Eﬀects of the Common Envelope Phase on Binary Black Hole Evolution
Rosa Wallace Everson1,2, Phillip Macias1,2, Morgan MacLeod3, Andrea Antoni1,2, & Enrico Ramirez-Ruiz1,2
1Department

of Astronomy & Astrophysics, University of California, Santa Cruz, CA, USA
2DARK/CTA, Niels Bohr Institute, University of Copenhagen, Denmark
3Institute for Theory and Computation, Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA

ABSTRACT

ENVELOPE STRUCTURE AND DRAG

COMPARISON OF TIMESCALES

The detection of gravitational wave signals from binary black hole (BBH)
mergers in recent years has raised pressing questions about the
formation and characteristics of these systems. In order for BBHs
produced in the traditional formation channel to merge in a Hubble time,
the pair must undergo a common envelope (CE) phase to dramatically
reduce the separation distance of the progenitors prior to CE ejection.
Recent work on the CE phase has shown that density gradients in the
envelope material produce a significant departure from drag and
accretion rates of the embedded compact object as predicted by HoyleLyttleton accretion (HLA) formalism; these eﬀects, in turn, have
implications for mass and angular momentum transfer between the
donor star and compact object. Using a range of simplified progenitor
systems in which a massive, stellar-mass black hole (BH) dynamically
inspirals through the envelope of a giant stellar companion, we examine
these CE eﬀects.

Traditionally, the formalism for a non-global treatment of CE drag and
accretion is based on that of Hoyle-Lyttleton [2], in which the embedded
object orbiting within the CE is approximated as a point mass centered
in a supersonic gas flow of uniform density (Fig. 2a). A bow shock forms
around the point mass, and gas that crosses the shock loses energy
and forms a wake. Oncoming material within a certain vertical distance
from the point mass will have its trajectory altered by gravitational
attraction and meet material from the opposite side in the wake where it
undergoes momentum cancellation due to symmetry. The accretion
radius is defined as the vertical height within which inflowing material
will stall behind the point mass and accrete:

To illustrate the nontrivial role of drag from density gradients in the
formation of massive, stellar-mass BBHs, we compare the timescales
that result from both the HLA formalism and that of MacLeod et al. and
demonstrate the eﬀects on inspiral. The accretion radius Ra is a useful
scale height because the black hole must inspiral ~1 Ra per orbit to
interact with essentially unperturbed envelope material, and in turn
continue its inspiral. We define our timescales as follows:
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in which τinsp is the time required to travel inward 1 Ra as measured at r,
and τenergy is a simple energy sharing time through a shell of material at r.
Figure 4 shows a comparison of these values with both approaches.
Where the ratio of these is greater than 1, energy is shared faster than
inspiral occurs, making envelope ejection and “parking" near r likely.
Where the ratio is less than 1, the black hole plunges in faster than the
envelope can react to the deposited energy and inspiral continues.

a

Figure 4. Timescale ratio as a function of r for an 88 M primary
with an embedded black hole of q = 0.34. The shaded regions
correspond to the range of energy sharing times corresponding to
sound speed cs through orbital speed v∞. The dark lines represent
the curves of inspiral timescale normalized by the orbital period at
r. Note that the HLA result is much greater than 1 in the outer
portion of the envelope, suggesting that envelope ejection at large
r will occur since the energy criterion is met and the envelope has
ample time to react. However, results from use of the drag
coeﬃcients Cd are near or below 1 for most of the inspiral, then
increase slightly upon approaching the dense core region. This
indicates that even if the energy criterion is met in the outer
regions, inspiral is more likely to stop deep in the interior where
both the timescales are favorable and the energy criterion is met.

Taking the minimum values of
this ratio as a limit with and
without use of the drag
coeﬃcients, we can plot limiting
cases of the inspiral during the
CE phase (Fig. 5). In Figure 5a,
due to the timescale ratio
greater than 1, the envelope
from r-Ra outward will be
ejected no deeper than ~0.25R⇤.
In Figure 5b, due to timescale
ratio less than 1, the envelope
will be ejected at most ~0.05R⇤,
leaving a much closer binary.
These preliminary findings
indicate that the inclusion of the
eﬀects of density gradient in the
CE phase is instrumental in
understanding the conditions
that determine the configuration
of post-CE binaries.

Figure 5. Limiting cases of inspiral using the (a) HLA formalism and (b) applying drag coeﬃcients Cd in an 88 M primary with an
embedded black hole of q = 0.34. In Panel (a) where the ratio τinsp/τenergy is much greater than 1, orbits are tightly wound and interact
with the same envelope material many times. The energy criteria are fulfilled throughout the shown inspiral, as well as timescale
ratios favorable (especially in the outer region) to envelope ejection, so the small grey circle shows maximum possible penetration.
Panel (b) shows the result of a timescale ratio less than 1 through nearly all of the envelope, and stops when the ratio becomes
greater than 1 and energy sharing speed overtakes the descent speed and ejection is again possible. Based on these two criteria, the
addition of drag coeﬃcients to the HLA formalism gives physical conditions for the end of the CE phase while creating the close
binaries necessary for a merger to occur in a Hubble time.
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Next steps include performing similar analyses for a range of progenitor
masses and q values to investigate whether testable predictions about
post-CE binary configuration can be made that are unique to the
traditional formation channel. We will also explore possible implications
of the inclusion of drag coeﬃcients for final BH spin and mass
accretion.

