M2)
.

(9)

From this we can see that the system will start moving in opposite direction of v1.

In the new CoM frame the total energy at the moment of the supernova explosion is

Ef = −
GM1fM2

a
+

1
2
M1f v

2
1 +

1
2
M2v

2
2 = −

GM1fM2

2a
(2− m̃) (10)

Now we can use the energy equation to derive analytical restrictions on the post
supernova orbit.
First we derive the condition for the orbit to stay bound. If the system is to remain
bound, the total orbital energy has to be negative after the mass loss. Looking at
equation (10), this implies that the term in parenthesis is greater than zero, so that the
final binary mass is more than half the initial mass

1
2

(M1 +M2) < (M1f +M2). (11)

We can also derive the new semimajor axis by using the virial theorem saying that the
total orbital energy of a bound orbit is Ef = −GM1f M2

af
. Compared to equation 10 we get

af =
a

2− m̃
(12)
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and the period of the binary can be derived from Kepler’s third law

Pf =
P

(2− m̃)3/2
(13)

The final orbit’s total angular momentum is

Lf = µf avorb (14)

where µf =
M1f M2
M1f +M2

is the reduced final mass. The new orbit has excess kinetic energy,
so the orbit is eccentric:

e =

√√√
1 +

2Ef L
2
f

(G[M1f +M2])2µ3
f

= m̃− 1

(15)

From equations (12),(13) and (15), we see that the orbit grows further apart with higher
mass loss. With m̃ = 2 the semi-major axis goes to infinity because the system becomes
unbound, and the value of the eccentricity becomes greater than one.

Now Galactic pulsars have been observed to move with large proper motions (Arzouma-
nian et al., 2002; Beniamini & Piran, 2016; Gunn & Ostriker, 1970; Hansen & Phinney,
1997; Lyne & Lorimer, 1994; Verbunt et al., 2017). The large velocities are attributed
to an asymmetric supernova explosions, which causes the remnant too recoil in the
opposite direction and impart a supernova kick. The exact mechanism is still uncertain,
but current guesses are either hydrodynamical effects (Burrows & Hayes, 1996; Janka &
Mueller, 1994; Wongwathanarat et al., 2013) or neutrino emission (Bisnovatyi-Kogan,
1993; Nagakura, Morinaga, et al., 2019; Socrates et al., 2005; Woosley, 1987).
The equations are more complicated when the supernova is non-symmetric because the
kick is not necessarily in the orbital plane of the orbit. In phase space, v⃗k is given by

v⃗k =


vk cosθ cosφ
vk cosθ sinφ

vk sinθ

 . (16)

where vk is the magnitude of the kick vector. It is also helpful to define the relative kick
velocity to orbital velocity ṽ = vk

vorb
. Brandt and Podsiadlowski (1995) derive the new
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orbital parameters, where the new semi-major axis is

af =
a

[2− m̃(1 + 2ṽ cosφcosθ + ṽ2)]
, (17)

the new orbital period is then given by

Pf =
P

[2− m̃(1 + 2ṽ cosφcosθ + ṽ2)]3/2
, (18)

and the new eccentricity is

e2
f = 1− m̃

[
2− m̃(1 + 2ṽ cosφcosθ + ṽ2)

] [
(1 + ṽ cosφcosθ)2 + (ṽ sinθ)2

]
(19)

Some important limits can again be found from these equations. The strongest kick
allowed for an orbit to remain bound is in the exact opposite direction of the orbital
motion. And for systems kicked in the right direction, higher mass loss is possible,
because the kick will effectively force the system back into a bound orbit. It can even
make the orbit smaller than it was before the supernova occured, if it is strong enough.
This is relevant for compact object mergers, as it changes the GW merging time. The
fraction of systems evolved in binary population studies that merge within a Hubble
time will change depending on the assumptions behind kick velocities, and the therefor
the parameter space for LIGO source progenitors.

open questions in binary evolution

In this section I will present the outstanding questions in the field of binary evolution
that I have worked on during my PhD.

0 .4 common envelope sn

Binary evolution consists of many phases, though in general the timescales are too
long to actually observe populations of binaries evolving. Instead we can use theory to
predict observable signatures, which then can be used to estimate numbers of objects
and derive the rates of evolving binaries. One of the phases that could give a luminous
signal is the CE phase, where a giant star expands and engulfs the orbit of its companion.
At the onset of this interaction, some of the outer envelope material is ejected. This
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phase has been suggested to be the source of the optical or infrared transients called
red novae (Ivanova, Justham, Chen, et al., 2013; MacLeod, Macias, et al., 2017; Metzger
et al., 2012; Soker & Tylenda, 2006). If the CE phase ends with the two stars merging,
a stronger signal is possible in the form of a mergerinduced explosion or a CE jet
supernova (Dong et al., 2021; Gilkis et al., 2019; Grichener & Soker, 2019; Soker &
Gilkis, 2018; Soker et al., 2019). In a CE merger the hydrodynamical drag on the
compact object companion causes the companion to sink all the way to the core of the
donor star. Here the compact object will tidally disrupt the core of the giant star, from
which material forms a rapidly accreting neutrino-cooled disk. The rapid accretion
liberates energy of the order ∼ 1053 ergs. Most of this energy is emitted as neutrinos,
but a fraction is emitted as mechanical energy in the form a jet or strong disk winds.
Depending on exact densities and assumed efficiency, the amount of mechanical energy
released is of the order 1050 to 1052 ergs.

0.4.1 Supernovae interacting with circumstellar material

The many variations seen in the light curves from type II supernovae likely originate
from the supernova shock hitting dense circum stellar material (CSM) (Chevalier &
Irwin, 2011; Chugai, 1997, 2001; Chugai & Danziger, 1994; Chugai et al., 2004; Dessart
et al., 2015; T. J. Moriya, Blinnikov, et al., 2013; Morozova et al., 2017; Ofek, Fox, et al.,
2013; Smith & McCray, 2007). Specifically type IIn supernova are known to come from
interactions with CSM, as they have narrow emission lines from slow moving material
in their spectra (Kiewe et al., 2012; Taddia et al., 2013). The origin of the CSM is still
unclear. Possible origins include late stage stellar winds or an outburst of gas from the
star just prior to explosion (Fuller, 2017; Quataert & Shiode, 2012; Shiode & Quataert,
2014) or the formation of a disk like structure around the star (J. E. Andrews & Smith,
2018; McDowell et al., 2018). It is also likely that binary interactions and mass transfer
between the stars could lead to dense CSM (Smith, 2014).

The interaction with a CSM changes the supernova light curve in the following
way. An amount of energy ∆E is transformed from kinetic to internal energy in the
supernova ejecta, when it is sweeping up a thin shell of CSM,

∆E ≈ dMCSM

Mtot
E, (20)
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where Mtot is the sum of the supernova ejecta and the swept-up CSM mass, dMCSM is
the CSM shell mass, and E is the kinetic energy of the supernova ejecta.

When this addition of internal energy happens in an optically thin region, all of
the internal energy is radiated, and ∆Erad ≈ ∆E. But if the CSM shell lies within the
photosphere radius, which is an optically thick region, the heated ejecta will instead
continue to expand. The gas internal energy will then decay along an adiabat, until it
has become optically thin and is free to radiate. When the gas pressure is dominated by
radiation with P ∝ ρ4/3, then we can assume that the gas specific internal energy decays
adiabatically as r−1 in optically thick regions, and

∆Erad ≈ (r/Rph)∆E. (21)

Combining the two above equations, we can get the extra radiated energy from SN
ejecta, when it is interacting with CSM within the photosphere radius

dErad

dMCSM
≈ E
Mtot

r
Rph

. (22)

But the CSM is rarely just a thin shell, and more likely an area of material distributed
between the pre-SN radius of the star R∗ and the photosphere radius Rph. To get
an estimate of the total energy radiated from CSM interaction, we can integrate the
expression above over radius. To simplify we will assume that E is constant. This is
justified only when MCSM≪Mtot and Erad≪ E. If these conditions are not met, the loss
in kinetic energy to thermal energy or radiation must be included. We then replace
dMCSM = 4πr2ρdr, where ρ is the CSM density, to write

Erad

E
≈

∫ Rph

R∗

r
Rph

4πr2ρ

Mtot
dr,

≈ 4π
RphMtot

∫ Rph

R∗

ρr3dr. (23)

This integral shows that the density distribution ρ(r) is critical in determining the CSM
contribution to the radiated luminosity and the SN lightcurve. Lightcurves seen from
some type II SN have material very close to the surface of the star. This CSM is hard to
explain with winds or a mass outburst, as it would be moving to fast and already be
further away from the star by the time of explosion. Instead in chapter 1 I present my
work on explosions from stellar mergers inside a CSM created by a CE event. The CE
event has slow moving CSM, which has left the star gradually right up until the time of
the explosion, resulting in a very close and dense CSM.
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0 .5 fallback supernova in binaries

The mechanism of core collapse supernova is still not well understood (Burrows &
Vartanyan, 2021). A successful explosion would result in a complete ejection of the
outer envelope leaving behind a NS, while an unsuccessful explosion has energies lower
than the binding energy of the star, and results in an implosion with the formation of a
BH. In general stars below 20M⊙ are expected to have successful explosions and form
NSs, while stars above 20M⊙ have unsuccessful explosions and form BHs.

However, new studies show that whether the explosion is successful or not is harder to
determine than expected and not just a function of the initial mass (Ertl et al., 2016;
Nakamura et al., 2015; Sukhbold & Adams, 2020; Sukhbold & Woosley, 2014; Ugliano
et al., 2012). Parameters such as the "compactness parameter" (O’Connor & Ott, 2011)
have been tested, but O’Connor and Ott (2011) and Ugliano et al. (2012) and Sukhbold
and Woosley (2014) have showed that processes in the late burning stages change the
outcome. Instead there seem to be ‘islands of explodability’ in ranges of masses, and the
effect seems to be stronger for stars that have been stripped of their hydrogen envelopes,
which is expected during binary evolution (Ertl et al., 2020; Laplace et al., 2021; Mandel
et al., 2021; Schneider et al., 2021).

Despite the difficulties in predicting the final outcome of core collapse, to do binary
populations studies it is necessary to have an analytical prescription to predict remnant
masses quickly. Three models are shown in figure 0.2.

Originally stellar evolution expected there would be a gap in remnant masses between
the smallest observed BH of ∼ 5M⊙ and the most massive NS of ∼ 2.1M⊙. This is
shown in the Rapid SN model from Fryer et al. (2012). But observations of parameters
of merging GW binaries from the LIGO collaboration have started to fill in this gap
(The LIGO Scientific Collaboration et al., 2021). Today a common way of treating the
formation of a black hole in binary population studies is the delayed core-collapse SN
model from Fryer et al. (2012), where the remnant black hole mass is related to the
final carbon-oxygen core mass of the star. New models such as Mandel and Müller
(2020) have a more sophisticated approach, where the compact object masses and kicks
are stochastic distributions with possible NS and BH formation for the same stellar
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Figure 0.2 – Different models comparing initial stellar mass with remnant mass. Figure
modified from Antoniadis et al. (2022).

parameters. These models have the advantage of filling the lower mass gap between NS
and BH (Belczynski et al., 2012; Zevin et al., 2020) and matching the LIGO observations
better.
To form smaller BHs these newer models all have partial explosions, where some
mass collapses directly onto the BH and some mass is ejected from the system. For
simplicity these two mass components are treated as being completely separated in
binary populations studies for simplicity, but the SN shock actually impose ranges of
velocities in the stellar envelope (Ertl et al., 2020). Material with velocities moving
above the escape velocity will be ejected from the system, but material with velocities
below the escape velocity will expand before collapsing onto the remnant cite Aldo.
For a single star the expansion does not have an effect, but in the case of a binary, where
a companion is present close by, the expansion causes extra drag and torque on the
binary. This will alter the amount of gas and angular momentum accreted by the two
stars and it changes the post SN orbital parameters, both of which will change the final
properties expected for merging GW sources. This is a purely hydrodynamical effect,
which is why it is so important to model these interactions using 3D simulations.

When we want to model a binary system that undergoes a supernova explosion,
we can make some simplifying assumptions to get analytical estimates. In the next
two sections I will go through how LIGO’s GW observations of BH spins can help us
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pinpoint improved supernova prescriptions.

0.5.1 Spin from LIGO sources

BHs are described by only two parameters on their own, their mass and their spin. The
two main parameters LIGO measures of GW events are forms of these two parameters
for binaries. As the mass combination called the Chirp Mass M and the BH spins
projection along the orbital angular momentum χeff. M is given by

M =
(M1M2)3/5

(M1 +M2)1/5
(24)

where M1 and M2 are the masses of the two compact objects. And χeff is given by

χeff =
M1a1 +M2a2

M1 +M2
L̂ (25)

where L̂ is the normal vector or the orbital angular momentum of the binary and a1 and
a2 are the spin vectors of the two compact objects. χeff is positive, when the combined
spins of the compact objects are aligned with the orbital angular momentum vector, and
negative when misaligned. The spins can also result in χeff = 0 if they are in opposite
directions and/or perpendicular to the orbital angular momentum vector. Figure 0.3
shows the credibility regions of the events measured so far by LIGO.

Given these two parameters, astronomers try to discover the origin of the merging
population. Different formation channels are expected to have different mass and spin
distributions. Two of then are the field formation channel that I gave an overview of in
section 0.2, and the dynamical assembly in clusters of stars such as globular clusters.
In dynamical assembly the high density of stars leads to gravitational captures and
ejections from the cluster, and the process is governed by the dynamical and chaotic
interactions of multi-body systems. Stars collapse to BHs and NSs and have whatever
spin the star had at collapse. The black holes enters and exits multiple gravitationally
bound orbits before having a strong enough encounter to be ejected from the cluster. The
result is that the expected spins of binary black holes formed in dynamical assembly
have completely random directions compared to the orbital spin, and so the these
systems are expected to form a Gaussian distributions of χeff around zero. In field
formation the angular momentum of the final BHs and NSs come mostly from the orbit,



contents 16

Figure 0.3 – Parameters of merging binaries from GW observations from LIGO. Shown
are the credibility region contours of the Chirp massM and χeff. Figure modified from
https://arxiv.org/pdf/2111.03606.pdf

through mass transfers and tidal torques. The spins of these systems are therefore
expected to be more aligned with the orbit and have positive values of χeff.

Given that we only can measure the masses and spins of GW sources, it is important
to get their expected values as correct as possible to distinguish their origin.

0.5.2 Spin evolution for disk accretion on black holes

When black holes accrete mass from their surroundings, they accrete not only the
material, they also accrete the angular momentum of this material, which adds to the
spin of the black hole.

A black hole with angular momentum J and mass M has a spin value defined as

a =
cJ
GM

(26)

where c is the speed of light and G the gravitational constant. The value of a is limited
by general relativity and can vary from 1 to −1.
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Figure 0.4 – Spin evolution for disk accretion onto an black hole.

When a black hole is accreting from an accretion disk, the angular momentum of the
accreted material is equal to that of the innermost stable circular orbit (ISCO) with
orbit radius rISCO.

The value of rISCO depends on the black hole spin. To get the spin as function of
accreted mass, one needs to both evolve the spin parameter, mass of the black and rISCO.
Bardeen (1970) and Bardeen et al. (1972) found that the spin of a black hole accreting
from a mass at the innermost stable orbit follows

a =
(2
3

)1/2 Mi

M

4−
[
18

(Mi

M

)2
− 2

]1/2
 (27)

This function can be seen plotted in figure 0.4. The amount of mass accreted to
achieve a certain spin value is always a fraction of the initial BH mass. This means
that the final spin of a BH strongly depends on the angular momentum the collapsing
material from the star before formation
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Figure 0.5 – The formation of accretion disks and ejecta giving rise to an electromagnetic
emission from mergers of NSs and BHS. Figure modified from Ascenzi et al 2021

0 .6 ligo and counterparts

The field of observational astronomy has evolved and the onset of large-scale, spatially
and temporally systematic surveys are revealing new fascinating transients. But one of
the uncertain and highly sought pieces in gravitational-wave astronomy is still missing:
an electromagnetic counterpart to a binary black hole merger.

Multimessenger astronomy has already achieved a great victory with the observa-
tions of the NS merger GW170817 (LIGO Scientific Collaboration, Virgo Collaboration,
& Burns, 2017). GW170817 was not only the first NS merger detected by LIGO, its jet
was also detected in γ-rays as a short γ-ray burst (GRB), and light was detected across
the frequency spectrum in the following kilonova event (Coulter et al., 2017).
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However, GW170817 is also the only event so far for which an accompanying electro-
magnetic signal has been confirmed (Coulter et al., 2017; Hallinan et al., 2017; Kasliwal
et al., 2017; LIGO Scientific Collaboration & Virgo Collaboration, 2017c; LIGO Scientific
Collaboration, Virgo Collaboration, & Burns, 2017). The other types of compact object
mergers LIGO can detect are that of a BH and NS (BHNS) or binary BHs (BBHs) mergers.

A short GRBs could be produced by a BHNS merger (Foucart, 2021), as the requirement
for an electromagnetic signal is that there is gas present around the binary at the time of
merger. Though in the case of a too high mass BH, the NS will be swallowed whole and
never emit any light. See figure 0.5 for a schematic overview. No emission from a NSBH
merger has been detected so far, but the search is ongoing (Raaijmakers, Nissanke, et al.,
2021).

A γ-ray transient was observed temporally coincident with the GW150914 BBH merger
(Connaughton et al., 2018; Connaughton et al., 2016). Mergers from BBHs are not
expected to produce an electromagnetic signal, because there is no gas available from the
BHs themselves. The only way a BBH merger can result in a signal, is if there is material
around the BHs at time of the merger. But general-relativistic magnetohydrodynamic
simulations have revealed that jets are produced from merging black holes if there
is matter around the BHs at the time of merger (Khan et al., 2018). The density and
amount of surrounding gas determines the strength of any electromagnetic signal.
GW150914 sparked a large interest in the community and a large amount of work has
been done on possible ways to have gas present at the time of the merger. Suggestions
include charged BHs (Fraschetti, 2018; Liebling & Palenzuela, 2016; B. Zhang, 2016),
mergers in AGN disks (Bartos et al., 2017; Graham et al., 2020; N. C. Stone et al., 2017)
or circumbinary disk remnant from field evolution (de Mink & King, 2017; Kotera &
Silk, 2016; Martin et al., 2018; Murase et al., 2016; Perna et al., 2019; Perna et al., 2016).

0.6.1 Emission of light from merging black holes

The field formation of binary black holes includes many phases of mass loss, where gas
is ejected from the binary and is expected to remain close by. This way two mini disks
or a circumbinary disk can be formed. The binary black hole progenitors shed mass
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Figure 0.6 – Schematic of an EM signal from a BHBH merger. Figure modified from de
Mink and King (2017).

through phases of stellar winds (Vink, 2007), a CE phase (Ivanova, Justham, Chen, et al.,
2013) and in weak SN explosions or even in direct collapses (Fryer et al., 2006; Love-
grove & Woosley, 2013). The wind velocities are likely quite high and will escape the
system. But a CE phase or weak SN explosion have material with velocities comparable
to that of the orbit, which will not escape and could instead settle in a circumbinary disk.

After the formation of the second black hole, the possibility of an electromagnetic signal
depends on two timescales; the viscous timescale of the disks, which determines how
fast the gas is accreted by the black holes, and the inspiral timescale, which determines
how fast gravitational waves shrink the black hole binary. If a circumbinary disk has
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been formed, the scenario likely follows the cartoon shown in figure 0.6. In step 1 the
inspiral is slow compared to the disk, and most of the disk material is likely accreted.
The timescale for inspiral is proportional to the binary separation cubed. This means
that eventually the inspiral timescale will be shorter than the viscous timescale as
shown in step 2, and the disk material still remaining at this point will also be there
at the time of merger. In step 3 when the BH merger happens, there is an almost
instantaneous reduction of the total gravitational mass, and an impulsive kick is added
to the newly formed single black hole. This requires the disk to instantly rearrange
itself, which results in strong internal shocks. This will reheat the disk and make the
viscous timescale drop suddenly. The result is a flare of accretion emission from the
new BH.
The amount of gas that could settle in disks initially and the ejecta velocities are
highly uncertain. Generally around ∼ 1M⊙ is expected after a weak fallback SN in
the formation of the second BH. This is also the most promising source of remaining
disk material, as the gas is not exposed to further energetic emission that could push
the material away from the binary. But understanding the long term accretion rates
and how much material remains in the disk at the time of merger, is important to
determine to estimate how strong the emission will be and how likely we are to observe
any electromagnetic signal in the future.

0 .7 thesis outline

In the previous sections, a concise, but informative, description of the current status of
bla bla was presented. The main focus of this thesis is the bla bla. The following two
chapters enclose an article and a letter appeared in peer-reviewed journals in the past
years and months.

In Chapter bla bla, I will present a bla bla (see below).

In Chapter bla bla, I will shift the focus on tbla bla. In particular, I will revisit bla
bla solution.

Finally, Chapter bla bla briefly describes future developments based on these two
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works. In this Chapter, I will also present the introduction and main motivation, in
addition to the preliminary analysis, of a parallel project bla bla.



I
Electromagnetic signals from

Stellar mergers
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chapter 1

Common envelope mergers

resulting in explosions

This chapter includes the following article:
“Explosions Driven by the Coalescence of a Compact Object with the
Core of a Massive-star Companion inside a Common Envelope: Cir-
cumstellar Properties, Light Curves, and Population Statistics"
Published in The Astrophysical Journal (ApJ), 892, 1, id.13, 18 pp. (2020).
Authors: Sophie Lund Schrøder, Morgan MacLeod, Abraham Loeb, Alejandro Vigna-Gómez,
Ilya Mandel.
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abstract

We model explosions driven by the coalescence of a black hole or neutron star with the
core of its massive-star companion. Upon entering a common envelope phase, a compact
object may spiral all the way to the core. The concurrent release of energy is likely to be
deposited into the surrounding common envelope, powering a merger-driven explosion.
We use hydrodynamic models of binary coalescence to model the common envelope
density distribution at the time of coalescence. We find toroidal profiles of material,
concentrated in the binary’s equatorial plane and extending to many times the massive
star’s original radius. We use the spherically-averaged properties of this circumstellar
material (CSM) to estimate the emergent light curves that result from the interaction
between the blast wave and the CSM. We find that typical merger-driven explosions are
brightened by up to three magnitudes by CSM interaction. From population synthesis
models we discover that the brightest merger-driven explosions, MV ∼ −18 to −20,
are those involving black holes because they have the most massive and extended
CSM. Black hole coalescence events are also common; they represent about 50% of all
merger-driven explosions and approximately 0.25% of the core-collapse rate. Merger-
driven explosions offer a window into the highly-uncertain physics of common envelope
interactions in binary systems by probing the properties of systems that merge rather
than eject their envelopes.

1 .1 introduction

Binary and multiple systems are ubiquitous among massive stars. Of these systems, a
large fraction are at separations so close that they will interact over the stars’ lifetimes
(de Mink et al., 2014; Moe & Di Stefano, 2017; Sana et al., 2012). As these multiple-star
systems evolve to leave behind compact object stellar remnants, the stage is set for
interactions between the evolving stars and the stellar remnants. In some cases, a phase
of escalating, unstable mass transfer from a massive star donor onto a compact-object
companion leads to a common envelope phase (Paczynski, 1976), in which the compact
object is immersed within the envelope of the massive star and spirals closer to the
massive star’s core (e.g. Armitage & Livio, 2000; De Marco & Izzard, 2017; Iben & Livio,
1993; Ivanova, Justham, Chen, et al., 2013; Taam et al., 1978; Taam & Sandquist, 2000;
Terman et al., 1995).
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Common envelope interactions can lead to either the ejection of the shared, gaseous
envelope and a surviving, binary pair or to the merger of the donor star core with the
companion. The distinction between these cases for a given binary remains highly
uncertain, but is of significant interest given its importance (e.g. J. J. Andrews et al.,
2015; Belczynski et al., 2002; Belczynski et al., 2008; Kalogera et al., 2007; Kalogera et
al., 2004; Tauris et al., 2017; Vigna-Gómez et al., 2018), for example, to estimating rates
of compact object mergers and associated gravitational-wave transients (LIGO Scientific
& Virgo Collaboration, 2017; LIGO Scientific Collaboration & VIRGO Collaboration,
2016; LIGO Scientific Collaboration & Virgo Collaboration, 2016b, 2017a, 2017c, 2019a,
2019b). In the case of massive stars interacting with lower-mass, compact object
companions, the theoretical expectation is that only donor stars with the most-extended,
weakly bound hydrogen envelopes are susceptible to ejection, while the remainder of
systems are likely to merge (Kruckow et al., 2016).

What happens when a compact object merges with the helium core of a massive star?
At least two possible outcomes have been suggested. Perhaps a neutron star embedded
in a stellar envelope could burn stably, forming a Thorne-Zytkow object (Levesque et al.,
2014; T. J. Moriya, 2018; Podsiadlowski, 2007; Podsiadlowski et al., 1995; Thorne &
Zytkow, 1977). Alternatively, it is possible for the angular momentum of the merger to
lead to the formation of a disk around the compact object (be it a neutron star or a black
hole), from which material forms a rapidly accreting neutrino-cooled disk (Barkov &
Komissarov, 2011; W.-X. Chen & Beloborodov, 2007; Chevalier, 1993, 1996, 2012; Fryer
& Woosley, 1998; Fryer et al., 1996; Fryer et al., 2014; Fryer et al., 1999; Houck &
Chevalier, 1991; Lee & Ramirez-Ruiz, 2006; MacFadyen & Woosley, 1999; MacFadyen
et al., 2001; Popham et al., 1999; Song & Liu, 2019; W. Zhang & Fryer, 2001). Accretion
of the surrounding core material liberates on the order of ηM⊙c2 ∼ η1054 erg, where η

is an efficiency factor of order 0.1 (Frank et al., 2002). Much of this energy emerges in
neutrinos, which stream freely away from the accretion object (Chevalier, 1993; Fryer
et al., 1996; W. Zhang & Fryer, 2001). A fraction, however, emerges as Poynting flux or
mechanical energy (either a disk wind or collimated outflow) and can feed back on the
surroundings, powering a blast wave with energy similar to a supernova (Chevalier,
2012; Dexter & Kasen, 2013; Fryer & Woosley, 1998; Fryer et al., 2014; Gilkis et al.,
2019; Soker, 2019; Soker et al., 2019; Song & Liu, 2019; W. Zhang & Fryer, 2001).

Chevalier (2012) observed that, in the case that the merger was initiated by a
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preceding common envelope phase, the blast wave necessarily interacts with the dense
surrounding medium of the common envelope ejecta (Gilkis et al., 2019; Soker, 2019;
Soker & Gilkis, 2018; Soker et al., 2019). The resulting transient is described as a
"common envelope jets supernova" by Soker et al. (2019). One of the key points that
Chevalier (2012) and Soker et al. (2019) mention is that the distribution of common
envelope ejecta is crucial in shaping the observed light curve (see Kleiser et al., 2018,
for a similar discussion in the context of rapidly-fading supernovae). Here, we pursue
this line of examination.

Light curves from supernova explosions of single stars within a dense circumstellar
material (CSM) have been considered as the origin of the variations in type II supernova
for many years (Chevalier & Irwin, 2011; Chugai, 1997, 2001; Chugai & Danziger,
1994; Chugai et al., 2004; Dessart et al., 2015; T. J. Moriya, Blinnikov, et al., 2013;
Morozova et al., 2017; Ofek, Fox, et al., 2013; Smith & McCray, 2007), and even a
population of objects that appear to transition from type I to type II (Margutti et al.,
2017). Specifically type IIn, with their narrow line features, are known to be interacting
with a slow moving CSM (Kiewe et al., 2012; Taddia et al., 2013). But the origin of the
material around the pre-SN star is not yet clear. Ideas include late stage stellar winds
or small outbursts of gas (Fuller, 2017; Quataert & Shiode, 2012; Shiode & Quataert,
2014) or formations of a disk-like torus (J. E. Andrews & Smith, 2018; McDowell et al.,
2018). With this paper we add to the calculations by Chevalier (2012) the light curves
expected from an engine-driven explosion inside a merger ejecta profile. We show how
the atypical CSM distribution leads to light curves powered in part by CSM interaction,
resembling type IIn and IIL and lacking a plateau phase (e.g. Das & Ray, 2017; Eldridge
et al., 2018; Morozova & Stone, 2018).

We briefly review the engine-driven explosion model in 1.2. We then self-consistently
model the circum-merger density distribution from the common envelope phase using
a three-dimensional hydrodynamic simulation in Section 1.3. To explore the impact of
this CSM on the resultant engine-driven explosions, we produce a number of spherically-
symmetric radiative transfer models of blast waves interacting with the (spherically-
averaged) common-envelope ejecta profiles in Section 1.4. Next, we map the expected
populations of compact object–core mergers and their resultant transients in Section
1.5. Finally, in Section 1.6 we study the imprint of CSM on merger-driven explosions,
compare to known supernovae, and discuss possible identification strategies. In Section
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1.7 we conclude.

1 .2 merger-driven explosions

1.2.1 Inspiral, Merger, and Central Engine

Following its inspiral through the common envelope, a compact object can tidally
disrupt and merge with the helium core of the massive star (Chevalier, 2012; Soker &
Gilkis, 2018; Soker et al., 2019; W. Zhang & Fryer, 2001). The disrupted material forms
an accretion disk surrounding the now-central compact object. The local densities
of more than 102 g cm−3 imply that accretion occuring on a dynamical timescale is
very rapid of the order of 10−3 to 10−1M⊙ s−1 (Fryer & Woosley, 1998; W. Zhang &
Fryer, 2001), making these conditions very similar to those of a classical collapsar
scenario of rapid accretion onto a newly formed black hole (MacFadyen & Woosley,
1999; MacFadyen et al., 2001; Siegel et al., 2019). Neutrinos mediate the bulk of the
accretion luminosity at these accretion rates (MacFadyen & Woosley, 1999), so accretion
can occur onto either neutron stars or black holes under these conditions (Fryer et
al., 1996). At higher-still accretion rates, neutrino energy deposition can overturn the
accretion flow (e.g. Pejcha & Thompson, 2012). This rapid accretion, over approximately
the dynamical time of the core (W. Zhang & Fryer, 2001), 103 s, will lead a neutron star
companion object to quickly collapse to a black hole.

These conditions of hypercritical accretion from the core onto an embedded black
hole set the stage for an explosion powered by this central, accreting engine. In the
context of collapsing helium stars stripped of their hydrogen envelopes, the result is
a long gamma ray burst (GRB), in which a relativistic jet, perhaps powered by the
coupling between the magnetic field in the accretion disk coupling to the rotational
energy of the black hole (via the Blandford and Znajek (1977) process (e.g. Barkov &
Komissarov, 2008)) tunnels out of the helium star and is accelerated to high Lorentz
factor (MacFadyen & Woosley, 1999; MacFadyen et al., 2001).

In the context of a helium core surrounded by an extended hydrogen envelope,
the beamed power of the jet is not expected to be able to tunnel out of the envelope
under most circumstances. This is because the jet head must displace the ambient
stellar material and, therefore, expands at a rate which balances the ram pressure of
this interaction with the momentum flux of the jet (e.g. Matzner, 2003). Following
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the estimates of Quataert and Kasen (2012)’s Section 2.2, a typical jet whose working
surface expands at a few percent the speed of light (as it displaces the surrounding
stellar envelope) reaches only approximately 0.03c × 103s ∼ 1012 cm before the core-
accretion event ends and the jet shuts off. Lacking the pressure to continue driving its
expansion, the jet is choked by the surrounding gas distribution, and expands laterally,
distributing its power more isotropically into the envelope material and powering an
outburst (e.g. Murguia-Berthier et al., 2014; Senno et al., 2016). We note that Dexter
and Kasen (2013), Quataert and Kasen (2012), and Woosley and Heger (2012) discuss
an alternate scenario in which the jet might escape if long-lived accretion from the
envelope material persists over a duration of hundreds of days. The typical energies
range from 1050 − 1052 erg (Fryer & Woosley, 1998; W. Zhang & Fryer, 2001), as we
discuss in Section 1.2.2.

An alternative process of stable burning has been suggested when the engulfed object
is a neutron star. In these cases a Thorne-Zytkow Object is said to form – a star with a
neutron-star core, which might stably burn hydrogen for up to 105 yr (Podsiadlowski,
2007; Podsiadlowski et al., 1995; Thorne & Zytkow, 1977), potentially showing unique
surface features (Levesque et al., 2014). If the core of the helium star is near its original
density when neutron star enters it, the flow convergence rate is high enough that it
seems very difficult to avoid a neutrino-cooled accretion state (Chevalier, 1993; Fryer &
Woosley, 1998). However, it is interesting to note that because the neutron star enters
the core from the outside in (rather than inside-out as in a collapsar) there is a possibility
that feedback from lower accretion-rate common envelope inspiral (e.g. Fryer et al.,
1996) would prevent the object from ever reaching the hypercritical, neutrino-cooled
accreting branch (see, for example, the trajectories of infall and accretion in Holgado et
al., 2018; MacLeod & Ramirez-Ruiz, 2015). Thus, more work is needed to conclusively
distinguish between these alternatives.

1.2.2 Model Adopted: Engine Mass and Energetics

Before merger the donor star consists of a core of mass Mcore and an envelope of mass
Menv. The total mass of the star is M∗ = Mcore +Menv. The compact-object companion
that ends up in the center of the donor’s core has mass M2 = qM∗. When the two stars
merge, M2 accretes a fraction, facc, of Mcore. This either causes it to grow if it is already
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a black hole, or, if it is a neutron star, collapse to a black hole, then grow to a final mass,

MBH,final = M2 +Macc = M2 + faccMcore. (1.1)

The released energy from the accretion is, therefore, ∆Eacc = ηMaccc
2, where η ∼ 0.1.

Much of this energy is radiated by neutrino emission. However, some energy emerges
mechanically, from a magnetohydrodynamic disk wind (e.g. Feng et al., 2018). The
mechanical power is an uncertain fraction of the accretion energy, such that ∆Emec =
fmec∆Eacc. Dexter and Kasen (2013) estimate fmec ∼ 10−3 given an inflow-outflow model
in which the accreting material decreases as a power law with radius, implying

∆Emec ∼ 3× 1050
(
fmec

10−3

)( η

0.1

)(Macc

2M⊙

)
erg. (1.2)

The energy that emerges in a jet via the Blandford and Znajek (1977) process can be
estimated as (W. Zhang & Fryer, 2001),

∆EBZ ∼ 1052a2
(
MBH

3M⊙

)2 ( B

1015 G

)2 ( tacc

102 s

)
erg, (1.3)

where B is the magnetic field in the disk, tacc is the timescale of accretion, and a is the
black hole’s dimensionless spin.

As we show in section 1.5, mass ratios around q ∼ 0.1 are expected for common
envelop events leading to mergers. Based on the larger mass of the giant star, we expect
Macc ≳MBH, leading to values of order unity for a regardless of the initial spin state.

In what follows, we will assume that the compact object accretes the entire core
mass (facc = 1.0) and we explore explosion energies between 3× 1050 erg and 1052 erg.
We further assume that regardless of the precise mechanism or energetics, the energy is
shared roughly spherically with the hydrogen envelope (Chevalier, 2012; Soker, 2019;
Soker & Gilkis, 2018).

1 .3 circumstellar material expelled during bi-

nary coalescence

As a basis for our analysis, we model binary coalescence and the circumbinary ejecta
that results from the merger of two example mass ratio binaries. Here we describe our
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numerical method, the unstable mass exchange that leads the binary to merge, and
the CSM mass distribution that this runaway mass transfer creates. The distribution
of CSM at large scales, r ∼ 1015 cm, is of particular importance for the outburst light
curves. We therefore focus our numerical modeling on the early phases of runaway,
unstable mass exchange that expels this largest-scale CSM.

1.3.1 Hydrodynamic Models of Binary Coalescence

Our models are simulated within the Eulerian hydrodynamic code Athena++ (Stone,
J.M., in preparation), and are based on the methodology described in MacLeod et al.
(2018a, 2018b), MacLeod et al. (2019). We use a spherical polar coordinate system
surrounding the donor star in a binary pair. We model the interaction of this donor
star with a softened point mass representing an unresolved companion object. The
domain extends over the full three-dimensional solid angle from 0.1 to 100 times the
donor-star’s original radius.

The donor star is modeled by polytropic envelope, with structural index Γ = 1.35.
The donor has a core mass of 25% its total mass. The gas in the simulation domain
follows an ideal-gas equation of state, with index γ = 1.35. These choices are intended
to approximately represent a convective, isentropic envelope of a massive star in which
radiation pressure is important in the equation of state (in which case Γ = γ → 4/3, e.g.
MacLeod, Antoni, et al., 2017; Murguia-Berthier et al., 2017).

We initialize the calculation at a separation slightly smaller than the analytic Roche
limit separation (aRL), where the donor star overflows its Roche lobe (Eggleton, 1983),
and halt the calculation when the companion star has plunged to 10% of the donor’s
original radius – the inner boundary of our computational domain. The binary is
initialized in a circular orbit and the donor star is initially rotating as a solid body with
rotational frequency matching the orbital frequency at aRL.

The calculations themselves are carried out in dimensionless units where the donor’s
mass, radius, and gravitational constant are all set to unity. They may, therefore, be
rescaled to a physical binary of any mass or size. Below, we report on two models which
have secondary to donor star mass ratios of q ≡M2/M∗ = 0.1 and q = 0.3. As we will see
in Section 1.5, q ∼ 0.1 is a very common mass ratio, while q = 0.3 is near the upper end
of the range of events that result in mergers.
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Figure 1.1 – Runaway Roche lobe overflow leading to binary coalescence for binary mass
ratio q = 0.1. The upper panel shows binary separation as a function of time during our
simulation. The lower panel shows four snapshots (marked with vertical lines in the
upper panel) of the gas density distribution in the orbital plane. We show these slices
through the orbital plane in a rotated x′ − y′ coordinate system so that the companion star
lies along the +x-axis. The dimensionless simulations are rescaled to donor star mass of
30M⊙ and radius of 1000R⊙ for specificity in these images. Following Roche lobe overflow,
mass is pulled from the donor star and expelled from the binary system dragging the
binary to tighter separations. The model is stopped when the companion object reaches
10% of the donor star’s original radius, but the subsequent merger is expected to take
place quite rapidly based on the rate of orbital decay (less than one year).

1.3.2 Unstable Mass Transfer Leading to Binary Merger

Mass transfer is unstable in our model binary system in that it runs away to ever
increasing rates and drives the binary toward merger. This process begins with Roche
lobe overflow of the donor star into the vicinity of its companion. In general, mass
transfer proceeds unstably when the loss of material from the donor causes the donor
star to increasingly overflow its Roche lobe – either because it grows in radius, or
because its Roche lobe shrinks. In binary systems such conditions are often realized
in binary pairs where a more massive donor star transfers mass onto a less massive
accretor, causing the binary separation to shrink.

In Figure 1.1, we show the binary system separation as a function of time in our
model system, and snapshots of the gas density distribution in the orbital plane. In
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these figures, we have rescaled our dimensionless simulations to a fiducial donor star
mass of 30M⊙ and radius of 1000R⊙. In the upper panel, time is zeroed at the time
at which the companion plunges within the original donor-star’s radius, t1, where
a(t1) = R∗. Over the preceding 50 years, the binary separation continuously shrinks,
at first gradually, but with increasing rapidity (MacLeod et al., 2018b). After the
companion object plunges within the donor’s envelope it spirals to the inner boundary
of our computational domain (at 10% the donor’s radius) within about 5 orbital cycles,
or two years, approximately the orbital period at the donor star’s surface. Projecting
the rate of decay forward, the merger is estimated to take place in less than one year.

Mass loss from the donor star at the expense of orbital energy drives this rapid
decrease in binary separation and the pair’s coalescence. Turning our attention to the
lower panels of Figure 1.1, we note that as the donor star overflows its Roche lobe,
material is pulled, primarily from the vicinity of the L1 Lagrange point, toward the
companion object. As the orbital separation decreases, from 1500R⊙ to 1000R⊙ to
500R⊙, the breadth and intensity of this mass transfer stream increase dramatically.
MacLeod et al. (2018b) studied the dynamics of this runaway, unstable Roche lobe
overflow in detail, and found that the mass loss rate from the donor increases by orders
of magnitude over this period. However, MacLeod et al. (2018b) also show that the
analytic model of Paczyński and Sienkiewicz (1972) coupled to a point-mass binary
orbit evolution model captures the key features of these stages once the specific angular
momentum of the ejecta has been measured (e.g. Huang, 1963).

These high mass exchange rates quickly exceed the Eddington limit mass accretion
rate that material can accrete onto a compact object companion, and much of the
material pulled from the donor is lost to the circumbinary environment (as seen in the
snapshots of Figure 1.1, though in the case of the simulation this is because accretion
onto the companion object is not modeled, see MacLeod et al., 2018a). Much of this
mass loss occurs near the L2 Lagrange point, near the lower-mass companion object
(MacLeod et al., 2018a; Metzger & Pejcha, 2017; Pejcha et al., 2016a, 2016b; Shu et al.,
1979). By the final panel, where the separation is 100R⊙, the core of the original donor
and companion object are mutually immersed in a significantly extended common
envelope that originated from the donor star (Paczynski, 1976). Once immersed, some
binary systems deposit enough energy into their environments to expel this envelope.
Others do not, and the companion object merges with the core – powering the sort of
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engine-driven explosions discussed in Section 1.2.
Because orbital tightening and coalescence of the binary system is a direct result of

angular momentum loss to ejected material, the amount of ejecta relates directly to the
binary properties. First using semi-analytic scalings (MacLeod, Macias, et al., 2017),
then hydrodynamic simulation results (MacLeod et al., 2018a), we have found that the
expelled mass at the onset of coalescence (defined as mass at r > R∗ at t = t1) is always
on the order of 25% the mass of the merging companion object (Section 4.2 of MacLeod
et al., 2018a). In the calculation shown in Figure 1.1, which has a mass ratio q = 0.1,
at t1 the ejecta mass (measured as the mass at radius greater than the donor’s original
radius) is 16% the companion’s mass, or approximately 0.49M⊙. At the termination of
our calculation, when the separation has decreased by a further factor of ten, the ejecta
mass has increased to roughly 150% of the companion object’s mass, or 4.45M⊙. By
comparison, our calculation with q = 0.3 expels nearly identical percentages of mass
relative to the more massive black hole: 1.44M⊙ at a separation equal to the donor’s
radius and 13.9M⊙ in our final snapshot (separation 10% the donor’s radius). In the
following, we analyze the distribution of this material in the circumstellar environment.

1.3.3 Resultant Circumstellar Distribution

Next, we analyze the three-dimensional distribution of debris expelled by the merger
episode. To do so, we analyze the final snapshot of our hydrodynamic simulation, when
the separation has tightened to one-tenth the donor’s original radius, or 100R⊙ in our
fiducial, 30M⊙, 1000R⊙ model. Because the binary separation is tightening extremely
rapidly at this phase (the extrapolated time to merger is less than 1 year), material
ejected subsequently in the merger does not affect the largest-scale gas distribution
prior to the compact object’s merger with the core. This, therefore, is the CSM that
any explosive outburst will interact with as it expands, particularly when we consider
the crucial scales of interest of 1014 to 1015 cm that lie near the photosphere of the
explosive transient.

In Figure 1.2, we show the large-scale density distribution out to 50 times the
initial donor radius (5 × 104R⊙, or approximately 3.5 × 1015 cm). The panels show
a slice through the orbital, x − y plane, and an aziumthal average, plotted in z − R,
perpendicular to the orbital plane. Figure 1.2 shows that a thick, extended circumbinary
torus of expelled material from the donor’s envelope has formed around the merging
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Figure 1.2 – Three dimensional distribution of ejecta near the time of merger. As in
Figure 1.1, we have scaled to a fiducial donor mass of 30M⊙ and radius of 1000R⊙. When
the compact object merges with the donor’s core, it is surrounded by an extensive, thick
torus of debris expelled by the merger itself.
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pair of stars. This torus is roughly azimuthally symmetric, but has distinct structure
in polar angle, with relatively evacuated poles and dense equator, representative of
the fact that material is flung away from the merging binary in the equatorial plane.
Pejcha et al. (2016a, 2016b), Pejcha et al. (2017) analyzed the thermodynamics of
similar outflows and show that heating, arising continuously from internal shocks, and
radiative diffusion and cooling very likely regulate the torus scale height. Thus, the
precise scale height observed in Figure 1.2, modeled under the simplification of an
ideal-gas equation of state, would likely be modified by the inclusion of more detailed
physics.

MacLeod et al. (2018a) analyzed the kinematics of this torus material and found
that the radial velocities of the most extended material are low relative to the escape
velocity of the original donor star (roughly 100 km s−1 for our fiducial model). Thus, the
majority of these (earlier) ejecta around bound to the merging binary. The implication
of this material being bound is that after some expansion it reaches zero radial velocity
and settles into some pressure and rotationally supported quasi-static torus, the density
of which is highlighted in Figure 1.2. Some of the material at smaller radii (the later
ejecta) is moving more rapidly, at velocities similar to the escape velocity. It therefore
collides with the earlier, slow moving ejecta (MacLeod et al., 2018a). Qualitatively, these
velocities are similar to other sources of stellar mass loss like winds or non-terminal
outbursts, in that they are similar to the giant star’s escape velocity and are much less
than the later explosion’s blast wave velocity.

Though the axisymmetric torus structure discussed above is clearly structured
in polar angle, for the sake of computational efficiency, we model the interaction
of the explosive blast wave with a one-dimensional (spherically-symmetric) density
distribution derived from these models. In future work, it may be extremely interesting
to relax this simplification. To derive one-dimensional profiles, we spherically-average
our model results about the donor star’s core.

These 1D density profiles are shown in Figure 1.3, in which we compare the unper-
turbed envelope profile to the cases disturbed by binaries of q = 0.1 and q = 0.3. Where
the hydrostatic profile has a distinct limb at the donor’s radius, the post-merger profiles
show a roughly power-law slope in radius, with approximate scaling of r−3, as shown in
the lower panel by rescaling with a multipilicative factor proportional to r3. Comparing
the q = 0.1 and q = 0.3 results shows that in the higher mass-ratio coalescence, more of
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Figure 1.3 – Spherically-averaged density distributions, comparing the initial, hydrostatic
polytrope (labeled HSE), with merger-simulation snapshots for q = 0.1 and q = 0.3. As
in the previous Figures, we scale our models to a donor of 30M⊙ and 1000R⊙. The
existence of significant quantities of mass near the type II supernova photosphere radius
of 1015 cm implies that interaction with this medium will play an important role in
explosive transient light curves.

the envelope material has been expelled beyond the donor’s original radius, yielding a
shallower density fall-off with radius and a profile with more mass at large radii. In
both cases, we see that the distribution of ejecta extends to roughly 1015 cm, with of
order a solar mass (q = 0.3) or a tenth of a solar mass (q = 0.1) on these scales.

1 .4 merger-driven light curves

In this section we use analytic and numerical models to understand the properties
of merger-driven light curves. We find that the CSM distribution plays a crucial role
in shaping these light curves. In Section 1.4.1 we provide some analytic context for
the potential role of CSM. In Section 1.4.2, we describe our numerical method for 1D
radiative hydrodynamics calculations and light curve generation. Finally, in Sections
1.4.3 and 1.4.4 we describe the key features and variations across parameter space of
these numerical model light curves.
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1.4.1 Analytic Context for Contribution to Radiative Efficiency from

CSM Interaction

In order to provide context for the interpretation of our numerical light curve models,
in this section we analyze simplified analytic models of emission powered by CSM
interaction. In general, CSM interaction enhances the intrinsic luminosity of “cooling
emission" from heated, expanding material like supernova ejecta. As ejecta shock-heat
by collisions with CSM, their kinetic energy is dissipated and converted into radiation.
Depending on the location of the interaction (within or outside the photosphere), this
radiation may either escape immediately or adiabatically decay with expansion in the
outflow prior to being free to stream out.

In particular, we focus on different radial density profiles of CSM material and
the role this plays in shaping transient light curves. In doing so, we summarize and
build on a considerable literature that describes how CSM interaction can form a
significant contribution or even dominate the radiative power of a transient under
certain conditions (e.g. Chandra, 2018; Chevalier, 2012; Chevalier & Irwin, 2011, 2012;
Chugai & Danziger, 1994; Ginzburg & Balberg, 2012, 2014; Kleiser et al., 2018; T. J.
Moriya, Blinnikov, et al., 2013; T. J. Moriya & Maeda, 2012; T. J. Moriya, Maeda, et al.,
2013; Morozova, Piro, Renzo, Ott, et al., 2015; Morozova et al., 2017, 2018; Morozova &
Stone, 2018; Ofek et al., 2014; Pan et al., 2013; Smith & McCray, 2007).

1.4.1.1 Thin Shell of CSM

In the simplest version of a CSM interaction, an additional internal energy ∆E is added
to ejecta by sweeping up a thin shell of CSM,

∆E ≈ dMCSM

Mtot
E, (1.4)

where Mtot is the sum of the explosive ejecta and the swept-up CSM mass internal to the
shell, dMCSM is the CSM shell mass, and E is the kinetic energy of the explosive ejecta.
If this deposition of internal energy occurs in optically thin regions, all of this energy
is radiated, and ∆Erad ≈ ∆E. If the CSM shell lies interior to the photosphere radius,
the heated ejecta must continue to expand, with gas internal energy decaying along an
adiabat, before they are free to radiate. If we assume that gas specific internal energy
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decays adiabatically as r−1 prior to reaching the photosphere (which is the case when
radiation pressure dominates and P ∝ ρ4/3 along an adiabat), then ∆Erad ≈ (r/Rph)∆E.

1.4.1.2 Continuous Distributions of CSM

The differential radiated energy due to sweeping up a CSM mass dMCSM at radius r

interior to the photosphere radius is

dErad

dMCSM
≈ E
Mtot

r
Rph

, (1.5)

where Erad is the contribution to the radiated energy due to CSM interaction alone. As
before, we are also assuming that gas specific internal energy decays adiabatically as
r−1. Given a continuous distribution of CSM material distributed between R∗ and Rph,
we can integrate this expression over radius. In what follows, we will assume that E is
constant, which is justified only if MCSM≪Mtot and Erad≪ E. Otherwise, the losses in
kinetic energy to thermal energy or radiation must be taken into account. We replace
dMCSM = 4πr2ρdr, where ρ is the CSM density, to write

Erad

E
≈

∫ Rph

R∗

r
Rph

4πr2ρ

Mtot
dr,

≈ 4π
RphMtot

∫ Rph

R∗

ρr3dr. (1.6)

This integral shows that the dependence of ρ(r) will be critical in determining the CSM
contribution to the radiated luminosity.

Let us write a general, power law density form for the CSM that applies from the
stellar radius, R∗, to the eventual photosphere radius, Rph,

ρ(r) = ρph

(
r

Rph

)−n
, (1.7)

where ρph is the density at the photosphere radius, and we have chosen Rph as a charac-
teristic radius to normalize the power law. We will further adopt the approximation
that Rph≫ R∗, under which the total CSM mass can be written,

MCSM ≈ 4πρphR
3
ph ×


1 n = 2,

ln(Rph/R∗) n = 3,

Rph/R∗ n = 4,

(1.8)
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for several representative values of n.
The most frequently considered form of ρ is that of a steady, spherical wind, n = 2

(Chevalier & Irwin, 2011; Ginzburg & Balberg, 2012). Then, equation (1.6) becomes

Erad

E
≈

4πρphRph

Mtot

∫ Rph

R∗

rdr,

≈
4πρphR

3
ph

2Mtot
,

≈ 1
2
MCSM

Mtot
(for n = 2), (1.9)

thus retrieving the often quoted result of the increase in radiated energy scaling with
the CSM mass as a fraction of the total mass (Chevalier & Irwin, 2011; Ginzburg &
Balberg, 2012; Pan et al., 2013).

In our q = 0.3 model, the one-dimensional profile approximates n = 3, which yeilds
constant mass per logarithmic increase in radius. For n = 3, equation (1.6) evaluates to

Erad

E
≈

4πρphR
2
ph

Mtot

∫ Rph

R∗

dr,

≈
4πρphR

3
ph

Mtot
,

≈ 1

ln
(
Rph
R∗

)MCSM

Mtot
(for n = 3), (1.10)

where, in the last line, we have used MCSM from equation (1.8). First, we emphasize that
the ratio of Rph to R∗ now affects the radiated luminosity arising from CSM interaction,
which is not the case for n = 2. Therefore, when Rph ≫ R∗, the radiated energy from
this CSM profile is considerably less than that of the n = 2 profile. A final way to
interpret this result is in terms of the CSM mass at radii similar to the photosphere
radius, r ∼ Rph. From equation (1.8), this is approximately MCSM/ ln(Rph/R∗). Equation
(1.10) shows that this is the fraction of the CSM mass that contributes significantly to
the radiated energy.

In our q = 0.1 merger model, the scaling of the CSM is steeper, approximately ρ ∝ r−4.
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We reevaluate equation (1.6) for n = 4 to find,

Erad

E
≈

4πρphR
3
ph
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1
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4πρphR

3
ph

Mtot
ln
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)
,

≈
(
R∗
Rph

)
ln

(
Rph

R∗

)
MCSM

Mtot
(for n = 4). (1.11)

Thus, for Rph≫ R∗, the CSM contribution to radiated luminosity is less for n = 4 than
either n = 3 or n = 2 given a CSM mass. This result can be interperted in light of
equation 1.8, which shows that the fraction of CSM mass with r ∼ Rph is R∗/Rph for
n = 4.

1.4.1.3 Interpretation

In the preceding subsection, we have shown that for CSM density profiles that are
sufficiently steep, n ≥ 3, the CSM contribution to the radiated luminosity Erad/E depends
on the ratio of the stellar radius over the photosphere radius – the radial extent of the
CSM. This important ratio varies in explosions with different size stars of similar mass,
or over the time evolution of a given transient as the photosphere radius increases. If
Erad/E becomes too small, then CSM interaction does not contribute significantly to the
light curve of the transient at a given phase and the bulk of the radiated luminosity
comes instead from the adiabatically-expanding blast wave. In this case, the transient
assumes more typical supernovae type IIP properties.

These scalings indicate that we expect the CSM to be an important contribution
to the q = 0.3 merger case light curve, because the mass in the CSM is a significant
fraction of the total envelope mass, and with n = 3 there is only logarithmic dependence
on Rph/R∗, equation (1.10). In the q = 0.1 merger case, in which n = 4, we expect
preferential contribution from CSM interaction at early times in the transient light
curves or for particularly extended donors, because either situation maximizes the ratio
R∗/Rph, see equation (1.11).

Finally, we have so far discussed the case in which the CSM distribution extends
out to, and perhaps beyond the photosphere radius. This is not necessarily realized.
In the case where the CSM terminates at a radius R0, for which R0 < Rph, the radiated
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luminosity from CSM interaction is computed much as before, but only integrating
the mass distribution out to R0. This reduces the radiated luminosity due to CSM
interaction by a factor similar to R0/Rph < 1. In the sections that follow, we use this
framework to interpret 1D radiative transfer models of explosions interacting with our
model CSM distributions.

1.4.2 1D Radiation Hydrodynamic Models

While the analytic approach highlighted above is useful, it is necessarily simplified. To
extend these calculations of the CSM imprint on transient light curves to slightly more
realistic scenarios, we need to perform the associated integrations numerically. We
utilize the publicly available spherically symmetric (1D) Lagrangian hydrodynamics
code SuperNova Explosion Code (SNEC) to calculate bolometric and filtered light
curves (Morozova, Ott, et al., 2015; Morozova, Piro, Renzo, Ott, et al., 2015; Morozova
et al., 2017). The code uses equilibrium-diffusion radiation transport to follow the time
dependent radiation hydrodynamics of the expanding blast wave. We choose to set the
equation of state using the built-in version of the Paczynski (1983) equation of state,
which includes contributions to the total pressure from radiation, ions and electrons
based on the composition.

We map our one-dimensional, spherically-averaged profiles, shown in Figure 1.3,
into SNEC. Mass grid cells are customized by the user’s choice of binning in mass,
and we have found that the density profiles’ steep decline is best simulated with
increasingly fine mass resolution at larger radii. This means that the shock break out
is not well resolved (Ensman & Burrows, 1992; Morozova, Ott, et al., 2015), but light
curve calculations after the first day are robust as shown by Morozova, Piro, Renzo, Ott,
et al. (2015). We run the simulations for this paper with 456 grid cells.

Even so, the code does not function well for the lowest densities. We therefore are
required to restrict the CSM density profile to ρ > 10−12 g cm−3 (Morozova & Stone,
2018). The outer radius is therefore 2.6×1014 cm for the fiducial simulation with q = 0.1
and 1.0× 1015 cm for the simulation with q = 0.3. We note that this restriction is not
ideal because it limits the potential interaction-driven luminosity of our models, see
equations (1.10) and (1.11). In practice, this implies that the CSM maximum radius
is often less than the photosphere radius, R0 < Rph, and the CSM contribution to
the eventual radiated luminosity is reduced accordingly, see the discussion of Section
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1.4.1.3. Nonetheless, the truncated profiles do retain more than 95% of the CSM mass in
all parameter variations. We assume a roughly solar isotopic composition that matches
the hydrogen envelope of a presupernova stellar model of an initially 15M⊙ star evolved
with the MESA code (Paxton et al., 2019) that is included in the SNEC distribution.

To drive the explosion of our models, we adopt a thermal bomb at the inner edge of
the envelope domain. This broadly mimics the energy deposition of the quenched jet
into the hydrogen envelope, as described in Section 1.2. Based on Morozova, Piro, Renzo,
Ott, et al. (2015), we deposit the energy over the innermost ∆Mbomb = 0.1M⊙ over a
duration ∆tbomb = 0.1 s (Morozova, Piro, Renzo, Ott, et al., 2015, has shown that the
model light curves are not particularly sensitive to these parameters, see their Figure 5).
The code also offers the option of adding Nickel to the composition. Though Nickel and
lanthanide production is possible in merger-driven explosions (e.g. Grichener & Soker,
2019; Siegel et al., 2019), the quantities are uncertain. Because decay of radioactive 56Ni
mainly powers the late-time emission, here we choose to focus on Ni-free models of the
early light curve dominated by the CSM and the hydrogen envelope (Morozova, Piro,
Renzo, Ott, et al., 2015). Lacking radioactive material in the ejecta, our models decline
rapidly after the ejecta become fully transparent. Emission from the photosphere in
SNEC is assumed to follow a thermal blackbody, and thus neglects some line-blanketing
effects that may be important for iron-rich ejecta in the U and B bands.

Finally, in Appendix A.1, we test the sensitivity of our model results to these choices
by varying the inner mass (or equivalently, radius) at which energy is deposited, as well
as the mass-resolution of the SNEC calculation.

1.4.3 Imprint of CSM

We begin to explore the imprint of the CSM mass distribution on the explosion light
curve in Figure 1.4, in which we plot luminosities, along with photosphere radii,
effective temperature, and gas bulk velocity at the photosphere radius for our fiducial
case of a 30M⊙ and 1000R⊙ donor star in its initial, hydrostatic equilibrium state
(labeled HSE), and following merger with a 3M⊙ (q = 0.1) or 9M⊙ (q = 0.3) black hole.
In each case, the explosion energy is taken to be 1051 erg, and is injected at 0.1 times the
radius of the original donor star, the innermost radius resolved in our hydrodynamical
models.

As predicted by the analytic scalings in Section 1.4.1, the models with CSM are
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Figure 1.4 – Fiducial, 30M⊙, 1000R⊙ model star undergoing explosion of 1051 erg in
three scenarios: in its initial hydrostatic state (HSE), after merging with a 3M⊙ black
hole (q = 0.1), and after merging with a 9M⊙ black hole (q = 0.3). The large panel shows
bolometric luminosity, while the smaller panels track the photosphere’s properties – its
mass element within the ejecta, radius, effective temperature, and bulk velocity at its
location. CSM interaction brightens the merger models significantly as compared to the
HSE case. Points mark the time of peak V-band brightness.

significantly more luminous at peak (by a factor of roughly 100) than the hydrostatic
model. The CSM interaction models also show delayed time of peak brightness, modi-
fied colors, and light curve shapes, as we discuss in what follows. Morozova et al. (2017)
have recently discussed how rapid mass loss immediately pre-supernova can transform
light curves from a IIP shape (at low pre-supernova mass loss rates) to the more lumi-
nous type IIL (at higher mass loss rates). This occurs when additional internal energy is
added to the ejecta by shock-heating due to the CSM mass as it is swept up. Because
the CSM lies outside the stellar radius, this new internal energy does not adiabatically
decay as much prior to being radiated from the transient’s photosphere. As a result,
the radiative efficiency of the models, Erad/E, ranges from 1.4% for the HSE model, to
8.5% for the q = 0.1 model, to 23% for the q = 0.3 model. We note that these radiative
efficiencies are with a factor of two of those prediced by the scaling models of Section
1.4.1, for n = 4 and n = 3, respectively, equations (1.10) and (1.11).

Many features of our model light curves with merger-ejecta are similar to Moro-
zova et al. (2017)’s model suites including dense CSM distributions of varying mass
and power-law slope. In particular, elevated early “plateau” luminosities that decay
down to the unperturbed plateau are representative of significant CSM at radii less
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than the transient’s eventual maximum photosphere radius of approximately 1015 cm.
Comparing to Figure 1.3, we note that large masses of relatively close-in CSM are the
distinguishing features of our models. The resultant light curves, therefore, have typical
duration of hundreds of days like normal IIP, not the thousands of days observed in
some IIn supernovae with extended CSM distributions like that observed for SN 1988Z
and SN 2005ip (Smith, 2017).

Comparing the two mergers, the q = 0.3 scenario with larger MCSM has a later and
more luminous peak, along with a higher luminosity during the plateau. Because the
CSM mass is related to the merger, we find MCSM/Mtot ∼ 1.5q, see Section 1.3. The
models of Figure 1.4 for a hydrostatic explosion, q = 0.1, and q = 0.3, thus provide a
context for interpreting the apparent variations in CSM contribution. While the CSM
mass plays a primary role in determining the light curve brightness, the distribution
of CSM is crucial in shaping the light curves. In the case of the hydrostatic explosion
(labeled HSE in Figure 1.4), there is no contribution from CSM interaction. The q = 0.3
model shows a light curve that is always elevated by approximately three magnitudes
above the HSE model due to CSM interaction (at t > 30 d). By contrast, the q = 0.1
model is significantly elevated above the HSE model only earlier in the lightcurve, and
converges to the HSE plateau luminosity around 100 d. The distinction between these
cases lies in the slope of the CSM density and in the outer CSM radius.

For q = 0.3, the CSM has ρ ∝ r−3 (n = 3). The total radiative efficiency due to the CSM,
Erad/E, equation (1.10), only decreases with the logarithm of the ratio of the expanding
ejetca photosphere radius, seen in the right hand panels of Figure 1.4, to initial stellar
radius (which is the base of the CSM distribution). Further, the outermost radius of
the CSM at the moment of energy injection in our numerical model is R0 = 1015 cm.
This is larger than the ejecta photosphere radius early in the light curve, and similar
to the ejecta photosphere radius later in the light curve, implying that there is not a
significant adiabatic degradation of the CSM contribution before light can escape from
the expanding ejecta.

We can compare these trends to the q = 0.1 model, in which case the overall CSM
mass is lower and ρ ∝ r−4 (n = 4). As the photosphere grows with time across the
transient duration, the contribution of CSM interaction decreases approximately as
R∗/Rph, see equation (1.11). Of similar importance, the outermost CSM radius at the
moment of energy deposition, R0 = 2.6× 1014 cm is a factor of a few less than the ejecta
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photosphere radius late in the plateau phase. This effect also decreases the contribution
of the CSM to the late-stage light curve compared to an n = 4 CSM of infinite extension,
e.g. equation (1.11). As a result, the light curve converges to a similar magnitude as the
plateau of the hydrostatic explosion late in the light curve.

In addition to brightening the explosion, CSM interaction modifies the object’s
colors at timescales of days to weeks on which transients are typically discovered. CSM
interaction yields bluer colors at time of peak (effective temperatures of several 104 K
on timescales of tens of days). The photosphere cools to more typical IIP temperatures
of thousands of Kelvin only after 50 to 100 days (for the q = 0.1 and q = 0.3 models,
respectively). These higher temperatures are directly representative of the extra internal
energy injection due to shock heating of the ejecta by the CSM density distribution.

1.4.4 Implications of Varying Energetics and Donor Star Properties

We expect mergers between compact objects and giant stars to occur at a wide range of
donor star and compact object properties because the binaries from which they form
have broad distributions of mass, semi-major axis, and mass ratio. Further, the energy
of the central engine is unknown, and may, in fact, vary from merger to merger. Here we
explore the implications of the parameter space of merger properties on the resultant
light curves.

Figure 1.5 shows V-band light curves for a range of models, all q = 0.1, in which
we vary energy (top panel), mass (center panel) and radius (bottom panel) around
our fiducial, 30M⊙, 1000R⊙ case with 1051 erg explosion energy. In all of these cases,
because q = 0.1, the CSM density profile is roughly ρ ∝ r−4, and equation (1.11) predicts
the approximate contribution of CSM interaction to the radiated energy.

Varying explosion energy with other properties kept fixed yields the qualitatively
expected variation in light curve luminosity and duration – higher energy explosions
give rise to faster ejecta, with more luminous but shorter duration transients. We
note that the relative contribution of the CSM interaction, shown by the early bump
in the lightcurve, decreases in the more energetic supernovae. When the explosion
energy changes, one consequence is that the photosphere radius during the plateau
phase changes, roughly as Rph ∝ E5/12 (Kasen & Woosley, 2009; Popov, 1993). For
higher energies, the larger photosphere radii imply smaller contributions from CSM
interaction, because the photosphere is further outside the outermost CSM radius, R0.
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Figure 1.5 – Bolometric light curves for q = 0.1 transients with varying energy (top panel)
mass (center panel) and radius (lower panel). Unless specifically modified, we adopt our
fiducial values of a 30M⊙ and 1000R⊙ donor star and 1051 erg explosion. The location
of the V -band peak is marked with a dot. Varying energetics and donor star properties
create light curves of different duration, peak brightness, and degree of CSM contribution.
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In Figure 1.5, we observe that the light curve shape transforms as the energy increases.
This is reflective of the decreasing contribution of CSM interaction to the light curve as E
increases. Consequently, the radiative efficiency decreases from 10% for the 3×1050 erg
explosion to 4.7% for the the 1052 erg explosion. With this smaller CSM contribution,
the 1052 erg explosion light curve shows a relatively typical IIP shape, with a small,
early bump due to the CSM.

Varying donor star properties, in the form of mass and radius, similarly changes
light curve duration, peak brightness, and shape. More massive donor stars yield higher
ejecta masses, but constant MCSM/Mtot ∝ q. At fixed energy, the ejecta velocities are
lower and light curve durations are correspondingly longer. As mass varies in Figure
1.5, the plateau photosphere radius varies only mildly because the higher ejecta masses
are balanced by lower ejecta velocities. Therefore, though these models show different
characteristic timescales, they all have very similar peak magnitudes and degrees of
CSM contribution to their overall radiated luminosity (total radiative efficiencies range
from 11.7% to 9.0%).

Varying donor star radius changes not only the extent of the donor itself but the
extent of the CSM, which extends to tens of stellar radii. This, in turn, varies the
crucial ratio of maximum CSM radius to transient photosphere radius (because varying
donor radius has little effect on Rph). When the donor is more compact, for example
150R⊙, the CSM extends to approximately 1014 cm, and largely affects only the early
lightcurve. Progressively larger donors of 500R⊙ and 1000R⊙ scale the radial size of
the CSM distribution. This scaling yields more CSM material at radii closer to the
transient’s photosphere radius at later times (for example near peak), in turn implying
higher radiative efficiencies, and brighter transients. For example, the 150R⊙ model
has a radiative efficiency of only 1.9%, while the 500R⊙ model radiates 5.3% of the
explosion energy and the 1000R⊙ model radiates 8.5% of the explosion energy.

Figure 1.6 summarizes the parameter space of merger-driven explosions in lu-
minosity, timescale, effective temperature, and radiative efficiency. The majority of
merger-driven explosions have radiative efficiency on the order of 10%, much higher
than the hydrostatic model with no CSM. The q = 0.3 model has even higher radiative
efficiency of 25%. However, the more compact 150R⊙ donor model and the highest ex-
plosion energy model, 1052 erg, both show relatively minimal CSM-interaction features
in Figure 1.5 and have somewhat lower radiative efficiency (because R∗/Rph and R0/Rph
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Figure 1.6 – Luminosity and timescale of the optical light curves of merger-driven explo-
sions. Here we additionally summarize radiative efficiency with size of the marker and
effective temperature at peak with color. The central point is our fiducial model; lines
connect the isolated variations of energy (dashed), mass (dotted), radius (dot-dash), and
mass ratio (solid).

are reduced, see section 1.4.1).
Together, Figure 1.6 shows that merger-driven explosions occupy a somewhat re-

stricted phase space of luminosity and timescale. Typical models are more luminous
than standard type IIP, but less luminous than super-luminous supernovae. In all of
the models bearing significant CSM-interaction features, effective temperature varies
systematically with time of peak brightness with longer-duration transients appearing
redder and shorter-duration transients appearing bluer.

1 .5 population synthesis of merger-driven ex-

plosions

We use population synthesis models of stellar binary evolution to explore the statistical
properties of binary systems at the time of a common envelope phase leading to merger
between a compact object and a giant star’s core. We then use these models to estimate
the population of observable merger-driven explosions.
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1.5.1 Population Model

We analyze rapid population synthesis models from the Compact Object Mergers: Pop-
ulation, Astrophysics and Statistics (COMPAS) suite (Barrett et al., 2018; Stevenson,
Vigna-Gómez, et al., 2017; Vigna-Gómez et al., 2018). These models employ approxi-
mate stellar evolution tracks and parameterized physics in order to facilitate exploration
of the statistical properties of binary stellar evolution – including rare outcomes like the
formation of double compact object binaries (for a full description of the approach, see
Barrett et al., 2018; Stevenson, Vigna-Gómez, et al., 2017; Vigna-Gómez et al., 2018). In
particular, we adopt the model parameters of Vigna-Gómez et al. (2018)’s “Fiducial"
case and we capitalize on a recent development by Vigna-Gomez et. al. (in preparation)
to record the characteristics and outcomes of all common envelope phases experienced
by modeled binaries.

Initial distributions of binary properties are sampled at the zero-age main sequence
(ZAMS) in COMPAS. In the models we study, the mass of the primary star is drawn
from an initial mass function in the form dN/dm ∝m−2.3 (Salpeter, 1955) with masses
between 5 ≤ m/M⊙ ≤ 100. The mass of the secondary star is then chosen from a flat
distribution in mass ratio with 0.1 < qZAMS ≤ 1 (Sana et al., 2012). The initial separation
is drawn from a flat-in-the-log distribution, dN/da ∝ a−1, with separations between
0.01 < aZAMS/AU < 1000 (Sana et al., 2012). All stars in our model population adopt
solar metalicity (Z = 0.0142). A total of 106 binary systems are simulated.

Common envelope phases are identified by conditions for dynamically unstable mass
transfer in COMPAS. When a common envelope episode occurs, an energy criterion
is used to evaluate the outcome. In particular, the final change in orbital energy is
related to the energy needed to unbind the giant star’s hydrogen envelope from its core,
∆Eorb = −αEbind, where α = 1 is an efficiency parameter (Webbink, 1984). If the maximal
change in orbital energy (defined on the basis of the minimal separation at which the
core fills its Roche lobe) is insufficient to unbind the envelope, |∆Eorb| < α|Ebind|, then a
merger between the companion and the core is assumed to result. This scaling implies
that more compact stars have higher binding energies and, for a given companion mass,
are more likely to result in merger. More extended stars (nearer to the tip of their
giant-branch evolution) have lower binding energies and their common envelope phases
are more likely to result in envelope ejection (de Kool, 1990; Kruckow et al., 2016).
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Figure 1.7 – Distributions of binary properties at the onset of common envelope phases
involving black holes or neutron stars interacting with evolved, massive star donors with
mass greater than 10M⊙. Here we distinguish between all common envelope phases
involving compact objects (labeled CO CE), and cases in which a neutron star merges
with the donor’s helium core (NS-Core) or a black hole merges with the donor’s helium
core (BH-Core). Mergers occur in roughly 22% of the compact object common envelope
phases, and are split relatively equally between black hole and neutron star events.
The companion mass distribution, especially for black hole mergers, favors massive
companions. Histograms are plotted in units of events per solar mass of stars formed per
logarithmic bin in x-value (mass, radius, or mass ratio).

1.5.2 Compact Object-Core Mergers

The most common evolutionary channel leading to a compact - giant star merger and
a merger-driven explosion is as follows. A binary pair in an initially relatively wide
orbit evolves, likely going through a dynamically stable mass transfer from the initially
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more-massive star onto its companion. That initially more massive star undergoes
core collapse, leaving behind either a neutron star or black hole remnant. Because
neutron star kicks tend to be large in magnitude (Fryer et al., 2012; Zevin et al., 2019),
a relatively small fraction of systems containing newly-formed neutron stars – less
than 4% (Vigna-Gómez et al., 2018) – remain bound following the supernova. Of those
that remain binaries, a large fraction will undergo a common envelope phase during a
reverse episode of mass transfer onto the compact object, initiated by the expansion of
the intially less massive companion after it completes core hydrogen fusion. This may
result in either a merger or a common envelope ejection. Those that eject their envelopes
may go on to form a double compact object binary, as discussed by Vigna-Gómez et al.
(2018).

The population of common envelope phases involving compact objects in these
models is depicted in Figure 1.7. In what follows, we report on and show only events
that involve post-main-sequence donor stars that have developed a distinct core. We
show the distribution of these sources in the Hertzsprung-Russell Diagram (HRD) as
well as in mass, radius, and mass ratio. We highlight the distinction between all common
envelope phases involving compact objects (labeled CO CE), and events resulting in
mergers between a neutron star and the donor core (labeled NS-Core) and a black hole
and the donor core (labeled BH-Core).

A number of interesting trends emerge from these distributions. While common
envelope phases occur throughout the donor star’s post-main sequence evolution, and
therefore also the HRD, particular criteria are most likely to result in a merger. Merging
sources tend to have the more compact radii compared to the overall distribution
of common envelope phases. This results in the majority of the population having
Teff ≳ 104 K, while a smaller portion of lower-mass donors have lower temperatures.
Neutron stars interact with a broad range of stellar companion masses, while black
holes common envelope phases tend to involve massive M ≳ 30M⊙ and thus luminous
donors. Typical mass ratios of compact-object common envelope phases range from
0.02 ≲ q ≲ 0.6; those resulting in mergers tend to have q ≲ 0.2. The upper limits of these
ranges reflect the conditions of dynamical mass transfer stability and envelope ejection,
respectively. Of the mergers, the black holes form the higher mass-ratio population,
0.1 ≲ q ≲ 0.2, while neutron stars typically have q ≲ 0.1.
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1.5.3 Event Rate

We can estimate the event rate of compact object–giant star mergers using the results of
these population synthesis models. We simulate 106 binary systems, or approximately
2.08 × 107M⊙ of binary mass. Each solar mass of modeled stars represents 3.8M⊙ of
stars formed (Vigna-Gómez et al., 2018). From our models, common envelope phases
involving compact objects occur with a frequency of 1.7 × 10−4M−1

⊙ , where the unit
denotes mergers per solar mass of stars formed. Of these, approximately 14% result in
mergers. Among the mergers, 46% involve black holes, while 53% involve neutron stars.
The rate of black hole–core mergers is approximately 1.35×10−5M−1

⊙ the rate of neutron
star–core mergers is 1.18 × 10−5M−1

⊙ . The majority of these events occur in a spread
of ages between 3 and 40Myr – a tail of the distribution extends to roughly 100Myr.
Mergers are thus strongly correlated with recent star formation. By comparison, core
collapse supernovae occur with a frequency of 5.5 × 10−3M−1

⊙ in the model systems.
Merger-driven explosions therefore represent on the order of 0.5% of all core collapse
events.

1.5.4 Outburst Population

Having assessed the population of donor stars and compact object companions that
undergo mergers, we now extend the results of our light curve models to estimate
the properties of the population of observable transients. Guided by the results of
Sections 1.4.4 and 1.4.1, we note that CSM interaction is most important when the
binary mass ratio is larger (yielding more merger ejecta and higher CSM mass) and when
the radius is extended (yielding less adiabatic degradation of CSM-interaction energy,
proportional to R∗/Rph). Comparison to the population properties in Figure 1.7 shows
that the systems that tend to have high mass ratios and large radii are predominantly
the BH-Core merger group, in which a black hole merges with its giant star companion.
By contrast, the typical radii, R∗ ∼ 100R⊙, and mass ratios, q < 0.1, for the neutron
star-core mergers are such that we expect less dramatic signatures of CSM interaction
(see Figure 1.5). The higher mass ratios in binaries with BH’s are due to greater mass
retention in the formation of BH’s compared to the formation of neutron stars.

To map our parameter variations onto the modeled population, we estimate the
following scalings of MV with changing model parameters from the results of Figure
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1.6,

MV ,peak ≈ −18.9− 2.42log10(R∗/1000R⊙)

− 0.229log10(M∗/30M⊙)

− 1.41log10(E/1051 erg)

− 2.20log10(q/0.1) (1.12)

An important caveat is that, given our limited model parameter coverage, these nu-
merical scalings represent the individual dependencies on binary properties about
our fiducial model rather than the full parameter covariance. We will compare these
luminosities to those of standard type IIP supernovae (Popov, 1993),

MV ≈ −11.42− 1.67log10(R∗/R⊙)

+ 1.25log10(M∗/M⊙)

− 2.08log10(E/1050 erg). (1.13)

We note that the Popov (1993) model accurately predicts the peak V-band luminosity of
our hydrostatic model (Figures 1.4 and 1.6).

In Figure 1.8, we apply these scalings to the population of compact-object core
mergers. Again we divide the population on the basis of whether a neutron star or
a black hole is merging with the core. In the upper panel, we assume that all events
have 1051 erg explosion energy. We find that CSM interaction (as predicted by equation
(1.12)) brightens all merger-driven explosions relative to their hydrostatic equivalents
(as estimated from equation (1.13)). The neutron star-core mergers are brighter by
approximately 1magnitude than their Popov-model equivalents. However, the black
hole mergers are brightened significantly more, by approximately 3 magnitudes. In
this diagram, we observe that the black hole merger-driven explosions form a distinct
population more luminous than the non-CSM-interacting IIP population.

In the lower panel of Figure 1.8, we apply the scaling of equation (1.2) to determine
the explosion energy. We adopt the fiducial efficiencies and we assume that the entire
core mass of the donor star comprises the accreted mass, thus the explosion energy be-
comes 3×1050(Mcore/2M⊙) erg. This scaling yields a range of energies with a somewhat
higher median value of 3.4 × 1051 erg than the upper panel. As a result, we observe
that the predicted magnitudes are somewhat brighter, particularly for the black-hole
transients, which tend to involve higher-mass cores, and thus higher predicted energies.
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Figure 1.8 – Transformation of merger-driven explosions by CSM interaction. We show
peak V-band magnitudes of the population of merger-driven explosions using the Popov
(1993) model (equation (1.13); dashed lines), then apply our results (equation (1.12);
filled histograms) to derive the peak magnitudes including CSM interaction with merger-
expelled ejecta. Black hole merger-driven explosions, in particular, form a distinct and
luminous group that comprises 49% of the merger-driven explosion transients. The y-axis
is shown in units of events per magnitude per 105M⊙ of stars formed.
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1 .6 discussion

1.6.1 Production of Supernovae-like Transients With Massive, Close

CSM

It has recently become apparent that a large fraction of type II supernovae show signs
of interaction with CSM of densities much larger than that implied by nominal stellar-
wind mass loss. Type IIn supernovae have long been acknowledged to have CSM due to
the persistent narrow lines in their spectra. This otherwise diverse class of supernovae
occupies approximately 10% of the overall core collapse rate (e.g. Kiewe et al., 2012).
More recently, evidence has been emerging that a majority (up to 70%) of type II
supernovae show evidence of having at least 0.1M⊙ of CSM imprinted on their light
curves (Morozova et al., 2018; Morozova & Stone, 2018). For example, Förster et al.
(2018) has argued for systematic evidence that most type II shock breakouts are delayed
by interaction with dense CSM. A shared feature of the CSM in many type IIP and
IIL supernovae is that it is very close to the donor star, indicating its loss in the years
immediately prior to the explosion (e.g. Ofek, Sullivan, et al., 2013; Smith & Arnett,
2014).

One proposed explanation for the presence of pre-supernova CSM ejection lies in
the phenomenological comparison to luminous blue variable (LBV) outbursts, which
are non-terminal outbursts of massive O-type stars. Though the precise cause of
these outbursts remains uncertain (e.g. Justham et al., 2014), as does their potential
correlation with the evolutionary trend of the core toward collapse, in at least one
dramatic example, SN2009ip, both LBV outbursts and a terminal supernova were
observed in the same object over the course of a decade (Margutti et al., 2014; Mauerhan
et al., 2014; Ofek, Lin, et al., 2013; Prieto et al., 2013; Smith et al., 2014; Smith et al.,
2010).

Another possible explanation links the CSM to the vigorous convection due to accel-
erating nuclear burning in the pre-supernova core. In this case, convection launches
gravity waves at the interface between the convective core and an overlying radiative
layer. These waves propagate through the radiative zone and dissipate near the base
of the convective hydrogen envelope (Fuller, 2017; Quataert & Shiode, 2012; Shiode
& Quataert, 2014). The luminosity of these dissipating waves can be highly super
Eddington in the year prior to core-collapse, driving extensive mass loss (Quataert et al.,
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2016) or outbursts (Fuller, 2017).
An explosion driven by the merger itself also naturally links merger ejecta and

CSM with the explosive fate of the star, as we have described in the preceding sections.
However, a merger-driven model cannot explain the full diversity of type II supernovae
or their CSM properties. In practice, some combination of these processes must be
at play in order to explain the abundance and diversity of CSM observed in type II
supernovae.

1.6.2 Comparison to Observed Supernovae

We compare our model light curves to two representative, well-studied supernovae.
Photometric similarity is insufficient to demonstrate the origin of a given transient,
as we discuss further in Section 1.6.3. In this section, we contextualize our model
merger-driven explosions by showing that they bear similarities to transients already
in the supernovae archives. The supernovae discussed here both showed signs of CSM
interaction before transitioning to type IIL supernovae. Type IIL supernovae with
steep declines in luminosity resemble the shape of light curves seen in our simulations,
whereas the supernovae with wind CSM interaction studied in Morozova et al., 2016
have shapes resembling type IIPs with an extra bumb in the first 50 days.

1.6.2.1 1979c

SN1979c, classified as a type IIL, was discovered in April 1979, several weeks after
explosion (Mattei et al., 1979). It has been observed extensively at radio wavelengths
(Bartel & Bietenholz, 2008; Marcaide et al., 2009; Montes et al., 2000; Weiler et al.,
1986), and early modeling suggested a very large progenitor radius of R ∼ 6000R⊙ and
CSM extending out to R ∼ 105R⊙ (Bartunov & Blinnikov, 1992).

Observations from the following 20 years gave rise to more theoretical discussion.
Bartel and Bietenholz (2003) suggested that the remnant is expanding into low density
CSM with ρ ∼ r−n, with n = 1.94+0.10

−0.05 decreasing to n < 1.5 at larger radii. It is not clear
the extent to which this slope is in tension with our model predictions. In particular,
we predict steeper n ∼ 3-4 primarily at radii smaller than those probed by Bartel and
Bietenholz (2003)’s measurements. Later Kasen and Bildsten (2010) suggested that
the light curve was brightened by the spindown of a magnetar at the center of the
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SN remnant. Patnaude et al. (2011) note that, rather than a magnetar, a 5− 10M⊙ BH
accreting from fallback material can also explain X-ray data seen from 1995 and 2007.

In the top panel of figure 1.9 we have plotted optical data from the first 100 days
of observation (from the open supernova catalog; Guillochon et al., 2017). On top we
plot absolute magnitudes from our simulations with M∗ = 30M⊙ and R∗ = 1000R⊙ and
E = 3× 1051erg. The plot is not a fit, but shows that the outcome of our simulations can
closely replicate observed transients. This, in addition to the potential for a remnant
black hole (Patnaude et al., 2011) make SN1979c an interesting candidate for further
investigation under the merger-driven hypothesis.

1.6.2.2 1998s

SN1998s is one of the most studied type IIn supernovae (Shivvers et al., 2015). From
spectral lines, two shells of CSM were identified. Fassia et al. (2001) found that the
inner CSM was within 90AU from the center and the outer CSM extended from 185
AU to over 1800 AU. The classification of SN1998s as a IIn is a direct result of the very
early spectral observations; the narrow line features disappeared and morphed into the
broad lines of a type IIL or IIb within weeks Smith (2017).

SN1998S has later been interpreted as having a red supergiant progenitor with
possibly asymmetric CSM consisting of the two separate shells, caused by separate
mass-loss events. (Kangas et al., 2016) claims that this type of SN is very common and
that many IIL and IIP share spectral features with IIn in early spectra.

In the bottom panel of figure 1.9 we plot the V ,R and I band data from SN1998s
(data from the open supernova catalog; Guillochon et al., 2017) plotted on top of
absolute magnitude from simulations with M∗ = 30M⊙ and E = 1× 1051 erg, solid lines
for radius scaled to R∗ = 1000R⊙, and dashed lines for R∗ = 500R⊙. The light curve we
see from from our simulations with R∗ = 1000R⊙ is similar to SN1998s, though the rate
of decline perhaps fits better with our R∗ = 500R⊙ simulation. Just as with SN1979c,
the overall light curve shape, duration, and brightness are well-approximated by our
models. The presence of nearby CSM is also consistent with a merger-driven explosion.
However, the explanation for two distinct shells of CSM is not immediately apparent
given our model predictions, and may be in tension with the merger-driven hypothesis
for this transient (though see the discussion of Clayton et al., 2017).
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Figure 1.9 –Upper panel: SN 1979c plotted on top of absolute magnitude from simulations
with q = 0.1, M∗ = 30M⊙, R∗ = 1000R⊙ and ESN = 3 × 1051erg. Lower panel: SN 1998s
plotted on top of absolute magnitude from simulations with q = 0.1, M∗ = 30M⊙ and
radius scaled to R∗ = 1000R⊙ (solid lines) and R∗ = 500R⊙ (dashed lines).
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1.6.3 Identification in Optical Surveys

Having shown that merger-driven explosion models can reproduce the basic, photomet-
ric properties of several observed supernovae, we now focus on the prospects for their
more secure identification.

The prevalence of merger-driven explosions (of order 0.5% of the core-collapse
rate) begs questions about their prior detection in existing datasets and their imprints
on future surveys. Current surveys, such as the Zwicky Transient Factory (Bellm &
Kulkarni, 2017) and All-Sky Automated Survey for Supernovae (e.g. Holoien et al., 2019)
are presently discovering hundreds of new core-collapse supernovae per year. This
discovery rate suggests that one or more merger-driven explosions is currently being
discovered per year. Efforts at early discovery and spectroscopy of these transients aim
to reveal CSM properties through “flash spectroscopy" in which the CSM is ionized prior
to being swept up by the blast wave. The Large Synoptic Survey Telescope (LSST) will
discover on the order of 105 core collapse events per year (LSST Science Collaboration
et al., 2009, chapter 8), implying hundreds to thousands of merger-driven explosions
detected in a given observing year.

Among this flood of optical transients, the challenge will be unambiguous iden-
tification of merger-driven explosions rather than detection. A full consideration is
beyond the scope of our initial study, but we speculate on several potential signatures
here. The explosion driven by accretion feedback is expected to preferentially expand
perpendicularly to the equatorial plane. And as discussed in Section 1.3, the ejecta
from the pre-merger common envelope phase are densest in the equatorial plane of
the binary. When the supernova explodes into this aspherical density distribution, the
blast wave will be shaped by these asymmetrical surroundings (Blondin et al., 1996).
Emission from the photosphere will, as a result, be polarized by one to several percent,
as has been described in the case of SN2009ip (Mauerhan et al., 2014).

The interacting binary progenitor of the explosion may also offer clues in the iden-
tification of merger-driven supernovae, as in ongoing progenitor-monitoring efforts
described by Adams et al. (2017) and Kochanek et al. (2008). Drawing parallels to
low-mass, Galactic stellar merger events like V1309 Sco (Mason et al., 2010; Tylenda
et al., 2011), increasing rates of non-conservative mass transfer (seen in the panels of
Figure 1.1) may enshroud the merging binary in dust and cause an optical fading of
the progenitor star prior to merger. In V1309 Sco, such a phase of optical dimming
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was observed in the phase of 100 to 1000 orbital periods prior to coalescence. In the
last orbits leading into the merger (the portion captured by Figure 1.1), V1309 Sco
brightened in optical bands as more-and-more emission arose from the outflow from
the binary (Pejcha, 2014; Pejcha et al., 2016a, 2016b; Pejcha et al., 2017). Future work is
needed to extend these scenarios to detailed predictions for pre-explosive behavior in
massive star coalescence.

Multiwavelength, particularly X-ray, signatures, while less frequently available than
optical photometry, provide a powerful tool for probing early CSM interaction (e.g.
Chevalier & Irwin, 2012; Margutti et al., 2017; Morozova & Stone, 2018). These data can
probe the CSM distribuiton in great detail, including the density distribution through
the hard to soft emission ratio (Morozova & Stone, 2018). If the CSM is as steep as
predicted in the merger-driven models (steeper than ρ ∝ r−3), it will accelerate the
leading edge of the ejecta to high velocities and produce hard x-ray emission (Morozova
& Stone, 2018).

Finally, merger-driven explosions will leave a black hole as the remnant of the rapid
accretion phase following merger of the compact object with the stellar core. Though
black hole formation is common in core-collapse events, it is typically believed to
accompany implosion rather than explosions and luminous supernovae (e.g. Sukhbold
et al., 2018). If detected, the coexistence of a supernova-like transient and a remnant
black hole would thus be consistent with the merger-driven explosion scenario. In
theory we might distinguish neutron star and black hole central x-ray sources on the
basis of their x-ray specta. In practice, this identification can be ambiguous when
the surrounding, absorbing medium is substantial. One such example of a transient
harboring an embedded x-ray source is AT 2018cow (Margutti et al., 2019).

1 .7 summary and conclusion

In this paper, we have presented models for merger-driven explosions that arise from
the plunge of a compact object within the helium core of its giant star companion
following a common envelope phase (Chevalier, 2012). When a compact object merges
with the helium core of a massive, post main-sequence star, the conditions for rapid,
neutrino-cooled accretion are met (e.g. W. Zhang & Fryer, 2001). The accompanying
release of energy may deposit approximately 1051 erg into the surrounding hydrogen
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envelope, leading to a merger-driven explosion (Chevalier, 2012). Some key findings of
our investigation are:

1. The binary coalescence leading to the merger of the compact object with the
core expels slow-moving material into the surrounding environment, forming
a dense, toroidal CSM (Figures 1.1 and 1.2). The spherically-averaged density
profile has a steep radial slope of ρ ∝ r−3 or ρ ∝ r−4 (Figure 1.3).

2. Using 1D radiation hydrodynamic models of the explosions, we find that the
CSM distribution is crucial in shaping the transient light curves. Merger-driven
explosions are brightened by up to three magnitudes relative to their counter-
parts in hydrostatic stars (Figure 1.4), with timescale and light curve shape that
vary with donor-star mass and radius and explosion energy (Figures 1.5 and 1.6).

3. From population models, we find that black hole and neutron star mergers with
giant star companions occur with similar frequency, each with a rate per mass
of stars formed of ∼ 1.25 × 10−5M−1

⊙ . The combined rate is 0.5% of the core-
collapse rate in our models. Merger-driven explosions occur across a roughly
flat distribution of donor-star masses from 10M⊙ to 100M⊙ (Figure 1.7). CSM
interaction brightens neutron star mergers by approximately one magnitude,
but brightens the population of black hole mergers by approximately three
magnitudes relative to type IIP models with the same energy injection and
pre-supernova stellar mass and radius (Figure 1.8).

4. The most luminous transients, those involving black hole mergers, are at least as
common as their less luminous neutron star counterparts. Black hole mergers
have MV ,peak ∼ −18 to −20 with tpeak ∼ 20 to 30 d. The implication for opti-
cal surveys is that the brightest, easiest-to-detect events comprise a significant
fraction of the entire population.

The calculations presented in this paper have demonstrated that merger-driven ex-
plosions provide a natural mechanism for the production of supernovae-like transients
with close-in, slow-moving CSM. Future work could improve on the treatment of the
stellar model (a polytropic envelope in our approximation) and the details of energy
injection into this envelope. At present, we inject energy spherically into the envelope
at one tenth the star’s overall radius. In practice, the unknown location and asymmetry
of energy injection might play a key role in shaping transient light curves, colors, and
peak luminosities with respect to the estimates of our current models.
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We compare our models to two representative supernovae, SN1979c and SN1998s
in Figure 1.9. However, we note that more work is needed to provide unambiguous
confirmations of merger-driven explosions. In Section 1.6.3, we discuss additional
strategies for the identification of merger-driven explosions including their asymmetry
and polarization due to the toroidal CSM, the properties of their progenitor binaries,
and their early spectra and X-ray emission. In future work, these signatures can be
investigated through multi-dimensional calculations of the explosive evolution and
emergent light curve, as well as more detailed modeling of the progenitor system’s
plunge toward merger.
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abstract

Here we investigate within the context of field binary progenitors how the the spin
of LIGO sources vary when the helium star-descendent black hole (BH) is formed
in a failed supernova (SN) explosion rather than by direct collapse. To this end, we
make use of 3d hydrodynamical simulations of fallback supernova in close binary
systems with properties designed to emulate LIGO sources. By systematically varying
the explosion energy and the binary properties, we are able to explore the effects that
the companion has on redistributing the angular momentum of the system. We find
that, unlike the mass, the spin of the newly formed BH varies only slightly with the
currently theoretically unconstrained energy of the SN and is primarily determined
by the initial binary separation. In contrast, variations in the initial binary separation
yield sizable changes on the resultant effective spin of the system. This implies that the
formation pathways of LIGO sources leading to a particular effective spin might be far
less restrictive than the standard direct collapse scenario suggests.

2 .1 introduction

The gravitational wave (GW) signals detected by LIGO (LIGO Scientific & Virgo Col-
laboration, 2017; LIGO Scientific Collaboration & VIRGO Collaboration, 2016; LIGO
Scientific Collaboration & Virgo Collaboration, 2016b; LIGO Scientific Collaboration,
Virgo Collaboration, & Burns, 2017; LIGO Scientific Collaboration, Virgo Collaboration,
& South Africa/MeerKAT, 2017) have uncovered a population of black holes (BHs) that
is significantly more massive than the population known to reside in accreting binaries
(Remillard & McClintock, 2006). While there is significant debate in the community
about how black hole binaries are assembled (Belczynski et al., 2016; de Mink & Mandel,
2016; Gerosa & Berti, 2017; Kalogera et al., 2007; LIGO Scientific Collaboration & Virgo
Collaboration, 2016a; Portegies Zwart & McMillan, 2000; Postnov & Yungelson, 2014;
Rodriguez, Zevin, et al., 2016; Sadowski et al., 2008; Wysocki et al., 2018), the classical
scenario (Tutukov & Yungelson, 1993; Voss & Tauris, 2003) remains one of the leading
candidates. In this channel, a wide massive binary undergoes a series of mass transfer
episodes leading to a tight binary comprised of a massive helium star (M∗) and a BH
(M1), prior to the formation of the second BH (M2). LIGO observations of the mass-
weighted angular momentum perpendicular to the orbital plane χeff, have been argued



chapter 2 . black hole formation in fallback supernova and the spins of ligo

sources 67

to provide constraints on this formation channel (Farr et al., 2017; Rodriguez, Zevin,
et al., 2016; Stevenson, Vigna-Gómez, et al., 2017). This is because vital information on
the mass transfer history of the binary and the spin of M∗ is imprinted on

χeff =
M1a⃗1 +M2a⃗2

M1 +M2
· L̂. (2.1)

Here a⃗1 and a⃗2 are the dimensionless spins of the BHs and L̂ is the direction of the
angular momentum in the orbital plane.

The angular momentum of the secondary BH is intimately linked to that of the pro-
genitor helium star, which in turn is determined by its mass-loss history and the torque
exerted by the primary black hole (Kushnir et al., 2017; Qin et al., 2018; Zaldarriaga
et al., 2018). This torque can effectively drive synchronization of the stellar spin and the
orbit in binaries tighter than dτ , the maximum separation allowed for synchronization
within the life of the helium star (Zaldarriaga et al., 2018). The final angular momen-
tum of the star thus provides a reasonable estimate of a2 when the mass and angular
momentum losses from the final supernova explosion are ignored. All previous works
have assumed that such effects are small based on the simple expectation that LIGO
BHs are formed by direct collapse.

Motivated by the fact that the nature of BH-forming supernova (SN) explosions is not
to well understood (Fryer et al., 2012; Pejcha & Thompson, 2015; Ugliano et al., 2012),
in this Letter we explore the effects on χeff when the second BH M2 instead is formed
by a fallback SN explosion (Batta et al., 2017; Dexter & Kasen, 2013; Fernández et al.,
2018; Fryer et al., 2012; Lovegrove & Woosley, 2013; T. Moriya et al., 2010; Perna et al.,
2014). For this purpose we make use of 3d hydrodynamical simulations of fallback SN
in close binary systems with properties aimed at reproducing LIGO GW signals. The
structure of this Letter is as follows. In Section 2.2 we describe the numerical formalism
used to initiate the fallback SN explosion and compute the subsequent evolution of the
binary. In Section 2.3 we describe the dynamics of the fallback material and its effect
on the final spin of both BHs. Lastly, in Section 2.4 we present our key findings and
relate them to the current population of LIGO sources.
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Figure 2.1 – The velocity profile of the ejecta at d∗ = 1 (soon after the shock emerges from
the stellar envelope) is plotted in units of the escape velocity for three different initial
explosion energies.The shaded region shows the initial BH mass. The subsequent growth
of the BH depends on the amount of fallback material, which in turn, depends strongly
on the energy injected. The dashed lines show the current mass of the BH for different
explosion energies.

2 .2 methods and initial setup

Here we follow the setup described in Batta et al. (2017) to study the evolution of the
progenitor binary system after the birth of M2. We make use of a modified version of
the three-dimensional smoothed particle hydrodynamics (SPH) code GADGET2 (Springel,
2005), with our initial setup consisting of a tidally locked 28M⊙ helium star in orbit
around a BH of M1 = 15M⊙. The reader is referred to Batta et al. (2017) for further
details on initial particle distribution and numerical accretion. We settled for a resolu-
tion of 5× 105 particles, which showed convergence for a2 and properly captured the
dynamics of the ejecta and the binary system. Higher resolution studies using 2× 106

particles were carried out to demonstrate convergence and accuracy for representative
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cases.
To study the interaction of the fallback material with the newly formed BH binary

we explore three sets of simulations. Each set starts with the initial binary in a circular
orbit with a separation d = d∗R∗, where d∗ = 2, 3 or 5 and R∗ is the pre-SN star’s radius.
Then for each orbital separation we run simulations with at least four different SN
explosion energies. In all cases we assume a1 = 0 based on the results of Qin et al., 2018,
and assume that synchronization of the stellar spin and the orbit has taken place, as is
expected for the initial separations used in this analysis. Given the large uncertainties
in BH natal kick estimations (Mandel, 2016; Repetto & Nelemans, 2015), we assumed
the simplest scenario where no natal kick is applied to the recently formed BH. This
combined with the synchronization of the stellar spin and the orbit, translates into BH’s
spins aligned with the orbital angular momentum.

The initial profile of the star was obtained from the 35OC KEPLER model calculated
by Woosley and Heger (2006) of a 28M⊙ pre-SN helium star with R∗ = 0.76R⊙. We
considered the innermost 3M⊙ of the pre-SN star to be the newly formed BH with a2(t =
0) = 0, which we subsequently treat as a sink particle. After the removal of the inner
core, we use a parameterized energy injection routine to mimic the supernova engine
and derive the density and velocity profile of the expanding envelope. Specifically, the
energy is parametrized as follows: ESN = ζ EG, where EG = 2.3× 1052erg is the binding
energy of the pre-SN star. This energy is then deposited instantanously in a 1.5M⊙ mass
shell located at the inner boundary between the BH and the stellar envelope.

The distribution that describe the ejecta is determined solely by the structure of the
pre-SN star (Matzner & McKee, 1999; Woosley & Weaver, 1995) and is established by
the hydrodynamics of the interaction. Initially, the shock propagates through the stellar
material, pressurizing it and setting it into motion. Once the shock wave approaches
the surface of the star, a rarefaction stage begins in which stellar material is accelerated
by the entropy deposited by the shock. This stage terminates once the pressure ceases to
be dynamically important and the material expands freely. Figure 2.1 shows the radial
velocity profile of the envelope when the shock surfaces the stellar envelope for three
different explosion energies: ζ = 0.1,0.5 and 0.9. The gray area shows the initial BH
mass while the dashed lines show M2(t) at the time the shock reaches r = R∗. Despite
the complicated hydrodynamical interaction, the density and pressure approach steep
power laws in velocity as the material enters the rarefaction stage and the ejecta begins
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to establish homologous expansion (Figure 2.1). For a given progenitor structure, the
ensuing ejecta will take similar ejecta distributions.

When ζ ≲ 1, energy injection fails to unbind the star such that a sizable fraction of
its mass eventually fallbacks onto the newly formed BH. If this takes place in a binary
system (Batta et al., 2017), a non-negligible fraction of the bound material can expand
to a radius comparable or larger than the binary’s separation, thus immersing the BH
companion in gas. The interaction of fallback material with the binary transfers orbital
angular momentum to the gas, which upon accretion onto the orbiting BHs is finally
transferred into spin angular momentum. Differences in ζ result in diverse accretion
histories, which ultimately regulate the BHs’ final masses and spins. It is to this topic
that we now draw our attention.

2 .3 fallback supernova in binaries and the spins

of ligo sources

2.3.1 Spin Evolution of the Newly Formed Black Hole

Figure 2.2 shows the gas column density in the equatorial plane of the binary for three
different simulations (from top to bottom) and at three different stages (left to right).
Evolutionary times in Figure 2.2 are measured in units of the dynamical time of the
pre-SN star: t∗. All simulations have ζ = 0.4 but differ on the initial separation of the
binary: d∗ = 2 (top panel), d∗ = 3 (middle panel) and d∗ = 5 (bottom panel). The frames
are centered on the newly formed BH and the dashed circles in the left panels show the
size of the pre-SN star.

Flow dynamics are similar in all three simulations shown in Figure 2.2. First, the
envelope expands to rapidly engulf the companion BH. A bow shock is created as a
result of this initial interaction. It is, however, only when the slower moving material
reaches the companion that the resulting torque can supply the envelope gas with
sizable angular momentum. This envelope material will remain bound to the system
and will form a disk around M2 if restricted to the region within which orbiting gas is
gravitationally bound to the newly formed BH. A disk, albeit lighter, also forms around
M1, whose final mass depends sensitively on the initial separation.

The total mass bound to M2 is the same in all simulations, yet the fraction of angular
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Figure 2.2 – Gas column density (code units) in the equatorial plane of the binary for
three different initial separations (from top to bottom) and at three different evolutionary
stages (left to right). The frames are centered on the newly formed BH (black circle) and
the dashed circles in the left panels show the initial size of the pre-SN star. The cyan circle
shows the companion BH. Times are measured in units of t∗. All simulations have ζ = 0.4
but differ on the initial separation of the binary: d∗ = 2 (top panel), d∗ = 3 (middle panel)
and d∗ = 5 (bottom panel). In the last frame in the bottom panel, the resulting large binary
separation places the companion outside the frame.
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Figure 2.3 – The dependence of a2 on ζ and d. Left panel: The spin parameter of M2 as a
function of the accreted mass in units of M∗ for the three simulations shown in Figure
2.2. Here all simulations have ζ = 0.4 and, as a result, the total accreted mass is similar.
The solid lines correspond to the values derived from the simulations while the dashed
lines indicates the expected mass and angular momentum accretion from material that
remains in the disk (Bardeen, 1970; Thorne, 1974) when the simulation ends at t = 80t∗.
Middle panel: The dependence of a2 on ζ. All simulations shown have the same separation
(d = 3R∗) but ζ = 0.1, 0.4, 0.5, 0.7 and 0.9. The dashed line represents the spin expected
from direct collapse (i.e., ζ = 0). Right panel: The dependence of a2 on d∗ and ζ. The
size of the symbols show the final BH mass, ranging from 8.2M⊙ to 22.5M⊙. The vertical
dashed line shows dτ , the radius for effective tidal synchronization (Zaldarriaga et al.,
2018) and the vertical solid line shows dH, the binary separation required for merging
within a Hubble time (28M⊙ + 15M⊙). Dashed lines depict the spin expected from the
direct collapse of different mass fractions, f M∗, of the pre-SN star with f = 0.3,0.5,0.8,1.

momentum accreted increases with decreasing separation. As a result, a2 is higher
for progressively more compact binaries despite the final mass of M2 reaching similar
values. This can be seen in the left panel of Figure 2.3, in which we show the evolution
of a2 as a function of the accreted mass in units of M∗. Initially, a2 increases as envelope
material is accreted directly onto the BH. The innate angular momentum in this initial
phase is determined by tidal synchronization, which increases as the binary separation
decreases (Kushnir et al., 2016, 2017; Zaldarriaga et al., 2018). A transition in the
evolution of a2 is observed in the left panel in Figure 2.3when material that is effectively
torqued by the binary is able to form a disk and is subsequently accreted onto M2. This
material has a higher specific angular momentum than the one initially set by tidal
synchronization and, when accreted, is able to spin up the newly formed BH at a faster
rate. The resultant change in slope observed in the left panel in Figure 2.3 due to the
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accretion of disk material is observed to occur earlier for smaller separations, which
results in higher total spins values than those given by direct collapse of the same
fallback material.

At a fixed ζ, the spin of the newly formed BH depends sensitively on d∗. For d∗ ≲ 5,
the resultant torque on the fallback material can be considerable and, as a result, a2

can be appreciable larger than the one expected from tidal synchronization. In this
case, the final mass of M2 remains unchanged while the final spin can vary drastically.
The final mass of M2 is, on the other hand, controlled by ζ. The middle panel in Figure
2.3 shows the evolution of a2 for a fixed separation d∗ = 3 and changing ζ. Initially,
the spin evolution follows the trend expected from direct collapse. This is because the
torque is unable to modify the original angular momentum of the promptly collapsing
stellar material. A transition to disk accretion is seen in all cases, with the shift always
occurring late in the mass accretion history of M2. The resultant spin is similar in all
cases due to the self similarity of the mass distribution of the expanding ejecta (Matzner
& McKee, 1999), which results in a comparable mass ratio of directly falling stellar
material to disk material for different values of ζ. For example this fraction varies from
5.3 % for ζ = 0.5 to 7.6% for ζ = 0.9 (see middle panel of Figure 2.3 for d∗ = 3). This
mass ratio is mainly responsible for determining the final spin of the BH and varies
only slightly with ζ.

We have discussed, in the context of the classical scenario, the effects that the binary
separation and the energy of the SN have on the resulting spin of the newly formed BH.
The right panel of Figure 2.3 provides a clear summary of our findings as it shows the
final spin of M2 as function of d and ζ. The final mass of the newly formed BH is also
shown by the size of the symbols. The masses for M2 range from 22.5M⊙ for ζ = 0.1
(M2/M∗ ≈ 0.8) to 8.2M⊙ for ζ = 0.9 (M2/M∗ ≈ 0.3). Together with the results from our
simulations we also plot the expected spin obtained from the direct collapse of the
pre-SN stellar profile. This formalism makes use of the KEPLER model and assumes solid
body rotation determined by tidal synchronization. Then, by assuming the spherical
collapse of the star, we obtain the BH’s spin a2 for different fractions f = 0.3,0.5,0.8,1
of the collapsed stellar mass M∗. If the entire star was to collapse directly onto a BH,
this will give a final spin a2 solely dependent on d, as predicted by the dashed line in
Figure 2.3 labeled M∗.

When ζ is small and a significant fraction of the material is promptly accreted by
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the BH, the simple direct collapse formalism provides an accurate description of the
final spin of the newly formed BH. This can be seen by comparing the dashed line in
Figure 2.3 labeled 0.8M∗ with the simulation results obtained for ζ = 0.1, which give
BHs with M2 ≈ 0.8M∗ and final spins that closely resemble the direct collapse ones. By
contrast, when f M∗ ≲M∗, the final spin is significantly higher than the one predicted
by direct collapse of the same enclosed material. This is because in such cases the
fallback material is effectively torqued by the BH companion, which results in disk
formation and consequentially higher final spin values. Binary BH formation in the
classical scenario depends critically on the currently poorly constrained energy of the
resulting SN, which for fallback-mediated remnant growth results in faster spinning
BHs than what would have been attainable for a single star progenitor.

2.3.2 Spin Evolution of the Orbiting Black Hole

Figure 2.4 shows the dependence of a1 and M1 on ζ and d. In contrast to M2, the final
mass of the companion BH is only weakly altered by changes in ζ. The reason is that
a comparatively small mass can be effectively restricted to the region within which
the expanding envelope material is gravitationally bound to M1. This bound material
forms a disk whose final mass depends on both d and ζ. The resultant changes in a1,
under the assumption of a1(t = 0) = 0, are observed to be more pronounced when the
initial binary separation changes. Although, as expected, no sizable changes take place
at large separations given that only a tiny fraction of the companion’s envelope can be
under the gravitational influence of M1. We note here that values of a1 ≲ 0.08, involving
the accretion of a small number of particles, are not converged at the resolution used
in this study. The final value of a1 shows a modest variation with SN energy with a
small preference for ζ ≈ 0.5 at small separations. This indicates that although the ejecta
distributions are similar for changing values of ζ, the fraction of bound material to M1

is largest for this particular explosion energy, although its exact value is likely to change
for different pre-SN progenitors.

2 .4 discussion

In this Letter we have explored within the classical binary scenario how the spin of LIGO
sources vary when the remnant BH is formed in weak SN explosions instead of direct
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Figure 2.4 – The dependence of a1 and a2 on both ζ and d. The size of the symbols depicts
the value of the final mass of the BH. Top panel: a2 as a function ζ for initial d∗ = 2, d∗ = 3
and d∗ = 5. Bottom panel: a1 as a function ζ for initial d∗ = 2, d∗ = 3 and d∗ = 5, under the
assumption that M1 had no spin before the final SN explosion a1(t = 0) = 0.
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collapse. Our key findings are summarized below.

■ The final mass of the newly formed BH depends on the explosion energy. Its
mass varies from M2 ≈ 0.8M∗ for ζ = 0.1 to M2 ≈ 0.3M∗ for ζ = 0.9 (Figure 2.1).

■ At a fixed SN energy, the final spin increases significantly with decreasing d as a
larger fraction of the fallback material is torqued by the companion. This results
in similar mass BHs but with widely different spins (see left panel in Figure 2.3).

■ Due to the self similarity of the mass distribution of the expanding ejecta, the
final spin of the BH varies only slightly with ζ. This results in BHs with a wide
range in masses but similar spins (see middle panel in Figure 2.3).

■ In the presence of a companion, the final spin of a BH formed by a fallback SN
explosion can be significantly higher than the one predicted by direct collapse of
the same stellar material (see right panel in Figure 2.3).

■ The spin of the BH companion, on the other hand, depends on both ζ and d. This
is because its accretion history is determined by the amount of fallback material
that it is able to seize (Figure 2.4).

In Figure 2.5 we present a comparison of our results (upper panel) in the context of
both direct collapse solutions and current LIGO observations of binary BHs. Shown
are χeff as a function of the chirp mass, M, of the resulting BH binary system. The
shaded quadrilateral regions (upper and lower panel) show systems produced by the
direct collapse of pre-SN helium stars of varying masses, whose structures have been
taken from the KEPLER models of Woosley and Heger (2006). The final spin of M2 is
calculated using the radial stellar profile and assuming rigid body rotation of the tidally
synchronized SN progenitor. The pre-SN helium stars (M∗) are assumed to be orbiting
around a BH with M1 = qM∗ and a1=0. The dependence of χeff with M is obtained
by varying q from 0.53 to 1 in all cases, while the dependence of χeff at a fixedM is
obtained by changing d from 2R∗ to 5R∗ at constant q. To facilitate comparisons, we
plot as shaded ellipses the 90% credibility intervals of the GW signals measured so far
(LIGO Scientific & Virgo Collaboration, 2017; LIGO Scientific Collaboration & VIRGO
Collaboration, 2016; LIGO Scientific Collaboration & Virgo Collaboration, 2016b;
LIGO Scientific Collaboration, Virgo Collaboration, & Burns, 2017; LIGO Scientific
Collaboration, Virgo Collaboration, & South Africa/MeerKAT, 2017) .

Some points should be emphasized. The current LIGO observations are inconsistent
with the direct collapse of pre-SN helium stars in close binaries (Hotokezaka & Piran,
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Figure 2.5 – χeff as a function ofM. Top panel: The results of our simulations (28M⊙ +
15M⊙, q = 0.53) for varying ζ and d. The shaded region show the outcomes produced
by the direct collapse of the 28M⊙ pre-SN helium star calculated by varying q from
0.53 to 1 and d from 2R∗ to 5R∗. Bottom panel: The shaded quadrilateral regions show
systems produced by the direct collapse of stars of varying M∗ = [12,34]M⊙, q = [0.53,1]
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0.49R⊙(34M⊙). The shaded ellipses in both panels show the 90% credibility intervals of
the GW signals measured by LIGO.
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2017; Kushnir et al., 2016; Zaldarriaga et al., 2018). When the assumption of direct
collapse is relaxed, the mass of M2 can be altered by small changes on the explosion
energy ζ while a2 and a1 (to a lesser extent) depend primarily on d (Figure 2.4). For
the specific 28M⊙ + 15M⊙ system studied here, we show that changes in ζ alone can
produce systems like LVT151012 (ζ = 0.1, d∗ = 5) or GW170608 (ζ = 0.9, d∗ = 5). For
a fixed SN energy of ζ = 0.9, changes in the initial separation can, on the other hand,
yield systems like GW170608 (d∗ = 5) or GW151226 (d∗ = 2).

Irrespective of the exact progenitor system, the processes discussed here implies that
the formation pathways of LIGO binary BHs are more complicated than the standard
scenario suggests. But the effects are especially interesting for weak SN explosions
taking place in close binary systems. Future LIGO observations can offer clues to the
nature of the SN explosion leading to the formation of BHs, which is currently not
well understood (Perna et al., 2014; Raithel et al., 2018; Sukhbold et al., 2016). For
instance, GW170608 could be indicative of weak SN explosion of a more massive pre-SN
progenitor system while GW151226might arise due to direct collapse of a lighter, yet
more compact progenitor system.

The properties of LIGO sources in the (χeff,M) plane is diverse. One appealing aspect
of the classical scenario is that the great variety of binary and explosion parameters can
probably help explain this diversity. Given the need for a large helium core mass in
progenitors, BH formation may be favored not only by slow rotation but also by low
metallicity (Izzard et al., 2004). Larger mass helium cores might have less energetic
explosions but this is currently highly uncertain. Many massive stars may produce
supernovae by forming neutron stars in spherically symmetric explosions, but some
may fail during neutrino energy deposition, forming BHs in the centre of the star
(Fryer et al., 2012; Pejcha & Thompson, 2015; Ugliano et al., 2012) and possibly a wide
range of weak SN explosions (Batta et al., 2017; Dexter & Kasen, 2013; Fernández
et al., 2018; Fryer et al., 2012; Lovegrove & Woosley, 2013; T. Moriya et al., 2010).
Asymmetric SN explosions, which might be a natural consequence of BH formation,
could change the results presented in this study. However, Chan et al. (2018) recently
showed that the structure of the fallback material can only be significantly modified by
asymmetries when the explosion is strong (ζ ≳ 1) and, as such, we expect our results
to be representative of weak SN models. One expects various outcomes ranging from
very massive BHs with low spins (GW150914), to lighter and faster spinning BHs
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(GW151226). The number density of binary BHs of different masses and spins would
provide a natural test to distinguish between different stellar explosion avenues.
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abstract

The detection of the unusually heavy binary neutron star merger GW190425marked a
stark contrast to the mass distribution from known Galactic pulsars in double neutron
star binaries and gravitational-wave source GW170817. We suggest here a formation
channel for heavy binary neutron stars and light black hole - neutron star binaries in
which massive helium stars, which had their hydrogen envelope removed during a
common envelope phase, remain compact and avoid mass transfer onto the neutron
star companion, possibly avoiding pulsar recycling. We present three-dimensional
simulations of the supernova explosion of the massive stripped helium star and follow
the mass fallback evolution and the subsequent accretion onto the neutron star com-
panion. We find that fallback leads to significant mass growth in the newly formed
neutron star. This can explain the formation of heavy binary neutron star systems
such as GW190425, as well as predict the assembly of light black hole - neutron star
systems such as GW200115. This formation avenue is consistent with the observed
mass-eccentricity correlation of binary neutron stars in the Milky Way. Finally, avoiding
mass transfer suggests an unusually long spin-period population of pulsar binaries in
our Galaxy.

3 .1 introduction

On April 25th, 2019, the LIGO-Virgo network detected its second-ever signal of two
neutron stars merging, tagged as GW190425 (B. P. Abbott et al., 2020). But unlike the
first detection of a binary neutron star (BNS) merger (GW170817, LIGO Scientific Col-
laboration & Virgo Collaboration, 2017c), which conformed to expectations, GW190425
was extraordinary. Most of what we know about neutron stars comes primarily from
observations of pulsars, magnetized rotating neutron stars, in our own Milky Way. Of
the thousands of known pulsars, almost twenty are visible as recycled millisecond
pulsars paired with another neutron star companion (J. J. Andrews & Mandel, 2019;
Tauris et al., 2017). These light neutron star binaries, including GW170817, weighed
the equivalent of about 2.6 solar masses (Farrow et al., 2019; Kiziltan et al., 2013; Özel
& Freire, 2016). By contrast, GW190425 has a total mass equal to about 3.4 solar masses
(B. P. Abbott et al., 2020).

Since the detection of the Hulse–Taylor binary (Hulse & Taylor, 1975), there is
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consensus that the progenitors of BNSs are massive stellar binaries (e.g., van den
Heuvel, 1976). A crucial phase in the evolutionary pathway to BNS formation occurs
when a giant star fills its Roche lobe and initiates a dynamically-unstable mass-transfer
episode onto the neutron star companion (e.g., Bhattacharya & van den Heuvel, 1991).
The stellar core and the neutron star become engulfed by the expanding envelope, a
process where gas drag dissipates orbital energy of the binary (e.g., Ivanova, Justham,
Chen, et al., 2013; MacLeod & Ramirez-Ruiz, 2015). This common envelope phase ends
when the hydrogen envelope is ejected and a compact, stripped, helium-rich star of a
few solar masses is left to reside in a tight (≈ R⊙) near circular orbit (Fragos et al., 2019;
Law-Smith et al., 2020). The subsequent evolution of the binary (Figure 1) depends
on the mass and composition of the stripped helium star (Woosley, 2019) after the
envelope is ejected. Most low-mass helium stars expand (e.g., Götberg et al., 2017;
Laplace et al., 2020; Woosley & Weaver, 1995) and engage in an additional stable mass-
transfer episode. During this episode, the mass transferred from the helium-rich donor
recycles the pulsar, a process in which the neutron star spin increases to milliseconds
and becomes radio visible for several Gyr (e.g., Srinivasan, 2010). Moreover, the donor
star becomes an ultra-stripped core (Tauris et al., 2013; Tauris et al., 2015). These
low-mass systems lead to BNSs such as GW170817 and those observed in the Milky
Way (e.g., Ramirez-Ruiz et al., 2019).

In this Letter we propose an alternative channel formation channel for heavy BNSs.
In this formation channel, massive (≳ 9 M⊙) helium stars remain compact and avoid
mass transfer onto a neutron star and thus pulsar recycling. Non-recycled, young,
pulsars become radio quiet after only tens of Myr (e.g., Lorimer & Kramer, 2012; Tauris
et al., 2017) and, as a result, these massive helium stars could lead to radio-quiet
compact binaries that can only be detected by gravitational-wave observatories. The
structure of the helium star at core collapse will determine if the system will become
a BNS or black hole - neutron star (BH-NS) binary. These systems offer an alternative
evolutionary pathway which can explain the dichotomy between the observed BNSs
hosting recycled pulsars, GW170817, and the unusually heavy gravitational-wave
source GW190425 (Figure 3.1).
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Figure 3.1 – Late stages of BNS formation. The giant star expands and engulfs the neutron
star companion in an stage commonly referred to as a common-envelope evolution (a). A
successful ejection of the envelope leaves the neutron star in a close orbit with a stripped-
envelope star. The evolution of the system depends on the mass ratio q = MNS/Mstripped.
Less-massive stripped stars with q ≳ 0.3 experience an additional mass transfer phase that
further strips the star and recycles the pulsar companion. Such evolutionary sequence
leads to systems such as the observed BNSs in the Milky Way and GW170817 (b). More
massive stripped stars with q ≈ 0.3 do not expand as much, therefore avoiding further
stripping and companion recycling. Such evolutionary sequence, on the other hand, is
expected to lead to BNS systems such as GW190425 (c). Finally, even more massive
stripped stars with q ≲ 0.3 will lead to BH-NS binaries such as GW200115 (d).
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3 .2 methods and initial conditions

In this Letter we present three-dimensional (3D) hydrodynamic models of GW190425-
like progenitor binaries using the smoothed-particle hydrodynamics (SPH) code GADGET-

2 (Springel, 2005). Our approach is hybrid, since we approximate the evolution of
a star that is stripped by a binary companion through a detailed stellar evolution of
a single star, then map the pre-collapse 1D stellar model onto a 3D binary to model
the explosion. To generate our initial models we make use of the one-dimensional
(1D) stellar evolution code MESA (Paxton et al., 2011) version 10398. In particular,
we model the evolution of a 10.0 M⊙ stripped star at Z = 0.02 from helium zero-age
main sequence to core collapse. At core collapse, the heavy helium star has a mass of
Mpre−SN ≈ 5.4 M⊙, a radius of ≈ 0.7 R⊙, and more than 95% of its gravitational binding
energy contained below a radius of 0.01 R⊙. The reader is refer to Appendix A.3 for
specifics. We then map the MESA model into GADGET-2 in order to simulate the
supernova explosion of a heavy helium star with a 1.3M⊙ neutron star companion at a
separation of apre−SN = 1.4 R⊙ in a circular orbit. Details on the setup and numerical
tests can be found in Appendix A.4. The initial proto-neutron-star mass is assumed to
be Mproto−NS = 1.3 M⊙, consistent with the observed mass distribution of BNSs (Farrow
et al., 2019; Kiziltan et al., 2013; Özel & Freire, 2016) and with the properties of the
1D pre-supernova stellar model (B. Müller et al., 2016). An explosion energy of 1.5
bethes1, consistent with estimates from a 1D neutrino-hydrodynamics code for a similar
progenitor model (Ertl et al., 2020), is deposited in a shell above the proto-neutron star.
We focus on the long-term, post-explosion fallback evolution of the ejecta in order to
account for mass accretion of the newly born neutron star and for pulsar recycling of
the companion. We do not account for magnetic fields.

3 .3 neutron star birth from supernova fallback

The resultant hydrodynamical evolution of the explosion is depicted in Figure 2. The
shock initially propagates through the iron core until it reaches the envelope, fractions
of a second after the explosion. At this point, a reverse shock wave emerges, which
propagates back towards the newly-formed neutron star and triggers mass fallback.

11bethe := 1051 erg.
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The fallback mass accretion rate peaks 20 s after the explosion at ≈ 10−2 M⊙ s−1 (Figure
3.2). Approximately 0.8 M⊙ are accreted during the first hundred seconds after the
explosion, roughly the same time scale in which the expanding layers of the exploding
star reach the neutron star companion (Figure 3.2). The rapid velocity of the expanding
shock (≈ 1000 km s−1) and the small cross section of the neutron star companion result
in ≲ 10−3 M⊙ of accreted material. The accretion of this small amount of material will
not effectively recycle the neutron star companion (e.g., Tauris et al., 2017).

After thousands of seconds the newly formed neutron star approaches a final mass
of ≈ 2.1 M⊙, a value in broad agreement with earlier results (Ertl et al., 2020; Fryer et al.,
2012) in the literature. During the whole simulation the accretion rate remains above
hypercritical (Chevalier, 1993) and neutrinos provide the main cooling mechanism
until after ≈ 106 s.

The amount of fallback mass accretion increases with decreasing explosion energy
(Figure 3.3). Energies of Eexp ≲ 0.5 bethes lead to almost complete fallback while
explosions energies of Eexp ≳ 2.5 bethes lead to a complete ejection of the envelope.
The fallback-dominated transition from neutron star to black hole remnants occurs at
Eexp ≲ 1.3 bethes. Explosion energies between 1.3 ≲ Eexp ≲ 2.4 bethes lead to remnant
masses 1.6 ≲Mrem,exp/M⊙ ≲ 2.7, which are in the inferred range for the heavy neutron
star in GW190425 (B. P. Abbott et al., 2020). Future detections of BNSs and BH-NS
binaries would thus help improve the so far weak constrains of supernova explosion
energies from massive helium stars.

The ejected envelope material during a supernova explosion imparts a recoil kick
on the system. Even if the supernova is spherically-symmetric in the frame of reference
of the exploding star, the explosion will increase the orbital period and eccentricity
(Blaauw, 1961). If, on the other hand, the supernova material is ejected anisotropically,
the magnitude of the resultant kick to the newly born neutron star is expected to be of
the order of ≈ 100 km s−1 for isolated massive stars (e.g., Burrows & Vartanyan, 2021)
and reduced to ≈ 10 km s−1 for ultra-stripped or electron-capture supernovae (e.g.,
Vigna-Gómez et al., 2018). BNSs assembled via common-envelope episodes end up in
close orbits with relative orbital velocities well in excess of 1000 km s−1 and are likely
to remain gravitationally bound after the explosion. Depending on the direction and
magnitude of the natal kick, some binaries might actually end up shrinking to even
closer orbits. The explosion of massive helium stars with a light neutron star companion
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Figure 3.2 – The hydrodynamical evolution of the second supernova and the accompa-
nying mass fallback that leads to a heavy BNS merger. Panels (a)-(c) show the column
density (cgs units) in base 10 logarithmic scale and span [-1,3] in (a), [-2,2] in (b) and
[-3,1] in (c). The location of the newly born neutron star is shown as a filled black circle
and the companion neutron star is shown as a black cross. The second and third outer
Lagrangian points of the binary are shown as blue stars in panel (a). The tick marks on
each panel correspond to a solar-radius scale. The only interaction with the neutron star
companion is from the blasted ejecta and there is only a tiny mass of material accreted,
implying that the pulsar companion will not be effectively recycled. Panels (d) and (e)
show the fallback mass accretion rate onto the newly born neutron star and its cumulative
mass accretion growth, both with vertical lines marking the snapshots from panels (a)-(c).

are expected to lead to the formation of more eccentric binaries.

3 .4 discussion and conclusions

3.4.1 Light BH-NS binaries and GW200115

On January 15th, 2020, the LIGO-Virgo network detected GW200115, the second ever
confident detection of a BH-NS coalescence (Ligo Scientific Collaboration et al., 2021).
GW200115 is composed of a neutron star and a black hole with masses of 1.5+0.7

−0.3 M⊙
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Figure 3.3 – Mass of the newly formed remnant as a function of the supernova explosion
energy after the fallback accretion has ceased. The black diamonds represent the models
explored in this work, and the thick solid black line is a linear interpolation between
the values. The range of the component mass for gravitational-wave sources GW170817,
GW190425, and GW200115 is shown in pink, beige, and blue, respectively, while the
maximum mass of a non-rotating neutron star, MTOV (Rezzolla et al., 2018), in shown in
gray. For reference, the birth mass of the neutron star is 1.3 M⊙, same as the mass of the
neutron star companion. The semi-analytical prediction (B. Müller et al., 2016) of the
explosion energy for this particular model is shown as a dashed black line. The upper
limits of supernova models with explosion energies which include fallback are shown
as dotted and dash-dotted lines (Ertl et al., 2020; Fryer et al., 2012). Main numerical
uncertainties are included as error bars, some of them within the symbols.
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and 5.7+1.8
−2.1 M⊙, respectively. Such light BH-NS can be assembled via isolated binary

evolution according to population studies (Broekgaarden & Berger, 2021). However,
the component masses of GW200115 are peculiar. The mass of the neutron star is
marginally more massive the 1.33 M⊙mean observed in Galactic BNSs mass distribution
(Farrow et al., 2019). The black hole is close to lower side of the black hole mass
distribution. This mass can be easily explained by the low explosion energies from our
model (Figure 3.3).

According to the fallback model presented in this Letter, a helium star of 10.0 M⊙
forms either a heavy neutron star or a light black hole. However, semi-analytical
and numerical models predict that the remnant mass function does not necessarily
increases monotonically with the mass at core collapse (Ertl et al., 2020; B. Müller
et al., 2016; Sukhbold et al., 2016), and that the outcome depends on the structure
of the stellar model as well as stochasticity in the explosion mechanism. Therefore,
similar stars in similar binaries could lead to both heavy BNSs and light BH-NSs, and
the fallback explosion mechanism might explain both simultaneously. The absence of
one population could serve as a constrain on the explosion energy of stripped stars.

3.4.2 Mass-eccentricity correlation

There are hints of a mass-eccentricity correlation in short period (< 1 day) BNSs in the
Milky Way, where millisecond pulsars paired with more massive companions (≈ 1.4 M⊙)
are in more eccentric (≈ 0.6) orbits (e.g., J. J. Andrews & Mandel, 2019; Tauris et al.,
2017). The formation channel proposed here for GW190425 is consistent with this
trend, as mass loss during the second supernova in heavy BNS formation can lead to
large eccentricities. In contrast, the formation of light BH-NSs such as GW200115
will result in decreased mass loss during the second supernova, and would lead to low
eccentricities at double compact object formation. The fallback scenario presented here
thus provides an explanation for the observed mass-eccentricity correlation without
the need to rely on a dynamical-formation scenario (J. J. Andrews & Mandel, 2019). To
date, there is no evidence of heavy (> 2.9 M⊙) BNSs in the Milky Way. This suggests at
least one of the following three things about heavy BNSs: they have very short orbital
periods (≲ few hours) and thus avoid detection in acceleration searches (B. P. Abbott
et al., 2020; Galaudage et al., 2021; Safarzadeh et al., 2020), they are radio quiescent,
or such systems are rare in the Milky Way (Galaudage et al., 2021; Kruckow, 2020).
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A priori, there is no reason why heavy BNSs should be preferentially born in short
orbital periods (but see Romero-Shaw et al., 2020) and standard formation models are
unable to predict enough fast mergers to be reconciled with the detection of GW190425
(Safarzadeh et al., 2020).

3.4.3 Electromagnetic counterparts and gravitational waves

The merger of a heavy neutron star pair or a light BH-NS binary is expected to produce
an electromagnetic counterpart that will further shed light on its origin (Roberts
et al., 2011). Particularly, the merger of a heavy neutron star pair is expected to
produce a luminous red kilonova likely powered by an accretion disc wind (Kasen et al.,
2017), which might likely be accompanied by a blue kilonova component (Metzger &
Fernández, 2014). The merger of a light BH-NS binary, on the other hand, is expected
to experience tidal disruption and be only observable as faint red kilonova (Kasen et al.,
2017). The accompanying electromagnetic signatures would provide a natural test to
distinguish between different compact binary mergers.

The formation channel presented here hints to the presence of heavy BNSs or light
BH-NSs in the Milky Way. These and similar systems, such as non-recycled light BNSs
(Belczyński & Kalogera, 2001), are expected to be uncovered by the Laser Interferometer
Space Antenna (Amaro-Seoane et al., 2017; Lau et al., 2020).

3.4.4 Some open questions in stellar binary evolution

The evolution from zero-age main sequence to double compact formation is rather
complex. We have assumed here that the evolution of the system follows the canonical
assembly of BNSs (e.g., Bhattacharya & van den Heuvel, 1991; Tauris et al., 2017),
which includes a common-envelope phase of a giant star with a neutron star companion
(Fragos et al., 2019; Law-Smith et al., 2020). Vigna-Gómez et al., 2020 predicts that, at
the onset of the common-envelope phase, only ≲ 5% of neutron star binary progenitors
will have donor stars with masses ≳ 20 M⊙. However, that study does not incorporate
the recently explored stellar evolution models of stripped stars (Appendix A.3) nor the
explosion mechanism explored in this Letter (Appendix A.4). These updates are likely
to alter the predictions of assembly and merger rates for heavy BNSs and light BH-NS
binaries.



chapter 3 . fallback supernova assembly of heavy binary neutron stars and light

black hole-neutron star pairs 90

Single unperturbed stellar models have been used to explore envelope ejection in
massive binaries (Klencki et al., 2021; Kruckow et al., 2016). Heavy (≳ 25 M⊙) progeni-
tors with low-mass (1 M⊙) companions are not likely to eject the envelope at high (≈
solar) metallicities, a scenario which has been predicted to result in Thorne–Żytkow
objects (Thorne & Zytkow, 1975, 1977). However, it is possible that modeling of progen-
itors with more massive companions (cf. Figure 6 of Klencki et al., 2021), lower metal-
licities, or different assumptions about energy requirements (2021arXiv210714526V;
Everson et al., 2020), might lead to a successful ejection.

For models considered in this Letter, we assumed that the orbit remains effectively
unchanged after the envelope ejection. However, the evolution of the post-common-
envelope binary can entail energy-momentum transfer and losses via, e.g., stellar winds
and tidal dissipation. Mass loss via isotropic winds, aka the Jeans mode, can widen the
orbit by a factor of ≲ 2, and in some cases counteract stellar expansion and therefore
Roche-lobe overflow. This is particularly relevant for stars with mass 6 ≲Mstripped/M⊙ ≲
10 that will expand by a factor of a few at most. Avoiding Roche-lobe overflow after
the common-envelope phase would result in avoiding further pulsar recycling of the
companion and leading to remnant masses Mrem,exp > 1.33 M⊙. However, alternative
mass loss modes or wind interaction with the companion could decrease the widening
of the orbit (e.g., Schrøder et al., 2021).

Throughout this Letter, we do not consider tidal dissipation. The dynamical tide
is unlikely to play a dominant role in the orbital evolution during late stages of BNS
assembly, but it might (partially) counteract the widening of stellar winds.

3.4.5 Mass accretion onto a neutron star and pulsar recycling

A pulsar binary can be spun-up and recycled if angular momentum is efficiently
transferred onto the pulsar. This is a complex process that depends on the mass
transfer rate, orbital properties of the binary, and accretion physics, as well as on the
equation-of-state, magnetic field, and overall properties of the neutron star (Tauris
et al., 2017; Tauris et al., 2012). Roche-lobe overflow from a stripped-star with a
helium-rich envelope is an efficient way to form an accretion disc around the pulsar
that can spin it up to tens of milliseconds and (mildy) recycle it; this is believed to
be the preferred spin-up mechanism for Galactic BNSs (Tauris et al., 2017). Avoiding
such mass transfer episode, like we suggest in this Letter, will avoid the main mass and
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angular momentum transfer mechanism, which for Galactic-like BNSs results in a mass
growth of 6−9×10−3 M⊙ and observed2 recycled pulsar spins between 17 < Pspin < 186
milliseconds (Stovall et al., 2018; Tauris et al., 2017).

However, post-common-envelope winds can also lead to mass accretion. For the
system presented in this Letter, the amount of accreted mass ∆Macc = facc ×∆Mwinds,
with facc ≈ 10−4 is the estimated wind accretion efficiency (Tauris et al., 2017) and
∆Mwinds ≈ 4.6 M⊙ is the amount of mass lost via stellar winds from the helium zero-age
main sequence until core collapse (Appendix A.3), results in ∆Macc ≈ 4.6 × 10−4 M⊙.
This amount of mass increases the spin period to Pspin ≈ 683 milliseconds if this mass
is accreted from a neutrino cooled disc (MacLeod & Ramirez-Ruiz, 2015). During the
second supernova, a small fraction of the fast ejecta (≈ 10−4 − 10−3 M⊙) is ballistically
accreted onto the pulsar companion, and therefore we do not expect it to recycle the
pulsar.

3.4.6 Conclusions

Our understanding of merging binaries has come a long way since the discovery of
gravitational waves almost 6 years ago, but these enigmatic sources continue to offer
major puzzles and challenges. Our results suggest that ground-based facilities, like
LIGO and Virgo, will detect these merging binary populations which have currently
avoided detection in the Milky Way. Space- and ground-based observations over the
coming decade should allow us to uncover the detailed nature of these most remarkable
systems and provide us with an exciting opportunity to study novel regimes of binary
stellar evolution.

2We do not consider Galactic BNSs in Globular Clusters.
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This chapter presents the following work in progress:
“Accretion Disk Formation in LIGO Black Hole Binaries and Electro-
magnetic Counterparts
Authors: Sophie Lund Schrøder, Enrico Ramirez-Ruiz.
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4 .1 introduction

Observational astronomy is on at onset of large-scale, spatially and temporally system-
atic surveys and are revealing new fascinating transients. One of the uncertain and
highly sought pieces in gravitational-wave astronomy is still missing: an electromag-
netic counterpart to a binary black hole merger.
The observations of the neutron star (NS) merger GW170817 (LIGO Scientific Collab-
oration, Virgo Collaboration, & Burns, 2017) has already been a great achievement
of multi messenger astronomy. GW170817 is the first NS merger detected both by
LIGO, and across the entire optical frequency spectrum in the following kilonova event
(Coulter et al., 2017).

GW170817 is also the only gravitational wave observation so far where an accompa-
nying electromagnetic signal has been confirmed (Coulter et al., 2017; Hallinan et al.,
2017; Kasliwal et al., 2017; LIGO Scientific Collaboration & Virgo Collaboration, 2017c;
LIGO Scientific Collaboration, Virgo Collaboration, & Burns, 2017).

The other types of compact object mergers LIGO can detect are that of a black hole and
NS (BHNS) or binary black hole (BBH) mergers. A short γ-ray burst could be produced
by a BHNS merger (Foucart, 2021). The requirement for an electromagnetic signal is
that there is gas present around the binary at the time of merger. But no NSBH merger
has been observed electromagnetically so far, but the search is ongoing (Raaijmakers,
Nissanke, et al., 2021).

But a γ-ray transient was observed temporally coincident with the the gravitational
wave observation of GW150914, a BBH merger (Connaughton et al., 2018; Connaughton
et al., 2016). Mergers from BBHs do not produce an electromagnetic signal, because
there is no gas available from the BHs themselves. A BBH merger can only result in a
signal, if there is material around the BHs at the time of merger.

GW150914 inspired large amount of work on possible ways to have gas present at the
time of the merger. Suggestions include charged BHs (Fraschetti, 2018; Liebling &
Palenzuela, 2016; B. Zhang, 2016), mergers in AGN disks (Bartos et al., 2017; Graham
et al., 2020; N. C. Stone et al., 2017) or circumbinary disk remnant from field evolution
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(de Mink & King, 2017; Kotera & Silk, 2016; Martin et al., 2018; Murase et al., 2016;
Perna et al., 2019; Perna et al., 2016).

The large amounts of gas are expelled from the binary during phases om mass transfer
would be ideal of building a circum binary disk. During for example a Common Enve-
lope Event or wind mass loss up to ten solar masses worth of material can be ejected.
Most of this material will be flung far away from the binary and not interact with the
stars anymore, so we will here focus on the last mass loss event of the binary, that is the
Supernova forming the second BH. Specifically we look at the formation of second BH
formed in mild explosion called fallback supernova, where the stellar envelope is only
partially ejected.

In this paper we will investigate the scenario for disk formation in a fallback su-
pernova using Gadget-2 in section 4.2, then in section 4.3 we estimate the strength of
the emergent electromagnetic signal from a binary formed in a fallback supernova. In
section 4.4 we compare to possible electromagnetic signals for binaries moving through
an interstellar medium or an active galactic nuclei disk. And finally in section 4.5 we
conclude.

4 .2 disk formation in fallback sn

The second supernova during the formation of binary BHs happens in a tight binary
consisting of the first formed BH and a Helium star. To form the second BH the
supernova explosion has to be weak compared to the binding energy of the Helium star,
referred to as a fallback supernova, where most the envelope material falls back onto
the remnant forming a BH.
To determine the amount of gas around the binary after the second supernova, we run
two simulations of a fallback supernova in a binary. The simulations are done in a
modified version of Gadget2 Springel, 2005 described in Batta et al., 2017. The initial
setup maps the density structure from the 35OC KEPLER model calculated by Woosley
and Heger, 2006 of a 28M⊙ pre-SN helium star with R = 0.76R⊙ into a 3D star. In orbit
around the Helium star is a BH of 15M⊙. The separation is set to a = 2.3R⊙, making the
separtion a three times the size of Helium star prior to explosion. The reader is referred
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Figure 4.1 – Formation of disk during SN in binaries. Time line from simulation with 106

particles and adiabatic index γ = 1.1 and γ = 5/3. Panel shows log density in the orbital
plane during the first orbit after the supernova. The plots are centered on the BH remnant
from the exploding star.

to Batta et al., 2017 for further details on initial particle distribution and numerical
accretion.
We start our simulations after the collapse of the core and consider the innermost 3M⊙
of the Helium star to be the newly formed BH, which is hereafter treated as a sink
particle. To enact the supernova explosion we inject kinetic energy in a spherical layer
of particles at the bottom of the envelope and proceed with the simulation to obtain
the velocity and density profiles of the expanding envelope. We inject half the binding
energy of the helium star as our supernova energy which is 1.2× 1052erg.
After the supernova shock has surfaced the envelope the ejecta continues to expand
beyond the binary separation. The interaction between the supernova ejecta and the
two BHs is showed in figure 4.1. We show log(ρ) in the orbital plane during the first
orbit after the supernova. The frames are centered on the remnant from supernova

and the timestep is in units of
√

R3
∗

GM∗
. After simulating the shock breaking through the

surface of the star, we halt the simulation. From here on we restart with two different
adiabatic indices γ , one with γ = 1.1 (top row) and one with γ = 5/3 (bottom row). We
do this to investigate the effect of cooling in the disk accretion without having to factor
in different velocity and density profiles of the ejecta.
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For both simulations we now follow the interaction of the BHs and gas material. Because
the supernova energy is less than the binding energy of the Helium star we expect
large amounts of fallback. Material deep within the envelope never gains much kinetic
energy despite the shock passing through it. This material falls back immediately and is
accreted by the new BH. The outer layers of the envelope has a steeply declining density
gradient, where the supernova shock accelerates. This material will be driven to high
velocities and be expelled from the binary. The ejecta material on the turning point
between direct collapse and strong expulsion has enough kinetic energy to expand,
but is still bound to the system. This material will interact with the companion before
collapsing on the binary. and is shared between the now two BHs. As we see in the
frames of figure 4.1within the first orbit this material gains enough angular momentum
from the binary to settle into disks around the BHs.
The ability to cool and compress changes the extend of the disks. The simulation with
γ = 5/3 has visibly larger accretion disks than the γ = 1.1 simulation.
The extra pressure support also means that the accretion rate is slower. In figure 4.2 we
show the accretion rate of the the remnant and the companion after the explosion has
started. Brown lines show the simulations with γ = 1.1 and yellow lines show accretion
rates from the simulation with γ = 5/3, with the solid lines showing accretion rates
for the remnant and dashed lines showing accretion rate for the companion. The gray
dashed lines show a fitted power law too the disk accretion.
Initially the accretion on the remnant is the same for both simulations, as the shock
breakout is simulated with the same equation of state. After t = 4 × 10−4 days, the
simulations are continued with different γ values. Initially the collapsing material has
very little angular momentum and is accreted directly by the remnant, and the accretion
is very efficient. As more high angular momentum material collapses back on the black
hole, the accretion rate slows down towards disk accretion. The last infalling material
is shock reversely by the fluffy disk, creating a drastic drop in accretion clearly seen in
remnant accretion for the simulation with γ = 5/3. For the simulation with γ = 1.1 this
reverse shock is not as strong, as the lower pressure balance allow the disk to contract
more. After the reverse shock, the disk around the remnant is not fed anymore material,
and the accretion rate continues to decrease approximately following a power law slope.
Around t = 10−3 days the SN shock reaches the companion, and captured material is
accreted. The accretion rate increases as the slower moving material behind the shock
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Figure 4.2 – Accretion rates from fallback simulations. Solid line show accretion for the
young remnant, and dashed lines show accretion for the companion. Gray dashed lines
show fit of the accretion rates after disk formation.

also reaches the companion. Around t = 5×10−3 days, the ejecta has escaped the binary
and what is remaining is the material with high angular momentum, which is accreted
viscously from the disk. The simulation with γ = 1.1 has higher accretion rate as the
disk is more compact and the viscous accretion time is shorter.

4 .3 luminosity at time of merger

To Estimate the luminosity at time of merger, we fit the accretion rate after the ejecta
has settled into accretion disks. The fit can be seen as gray dashed lines in figure 4.2.
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Figure 4.3 – Maximum luminosity based on fits of accretion rates during SN fallback at
time of merger.
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We fit the accretion rate with power laws and find the accretion to decrease ṀBH ∝ t−β ,
where β ranges from 1.4 to 1.5.
What the exact accretion should be depends on the state of the disk. Perna et al.,
2016 argues that accretion turn of when the disks get cold and neutral, because the
magneto-rotational instability (MRI) no longer works.However, Perna et al., 2016 does
not include the effect of spiral shocks, which can generate an effective α-viscosity similar
to that of the MRI.

In the top panel of figure 4.3 we compute the time until merger for our post-SN orbit,
now including a supernova kick. The kick is assumed to be in the exact opposite
direction of binary, which will give the shortest possible merger time for a given kick
velocity, and the merger time gets shorter the larger the kick velocity is.
To get the accretion luminosity at time of merger, we assume the accretion continues to
decrease according to our fitted power law from figure 4.2. We assume the luminosity
of the accreting black holes to be L = ηṁc2, with η = 0.1. We plot the luminosity at time
of merger for different kick velocities in the bottom panel of figure 4.2.

4 .4 comparing to accretion from surrounding

medium

In figure 4.4 we translate the accretion luminosity from figure 4.2 into a Hoyle Little
accretion density. Density is then given by

ρ =
ṁv3
∞

4π(G(m1 +m2)2 (4.1)

where ṁ is the accretion according to the fit from figure 4.2 and v∞ is the center of mass
velocity of the system after the supernova including the kick. We plot this density for a
range of merger times based on the range of kick velocities shown in figure 4.3. The
color sections of figure 4.4 correspond to densities of the inter stellar medium (ISM)
and an active galactic nuclei (AGN) disk.

We see that the density from fallback SN fall in between the less dense ISM and the much
denser AGN. Luminosities from a binary black hole moving through the ISM would in
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Figure 4.4 – Accretion rate density compared to critical density needed from Hoyle
Littleton. To get as high accretion and emission as SN fallback disk accretion, ISM is not
dense enough and AGN is denser.

general also be smaller than the fallback disk luminosities, whereas luminosities from a
binary moving through an AGN disk would be larger than that of fallback SN.

4 .5 conclusions

In this paper we have investigated the characteristics of an electromagnetic counterpart
to a BH merger assuming the second BH was formed in a fallback SN.
In section 4.2 we describe the disk formation from SN ejecta, in the case of a weak
fallback SN. The expanding ejecta is torqued by the companion and angular momentum
is transferred from the orbit to ejecta material. As the material collapses back on the
black holes, it now has high enough angular momentum to settle into mini disks around
each BH.
We found that the accretion rate depends on the disk material’s ability to cool and settle
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in smaller disks with less pressure support (see figure 4.2). By fitting the accretion rate,
we predict the accretion luminosity at time of merger for systems formed in symmetric
explosions. We also investigate the impact of kicks, and find that favorable kicks can
increase the accretion luminosity at time of merger by an order of magnitude as shown
in figure ??.
Lastly we compare to the expected accretion rates for binary BHs moving through either
the ISM or orbiting in an AGN disk. We find that systems in the ISM are even less bright
than systems in with fallback disks, but that systems orbiting in AGN disk have higher
surrounding densities and therefore would result in brighter EM counterparts.
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chapter 5

Conclusions & outlook

The aim of this thesis has been to investigate the evolution of compact binary stars
to gravitational wave sources via hydrodynamical simulations of interacting stellar
binaries. I have studied mass-transfer stability and instability, along with the explosive
outcomes of binary mergers within the evolution of compact binaries.

Altogether, the main findings and contributions of the doctoral research to the field are:

In chapter 1, we produced models for merger-driven explosions that arise as a result of
the merger between a star and compact object following a CE event. In the case where a
compact object merges with the core of a massive, post main-sequence star, accretion
onto the compact object is rapid enough to produce a neutrino-cooled a disk. This
event is accompanied by the release of approximately 1051 erg into the surrounding
hydrogen envelope, leading to a merger-induced explosion. The coalescence of star and
compact object during the CE phase expels the envelope material into the surrounding
environment, forming a dense, toroidal CSM. This CSM distribution is decisive in
shaping the transient light curves, with merger-driven explosions brightened by up to
three magnitudes relative to their explosions of similar energies in hydrostatic stars.
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These light curve shapes vary with the specific donor-star mass and radius and the
explosion energy. The interaction with the CSM generally brightens NS mergers by one
magnitude and BH mergers by three magnitudes compared to type IIP models with the
same explosion energy.
Using population models, we showed that BH and NS mergers with giant star com-
panions happen at similar frequency with a rate per mass of stars formed of ∼ 1.25×
10−5M−1

⊙ . And in our models, the combined rate of both types of mergers was 0.5% of
the total core-collapse rate.
Future work could improve on the treatment of the stellar model and the details of
energy injection into the expelled envelope material. In the current study, we inject
energy spherically into the envelope at one tenth the star’s radius. But the exact location
and asymmetry of energy injection might play a key role in shaping transient light
curves. In fact one of the possible identifications strategies for finding merger-driven
explosions include their asymmetry and polarization of light due to the toroidal CSM,
as well as the properties of the progenitor binaries and X-ray emission from the remnant.

In chapter 2 we explored how the spin of LIGO sources vary when the remnant BH is
formed in fallback SN explosions instead of direct collapse. We found that the two key
parameters are the explosion energy and pre-SN binary separation. The final mass of
the newly formed BH depends on the explosion energy, as the more injected energy
expels more of the envelope material. The final spin on the other hand depends mostly
on the pre-SN binary separation, because a closer in companion can torque more of the
collapsing materiel.
Interestingly, the self similarity of the mass distribution of the expanding ejecta makes
the final spin of the remnant BH vary only slightly with explosion energy. This is
because this particular ejecta distribution causes the ratio of directly collapsing material
and material accreted with high angular momentum to be alike for a range of SN
energies. The result is a collection of BHs with different masses but similar spins.
The spin of the BH companion depends on both SN energy and pre-SN binary sepa-
ration, as the fraction of material captured during the explosion determines its final
mass and spin. The companions mass and spin has a much more fine tuned link to the
specific pre-SN stellar profile, as the exact amount of material arriving within the com-
panions capture radius vary with energy distribution in the ejecta. We also compared
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the results to the measured values ofM and χeff to observed LIGO sources, and found
that the observed BH systems with smallerM and positive χeff fits the systems formed
in fallback SN.
In chapter 3we propose fallback SN to have been present in the formation of GW200115.
GW200115 is a BH-NS coalescence and composed of a neutron star and a black hole
with masses of 1.5+0.7

−0.3 M⊙ and 5.7+1.8
−2.1 M⊙, respectively. These mass estimates are both

peculiar when formed during standard binary evolution. The neutron star mass is
slightly more massive the 1.33 M⊙ mean observed for Galactic BNSs. And the BH is
close to lower side of the BH mass distribution. We are able to form this system by
incorporating fallback SN in the formation, where a helium star of 10.0 M⊙ forms either
a heavy neutron star or a light black hole.
The formation channel also hints to the presence of heavy BNSs or light BH-NSs in
the Milky Way, which are expected to be observed by the Laser Interferometer Space
Antenna.

Future work on the simulations of fallback SN in binaries should be done on including
asymmetric explosions, as they are likely in SN explosions. This would redistribute
the material and change the amount of high angular momentum fallback. Another
improvement would be the inclusion of feedback from the accreting compact objects.
This could lower the total amount of accreted material and therefore the final masses
and spins of the remnants.

Finally, in chapter 4 we have investigated the characteristics of an electromagnetic
counterpart to a BH merger assuming the second BH was formed in a fallback SN.
During a fallback SN, ejecta material settles in mini disks around each BH. We found
that the accretion rate depends on the disk material’s ability to cool and settle in smaller
disks with less pressure support. By fitting the accretion rate, we predict the accretion
luminosity at time of merger to be of the order of 1035 erg/s for systems formed in
symmetric explosions. We also investigate the impact of kicks, and find that favorable
kicks can increase the accretion luminosity at time of merger by an order of magnitude.
Lastly we compare to the expected accretion rates for binary BHs moving through either
the ISM or orbiting in an AGN disk. We find that systems in the ISM are even less bright
than systems in with fallback disks, but that systems orbiting in AGN disk have higher
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surrounding densities and therefore would result in brighter EM counterparts.
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Appendix

a.1 validation of light curve calculation

In this appendix, we discuss the validation of several numerical choices in the 1D
radiation hydrodynamics calculations with SNEC that we use to produce model light
curves in chapter 1.

In mapping the 3D hydrodynamics calculation of the merger (Section 1.3) to the 1D
explosive calculation, we need to make an assumption about the location (described
by radius or mass coordinate) where the explosion energy is deposited. We have
argued in Section 1.2 that this deposition location is somewhere within the hydrogen
envelope. Here we explore the sensitivity to that choice as follows. Beginning with our
fiducial case of a 30M⊙ donor star and 3M⊙ black hole in a q = 0.1 merger, we deposit
1051 erg of thermal energy spread over 0.1M⊙ at different mass coordinate locations.
Our default assumption is Min = 10.75M⊙, which corresponds to the enclosed mass
of at 0.1R∗ of 7.75M⊙ plus a 3M⊙ black hole. This model in Figure A.1 corresponds
to the fiducial simulation presented in Figure 1.4, which is labeled q = 0.1. We then
vary the mass coordinate at which thermal energy is deposited, moving outward in the
star’s Hydrogen envelope. Material inside Min acts as a gravitational point mass for
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Figure A.1 – V-band absolute magnitude (left) and photosphere properties (right) for a
30M⊙ donor star involved in a q = 0.1 merger, in which we vary the inner mass coordi-
nate of the 1051 erg of energy deposition and subsequent ejection within the Hydrogen
envelope. Material inside Min does not explode and acts as a gravitational point mass,
while material outside Min is expelled. We find that within a factor of two in Min, model
light curves are very similar, varying primarily in total plateau duration (which results
from differing ejecta masses).

the remainder of the calculation. We find that for Min = 10.75M⊙, Min = 14M⊙, and
Min = 18M⊙ (corresponding to radius coordinates of 0.1, 0.16, and 0.24 times the donor
star’s original radius) the model light curves are very similar indicating only weak
dependence on how the energy is spatially deposited within the hydrogen envelope.
All of these radii are significantly outside the star’s more compact Helium core. We
note that for Min > 20M⊙, the case in which > 2/3 of the donor star forms a black hole
while only < 1/3 is expelled, we do observe departures in the model light curves, with
the bulk of the thermal energy radiated early, and not coupling efficiently to driving
envelope expansion.

We also test the dependence of our model results on spatial resolution within the
1D SNEC calculations. Our fiducial case divides the mass into 456 elements. Figure
A.2 compares this case to models with twice and four times as many zones (912, 1824,
respectively). These tests confirm that our results are converged to within 1% across
the light curve duration with any of these resolution choices.
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Figure A.2 – Absolute V-band magnitude for a 30M⊙ donor star involved in a q = 0.1
merger. We show models with a fiducial resolution of 456 mass zones, and for mass
resolutions of twice and four times as many zones. We find that the light curves are
converged to within 1% for the bulk of the model light curves, with the largest variations
at shock breakout and near the end of the light curve.

a.2 supernova calculations in gadget 2

In this appendix, we discuss the validation of several numerical choices in the 1D
radiation hydrodynamics calculations with SNEC that we use to produce model light
curves in chapter 1.

a.3 1d evolution of stripped stars.

We model the evolution of stripped stars using the 1D stellar evolution code MESA
(Paxton et al., 2011) version 10398 (Paxton et al., 2013; Paxton et al., 2015; Paxton et al.,
2018) as presented in Antoniadis et al., 2022. We follow the evolution from helium
zero-age main sequence until the onset of core collapse, which we define as the moment
where core infall velocity is larger than 1000 km s−1.

A.3.1 Numerical setup.

The initial models are created by artificially mixing hydrogen-rich models from the
pre-main-sequence phase, and until the beginning of helium burning. There is no
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mass loss until the beginning of helium burning, but the condition of homogeneity
is relaxed at core nitrogen ignition; this guarantees the appropriate CNO element
distribution (enhanced N, reduced C and O) for the stripped star. We follow Yoon et al.,
2017 to account for mass loss through stellar winds, dependent on the stellar type
(WN or WC) and metallicity. We use the approx21 nuclear network and set resolution
variables to varcontrol_target=10−5, and mesh_delta_coef=0.5, which results in a
finer resolution than MESA’s default. Convection was modeled using standard mixing
length theory (Böhm-Vitense, 1958) with αMLT = 2.0, adopting the Ledoux criterion
for instability, employing efficient semiconvection with αSC = 1.0 (Schootemeijer et al.,
2019), and using predictive mixing in the helium burning regions (Paxton et al., 2018).
We use MESA’s mlt++ for the treatment of energy transport in the envelope and neglect
radiative acceleration in layers with T > 108 K during late phases of evolution. This
results in compact helium zero-age main sequence radius of ≲ 1.2 R⊙, and a minimum
mass threshold of 9.5 M⊙ for the Z = 0.02 model. We do not include convective
overshooting, which could result in larger core masses for initially less massive stars.

A.3.2 Evolution of two representative models at Z = 0.02.

The more massive model is initially 10.0M⊙ and reaches advanced stages of burning
faster and collapses before being able to expand above its initial radius (Figure A.4).
A 10.0 M⊙ helium core corresponds, for a single star, to a zero-age main sequence
mass of ≈ 32.0 M⊙ (according to the models from Woosley, 2019); however, the models
presented here could have accreted matter via mass transfer episodes at some point
in their lives. At the end of the evolution, this model has a very compact envelope
that decreases sharply in density until reaching the outer layers (Figure A.3). The less
massive model is 6.0M⊙ and is computed to show the contrast with the more massive
counterpart. If this less massive model is in a close binary, it is likely to experience a
mass transfer episode. This less massive model is more similar to the canonical helium
models that explain ultra-stripped stars, the progenitors of ultra-stripped supernovae,
Galactic BNSs and GW170817 (LIGO Scientific Collaboration & Virgo Collaboration,
2017c; Tauris et al., 2017; Tauris et al., 2013; Tauris et al., 2015).
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Figure A.3 – Stellar structure of exploding model at the onset of core collapse. Gravi-
tational binding energy (a), mass coordinate (b) and density (c) as a function of radial
coordinate for the models with helium zero-age main sequence mass of 10.0M⊙ at metal-
licity Z = 0.02.

A.3.3 Metallicity and mixing study.

There is a dichotomy between stripped stars that do or do not expand which is mass,
model and metallicity dependent (Woosley, 2019). To test the mass and metallicity de-
pendence we performed calculations for helium zero-age main sequence masses between
4.0 ≤M/M⊙ ≤ 14.0 in steps of 0.5M⊙ and at metallicities Z = {0.010,0.015,0.020,0.025,0.030}
(Figure A.5). These are a subset of the simulations done in Antoniadis et al., 2022.
Stripped stars have helium zero-age main sequence radii of ≲ 1.5 R⊙ and are more
compact at lower metallicities. In order to distinguish between stars which signifi-
cantly expand and those which remain compact, we introduce a dimensionless factor
Rfinal/RHe−ZAMS, where RHe−ZAMS is the radius at helium zero-age main sequence and
Rfinal is the radius at the moment when the central carbon abundance is ≲ 5 × 10−3,
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Figure A.4 – Time evolution of stripped stars. Radial (y-axis) and mass (colorbar) time
evolution (x-axis) of two helium stars, from helium zero-age main sequence to core
collapse, at metallicity Z = 0.02. The initial helium star masses are 10.0 (initially more
expanded) and 6.0 (initially more compact) M⊙, and reach core collapse with masses of
5.4 and 4.2M⊙, respectively. The initially more expanded star contracts and the initially
more compact star expands.
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a proxy for central carbon depletion. Stars with Rfinal/RHe−ZAMS ≲ 1 remain compact.
The minimum mass threshold to remain compact is 9.0 M⊙ at Z = 0.02. We test for
alternative energy transport envelope treatment by turning off mlt++ and allowing for
radiative acceleration in the envelope. This variation results in helium zero-age main
sequence radii of ≲ 1.5 R⊙, and mass threshold of 10.0M⊙ for the Z = 0.02 model. The
overall uncertainties on the minimum mass threshold are of order ≲ 1.0 M⊙.

a.4 3d hydrodynamical simulation of fallback

supernovae.

We study the explosion and fallback accretion of a stripped star with a neutron star
companion using the 3D Lagrangian hydrodynamic SPH code GADGET-2 (Springel,
2005). We use a modified version of GADGET-2 that has been previously used to
simulate supernovae in binary black hole forming binaries (Batta et al., 2017; Schrøder
et al., 2018). Visualization of the hydrodynamical evolution (Figure 3.2) was made
using SPLASH (Price, 2007).

A.4.1 Initial conditions and system properties.

Here we describe the initial properties of our fiducial model. The system is initialized
as a circular gravitationally bound binary comprised of an exploding star and a neutron
star companion at a separation of 1.4 R⊙. The neutron star companion is defined
as a sink particle type of mass 1.3 M⊙. In order to build the initial conditions of
the exploding star we use a 1D MESA model of a heavy compact progenitor at core
collapse (Appendix A.3). This progenitor, with a helium zero-age main sequence
mass of 10.0 M⊙ and metallicity of Z = 0.02, has mass of 5.4 M⊙ at core collapse.
The star’s final properties at core collapse are then mapped onto a 3D SPH particle
distribution that reproduces the density profile. A million SPH particles are uniformly
distributed on spherical shells generated with the HEALPix algorithm. The shells are
then spaced according to the local density (Batta et al., 2017). Due to the extremely
low densities at the outer layers of the star, mapping with SPH particles became
challenging. Therefore, we neglected low density material above 0.5 R⊙ resulting in
≈ 0.1 M⊙ artificially removed from the system (Figure A.3). For the newly born neutron
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Figure A.5 – Summary of radial evolution of stripped helium stars. The behavior of
the radial evolution of stripped stars is shown as a function of helium mass (x-axis)
and metallicity (color). We parameterize the radii in terms of RHe−ZAMS and Rfinal (see
Methods). Stars remain compact when Rfinal/RHe−ZAMS < 1; alternatively, significant
expansion occurs when Rfinal/RHe−ZAMS > 1. The results are shown in solid lines (a) for
our standard model including mlt++ and in dashed lines (b) for an alternative numerical
treatment of mixing (Appendix A.3). The former ultimately leads to stars with less
extended envelopes at lower masses.
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star, the innermost 1.3 M⊙ of the 3D stellar structure is removed and replaced by a sink
particle with the same mass. For our fiducial model (Figure 3.2) a kinetic explosion
energy of 1.5 bethes is instantaneously deposited in the shell with mass dm = 0.7 M⊙
right above the 1.3 M⊙ that comprises the newly born neutron star. We ran a series of
models with different explosion energies (Figure 3.3) spanning from 0.5 ≤ Eexp ≤ 4.0
bethes resulting in different fallback evolution (Figure A.6).

A.4.2 Resolution study.

We ran simulations for different resolutions to ensure that the remnant mass estimates
are accurate for different choices of numerical parameters. For resolutions from 5×105 to
5×106 particles we found remnant mass variations smaller than 0.1 M⊙ and convergence
as the number of particles increases (Figure A.7). For our fiducial model we settled for a
resolution of 106 particles resulting in a mass difference of less than 0.04 M⊙ compared
with the highest resolution. The mass of shell in which the kinetic explosion energy is
deposited is the main source of physical and numerical uncertainty. For the E51 = 1.5
model, where 1E51 = 1 bethe, thin shell masses of dm ≈ 0.2 M⊙ lead to remnant masses
of ≈ 3 M⊙, more than twice the remnant mass predicted by models which do not
incorporate fallback (B. Müller et al., 2016). Thicker shell masses of dm ≈ 0.7 M⊙
converge to more reasonable remnant masses of ≈ 2.1 M⊙ (Figure A.6). The mapping of
1D stellar models to 3D hydrodynamic ones is known to lead to discretization errors
in the hydrostatic equilibrium (Ohlmann et al., 2017). However, the effects of this
mapping seem to be negligible in our simulations: while some of the outer layers of the
star are artificially ejected because of this, the supernova of a non-exploding model is
fully consistent with our lowest explosion energy model, implying complete fallback
(see comment about equation on state in Section 3.4). We lastly checked for any effect
that a natal kick could have on the remnant mass. Natal kicks of magnitudes of ≈ 10,
≈ 100, and, ≈ 1000 km s−1 at random directions, which affect the orbit in timescales
longer than the fallback timescale, made little difference with respect to our fiducial
model.
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Figure A.6 – Fallback mass accretion rate of the exploding star. All models (a) and
resolution study (b) exploring the evolution depending on the size of the mass shell where
the kinetic explosion energy is deposited (Appendix A.4).
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Figure A.7 – Post-supernova time evolution, including mass accretion, of the newly born
neutron star. Number of particle (Np) resolution study to determine convergence in our
simulations (Appendix A.4).

A.4.3 Open questions in Supernova Explosion Mechanisms

Supernovae are also very complicated processes to model numerically. We do not
present a self-consistent explosion model. Instead, we use a simplified approach
to study the long-term evolution of supernova fallback in binaries and explore the
sensitivity to the currently unknown supernova energy. This allows us to understand
the role of fallback in creating light black holes rather than heavy neutron star pairs.
These uncertainties in the explosion energy propagate directly into the rates estimates.
Moreover, because of the amount of ejected mass, it is more likely to have a binary
remain bound the second explosion lead to a black hole instead of a neutron star.
Future observations will clarify the most likely outcome of stripped supernovae with
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neutron star companions and will allow us to place strict constraints on the explosion
mechanism of massive stars.

Here we follow the model from Batta et al., 2017 in order to quantify the accretion
history of the newly born neutron star. We define an accretion radius racc < 0.01 R⊙
from the edge of the innermost stable circular orbit (ISCO) of the compact object, in
this case the 1.3 M⊙ proto-neutron-star. Particles within the accretion radius and with
less specific angular momentum (j) than the one needed to orbit ISCO are considered
to be accreted, transferring their entire mass and angular momentum onto the compact
object. Particles within the accretion radius and with jISCO ≤ j < 10× jISCO are assumed
to be accreted via an accretion disc on a viscous timescale. To this end we neglect any
additional feedback from this accretion.
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