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ABSTRACT

We conduct a population synthesis study using the binary population synthesis code COMPAS to
explore the formation of circumbinary disks (CBDs) following the common envelope evolution (CEE)
phase of a giant star and a neutron star (NS) or black hole (BH). We focus on massive binary systems
that evolve into double compact object (DCO) binaries after the exposed core of the giant collapses
to form a second NS or BH. A CBD around the binary system of the giant’s core and the compact
object lives for a short time at the termination of the CEE phase and alters the orbital evolution
of the binary. We parameterize the conditions for CBD formation in post-CEE binaries and present
characteristics of DCO progenitors that are likely or unlikely to form CBDs. We find that CBD
formation is most common in BH-BH binaries and NS-NS binaries that are expected to merge within
Hubble time. Furthermore, we find that the interaction of the CBD with the core - NS/BH system at
the termination of the CEE reduces the expected rate of DCO mergers, regardless of whether these
binaries tighten or expand due to this interaction. If the binary system loses angular momentum to the
CBD, it may produce a luminous transient due to a merger between the NS/BH and the core of the
giant rather than gravitational wave sources. Thus, accounting for post-CEE CBD formation and its
interaction with the binary system in population synthesis studies is significant for obtaining reliable

predictions of the gravitational wave event rates expected by current detectors.
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1. INTRODUCTION

The common envelope evolution (CEE) phase involves
a wide range of processes on various timescales and
length-scales, many of which are very difficult to simu-
late even with the most sophisticated existing hydrody-
namical numerical codes (for a review see, e.g., Ropke
& De Marco 2023). Three-dimensional hydrodynami-
cal simulations of CEE over four decades (e.g., de Kool
1987; Livio & Soker 1988; Terman et al. 1994; Rasio
& Livio 1996; Sandquist et al. 1998; Ricker & Taam
2008; Passy et al. 2012; Nandez et al. 2014; Ivanova &
Nandez 2016; Ohlmann et al. 2016; Staff et al. 2016; Ta-
coni et al. 2017; Prust & Chang 2019; Sand et al. 2020;
Glanz & Perets 2021a,b; Lau et al. 2022; Hillel et al.
2023; Schreier et al. 2023; Bermudez-Bustamante et al.
2024; Chamandy et al. 2024; Gagnier & Pejcha 2024a;
Gonzélez-Bolivar et al. 2024; Landri et al. 2024; Rosselli-
Calderon et al. 2024; Vetter et al. 2024) and of the graz-
ing envelope evolution (e.g., Shiber et al. 2017, 2019;
Shiber & Taconi 2024), have had difficulties including all

the CEE sub-phases together and all physical processes
required to fully simulate the CEE phase.

One process the simulations can not fully follow is
the possible formation of a circumbinary disk (CBD)
around the surviving binary system. If the dynamical
plunge-in of the accretor is stalled, the remnant binary
could interact with the flattened envelope outside the
binary orbit over a much longer timescale, resulting in
the formation of a CBD (e.g., Kashi & Soker 2011).
The re-distribution of angular momentum and energy in
the envelope gas leads to a torus-like structure around
the core of the primary and the secondary stars. Cur-
rent three-dimensional hydrodynamical simulations are
too resource-demanding to follow the interaction of the
remnant binary system with the envelope over multiple
dynamical timescales as needed for CBD formation. Hy-
drodynamical simulations of the CEE, however, form a
flattened envelope (e.g., Sandquist et al. 1998) with a
funnel along the symmetry axis (e.g., Chamandy et al.
2018, 2020; Zou et al. 2020, 2022; Ondratschek et al.
2022; Vetter et al. 2024) as predicted by an analytical
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calculation many years earlier (Soker 1992), showing the
potential of CBD formation.

The interaction of the post-CEE CBD with the binary
system was suggested to influence the subsequent binary
evolution (e.g., Kashi & Soker 2011; Chen & Podsiad-
lowski 2017; Munioz et al. 2019; D’Orazio & Duffell 2021;
Tuna & Metzger 2023; Gagnier & Pejcha 2023; Wei et al.
2024; Siwek et al. 2023; Valli et al. 2024; Vetter et al.
2024). Hydrodynamical simulations that aim to follow
the evolution of CBDs and their long-term interaction
with the binary system they encompass encounter mul-
tiple numerical challenges. For instance, properly re-
solving the cavity that contains the binary is crucial for
estimating the torques that dictate the orbital evolution
(e.g., Gagnier & Pejcha 2023). Since the core of the giant
star and its companion are usually represented as point
masses with artificial gravitational potentials, the grav-
itational torques are inherently inaccurate, leading to
imprecise orbital separations. Another layer of complex-
ity in simulating the CBD-binary interaction is posed by
correctly modeling magnetic fields in the post-dynamical
in-spiral phase of CEE (e.g., Gagnier & Pejcha 2024b).
Although magnetic fields are thought to have negligible
impact on binary orbital separations, their amplifica-
tion could lead to outflows that alter the morphology
and densities around the disk, influencing the orbital
evolution.

In post-common envelope systems of massive stars,
the interaction of the CBD with the binary could lead
to detectable transients. If the binary system contains a
neutron star (NS) or a black hole (BH) and the stripped
core of a giant, then mass accretion by the compact
object from the CBD could result in the launching of
jets that power a luminous event. Tuna & Metzger
(2023) suggest that jet-powered radio emission from
such a system might be compatible with expectations
from fast blue optical transients. In particular, long-
lived disks could result in delayed explosions with less
hydrogen as in the case of AT2018cow-like transients
or type Ibn/Icn supernovae (e.g., Soker 2022; Metzger
2022; Tuna & Metzger 2023; Wei et al. 2024). Further-
more, dust formation by the jets launched from the CBD
could result in detectable IR radiation (see Grichener
2024 for a discussion on potential observational signa-
tures of such systems). In the case of much wider post-
asymptotic giant branch binaries, having orbital peri-
ods of ~ 100 — 1000 days and masses of M; ~ 1Mg,
mass accretion and jets launching from a CBD of sev-
eral AU could shape a bipolar nebula (e.g., Bollen et al.
2022; Verhamme et al. 2024). These CBDs, however,
are expected to be post-grazing envelope evolution disks
rather than CEE (e.g., Soker 2020).

One approach to allow a wide exploration of CEE and
post-CEE outcomes is parameterizing processes. This is
particularly critical in performing population synthesis
studies. We aim to incorporate the possibility of form-
ing a post-CEE CBD into population synthesis; here,
we re-analyze the data from Grichener (2023) (publicly
available at doi:10.5281/zenodo.11237179) generated by
the rapid population synthesis code compas (Riley et al.
2022), as described in Section 2. Towards our goal, in
Section 3, we build a toy model to parameterize the con-
ditions to form post-CEE CBDs. In Section 4 we employ
our toy model to the population synthesis data of mas-
sive binary systems that end with either NS - NS, BH -
BH, or NS - BH binary systems. In Section 5, we discuss
the potential implications of our results for the forma-
tion and merger rates of double compact object (DCO)
binaries. We summarize and discuss the effect of ex-
tending the parameter space on our results in Section
6.

2. METHODS

We use rapid population synthesis to follow the evo-
lution of massive binaries and find the properties of sys-
tems where a circumbinary disk would form in the post-
CEE phase of a compact object (NS or BH) and a gi-
ant star. We analyze datasets from Grichener (2023)!
generated by version 02.31.06 of the population synthe-
sis code compas (Compact Object Mergers: Popula-
tion Astrophysics and Statistics; Stevenson et al. 2017;
Vigna-Gémez et al. 2018; Riley et al. 2022).

Given initial distributions and parametric assump-
tions, COMPAS evolves isolated binary systems using
the analytical fits from Hurley et al. (2000) and Hurley
et al. (2002). The mass distribution of the primary (ini-
tially more massive) star is determined by the Kroupa
initial mass function in the form dN/dM; zams
Ml_,%/fMS (Kroupa 2001). The range of the masses
5 < M zams/Mg < 100 was chosen to account for
primaries that could result in a supernova explosion
and the formation of a compact object.? The mass
of the secondary (initially less massive) star was deter-
mined by a flat distribution for a mass ratio between
0.1 < gzams = Mo zams/Mizams < 1 and the semi-
major axis was determined by a flat-in-log distribution
in the range 0.1 < azams/AU < 1000 (Sana et al. 2012).
For the NS natal-kicks induced by supernova explosions
we take a bimodal velocity distribution with a higher

I Publicly available at doi:10.5281/zenodo.11237179.

2 The stars with the lowest masses in our distribution can gain mass
through mass transfer and become massive enough to explode as
supernovae.
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mode of onign = 265 km s~! for regular core collapse
supernovae and a lower mode of onign = 30 km g1
corresponding to electron capture supernovae and ultra
stripped supernovae, while for the BHs in our sample we
reduce this natal-kick distribution by a fallback factor.
We focus on sub-populations of 107 binaries with solar
metallicity (Zg = 0.0142; Asplund et al. 2009) and com-
mon envelope efficiency parameter acg = 1 (equation 1)
as in the ’fiducial’ model of Vigna-Goémez et al. (2018).

In some of the systems sampled in Grichener (2023)
there were episodes of dynamically unstable mass trans-
fer that led to CEE. COMPAS determines the stability of
mass transfer by comparing the donor’s response to mass
loss with that of the Roche-lobe radius: if the donor’s
radius response, dIn R, ;/dIn M, ;, where R, ; and M, ;
are the radius and mass of the donor at the onset of
mass transfer, is greater than or equal to that of the
Roche lobe, d1n Ry, /dIn M, ;, where Rgy, is the Roche
radius, the mass transfer is stable. Otherwise, it results
in a CEE event (e.g., Paczynski & Sienkiewicz 1972). To
find the value of the semi-major axis immediately after
the CEE phase, COMPAS uses the energy formalism 3.
In this formalism, we compare the binding energy of the
envelope Eping to the orbital energy before and after the
CEE phase (e.g., van den Heuvel 1976; Iben & Tutukov
1984; Livio & Soker 1988; Ivanova et al. 2013; Taconi &
De Marco 2019)

aceGMy,iMa;  acgGMy s M
2a; 2a¢ ’

(1)

where acg is the common envelope efficiency parameter
that determines which fraction of the orbital energy will
go to unbinding the envelope, Mj; and Ms; are the
masses of the primary and secondary stars at the onset
of CEE, respectively, M; ¢ and Ms ¢ are the masses of the
primary and secondary stars after CEE, respectively, a;
is the semi-major axis of the binary systems before the
CEE phase and as is the semi-major axis of the binary
systems at the end of CEE. For more information about
the population synthesis model assumptions and initial
distributions see Section 2 in Grichener (2023).

We focus on sub-populations in which a compact ob-
ject enters a CEE phase with a giant star, where the
formation of a CBD after CEE could potentially lead
to shrinkage in the orbital separation and a post-CEE
merger (e.g., Tuna & Metzger 2023; Wei et al. 2024),
accounting for various luminous transients (e.g., Grich-

Eping =

3 Other methods use angular momentum parametrization to esti-
mate the final orbital separation (e.g., Nelemans & Tout 2005;
Toonen et al. 2012; Di Stefano et al. 2023). However, the angu-
lar momentum prescriptions could be problematic (e.g., Webbink
2008; Cohen & Soker 2023).

3

ener 2024). Without taking the formation and inter-
action of the binary with the CBD into consideration,
most of these systems end as DCO binaries, implying a
potential reduction in their formation and merger rates
(see Section 5). COMPAS allows us to examine which pa-
rameters and stellar quantities can affect the process of
creating a CBD. To find the properties of system that
will form a post-common envelope CBD, we compare
the specific angular momentum of the envelope at the
end of the CEE phase to the Keplerian specific angu-
lar momentum around the binary system, as we further
elaborate in Section 3.

3. PARAMETRIZATION OF POST-COMMON
ENVELOPE CIRCUMBINARY DISK
FORMATION

3.1. The toy model

We build a toy model to parameterize the conditions
for forming a post-CEE CBD and incorporating it in
population synthesis studies. We estimate the fraction
of the envelope angular momentum at the beginning
of the CEE that the leftover envelope maintains and
equate it to the minimum angular momentum that the
envelope requires to form a CBD. We then implement
this parametrization in the data of Grichener (2023) and
present our results in Sections 4 and 5.

We assume that at the entrance to the CEE phase, the
secondary star, an NS or a BH in our study, manages
to spin up the envelope to synchronization. We take the
envelope to have a solid-body rotation with the break-

GM. ;/R? ;, where M, ;
and R, ; are the mass and radius of the red supergiant
star at the onset of CEE. For the moment of inertia of
the envelope at this stage, we take Iony i = k:eMenV,iRii,
where My, i is the envelope mass at the onset of CEE,
and ke ~ 0.2 for extended envelopes of giants (e.g., Soker
2004).

We take the post-CEE specific angular momentum of
the envelope to be a fraction 8 of the specific envelope

angular momentum at the onset of the CEE phase

up angular velocity wpy, =

jenv,f = Bjenv,i = BIGJI\Z-’& = BkeRiiwbu- (2>
env,i
The condition to form a centrifugally-supported CBD
is that the specific angular momentum of the material
in the CBD is larger than the Keplerian specific angular
momentum around the binary system

jenv,f Z \/G(Mcore + MCO)afy (3)

where M qre is the mass of the giant’s core that becomes
stripped after CEE, and M¢o is the mass of the compact
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Figure 1. The percentage of NS-NS (blue dots), BH-BH
(green dots), and NS-BH (red dots) systems that can form a
CBD, from all systems that end as NS-NS systems, BH-BH
systems, and NS-BH systems, respectively. Statistical error
bars are smaller than the marker size.

object companion. From equations (2) and (3) combined
with the expression for wy,, we find the condition to
form a CBD from the leftover envelope to be

as
R*,i

M*,i
Mcore + MCO ’

nNsIF = < (Bke)® (4)
where ngyr is the spiral-in factor of the compact object.
The parameter 3 includes also the uncertainties in equa-
tion (3), like the exact inner radius of the CBD and the

deviation from synchronization at the onset of CEE.

3.2. The role of the parameter 3

The parameter 8 that we introduced in Section 3.1
can, in principle, take any value from zero to somewhat
larger than 1. To demonstrate the role of 8 in determin-
ing the number of post-CEE systems that form a CBD,
we re-analyze the population synthesis data from Grich-
ener (2023) and examine three final populations that go
through the CEE of a giant star with a compact object,
and end as NS-NS, BH-BH, and NS-BH binaries.

In Figure 1, we present the percentage of NS-NS sys-
tems (blue dots), BH-BH systems (green dots), and NS-
BH systems (red dots) that form a post-CEE CBD as a
function of the parameter 8. As expected, higher values
of 3, which represent systems that retain more of their
initial angular momentum, correspond to a greater per-
centage of systems forming a post-CEE CBD.

The graph shows that a CBD is formed in about half of
the systems for 5 = 0.197 in BH-BH binaries, 8 = 0.304
in NS-NS binaries, and § = 0.498 in NS-BH binaries.

The varying percentage of post-CEE CBD formation be-
tween the different binary populations for a given value
of 3 results from the different values of the ratio of the fi-
nal orbital radius (semi-major axis) to the initial giant’s
radius, the spiraling-in factor ngir = ag/R.; (equation
4). As we will see in Section 4, on average, BH-BH
binaries have the smallest values of ngir due to larger
secondary radii at the onset of CEE, allowing smaller
values of 8 to form a CBD. BH companions are the
most massive, while giant progenitors of NSs are the
least massive. Therefore, the BH companion does not
need to spiral deep inside the NS progenitor to eject the
envelope, and NS-BH binaries have the largest values of
nsir; these require larger values of 8 to form CBDs.

4. PROPERTIES OF POST-COMMON ENVELOPE
CIRCUMBINARY DISK PROGENITORS

Here, we explore the pre and post-CEE characteristics
of binary systems that result in DCOs and compare bi-
naries that are likely to form CBDs after the termination
of CEE with binaries that are not.

In Figures 2-4, we present the properties of NS-NS
for § = 0.304, BH-BH for § = 0.197, and NS-BH for
B = 0.498 binaries, respectively. These values of 3 give
that about half of the systems have a post-CEE CBD
(Figure 1). Orange bins represent the distributions for
cases where the leftover flattened post-CEE envelope has
enough angular momentum to form a CBD according
to the toy model presented in Section 3.1. Blue bins
are for binary systems that form no CBDs. The upper
panels of each figure show DCO binaries that will merge
within Hubble time by emitting gravitational waves. In
contrast, in the lower panels, we show binaries where
the compact objects are too far apart to merge. The
factor focosn displayed in the left insets of Figures 2-4
is the percentage of each sub-class of systems from all
core-collapse supernovae in our sample.

The lower panels of Figures 2-4 show that NS-NS and
BH-BH binaries that will not merge in Hubble time
do not form post-CEE CBDs, while ~ 35% of non-
merging NS-BH binaries form CBDs after CEE of the
BH and the NS progenitor; these are systems that sat-
isfy nsip = ar/Rx; < 0.01 (right panel of Figure 4). For
higher values of 8 we find non-merging NS-NS and BH-
BH binaries in this regime as well. However, a substan-
tial fraction of these non-merging binaries are expected
to form CBDs only if the majority of DCO systems do
S0.

In the left panel of Figures 2-4 we show the semi-major
axis at the onset of the CEE, a;. While for NS-NS bina-
ries (Figure 2) and BH-BH binaries (Figure 3) a; does
not completely separate systems that form post-CEE
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the plotted sub-population. The upper row displays the distributions of systems that will merge within Hubble time and the
bottom row presents distributions for systems that are not expected to merge. The factor fccsn is the fraction of the systems

relative to all core-collapse supernovae.

CBDs from those who do not, Figure 4 shows that there
is a clear distinction in a; between two groups of NS-BH
binaries; those that form CBDs have larger values of a;.

The progenitors of NS-NS and BH-BH binaries tend
to have small initial mass ratios, in contrast to the case
of NS-BH binaries. At the onset of the CEE, a rela-
tively massive BH might enter the envelope of the NS’s
progenitor, resulting in binary systems which are closer
in mass. In the middle panel of Figures 2-4, we present
the binary mass ratio at the beginning of the CEE stage.
Comparing the three figures, we see indeed that the NS-
BH progenitors have the largest ratio of the compact
companion mass Mco to the giant’s mass at the on-
set of the CEE, M, ;, which can explain their different
behavior. We also note that in all cases, DCO binaries

that form CBDs have more extreme mass ratios (smaller
values of ¢ = Mco/M.;) as expected from equation 4.
A larger difference between the components of the bi-
nary is also coincident with stronger interaction between
the surviving binary and the CBD, which is expected to
shrink the binary in most cases (e.g., Valli et al. 2024).

The right panels of figures 2-4 show that the in-spiral
factor, nsir = ag/R. i, best distinguishes between sys-
tems that form or not CBDs in all DCO binaries. On
average, the smaller this ratio is, the larger the ratio of
the initial system’s specific angular momentum to the
one required to form a CBD, hence favoring its forma-
tion. The values of ngip are notably the smallest for
BH-BH binaries (right panel of Figure 3) and the largest
for NS-BH binaries (right panel of Figure 4), which is

0.12
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Figure 3. Similar to Figure 2 for BH-BH binary systems with 5=0.197 .

coincidence with the difficulties to form CBDs according
to the values of 8 we found in Figure 1.

5. IMPLICATIONS FOR DOUBLE COMPACT
OBJECT BINARIES AND TRANSIENTS

When an NS or a BH are close enough to a giant star,
they can engage in a CEE phase where the compact ob-
ject unbinds the envelope gas as it spirals in towards
the center of the giant star. In cases where the entire
envelope is ejected, the stripped core and the compact
object remain in a contact binary, where the core could
explode as a stripped-envelope supernova (e.g., Laplace
et al. 2021; Vartanyan et al. 2021) forming another com-
pact object. If the natal kick from the supernova is low
enough, the binary system remains bound, resulting in
a DCO binary. However, forming a post-CEE CBD en-
compassing the core and the compact object and its in-
teraction with the binary system might affect the orbital
evolution. If the binary system loses angular momentum
to the CBD through viscous torques, the orbital separa-

tion will shrink, altering the formation and merger rates
of DCO binaries in several ways.

In cases where the compact object and the core are
relatively close at the end of CEE, the interaction with
the CBD could lead to a merger between the core and
the compact object (e,g., Wei et al. 2024), giving rise to
luminous transients such as fast blue optical transients
and long gamma-ray bursts (e.g., Soker et al. 2019; Soker
2022; Metzger 2022 *; Grichener 2024), hence reducing
the number of system that continue their evolution to-
wards DCO binaries. Figure 5 shows the predicted pe-
riods of binary systems that form post-CEE CBDs and
hence have the potential to trigger these transients as a
function of the total binary mass at the onset of CEE.

If the stripped core and the compact object begin fur-
ther apart, however, then a compact object-core merger

4 We note that the CBDs studied in Metzger (2022) to account for
fast blue optical transients are much wider than the CBDs we

explore here.
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Figure 4. Similar to Figure 2 for NS-BH binary systems with $=0.498 .

is prevented and the system would still evolve towards
a DCO binary. The reduction in the orbital separation
could lead to DCO merger in Hubble time and gravita-
tional wave emission in systems that would have been
too far to merge without the interaction with the CBD
(e.g., Wei et al. 2024; Vetter et al. 2024). Such a sce-
nario might also result in detectable long gamma-ray
burst-like transient (Janiuk et al. 2013).

In the left panel of Figure 6, we show the percent-
age of systems that result in NS-NS, BH-BH, and NS-
BH binary systems in our stellar population, namely,
all binary stars with primary initial mass in the range
5 < M zams < 100 . The green columns represent DCO
binaries that evolved through a CEE phase between the
first compact object and the giant star. In contrast, the
purple columns indicate systems formed via alternative
evolutionary channels. We distinguish between systems
in which the binary is expected to merge within Hub-
ble time (middle panel) and in which the stars are not
close enough to merge (right panel). While most NS-

NS and NS-BH systems involve a giant-compact object
CEE, this is not the case for BH-BH binaries, where
most systems do not experience this evolutionary phase
(as seen in the left panel). In all DCOs that merge,
however, CEE is essential to decrease the orbital sep-
aration (middle panel; similarly to e.g., Mapelli et al.
2017; Vigna-Gémez et al. 2018; Giacobbo & Mapelli
2018; Chruslinska et al. 2018; Neijssel et al. 2019; Broek-
gaarden et al. 2021; see also Mandel & Broekgaarden
2022 and references therein).

Let us analyze each class of DCO binaries separately.
The vast majority of NS-NS binary systems, whether
they are expected to merge or not, are formed through
an evolutionary pathway that includes CEE between an
NS and a giant star (Figure 6). Since the Keplerian
specific angular momentum around the post-CEE bi-
nary systems that would evolve to non-merging NS-NS
binaries is high compared to the angular momentum of
the flattened envelope, a CBD is not expected to form
in these systems (lower panel of Figure 2), and there-
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fore cannot aid them to merge. In NS-NS binaries that
are expected to merge, though, a CBD could form rel-
atively easily (Figure 1), potentially triggering a post-
CEE merger of the NS with the exposed core of the giant
star. Therefore, we conclude that in the case of NS-NS
binaries, forming a CBD after CEE could only lower the
event rates of NS-NS mergers.

We can see in Figure 6 that a large fraction of BH-
BH binaries, and in particular most binaries that are
not expected to merge (right panel), do not involve a
CEE phase in their evolution, implying their overall for-
mation rates will not be significantly affected by a po-
tential post-CEE CBD. The lack of CBD formation in
non-merging BH-BH binaries (lower panel of Figure 3)
strengthens this conclusion and indicates that BH-BH

merger rates are unlikely to increase when considering
the formation of CBDs. For BH-BH binaries that merge,
however, CEE is still the dominant formation channel.
Considering a large fraction of these binaries are likely to
form CBDs (Figure 1) that might shrink the orbit of the
binary, in some cases BH-core mergers occur earlier in
the evolution, reducing the number of BH-BH mergers.

Many NS-BH binaries go through a CEE of the BH
and the giant (Figure 6); in all these, the BH is the de-
scent of the primary star and the giant of the secondary
star. Many of these end with CBD according to our
criteria, implying that the CBD-induced early merger
of the BH with the giant’s core can reduce the num-
ber of NS-BH binaries. Contrary to NS-NS binaries,
some post-CEE non-merging NS-BH systems can form
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a CBD (lower panel of Figure 4). Losing angular mo-
mentum to the CBD will bring the stars in the surviving
binary closer, resulting either in the merger of the core
with the BH or forming a tighter NS-BH binary system
that could merge in Hubble time. We note that there
is a lower fraction of post-CEE non-merging NS-BH bi-
naries compared to NS-BH binaries that are expected
to merge. Therefore, it is more probable that the over-
all number of NS-BH mergers will decrease because of
CBD-induced core-BH mergers. Given the difficulty of
NS-BH binaries to form a CBD (Figure 1), the merger
rates will likely not change much.

Overall, analyzing our results regarding the fraction of
DCO post-CEE binaries and potential CBD formation
in each class of systems, we conclude that if the orbital
separation shrinks due to the binary’s interaction with
the CBD, the number of expected DCO mergers would
be smaller compared to a case where CBD formation
is neglected. The smallest effect is on the merger of
NS-BH binaries. We note that if the orbital separation

of the binary system grows due to angular momentum
exchange with the CBD, this still results in a smaller
number of DCO mergers. An increase in the orbital
separation might drive the binary components far from
each other, preventing a future merger.

Another potential implication of the change in the or-
bital separation due to the interaction of the binary with
the CBD would be changes in the predicted delay-time
distributions of DCO mergers. If a sufficient number of
NS-NS binaries contract, for instance, the steeper delay-
time distribution (prompter mergers) might be able to
contribute early enough NS-NS mergers to explain some
of the heavy elements formation in the early Universe,
as required by recent studies (e.g., Maoz & Nakar 2024;
Beniamini & Piran 2024).

6. SUMMARY AND DISCUSSION

In this study, we analyzed the population synthesis
data of massive binaries from Grichener (2023), as de-
scribed in Section 2, to explore the formation of post-
CEE CBDs in systems that evolve into DCO binaries.



10

When an NS or BH engages in a CEE phase with
a giant star, it spirals inside the envelope and ejects
it. Some former envelope mass might become a close
equatorial circumbinary gas, i.e., a CBD around the ex-
posed giant’s core and the compact object. Since this
CBD formation process is challenging to simulate, we
parametrized it with a toy model, as described in Sec-
tion 3.1. We assume that the leftover envelope gas has
a specific angular momentum that is a fraction 8 of the
synchronized envelope at the onset of CEE (equation
2). If this specific angular momentum is larger than
of a Keplerian disk around the core-compact object bi-
nary system, than the left-over envelope forms a CBD
(equation 3); this is quantified in equation 4. In this
exploratory study, we analyzed results for values of 3
that lead half of NS-NS, BH-BH and NS-BH binaries to
form a CBD, as inferred from Figure 1.

CBDs will form most easily in BH-BH binary progen-
itors (Figure 3 in Section 4). Within our toy model, the
CBD formation mostly depends on the depth the com-
pact object manages to dive to during the CEE phase
(Left columns of Figures 2 - 4), which is the smallest for
BH-BH binaries where the secondary stars are the most
massive. For DCO binaries that are not expected to
merge within Hubble time, forming a post-CEE CBD is
less likely due to the relatively large orbital separation at
the end of CEE. In the case of NS-BH binaries, however,
the larger mass ratio between the BH and the progenitor
of the NS facilitates the formation of the CBD.

Our results affect the predicted formation and merger
rates of DCO binaries. Angular momentum transfer be-
tween the CBD and the binary system dictates the final
post-CEE orbital evolution (e.g., Tuna & Metzger 2023;
Valli et al. 2024; Vetter et al. 2024). We found that the
number of DCO mergers will likely decrease indepen-
dently of whether the binary widens or contracts due
to interactions with the CBD. In cases where the or-
bital separation grows, the DCOs in the binary might
drift so far apart they may no longer be able to merge
within Hubble time. If the CBD-binary interaction de-
creases the orbit, on the other hand, in some of the
systems that were supposed to evolve into DCO merg-
ers, the compact object and the core will merge shortly
after the CEE. This likely results in luminous supernova-
like transients when the core is composed of Helium or
long gamma-ray bursts for more evolved cores. These
transients are termed common envelope jets supernovae
(CEJSNe; Soker & Gilkis 2018). Cases where the com-
pact objects does not merge with the core are CEJSN
impostors (e.g., Gilkis et al. 2019).

The possible contraction of the orbital separation
might also result in shorter delay time distributions for

DCO mergers, with potential implications for r-process
nucleosynthesis, i.e., allows NS-NS merger to synthe-
sis r-process elements at earlier galactic evolution times.
Since most merging DCO binaries are expected to go
through a CEE phase of a compact object and a giant
star (middle panel of Figure 6), we expect that CBD
interactions would have a non-negligible effect in low-
ering the merger rates of DCO binaries. While quanti-
fying the interaction between post-CEE CBDs and the
binary systems they encompass to find the resultant or-
bital evolution and determining the lowering factor is
a challenging task that is beyond the scope of this pa-
per, we conclude it is important to keep in mind that
CBD interaction might affect the rates of observables
predicted by binary population synthesis simulations.

Different choices of parameters and prescriptions in
our population synthesis model can influence the re-
sults we obtain. Metallicity has shown to have a non-
negligible impact on the formation and merger rates of
DCO binaries, with a greater influence on BH-BH for-
mation that is expected to be dominant at lower metal-
licities (e.g. Mapelli et al. 2017; Giacobbo & Mapelli
2018; Neijssel et al. 2019; van Son et al. 2024). We
found that the formation and merger rates of BH-BH
binaries grows significantly for Z = 0.01Z5 with re-
spect to solar metalicity, with a much smaller effect
on NS-NS and NS-BH binaries. Most of the merg-
ing BH-BH systems still evolve through CEE and most
non-merging BH-BH binaries cannot form CBDs, im-
plying our main conclusions from this study hold, and
that we can predict fewer detected gravitational wave
events with Ligo-Virgo-Kagra (LVK, e.g., Abbott et al.
2018) compared to the expectations of population syn-
thesis studies that neglect CBD formation. Finding
the exact reduction factor would require simulations
with a metallicity-dependent star formation history and
parametrization of the CBD-binary interaction.

Mass loss through stellar winds significantly influences
stellar evolution and the compact objects that massive
stars form (e.g., Smith 2014). Since COMPAS does not
account for wind accretion or wind interactions with the
companion (Riley et al. 2022), we investigated the effect
of conservative mass loss on CBD formation by running
simulations accounting for accretion of stellar winds by
adding to the accretor the mass lost by the donor. We
found that wind accretion does not significantly impact
our results. This finding reinforces our conclusion from
Section 3.2 that the primary factor determining the ra-
tio of the specific angular momentum of the CBD to
the synchronized envelope-specific angular momentum
at CEE onset, and consequently 3, is the spiraling-in
factor nsir = ag/R. ;. Other uncertainties related to bi-



nary evolution, such as the representation of CEE, tidal
evolution, and natal kick prescriptions, might affect the
results of our study in non-trivial ways and will be a
subject of future studies.

Despite these uncertainties, our study shows that ac-
counting for post-CEE CBD formation in binary evo-
lution is important for studying DCO formation and
mergers. Incorporating prescriptions that allow study-
ing CBD formation and interaction with the binary sys-
tem in population synthesis could give insights into the
expected observed rate of DCO binaries and transients
that involve binaries with compact objects.
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