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POSYDON: A New Population Synthesis Code 
with Detailed Binary-Evolution Simulations 

Fragos et al. 2022, submitted to ApJS

• MESA based stellar and binary
evolutionary tracks;

• Machine learning and active
learning are used in classifying the
grids, interpolating stellar and
binary parameters in the final stage
of the evolution and developing
irregular grid for enhancing the
computational efficiency;

• Mass-transfer history and stability
analysis are from real 1-D stellar
evolution simulations;

• The first version of the code
focuses on neutron star and black
hole progenitors at solar metallicity.
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Other Ways to Merge Compact Objects 
via the Three-Body Problem???
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Figure 1. Cartoon depiction of our proposed scenario for
the formation of Binary 7782, specifically mass transfer from
an evolved outer tertiary companion on to a compact inner
binary via a circumbinary disk. The outer tertiary compo-
nent has mass m

3

, whereas the inner binary components have
masses m

1

and m
2

. The inner and outer orbital separations
are denoted by, respectively, a

in

and a
out

. The circulariza-
tion radius of the accretion stream is denoted a

c

, as calcu-
lated via Equation 2, and marks the mean separation of the
circumbinary disk.

to be dynamically stable, for which we adopt eq. 1 in
Mardling & Aarseth (1999). While transferring mass,
the accretion stream gathers around the inner binary at
the circularization radius a

c

, and forms a circumbinary
disk (Frank et al. 2002). Using conservation of angular
momentum, we equate the specific angular momentum
of the accreted mass at the inner Lagrangian point of
the (outer) donor star to the final specific angular mo-
mentum of the accretion stream at the circularization
radius about the inner binary, this results in

v
orb,3(aout �R

L

) = v
orb,cac, (1)

where R
L

is the radius of the Roche lobe of the outer ter-
tiary companion, a

c

is the semi-major axis of the orbit
about the inner binary corresponding to the circulariza-
tion radius and v

orb,c is the orbital velocity at a
c

. The
distance from the centre of mass corresponding to the
tertiary defined by the Roche lobe is given by eq. 2 in
Eggleton (1983). Combining eq. 2 in Eggleton (1983)
(with mass ratio q = m

3

/(m
1

+m
2

)) with eq. 1, we solve
for the circularization radius as a function of a

out

and
the assumed stellar masses:

a
c

= a
out

(1�R
L

). (2)

In order for a circumbinary disk to form around the inner
binary, we require that a

in

< a
c

.
Figure 2 shows the parameter space in the P

out

-P
in

-
plane for Binary 7782. We assume initial component
masses of m

1

= 1.1 M� and m
2

= 0.9 M� for the in-
ner binary components, and m

3

= 1.4M� for the outer

tertiary. We compare the circularization radius to the
semi-major axis of the inner binary, for which we re-
quire a

c

> a
in

, after folding in all constraints from the
requirements for dynamical stability (listed in the cap-
tion of figure 2), and the assumption of an outer tertiary
that is Roche lobe-filling. Note that the range of plotted
orbital periods P

in

corresponding to a contact state for
the inner binary lies outside the range of plotted val-
ues for P

in

(for components with radii of 1 R�), since
it does not contribute to constraining the outer orbital
properties. The thick horizontal solid red line shows the
allowed range of outer semi-major axes, after folding in
all of the aforementioned criteria. These constraints re-
sult in a rather narrow range of initial conditions for the
outer orbit, namely 2.2 ⇥ 102 days  P

out

 1.1 ⇥ 103

days.
Adopting a mass for the tertiary star of m

3

= 1.4M�,
we can constrain the initial parameters for the inner bi-
nary as well as the orbit of the outer star after mass
transfer. We first calculate the stellar radius as a func-
tion of core mass. In figure 3 we present this relation
calculated using the SeBa stellar evolution code (Porte-
gies Zwart & Verbunt 1996) as the dark blue curve.
The interruption in this curve, around a core mass of
m

core

⇠ 0.5M� is a result of the evolution along the
horizontal branch, where the core of the star continues to
grow but the radius actually shrinks. Roche-lobe over-
flow in this phase is not expected to happen, because it
would already have happened in an earlier evolutionary
state of the donor star, when it was bigger.
Adopting masses for the inner binary m

1

= 1.1M�
and m

2

= 0.9M� we can calculate the outer orbital
separation at the onset of Roche-lobe overflow a

out

, and
subsequently the maximum orbital separation for the in-
ner binary for which the orbit is stable and a circumbi-
nary disk can form. These two limits are presented as
the light blue and light green curves in figure 3. The
allotted region of parameter space is then above the
dashed horizontal line and to the right of the vertical
dotted line.
With the adopted parameters, we can also estimate

the final orbital period of the left-over core from the
tertiary star after mass transfer. The change in orbital
separation due to non-conservative mass transfer can be
expressed in terms of the mass of the outer star before
and after mass transfer, i.e. m

3

and m0
3

respectively,
the total mass in the inner binary before (m

in

) and after
accretion (m0

in

) and the amount of angular momentum
lost per unit mass ⌘ ' 3. Adopting the relation between
the orbital separation before mass transfer (a) and after

Portegies Zwart & Leigh (2019), ApJL, 876, 33

RD Mathieu & AM Geller Nature 462, 1032-1035 (2009) doi:10.1038/nature08568

NGC188 orbital eccentricity/log period (e–log P) distributions.

Binary 7782
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Figure 2. Parameter space in the P
out

-P
in

-plane allowed for
the hypothetical outer tertiary orbit of Binary 7782 before
Roche-lobe overflow. The solid diagonal black line shows the
period corresponding to the circularization radius a

c

for the
mass transfer stream coming from the outer star (i.e., at the
onset of mass transfer). We assume initial component masses
of m

1

= 1.1 M� and m
2

= 0.9 M� for the inner binary com-
ponents, and m

3

is computed for the outer tertiary according
to our assumed mass ratio (with our fiducial case correspond-
ing to q = 0.7). We assume completely conservative mass
transfer for this exercise, and a final mass for the outer ter-
tiary of 0.6 M� once it has become a WD. The dashed diago-
nal black line shows a rough criterion for dynamical stability
in the triple, approximately following Mardling & Aarseth
(1999) (i.e., a

in

< 0.1a
out

is required for long-term dynam-
ical stability in equal-mass co-planar triples). The vertical
solid red lines show the outer orbital periods corresponding
to the hard-soft boundary assuming central velocity disper-
sions of � = 1, 5 and 10 km s�1. The vertical dashed black
lines show the maximum outer orbital period P

out

for which
the outer tertiary companion is Roche lobe-filling, assuming
a stellar radius of R

3

= 200 R� (which corresponds to the
maximum stellar radius reached on the AGB for the range of
tertiary masses of interest to us; see figure 3). The horizontal
dashed red line shows the observed orbital period for Binary
7782, using its observed orbital period and our assumed final
inner companion masses (i.e., m

1

= m
2

= 1.4 M�). Finally,
the thick solid horizontal red line shows the parameter space
for P

out

allowed after considering all of the aforementioned
criteria.

Parameter space in the Pout-Pin-plane allowed for the hypothetical outer tertiary orbit of Binary 7782 before Roche-lobe overflow. 

Circularization radiusMaximum period 
for outer tertiary 
to be Roche lobe-
filling

Minimum period 
for outer orbit to 
remain 
dynamically 
stable

Observed period 
Pin of inner 
binary

Initially, m1 = 1.1 MSun, m2 = 0.9 MSun 
in the inner binary, and q = 0.7 for the 
outer tertiary m3. 

In the end, we assume m3 = 0.6 MSun 
for the left-over WD tertiary, and the 
observed masses for the inner binary , 
or m1 = m2 = 0.9 MSun. 

Our results predict an 
outer white dwarf 
tertiary companion with 
an orbital period in the 
range Pout ~ 200 - 1000 
days. 

Permitted Pout



Parameter space in the Pout-Pin-plane allowed for the hypothetical outer tertiary orbit before Roche-lobe overflow. 

Minimum period 
for outer orbit to 
remain 
dynamically 
stable

Maximum period 
for outer tertiary 
to be Roche lobe-
filling

Circularization 
radius

 MyrτGW = 1

What if the 
inner binary is 
made up of 
compact objects 
instead of main-
sequence stars?

Leigh, Toonen, Portegies Zwart & 
Perna (2020), MNRAS, 496, 1819



What does the tertiary MT mechanism predict for the 
mergers of compact object binaries?

Specific predictions for the masses of the companions? 
- Hypervelocity white dwarfs near the Chandrasekhar mass limit? 
- Constraints on the maximum neutron star mass?  Production of hypervelocity millisecond pulsars? 

What about the physics of mass transfer? 
- When is steady-state disk accretion achieved?   
- Do we really believe the tendency to accrete toward a mass ratio of unity? 
- When is a merger initiated? 
- When is triple disruption initiated (i.e., by widening the inner orbit)? 

Would this mechanism predict anything observable? 
- It does seem to make strong predictions for the properties of the outer tertiary object and orbit.   
- Faster rotation rates than expected for other mechanisms?  Slower?   
- Higher/lower magnetic fields?  Is this observable (e.g., Halpha?) 

(see Leigh, Toonen, Portegies Zwart & Perna (2020), MNRAS, 496, 1819 for more details!)



Post	Common	Envelope	Eclipsing	Binaries
HW	Vir:	sdB +	dM

TESS	is	discovering
more	HW	Vir EBs

(van	Grootel et	al.	2021)

What	do	large	populations	of	HW	Vir EBs	tell	us	about	CE	evolution?

Can	we	use	them	to	benchmark	simulations	of	circumbinary gas/disk-aided	migration?



Binary	Star	Formation



Rajika Kuruwita, INTERACTIONS Fellow 
KITP binary 22

Investigating formation 
pathways of multiple star 
systems in simulations of GMC 
with varying gas masses
• Right: shows the 

separations of all systems 
formed and markers colour 
code formation pathway.

Kuruwita & Haugbølle 2022, in prep



Kuruwita & Haugbølle 2022, in prepRajika Kuruwita, KITP binary 22

• More systems form via 
core fragmentation in 
lower mass GMCs, 
probably due to a 
higher degree of 
clustering (measured
with TPCFs).

• With higher mass 
GMCs, dynamical 
capture is marginally 
dominant



Rajika Kuruwita, KITP binary 22

• Trying to determine whether the
core fragmentation scale varies 
with star forming environment

• It seems to shift around a little, 
but broadly peaks around a few 
thousand au

• Also in to determine if there is
any significant orbital evolution
between the formation
pathways.

Kuruwita & Haugbølle 2022, in prep



Close	binaries	(a	<	10	AU)	cannot	form	in	situ	(Boss	1986;	Bate	1998,	2001),
yet	observed	close	binary	fraction	of	Class	II/III	T	Tauri stars	(~3	Myr)	
matches	field	MS	distribution	(Mathieu	1994;	Kounkel et	al.	2019)

Offner,	Moe,	Kratter,	et	al.
(review	chapter	for	

Protostars &	Planets	VII)

Close	solar-type	binaries	originally	migrated	from	
a	>	50	AU	to	a	=	0.1	- 10	AU	

during	embedded	Class	0/I	protostellar phase	within	τ <	2	Myr
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Figure 15. Ftwin (top) and qtwin (bottom) for solar-type bina-
ries (0.8 . M1/M� . 1.2). We compare results from Gaia wide
binaries (dark and light error bars show 1 and 2 sigma con-
straints) to 1 sigma constraints at closer separations from the
samples of Raghavan et al. (2010) and Tokovinin (2014, see Fig-
ure 14). Ftwin decreases with separation and is consistent with 0
at a & 5, 000AU. However, qtwin ⇡ 0.95 is basically constant at all
separations.

binaries are reproduced from Figure 11 and 13. At closer sep-
arations, we show the constraints on Ftwin obtained by Moe
& Di Stefano (2017) from the Raghavan et al. (2010) sample,
as well as the constraint on qtwin at P = 1� 100 days derived
above for the Tokovinin (2014) sample (Figure 14). At inter-
mediate periods (P = 102�6 days), we show qtwin ⇡ 0.95±0.02
based on the Moe & Di Stefano (2017) analysis of the Ragha-
van et al. (2010) sample. This constraint is not the result of
formal fitting but provided a good fit to the data (see Figure
30 of Moe & Di Stefano 2017). Figure 15 shows that while
Ftwin decreases with separation, qtwin ⇡ 0.95 is consistent
with being constant over all separations in this mass range.
Similar values of qtwin are also found for massive binaries
at the short periods where there is a significant twin excess
(Moe & Di Stefano 2013).

5.2 Origin of twin binaries

It is typically assumed that the components of binaries wider
than a few hundred AU formed nearly independently of one
another (e.g. White & Ghez 2001; Moe & Di Stefano 2017;
Tokovinin 2017a; Moe et al. 2018; El-Badry & Rix 2019)
during turbulent core fragmentation (for binaries with sepa-
ration less than a few thousand AU; e.g. O↵ner et al. 2010)
or by becoming bound at slightly later times (for those with

the widest separations; e.g. Parker et al. 2009; Moeckel &
Bate 2010; Kouwenhoven et al. 2010; Tokovinin 2017b).

The existence of a narrow twin excess at q & 0.95 sug-
gests that the components of a fraction of binaries with
s � 100AU formed at closer separations in a highly cor-
related way. We do expect that the dynamical process of
becoming and staying bound may lead to a preference for
roughly equal-mass binaries (say, q > 0.5), because these
have higher binding energy. This could quite reasonably ex-
plain, at least in part, why the power-law component of the
mass ratio distribution is shallower than expected for ran-
dom pairings from the IMF (Figure 12). But we do not ex-
pect dynamical processes to produce a sharp twin feature
like what is observed: at fixed primary mass, the binding
energy at q = 0.9 is not much less than that at q = 1. And
indeed, simulations of binary formation during cluster dis-
solution find larger typical mass ratios at wide separations
than predicted for random pairings, but they do not predict
a narrow excess of twins (Kroupa 1998; Moeckel & Bate
2010; Kouwenhoven et al. 2010).

The excess twin fraction uniformly decreases with sepa-
ration and eventually goes to 0 at s > 15, 000AU in all mass
bins. The shape of the twin excess (i.e. qtwin and the slope of
p(q) at q > qtwin) does not vary much between 50 and 15,000
AU in our catalog. Moreover, it is e↵ectively the same for
spectroscopic binaries (with separations as close as 0.01AU)
and wide binaries (Figure 15). Invoking Occam’s razor, it
seems more likely that the wide binary twin phenomenon is
an extension of the phenomenon that has previously been
observed at s . 100AU than that it is produced by a quali-
tatively di↵erent process.

Even for close binaries, there is not a clear consensus
in the literature about the physical origin of the twin phe-
nomenon. Some models for the formation of twins can only
apply to very close binaries. In the first paper to highlight
the twin phenomenon for spectroscopic binaries, Lucy &
Ricco (1979) suggested that twins were formed by fragmen-
tation of rapidly rotating pre-main sequence stars during
the late stages of dynamical collapse, at scales of a ⌧ 1AU.
Alternatively, Krumholz & Thompson (2007) proposed that
twins could be produced by mass transfer between stars of
initially di↵erent masses during pre-main sequence evolu-
tion.8 It seems implausible that such mechanisms can ex-
plain the twin phenomenon among wide binaries, because
there is no known mechanism to widen the orbits of twins
from the separations at which they operate – a few, or at
most a few tens of, solar radii – to the separations at which
they are observed today. Such widening would require a very
strong velocity kick, the magnitude of which would have to
be fine-tuned in order to not unbind the binaries completely.

A more plausible formation mechanism for equal-mass

8 These authors sought to explain the observed twin excess in
massive stars. The specific mechanism they proposed, which re-
lies on deuterium shell burning causing protostars to expand and
overflow their Roche lobes, cannot operate in solar-type or lower
mass stars. Moreover, the twin excess for massive stars appears
to be limited to close separations (Moe & Di Stefano 2017), so
mass transfer may adequately explain it. Here we simply suppose,
for the sake of argument, that there is some mechanism through
which stable mass transfer in lower mass stars could drive the
mass ratio to unity.

MNRAS 000, 1–37 (2019)

Excess	fraction	of	twin	binaries
with	q	>	0.95	decreases	from	

30%	near	0.1	AU	to	
2%	near	1,000	AU	
(Tokovinin 2000;	

Moe	&	Di	Stefano	2017;	
El-Badry et	al.	2019).

Evidence	that	protobinaries
migrated	inward	as	there	was	
preferential	accretion	onto	the	

secondary,	driving	q	toward	unity.



Toy	Model	of	Disk	Fragmentation,	Accretion,	&	Migration
(Tokovinin &	Moe	2020)

Simulated	Period	Distributions:

Formation of close binaries by migration 5165

Table 4. Supplementary models for B-type stars.

Model CF BF TF fdisrupt fmerge γ q,S ftwin,S γ q,L ftwin,L γ P Comment

Observed – 0.50 0.10 – – − 0.2 0.12 − 1.5 <0.05 − 0.2

Baseline 0.75 0.56 0.13 0.45 0.33 0.3 0.09 − 1.3 0.06 − 0.40 Default
PrimSeed1 0.71 0.53 0.12 0.46 0.36 0.5 0.19 − 1.2 0.09 − 0.35 fm0 = 0.05 (0.1)
PrimSeed2 0.77 0.56 0.14 0.44 0.32 0.4 − 0.02 − 1.5 0.02 − 0.22 fm0 = 0.15 (0.1)
CompSeed1 1.23 0.73 0.33 0.51 0.08 1.4 0.12 − 0.6 0.10 0.14 fm20 = 0.5 (0.25)
CompSeed2 0.13 0.11 0.00 0.15 0.76 − 0.7 0.06 − 1.3 0.07 − 0.74 fm20 = 0.1 (0.25)
MaxAcc1 1.07 0.69 0.25 0.50 0.16 0.9 0.10 − 1.0 0.07 − 0.17 fm2max = 2.0 (1.0)
MaxAcc2 0.26 0.21 0.02 0.26 0.66 − 0.8 0.06 − 2.1 0.01 − 0.58 fm2max = 0.5 (1.0)
Eta1 1.31 0.53 0.32 0.42 0.03 1.2 0.08 0.9 0.10 0.56 η = [ − 1,3] ([0,4])
Eta2 0.18 0.16 0.01 0.23 0.72 − 3.5 0.00 0.0 0.00 − 0.43 η = [1,5] ([0,4])
Step1 1.01 0.66 0.22 0.50 0.19 0.7 0.12 − 0.5 0.10 − 0.16 Kstep = 25 (50)
Step2 0.46 0.38 0.05 0.36 0.50 − 0.3 0.08 − 2.5 0.00 − 0.74 Kstep = 100 (50)
Mult1 0.37 0.32 0.03 0.12 0.29 0.3 0.08 − 1.7 0.07 − 0.50 fbin = 0.8 (2.0)
Mult2 0.88 0.61 0.18 0.57 0.31 0.4 0.10 − 1.0 0.06 − 0.42 fbin = 2.5 (2.0)
Frag1 0.67 0.53 0.11 0.47 0.39 1.3 0.19 − 1.0 0.16 − 0.53 γ frag = − 0.5 (0)
Frag2 0.82 0.57 0.16 0.43 0.29 − 0.3 0.06 − 1.3 0.01 − 0.36 γ frag = 0.5 (0)
Beta1 0.74 0.55 0.13 0.45 0.34 0.2 0.18 − 1.6 0.15 − 0.40 β = 0.5 (0.7)
Beta2 0.75 0.56 0.14 0.46 0.33 0.6 − 0.01 − 1.0 0.01 − 0.47 β = 0.9 (0.7)
Fold1 1.46 0.42 0.40 0.49 0.29 − 0.4 0.01 − 1.3 − 0.02 − 0.11 Unfold and shrink

Figure 3. P, q plot of 1000 simulated solar-mass binaries. The horizontal
line shows the range of initial periods. Binary, triple, and quadruple systems
are plotted as pluses, triangles, and squares.

imaging. None the less, examinations of Kepler eclipsing binaries
exhibiting eclipse timing variations reveal a large population of
compact A-Ba,Bb triples (Borkovits et al. 2016, references therein).
Considering the selection biases, we estimate a compact triple star
fraction of TF ≈ 1 per cent for solar-type primaries, similar to our
baseline model value of TF = 3 per cent.

Although we selected fbin = 0.3 a priori to roughly match the
observed close companion fraction, the ratio of compact triples
to close binaries was not predetermined. We estimate TF/BF ≈
1 per cent/22 per cent ≈ 5 per cent for the observed sample of solar-
type primaries, and compute TF/BF = 3 per cent/30 per cent ≈
10 per cent for our baseline model. By treating disc fragmentation as
a stochastic repeatable process, our model qualitatively reproduces
the observed ratio of compact triples to close binaries.

Both the observed and simulated solar-type binaries are weighted
towards larger periods, as shown in Fig. 4. In our baseline model,
only 0.4 per cent of solar-type primaries had merged with a very
close binary companion (log P ! −0.4), and 4 per cent of primaries

Figure 4. Period distribution of solar-type binaries. Full line – simulations,
dash–dotted line – Gaussian model, dotted line – power law.

have companions that migrated to P = 1–10 d. The latter value is
comparable to 2 per cent observed both in the field and in young
star-forming regions (Moe & Kratter 2018). The field solar-type
binary period distribution is roughly lognormal, peaking at log P
= 4.8 with dispersion of 2.3 dex (Duquennoy & Mayor 1991;
Raghavan et al. 2010; Tokovinin 2014). Across log P = 0.3–2,
the observed slope is γ P = dN/dlogP = 0.7, consistent with the
simulated value of γ P. However, at longer periods log P " 2.5, the
simulated distribution flattens and turns over, underestimating the
true frequency of companions at intermediate separations (Fig. 4).

We surmise that binaries which formed via core fragmentation,
which are not included in our model, begin to contribute at
a non-negligible level beyond a " 1 au. Indeed, although the
majority of double–double quadruples have been observed in loose
hierarchies with aout > 10 au, a few have been detected in compact
configurations with aout = 1–10 au (Tokovinin 2014). Such double–
double quadruples cannot derive from successive inside–out disc
fragmentation episodes as encapsulated by our model, but instead
via an outside–in process whereby a wide binary first forms via core

MNRAS 491, 5158–5171 (2020)
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Figure 7. Histograms of periods for B-type binaries. The observed period
distribution of massive binaries is taken from the OWN survey by Barbá
et al. (2017).

Figure 8. Histogram of the mass ratio of simulated B-type binaries in
period intervals log (P) of 0–1.7 and 1.7–3.4.

[2–4] M⊙ and γ P = −0.50 for [20–40] M⊙. However, the period
distribution is very sensitive to other parameters such as η, which
can be tuned to match the observations.

As shown in Fig. 6, the simulated early-B binaries also exhibit
an anticorrelation between P and q, but in a manner that is different
from solar-type binaries and consistent with the observed population
of massive binaries. For example, there is no deficit of close, extreme
mass-ratio companions to early-B primaries in our simulations,
unlike the brown dwarf desert observed for solar-type primaries.
Moe & Di Stefano (2015a) discovered several eclipsing low-mass
pre-MS companions to early-B MS primaries with very short
periods P < 10 d. They estimated the occurrence rate of very close
q = 0.05–0.15 companions to massive stars is similar to those with
q = 0.15–0.25, consistent with our simulations.

For early-type binaries, the power-law slope γ q decreases sub-
stantially across log P = 0–3.2, much more so than for solar-type
binaries (Fig. 8). In our baseline early-B model, we compute γ q,S

= 0.3 and γ q,L = −1.3 for short and long periods, respectively.
Although very close companions to OB primaries approximately
follow a uniform mass-ratio distribution (Sana et al. 2012; Kob-
ulnicky et al. 2014), there is a large body of evidence that early-
type binaries with intermediate separations are substantially skewed

Figure 9. Example of a triple star evolution. As in Fig. 1, the masses of the
primary and secondary stars in the inner binary, formed in the first accretion
episode, are plotted by the full and dashed lines. The tertiary component
(dash–dotted line) formed at time 0.1 with a semimajor axis of 200 au, much
wider than the initial inner binary (outside the plot limit). The final masses
of the stars are 0.54, 0.50, and 1.0 M⊙. The inner and outer separations,
relative to the initial inner separation, are plotted by squares and asterisks.

towards small mass ratios q ≈ 0.3 (Rizzuto et al. 2013; Moe & Di
Stefano 2015b; Gullikson, Kraus & Dodson-Robinson 2016; Moe
& Di Stefano 2017; Murphy et al. 2018). Based on these various
surveys, Moe & Di Stefano (2017) estimated γ q,L = −1.5 for early-
B binaries, similar to the results of our baseline model.

The excess twin fraction is substantially reduced for close early-B
binaries and quickly diminishes with increasing separation. In our
baseline model, we measure ftwin,S = 0.09 and ftwin,L = 0.06 across
short and long periods, respectively. Based on a compilation of
early-type spectroscopic (Sana et al. 2012; Kobulnicky et al. 2014)
and eclipsing (Pinsonneault & Stanek 2006; Moe & Di Stefano
2013) binaries, Moe & Di Stefano (2017) estimated ftwin,S ≈ 0.08–
0.15, depending on primary mass, across P = 2–20 d. These values
are consistent with the simulations and considerably smaller than
that measured for close solar-type binaries. Meanwhile, towards
longer periods P ! 20 d, Moe & Di Stefano (2017) measured the
excess twin fraction of OB binaries to be consistent with zero,
placing an upper limit of ftwin,L " 0.05, similar to the value in our
baseline model.

3.3 Triple systems

Hierarchical systems can be formed in several different ways, e.g. by
core fragmentation for the outer subsystem and disc fragmentation
for the inner subsystem(s). Our model considers only one process,
disc fragmentation, and therefore is not expected to reproduce the
full range of real hierarchies. Its relevance is limited to compact
hierarchies with outer separations less than ∼50 au where even
the outer subsystem can be a product of disc fragmentation and
migration. Such triple systems form ‘from inside out’, by adding
outer companion to the existing pair and subsequent migration.
As stated above, this scenario cannot explain the 2+2 quadruple
systems, which must originate in a different way.

Although triple systems are more frequent among massive stars,
their statistics and distribution of hierarchical configurations are
well-established observationally only for solar-type stars, discussed
in this section. Fig. 9 illustrates the evolution of a simulated solar-
type triple system where the tertiary component has formed early
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More	Prone	to	Fragmentation
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More	Gas-assisted	Inward	Orbital	Migration:
skewed	toward	short	periods

More	Massive	Star:	OB



Close	Massive	Binaries

Offner,	Moe,	Kratter,	et	al.
(review	chapter	for	

Protostars &	Planets	VII)

Measured	close	binary	fraction	of	Herbig Ae/Be	pre-MS	stars	
is	smaller than	their	A/B	MS	counterparts

(Corporon &	Lagrange	1999;	Apai et	al.	2007;	Sana	et	al.	2017;	Ramírez-Tannus et	al.	2021)
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Fig. 1.— Disk frequency as a function of binary projected separation for G0-M4 stars in the 2 Myr old Taurus-Auriga association. Six
ranges of binary separations are shown with red points (where the vertical error bars represent the 1σ confidence interval containing the
central 68% of the binomial PDF), while corresponding 1σ confidence interval for apparently single stars (80+4

−6%) is shown with a blue
shaded band. The disk frequency at separations of !40 AU is indistinguishable from the single-star disk frequency, whereas the disk
frequency for close binaries is significantly lower.

dicates that gas giant planet formation can occur around
short-period systems (Doyle et al. 2011).
It is unclear why a significant fraction of all binary sys-

tems (∼1/3) would not be affected by these processes.
Indeed, some of the oldest disks in our sample are as-
sociated with binary systems (such as HD 98800 and η
Cha 9), so some disks can persist in close binary systems
for as long as 7–10 Myr. The current statistically ro-
bust sample of disks is not sufficient for studying the
dependence of disk lifetime on additional parameters,
but it is plausible that the disk lifetime could depend
on the parameters of the binary system, such as the ec-
centricity and mass ratio. The tidal effects that open
different resonances in the disk are sensitive to both ec-
centricity and mass ratio, with higher-order resonances
being opened with high eccentricity or low mass ratio
(Artymowicz & Lubow 1994). We therefore suggest that
the most dynamically stable systems (circular, equal-
mass binaries) might be the best candidates for long-
term disk survival, a hypothesis that should be tested
more robustly with larger samples and with additional
detailed observations of individual circumbinary disks
(e.g., Jensen et al. 2007; Boden et al. 2009)

6. THE FREQUENCY AND TIMESCALE OF PLANET
FORMATION

Our results also have significant implications for the
evolutionary history of disks around single stars. Most
surveys of the disk frequency as a function of age have
suggested that the disk frequency declines as a linear
or exponential function over time (Haisch et al. 2001;
Furlan et al. 2006; Hernández et al. 2007; Hillenbrand
2008; Mamajek 2009). However, none of those surveys
were stringently vetted to remove close binary systems,
and many of the populations in those studies are too
distant to identify binaries with separations of "40 AU.
Since these close binaries appear to lose their disks more
quickly (Section 5), they will bias the overall disk fre-
quency downward. Alternately, for a given disk fre-
quency in a total sample where ∼20–30% of sample mem-
bers are close binaries and ∼2/3 of those close bina-
ries lose their disks promptly after formation (Section
5; Kraus et al. 2011) the corresponding single-star disk
frequency should be ∼15–20% higher.
In Taurus, the observed disk frequency for all stars in

our study’s mass range (∼0.25–2.5 M⊙) is ∼70% (Sec-
tion 2); the corresponding single-star disk frequency af-
ter applying this correction should be ∼80%–85%, as is
confirmed by our updated census (Section 4; Figure 1).
In contrast, the disk frequencies for Upper Scorpius and
NGC 2362 (τ∼5 Myr) are only ∼5–10% in this mass
range (Carpenter et al. 2006; Dahm & Hillenbrand 2007;
Currie et al. 2009). The steep decline across the 2–5 Myr

Close	Massive	Binaries

In	M17	(Swan	Nebula;	τ ≈	1	Myr),	
there	are	≈60	early-B	stars.

Only	11	are	YSOs	/	Herbig Be	stars
with	signs	of	active	disk	accretion.

None	of	these	11	have
close	companions	(Sana	et	al.	2017).

But	O/early-B	stars	in	slightly	
older	clusters	(τ ≈	3	Myr)	

have	large	close	binary	fraction.

Interpretation	#1:	Close	companions	to	OB	stars	
migrate	inward	between	τ ≈	1	Myr and	3	Myr
after	most	of	the	gas/disk	has	dissipated.
No	theoretical	explanation	yet	– any	ideas?!?!

Interpretation	#2:	Selection	Effect	–
subset	of	OB	stars	with	disks
are	biased	against	close	binaries	
because	close	binaries	shorten	disk	
lifetimes	(similar	to	T	Tauri sample).

Kraus+16

(ESO)


