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Classification	of	Young	Stellar	Objects	(YSOs)

Isella (2006)
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Binary	Star	Formation	Channels

Offner, Moe, Kratter, Sadavoy, Jensen & Tobin The Origin and Evolution of Multiple Star Systems

(a) Filament Fragmentation (b) Core Fragmentation (c) Disk Fragmentation (d) Capture
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Fig. 6.— Summary of proposed mechanisms for multiple formation. Top: model and the approximate range of timescales and length
scales over which each process occurs. Middle: proposed observational examples of each, where from left to right the images are B5
in Perseus (Pineda et al. 2015), SM1N in Ophiuchus (Kirk et al. 2017), L1448 IRS3B in Perseus (Reynolds et al. 2021) and RW Aur
(Rodriguez et al. 2018). Bottom: multiple systems in numerical simulations, in order left to right, from Offner et al. (2016), Guszejnov
et al. (2021), Bate (2018), and Muñoz et al. (2015).

ments within cores that host forming stars (Pineda et al.
2015, see Fig. 6). Core and filament fragmentation models
posit that stellar multiples arise from over-densities that de-
velop and collapse within these parent structures, producing
initially widely separated systems (& 500 au). Note that the
terms core and filament represent morphological descrip-
tions rather than physical definitions, and here, we define
over-densities with small aspect ratios (ra/rb < 3/1) as
cores and structures with higher aspect ratios as filaments.
However, we stress that these terms likely represent two
limits on a continuous spectrum of initial gas morphologies
and physical conditions rather than wholly distinct classes
of objects. Below we discuss different processes that regu-
late the fragmentation of these structures and the predicted
signatures of their formation.

3.1.1. Modes of fragmentation
Two proposed drivers of core fragmentation are rotation

and turbulence, which produce density and velocity asym-
metries. Velocity gradients observed in early observations
of dense cores (e.g., Goodman et al. 1993) highlighted the
importance of angular momentum in core evolution. Early
numerical simulations including solid body rotation demon-
strated that rapidly rotating, collapsing cores are prone to
fragmentation, thereby leading to binary formation (Larson

1972). Inutsuka and Miyama (1992) quantified the frag-
mentation criterion for rotating cores in terms of the initial
ratio of thermal to gravitational energy, ↵vir, and ratio of ro-
tational to gravitational energy, �rot, where ↵vir�rot > 0.12
produces fragmentation and

↵vir�rot=0.02
�

T
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⌘4�
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10�14 s�1
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Fragmentation also requires ↵<0.5, since thermal pres-
sure may otherwise prevent warm cores from fragmenting
(Tsuribe and Inutsuka 1999). These criterion are straight-
forward, but they fail to encapsulate much of the complexity
of real cores and thus is not readily extended to construct a
general theory of binary formation.

While recent, significant higher resolution core observa-
tions validate the prevalence of velocity gradients, current
interpretation of their physical meaning is more nuanced.
Gradients may instead signify core formation via converg-
ing flows (Chen et al. 2020) or represent the largest turbu-
lent fluctuation in the core (Goodwin et al. 2004). The latter
explanation suggests that turbulence, either directly or indi-
rectly, rather than rotation is responsible for multiple star
formation (see §3.1.3 for further discussion).

Most current star-formation theories appeal to turbu-
lence to trigger the growth of structure, including the for-
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Close	Binary	Stars	(a	<	10	AU)	Cannot	Form	In	Situ

Core	Fragmentation?:

27
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We set L∗ to be the accretion luminosity, which
dominates over gravitational contraction during the
earliest phases of star formation. In order to determine
the opacities as a function of temperature, we fit a
polynomial to the Semenov et al. (2003) opacities in
the range of 10 - 400K and adopt a constant value of
κ = 9.5 cm2/g above > 400K for solar metallicity. We
decrease the opacity κ ∝ Z in direct proportion to the
metallicity as done in Bate (2014). Our results are only
weakly dependent on the exact fit used for the opacities.
We now proceed to solve Eqn. 6 under a series of

constraints:

1. Q = 1. This ensures that the disk is susceptible to
fragmentation.

2. Ṁ = 3αc3c,s/(GQ), where α = 0.2. We set the
accretion rate through the disk to be consistent
with values expected for a strongly self-gravitating
disk (Kratter et al. 2010a). Because disks are
driven unstable by rapid infall with ξ ≥ 1, we
expect an unstable disk to process material at
roughly this rate. This relationship is the standard
viscous accretion rate expressed as a function of
sound speed and Q.

3. tcoolΩ ≤ 7. We require that the disk be
able to radiate efficiently so that gravitational
instability can lead to fragmentation, rather
than gravitoturbulence or spiral mode saturation
(Gammie 2001; Kratter & Lodato 2016). The
cooling time indicates how long it takes a
perturbation in temperature to radiatively cool
from the midplane (Kratter et al. 2010b):

tcool =
3γΣc2s

32(γ − 1)

(

τ +
1

τ

)

σT 4. (11)

We consider a solar-type protostar with mass
M∗ = 0.75M⊙ and radius R∗ = 4R⊙. Eqn. 6
can therefore be written as a function of accretion
rate, disk radius, and metallicity. We solve for the
critical accretion rate Ṁcrit at which all of the above
constraints are satisfied simultaneously for a wide range
of disk radii between rd = 10 - 300AU and metallicities
−3.0 < log(Z/Z⊙) < 0.5. We do note assume a scaling of
the size of disks with metallicity, and therefore leave it as
a free parameter in our model. Because disks are most
unstable at their outer edge, our models are described
by a single number rather than a disk profile. This
solution provides viable combinations of T , Σ, Ṁ , Z,
and rd that could describe fragmenting disks. There is

Fig. 20.— The color scale indicates the critical accretion rate,
Ṁcrit, required to drive a solar-type disk of a given radius and
metallicity to fragment. In our model, fragmentation requires
that the disk reach Q = 1 and tcoolΩ < 7, assuming that
gravitational instability processes material at α ≈ 0.2. The white
line indicates the point at which disks transition from optically
thick to thin. The bottom dashed line indicates the expected
mass-weighted average infall rate ⟨Ṁin⟩ as a function of metallicity
from Tanaka & Omukai (2014), and the top dashed line represents
a factor of ten excursion higher due to stochastic variations.
All disks achieve accretion rates of Ṁ = ⟨Ṁin⟩ while only a
small fraction reach 10⟨Ṁin⟩. Given a maximum disk size of
rd ! 300 AU, the propensity for disk fragmentation increases,
especially at smaller separations, as the metallicity decreases.

no guarantee of solutions for arbitrary combinations of
temperature and metallicity. Moreover, the existence of a
solution does not guarantee that real, astrophysical disks
will achieve such disk properties in a given environment.
In Fig. 20, we show the critical mass accretion rates

Ṁcrit that satisfy Q = 1 and tcoolΩ ≤ 7 as a function of rd
and Z for our self-consistent models. We also demarcate
the radius at which Q = 1 coincides with an optical
depth of τ = 1, which decreases from rd = 300 AU
near Z = Z⊙ to rd = 40 AU near Z = 10−3Z⊙. For
solar metallicity, no solution exists below rd < 40 AU
because the disks are too optically thick and therefore
the disk cooling timescale according to Eqn. 11 is longer
than tcool > 7/Ω. Meanwhile, metal-poor disks, in
principle, can fragment at slightly smaller separations,
but only down to rd ≈ 10AU at Z = 10−3Z⊙. The
inability to directly fragment at small separations is
consistent with previous studies that demonstrated close
binaries (a < 10 AU) could not have formed in situ (Boss
1986; Bate 1998, 2009). Instead, close binaries initially
fragmented on larger scales and then migrated inward,
probably via interactions with the disk and/or external
companions (Artymowicz 1983; Artymowicz et al. 1991;
Bate et al. 1995; Bate & Bonnell 1997; Bate et al. 2002;
Moe & Kratter 2018).
To estimate the parameter space that disks might

inhabit, we consider the expected infall rates from cores
of different metallicities. Following Tanaka & Omukai
(2014), we consider:

⟨Ṁin⟩ = 10−6M⊙ yr−1

(

Z

Z⊙

)−1/2

. (12)

We display the combination of metallicities and disk radii

Moe,	Kratter,	&	Badenes (2019)

First	hydrostatic	core	has	radius	r	≈	5	- 10	AU	(Larson	1969)

Core	fragmentation	during	secondary	collapse	stage	extremely	unlikely
(Boss	1986;	Bate	1998,	2011)

Disk	Fragmentation?:

Inner	disk	too	hot	to	fragment:

QToomre =	csκ /	πGΣ	<	1

tcool Ω <	1

No
Solutions



Orbital	Separation	Distribution	of	MS	Binaries

Solar-type	binaries	follow	log-normal	distribution,	peaking	near	50	AU;	Fa<10au ≈	20%	
(Duquennoy &	Mayor	1991;	Raghavan et	al.	2010;	Tokovinin 2014)

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

Protostars &	Planets	VII)



Orbital	Separation	Distribution	of	MS	Binaries

Low-mass	binaries	peak	at	shorter	separations; Fa<10au ≈	15%	
(Fischer	&	Marcy	1992;	Janson	et	al.	2012,2014;	Winters	et	al.	2019)

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

Protostars &	Planets	VII)



Orbital	Separation	Distribution	of	MS	Binaries

Close	binary	fraction	of	solar-type	stars	decreases	from	Fa<10au ≈	40%	at	[Fe/H]	=	–1.0
to	Fa<10au ≈	10%	at	[Fe/H]	=	0.5,	but	wide	binary	fraction	is	metallicity	invariant

(Badenes et	al.	2018;	Moe	et	al.	2019;	El-Badry &	Rix	2019)

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

Protostars &	Planets	VII)



Orbital	Separation	Distribution	of	MS	Binaries

Companions	to	OB	stars	follow	Öpik’s law	(Abt et	al.	1990;	Moe	&	Di	Stefano	2017),	
but	inner binary	companions	to	O	stars	are	skewed	toward	short	separations

(Sana	et	al.	2012;	dotted	blue;	Fa<10au ≈	70%	)	

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

Protostars &	Planets	VII)



More	Massive	Disks	are	More	Prone	to	Fragmentation
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Fig. 4.— Evolutionary tracks in the Q, µ plane of a 1M�(left) and 15 M� (right) final star-disk system overlayed on the contours of our
accretion model (contour spacing is identical to Figure 2). The white arrows superposed on the tracks show the direction of evolution in
time. The low mass star remains stable against fragmentation throughout its history, while the more massive star undergoes fragmentation
and more violent variation in disk mass. The jump a the end of accretion in the 15 M� system is due to the switch in the irradiation
calculation.

- Type III: Systems older than 105 yrs, which have
stopped accreting from the core, and consequently
acquire low disk mass fractions as the disks drain
away. These are the disks that are most like those
observed in regions of LMSF as Class I objects.

These three stages serve as a useful prediction for future
observations; see §6 for more details.

5.2. Influence of vector angular momentum
The accretion disk’s radius plays a critical role in deter-

mining whether or not the disk fragments. Consequently,
we expect our results to depend somewhat on e↵ects that
change the disk’s specific angular momentum. Because
we track the vector angular momentum of the inner disk,
and because our turbulent velocity field is three dimen-
sional, we account for a possible misalignment between
the disk’s angular momentum axis, Ĵ, and that of the
infalling angular momentum, ĵ

in

. The wandering and
partial cancellation that result provide a more realistic
scenario than given by the KM06 analytic approxima-
tions, in which vector cancellation is accounted for only
in an average sense. In practice, however, the disk and
infall remain aligned rather well (Ĵ · ĵ

in

⇠ 0.8), so mis-
alignment plays only a minor role in limiting the disk
size. This is illustrated by Figure 7, in which we com-
pare the disk radius in two numerical realizations of the
turbulent velocity field, against one in which j

in

has a
fixed direction and obeys the KM06 formulae. We also
plot the infall circularization radius R

circ

(of one numer-
ical realization) for comparison. In general we find that
the analytic prescription slightly over-predicts the disk
radius at early times; this is partly due to “cosmic” vari-

years

fi
n
a
l

sy
st

e
m

m
a
ss

(M
⊙

)

1

 

 

lo
g
1
0

Q

1

Type I Type II Type III 

Fragmentation

103 104 105 106
100

101

102

0

0.1

0.2

0.3

0.4

0.5

0.6

Fig. 5.— Contours of Q over the accretion history of a range
of masses for the fiducial sequence. Masses listed on the y-axis
are for the total star-plus-disk system final mass – because the
models halt at 2 Myr, some mass does remain in the disk. Contours
are spaced by 0.3 dex. At low final stellar masses, disks remain
stable against the local instability throughout accretion. At higher
masses, all undergo a phase of fragmentation. One can see three
distinct phases in the evolution as described in §5. Disks start
out stable, subsequently develop spiral structure as the disk mass
grows and become unstable to fragmentation for su�ciently high
masses. As accretion from the core halts, they drain onto the star
and once again become stable.

ance in the numerical realization, and partly due to disk-
infall misalignment.

5.3. Varying ⌃c

We explore the e↵ect of individual parameters by con-
sidering one or two systems along our fiducial sequence,
and varying parameters one by one relative to their fidu-

Kratter,	Matzner,	&	Krumholz (2008)



Orbital	Separation	Distribution	of	MS	Binaries

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

Protostars &	Planets	VII)

Increasing	probability	of	disk	fragmentation	with	mass	explains	
observed	trend	in	close	binary	fraction,	but	not	separation	distribution



Orbital	Separation	Distribution	of	Solar-type	Pre-MS	Binaries

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

Protostars &	Planets	VII)

Wide	binary	fraction	of	pre-MS	stars	depends	on	age	and	stellar	density,	
but	close	pre-MS	binaries	are	consistent	across	all	environments,	
matching	the	MS	distribution	(Kounkel,	Covey,	Moe,	et	al.	2019)



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

Protostars &	Planets	VII)

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

during	embedded	Class	0/I	phase	within	τ <	1	Myr

Orbital	Separation	Distribution	of	Solar-type	Pre-MS	Binaries



Close	Companions	Truncate	Circumprimary Disk	Mass	/	Lifetime

Binaries	with	a	<	50	AU	have	smaller	disk	frequency
(Jensen	et	al.	1996;	Kraus	et	al.	2012;	Harris	et	al.	2012;	Cheetham et	al.	2015)

6

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

Taurus-Auriga:		
τ ≈	1	- 2	Myr

(Kraus	et	al.	2012)



Close	Companions	Truncate	Circumprimary Disk	Mass	/	Lifetime

Class	II	(Classical	T	Tauri):	Deficit	of	Close	Binaries
Class	III	(Weak-lined	T	Tauri):	Surplus	of	Close	Binaries

Class	II	+	Class	III:	Matches	Field	MS	Distribution

Kounkel et	al.	2019

example, at 200 days, it is possible to identify 72% of all such
systems with these cuts, but only 32% of systems for periods
within 10 days can be recovered, increasing the false-negative
fraction.

Examining the MF as a function of the cuts in Vmax and Smax
shows that the period distribution in the data is consistent with
the model at nearly all separations. The exception to this are
sources with periods shorter than 5 days, which show a weak
1σ deficit in both RV variables and SB2s (Figure 18). This
deficit is not entirely a product of the model’s two-day
minimum period, however, as increasing the minimum period
would affect other bins with higher maximum period (as they
also include systems with short periods), making them less
compatible with the model. It is possible that there may be a
physical explanation for the difference between the model and
the data for these short-period systems. For example, because
YSOs are inflated compared to main-sequence stars, YSOs
should originally have wider separations, but some would
evolve dynamically and harden to be closer together, lessening
the deficit at short periods. It is also possible that there might be
some differences in the manner RVs are measured in the
synthetic sample, which could predominantly affect the most
widely resolved systems. Additionally, because we probe only
the likely maximum period and not the exact period
distribution of each system, it is possible to use different
statistical weighting for converting from velocity to period,
which could push this sub-five-day deficit to either shorter or
somewhat longer periods.

Separating the sample according to their evolutionary
classification shows a similar distribution; while there might
be an excess or a deficit that is seen in the total sample, it
remains consistent at all separations, with the exception of the
shortest periods.

6.6. Stellar Density

Because the sample spans a large variety of environments,
we examine the effect of multiplicity on the local stellar density
in the primordial population.

A measurement of stellar density at the position of each
source in the sample is a nontrivial task because of the non-
uniform membership list in each of the regions in question.
Disparate distances and disparate ages result in different
completeness limits in each cluster. No single method is
capable of identifying all of the members of a population.
Moreover, fundamentally, stellar density is a three-dimensional
problem. While Gaia DR2 made incredible strides in making
stellar distances accessible, how deeply positioned a given

source might be in a given cluster still cannot be known as
precisely as a relative position in the plane of the sky.
Nonetheless, we attempt to estimate the stellar density for the

sources in our sample. We begin with identifying the
population corresponding to each young cluster and star-
forming region using the Gaia DR2 data, by using TopCat
(Taylor 2005) to make a rough selection in the position,
parallax, proper motion, and color–magnitude space that
includes each cluster’s sources in the curated catalog. We also
made a cut perpendicular to the main sequence at the
magnitude limit of the farthest cluster in the sample (i.e.,
NGC 2264) and discarded all sources lower than this limit in
the closer regions. Similarly, we discard all high-mass sources
brighter than the sources that correspond to Teff∼6000 K in
each cluster. Unfortunately, any sources that are too heavily
extinct, or sources that have irregular kinematics despite being
cluster members, cannot be counted in this sample.
We then measure a projected separation between the sources

in the curated sample and the resulting catalog. This separation
is converted into parsecs using the parallax measurement of the
source in question. To estimate the local density, we record the
projected separation to the fourth nearest neighbor (NN4),
similarly to the approach used by Kounkel et al. (2016b). The
relative distribution of densities is shown in Figure 19. Again,
however, it should be cautioned that this is just an estimate,
made worse by any possible line-of-sight effects, such as may
be the case in Orion C/D and in Taurus.
Looking at multiplicity as a function of NN4 (Figure 20),

the MF appears to have a maximum at NN4∼0.2 pc, or Σ*∼
30 pc−2, that is primarily driven by Class III SB2s, remaining
mostly flat with a possible decline at the lowest densities of
Σ*∼30 pc−2.

7. Discussion

The close binary fraction and properties of young stars
provide an invaluable insight into the mechanisms behind the
formation and evolution of multiples. Using APOGEE spectra
of pre-main-sequence stars in various star-forming environ-
ments and accounting for selection effects, we have found that
their close binary fraction is consistent with the field population
with separations <10 au. This result is consistent with models
in which the majority of close binaries form during the

Table 6
Vmax and Smax Cuts to Identify Close Binaries

Period Vmax Smax

(days) (km s−1) (km s−1)

<2000 2.6 21
<1000 4.6 26
<500 7.7 33
<200 13 46
<100 20 62
<50 27 78
<20 40 110
<10 60 140
<5 90 160

Figure 18. Distribution of MF relative to the model split according to the
maximum period measured from Vmax and Smax defined in Table 6.
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Toy	Model	of	Disk	Fragmentation,	Accretion,	&	Migration
(Tokovinin &	Moe	2020)

Three	Key	Parameters:



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

Three	Key	Parameters:

1)	Preferential	Accretion	onto	Secondary	
(Bate	&	Bonnell 1997;	Farris	et	al.	2014;	Young	&	Clarke	2015)7

Fig. 6.— Maximum eccentricity ẽmax (bottom) and position of
the outer edge of the cavity rc (top), as a function of mass ratio q.

completely cleared, and significant gas is able to flow past
the secondary onto a dense circumprimary disk, and the
accretion rate onto the primary has risen relative to the
q = 0.05 case, and is slightly larger than that of the
primary (see first panel of Figure 9). This likely marks
the beginning of a threshold in mass ratio qcrit below
which the torque from the secondary is no longer able to
effectively clear an entire hollow central cavity and the
morphology becomes more similar to that of a disk with
an annular gap. Extrapolating the results of Figure 7
to smaller mass ratios, (Ṁ2/M2)/(Ṁ1/M1) may quickly
drop below 1, although more simulations are required to
verify this prediction. The value of qcrit is likely highly
dependent on the disk thickness as it depends on gas
flowing past the secondary without becoming gravita-
tionally bound. Consequently, our value of qcrit ∼ 0.026
should not be interpreted as a robust result applicable
to all circumbinary disks. Nevertheless, this transition is
important, because it may separate binaries into two cat-
egories: 1) large mass ratio binaries with q > qcrit which
are being further driven toward equal mass by enhanced
accretion onto the secondary, and 2) small mass ratio
binaries with q < qcrit which may be further decreas-
ing in mass ratio. This may lead to a bimodal binary
mass-ratio distribution, with separate peaks at q = 1
and below qcrit.
In spite of the time-variability of the “mini-disks”, we

can compare the time-averaged density profiles with an-
alytic estimates of disk sizes based on perterbative cal-
culations of disk truncation due to Lindblad resonances
(Artymowicz & Lubow 1994). In Figure 8, we plot the
time-averaged surface density profiles of the inner cav-
ity region for the q = 0.11 and q = 0.43 cases (note
that these are referred to as µ ≡ q/(q + 1) = 0.1 and
µ ≡ q/(q + 1) = 0.3 in Artymowicz & Lubow 1994).
We mark the analytic estimate of circumprimary and
circumsecondary disk radii in cyan. In both cases, we
find agreement with the analytic estimates, although we
find that the circumprimary disk in the q = 0.11 case
is strongly perturbed by the nonaxisymmetric accretion
streams.

Fig. 7.— Plot of (Ṁ2/M2)/(Ṁ1/M1) vs BH mass ratio q. This
quantity is > 1 when q is increasing, and < 1 when q is decreas-
ing. For each case we find (Ṁ2/M2)/(Ṁ1/M1) > 1, indicating that
mass ratios are always increasing with time. However, extrapolat-
ing the downward turn seen at small q, it is possible that there
exists a threshold at small q, below which q decreases with time.

Fig. 8.— Time-averaged surface density Σ/Σ0. Cyan circles in-
dicate the predictions of Artymowicz & Lubow (1994) for the size
of the circumprimary and circumsecondary disks. Top figure is for
a binary with q = 0.11 (µ ≡ q/(q + 1) = 0.1). Bottom figure is for
a binary with q = 0.43 (µ ≡ q/(q + 1) = 0.3)

In Figure 9, we plot the accretion rate onto each BH
vs. time, as well as the Lomb-Scargle periodogram of the
accretion rate for each mass ratio. We find many features
in common with previous simulations in which the inner
cavity at r = a is excised from the grid and the total
accretion rate is calculated through the inner bound-
ary (MacFadyen & Milosavljević 2008; D’Orazio et al.
2012). For example, we find that significant periodicity
in the accretion rate emerges for mass ratios q ! 0.1, with
peaks in the periodogram at ω/ωbin = 1 and ω/ωbin = 2,

Farris	et	al.	2014
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We predict that the accretion efficiencies will be even smaller
in very young protobinaries. Consider a 0.3M⊙ primary accreting
from a marginally unstable disc, i.e. ≈10−5 M⊙ yr−1 to achieve
gravitational instability. The disc fragments and forms a new com-
panion that accretes to ≈0.03M⊙ as it clears a gap and inner cavity.
At this time when q = 0.1, most of the mass is initially directed
towards the secondary, but the secondary can only accrete and
retain material on its thermal Kelvin–Helmholtz time-scale ṀKH

= RL/GM ∼ 10−7 M⊙ yr−1 (Kippenhahn & Meyer-Hofmeister
1977; Pols & Marinus 1994). In response to the high accretion
rate, the secondary expands while the excess mass builds up in the
circumsecondary disc. If the high accretion rate is sustained, then not
even the circumsecondary disc can retain the excess material, which
is either lost via polar outflows and jets, draining angular momentum
from the system, or re-directed towards the circumprimary disc.
In any case, when the protobinary initially forms, i.e. in the high
accretion rate regime and q ! 0.1, most of the mass is lost from the
system and f2 is lower than in the ideal conservative scenario. The
parameter fm2max is introduced in the model to limit the growth of
low-mass companions. In our baseline model, we set fm2max = 1, i.e.
the secondary can at most double during a single accretion episode.

In our toy model, we adopt the following parametrization for the
mass fraction accreted by the secondary:

f2 = !M2/!M = 0.5 + 0.5x(1 − q)β , (1)

where β = 0.7 in our baseline model and x = [0,1] is a uniformly
distributed random number uniquely generated for each accretion
episode. We consider β = 0.5 and 0.9 in modelsBeta1 andBeta2,
respectively. Note that x = 1 represents the ideal scenario of cold
gas, circular orbits, prograde coplanar discs, no magnetic fields,
and mass conservation. Any departure from these five criteria cause
x < 1, and in our toy model a uniform random variable x = [0,
1] for each accretion episode accounts for these various physical
processes.

2.3 Binary migration

The response of the binary separation to the portion of accreted gas
depends on the specific angular momentum and angle of the infalling
gas with respect to the binary orbit along with other factors, e.g.
angular momentum losses via disc outflows and jets. The evolution
of the binary’s separation should be proportional to the relative mass
accreted by the secondary component,

da

a
= −η

dM2

M2
, (2)

where the parameter η defines the speed and direction of migration
(see e.g. equation 6 in Roedig & Sesana 2014). In some works,
the migration coefficient η is defined in relation to the total mass
increment dm/m. Both definitions are equivalent at large mass ratios
q, but at small q the relative mass increment of the companion, not
of the total mass, is the relevant parameter for migration.

Assuming the gas is co-moving with the binary, i.e. the gas
and binary orbit have the same specific angular momentum, then
accretion by the binary causes the orbit to shrink according to a ∝
M−1, i.e. η = 1 (Bonnell & Bate 2005; Umbreit et al. 2005). These
studies also showed that if the gas is at rest with respect to the
binary, then the total angular momentum L of the binary orbit must
be conserved, leading to a ∝ M−3, i.e. η = 3. Umbreit et al. (2005)
also examined counter-rotating gas with respect to the orbit, and
found even stronger inward migration, i.e. η = 5. Bonnell & Bate
(2005) considered a random-walk evolution, whereby the angular

momentum of each infalling gas parcel is randomly oriented with
respect to the binary. In this scenario, they showed analytically
a ∝ M−2, i.e. η = 2, confirmed by their numerical simulations.
Finally, Goicovic et al. (2017) used a 3D SPH code to simulate
rapid accretion (within 4–8 binary periods), and measured η = 3.45
for prograde gas, η = 5.6 for random orientation, and η = 7.4 for
retrograde gas. The random-walk or rapid-accretion scenarios likely
apply to wide binaries. E.g. nascent cores at initial a ≈ 5000 au with
∼10 per cent their final mass will migrate to a ≈ 50 au according to
the random-walk hypothesis. Even without accretion, wide binaries
can migrate significantly inward via dynamical friction (Offner et al.
2010; Bate 2019; Lee et al., submitted).

At closer separations, however, binaries likely accrete from a
circumbinary disc, which has a specific angular momentum larger
than the binary’s. Bate & Bonnell (1997) showed that a binary
that accretes prograde and aligned gas will expand, i.e. η < 0.
Utilizing a 2D grid code, Tang, MacFadyen & Haiman (2017)
explored whether the binary expands or shrinks as it accretes from a
coplanar circumbinary disc. The answer depends on the size of the
circirumstellar discs, parametrized by the sink time τ s in units of
the binary period. For a fast sink (τ s ≪ 1), the discs are small, the
overall torque is positive, and the binary expands. Conversely, for
slow sinks (τ s = 5), Tang et al. (2017) showed the binary shrinks
according to equation (2) with η = 3.16. The gas streams arriving
at the components are accelerated and repelled back to the cavity
edge, and this ‘gravitational slingshot’ mechanism brakes the binary.
Muñoz, Miranda & Lai (2019) also performed 2D simulations of
accretion from a circumbinary disc with higher resolution and over
longer (viscous) time-scales until a steady state was reached. They
always found orbital expansion, i.e. η = −2.15 for a circular orbit
and η = −0.47 for e = 0.6.

There are three important caveats that would counteract the ex-
pectation from 2D hydrodynamic simulations that binaries expand
as they accrete from a circumbinary disc. First, the majority of T
Tauri binaries with a = 1–100 au accrete from misaligned discs
(Czekala et al. 2019). Although not a true random-walk scenario
with η = 2, the discs may be sufficiently misaligned so as to result
in inward migration with η > 0. Secondly, the cores and discs are
likely magnetized, and MHD simulations have shown that accretion
of magnetically braked material substantially shrinks the separation
of the binary (Zhao & Li 2013). Finally and most important, the
numerical simulations assume mass conservation, but as discussed
above, most of the mass in the discs, especially the circumsecondary
disc, are lost via outflows and jets, draining angular momentum from
the system.

In our toy model, we therefore consider a variable η, unique for
each accretion episode, and with a positive average ⟨η⟩ > 0, i.e. net
inward migration. Equation (2) applies only in the limit where dM2

<< M2. We adopt a more general form:

a = a0 exp(−η!M2/M2), (3)

where !M2 is the mass accreted by the secondary in each accretion
episode. We find a uniform random variable η = [0,3] adequately
reproduces the observations and accounts for the three factors
indicated above, i.e. misaligned discs, magnetic fields, and mass-
loss. We consider different ranges of η values in supplementary
modelsEta1 andEta2, respectively. In the first accretion episodes
when the companion’s growth is limited by the parameter fm2max,
we evaluate equation (3) at the full, unlimited !M2 according to
equation (1) to account for the angular momentum losses and impact
on the binary orbit, even though the secondary actually retains no
more than fm2maxM2 mass.
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panion that accretes to ≈0.03M⊙ as it clears a gap and inner cavity.
At this time when q = 0.1, most of the mass is initially directed
towards the secondary, but the secondary can only accrete and
retain material on its thermal Kelvin–Helmholtz time-scale ṀKH

= RL/GM ∼ 10−7 M⊙ yr−1 (Kippenhahn & Meyer-Hofmeister
1977; Pols & Marinus 1994). In response to the high accretion
rate, the secondary expands while the excess mass builds up in the
circumsecondary disc. If the high accretion rate is sustained, then not
even the circumsecondary disc can retain the excess material, which
is either lost via polar outflows and jets, draining angular momentum
from the system, or re-directed towards the circumprimary disc.
In any case, when the protobinary initially forms, i.e. in the high
accretion rate regime and q ! 0.1, most of the mass is lost from the
system and f2 is lower than in the ideal conservative scenario. The
parameter fm2max is introduced in the model to limit the growth of
low-mass companions. In our baseline model, we set fm2max = 1, i.e.
the secondary can at most double during a single accretion episode.

In our toy model, we adopt the following parametrization for the
mass fraction accreted by the secondary:

f2 = !M2/!M = 0.5 + 0.5x(1 − q)β , (1)

where β = 0.7 in our baseline model and x = [0,1] is a uniformly
distributed random number uniquely generated for each accretion
episode. We consider β = 0.5 and 0.9 in modelsBeta1 andBeta2,
respectively. Note that x = 1 represents the ideal scenario of cold
gas, circular orbits, prograde coplanar discs, no magnetic fields,
and mass conservation. Any departure from these five criteria cause
x < 1, and in our toy model a uniform random variable x = [0,
1] for each accretion episode accounts for these various physical
processes.

2.3 Binary migration

The response of the binary separation to the portion of accreted gas
depends on the specific angular momentum and angle of the infalling
gas with respect to the binary orbit along with other factors, e.g.
angular momentum losses via disc outflows and jets. The evolution
of the binary’s separation should be proportional to the relative mass
accreted by the secondary component,
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= −η
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M2
, (2)

where the parameter η defines the speed and direction of migration
(see e.g. equation 6 in Roedig & Sesana 2014). In some works,
the migration coefficient η is defined in relation to the total mass
increment dm/m. Both definitions are equivalent at large mass ratios
q, but at small q the relative mass increment of the companion, not
of the total mass, is the relevant parameter for migration.

Assuming the gas is co-moving with the binary, i.e. the gas
and binary orbit have the same specific angular momentum, then
accretion by the binary causes the orbit to shrink according to a ∝
M−1, i.e. η = 1 (Bonnell & Bate 2005; Umbreit et al. 2005). These
studies also showed that if the gas is at rest with respect to the
binary, then the total angular momentum L of the binary orbit must
be conserved, leading to a ∝ M−3, i.e. η = 3. Umbreit et al. (2005)
also examined counter-rotating gas with respect to the orbit, and
found even stronger inward migration, i.e. η = 5. Bonnell & Bate
(2005) considered a random-walk evolution, whereby the angular

momentum of each infalling gas parcel is randomly oriented with
respect to the binary. In this scenario, they showed analytically
a ∝ M−2, i.e. η = 2, confirmed by their numerical simulations.
Finally, Goicovic et al. (2017) used a 3D SPH code to simulate
rapid accretion (within 4–8 binary periods), and measured η = 3.45
for prograde gas, η = 5.6 for random orientation, and η = 7.4 for
retrograde gas. The random-walk or rapid-accretion scenarios likely
apply to wide binaries. E.g. nascent cores at initial a ≈ 5000 au with
∼10 per cent their final mass will migrate to a ≈ 50 au according to
the random-walk hypothesis. Even without accretion, wide binaries
can migrate significantly inward via dynamical friction (Offner et al.
2010; Bate 2019; Lee et al., submitted).

At closer separations, however, binaries likely accrete from a
circumbinary disc, which has a specific angular momentum larger
than the binary’s. Bate & Bonnell (1997) showed that a binary
that accretes prograde and aligned gas will expand, i.e. η < 0.
Utilizing a 2D grid code, Tang, MacFadyen & Haiman (2017)
explored whether the binary expands or shrinks as it accretes from a
coplanar circumbinary disc. The answer depends on the size of the
circirumstellar discs, parametrized by the sink time τ s in units of
the binary period. For a fast sink (τ s ≪ 1), the discs are small, the
overall torque is positive, and the binary expands. Conversely, for
slow sinks (τ s = 5), Tang et al. (2017) showed the binary shrinks
according to equation (2) with η = 3.16. The gas streams arriving
at the components are accelerated and repelled back to the cavity
edge, and this ‘gravitational slingshot’ mechanism brakes the binary.
Muñoz, Miranda & Lai (2019) also performed 2D simulations of
accretion from a circumbinary disc with higher resolution and over
longer (viscous) time-scales until a steady state was reached. They
always found orbital expansion, i.e. η = −2.15 for a circular orbit
and η = −0.47 for e = 0.6.

There are three important caveats that would counteract the ex-
pectation from 2D hydrodynamic simulations that binaries expand
as they accrete from a circumbinary disc. First, the majority of T
Tauri binaries with a = 1–100 au accrete from misaligned discs
(Czekala et al. 2019). Although not a true random-walk scenario
with η = 2, the discs may be sufficiently misaligned so as to result
in inward migration with η > 0. Secondly, the cores and discs are
likely magnetized, and MHD simulations have shown that accretion
of magnetically braked material substantially shrinks the separation
of the binary (Zhao & Li 2013). Finally and most important, the
numerical simulations assume mass conservation, but as discussed
above, most of the mass in the discs, especially the circumsecondary
disc, are lost via outflows and jets, draining angular momentum from
the system.

In our toy model, we therefore consider a variable η, unique for
each accretion episode, and with a positive average ⟨η⟩ > 0, i.e. net
inward migration. Equation (2) applies only in the limit where dM2

<< M2. We adopt a more general form:

a = a0 exp(−η!M2/M2), (3)

where !M2 is the mass accreted by the secondary in each accretion
episode. We find a uniform random variable η = [0,3] adequately
reproduces the observations and accounts for the three factors
indicated above, i.e. misaligned discs, magnetic fields, and mass-
loss. We consider different ranges of η values in supplementary
modelsEta1 andEta2, respectively. In the first accretion episodes
when the companion’s growth is limited by the parameter fm2max,
we evaluate equation (3) at the full, unlimited !M2 according to
equation (1) to account for the angular momentum losses and impact
on the binary orbit, even though the secondary actually retains no
more than fm2maxM2 mass.
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Figure 3. Same as Figure 1, except that the disc viscosity is an
order of magnitude larger at α1 = 0.2. Note that the mass passes
through the disc more quickly than in the low viscosity case and so
the central star grows in mass more quickly and because the disc
drains quickly, accretion onto the central star stops soon after the
accretion into the sink particle ends. The disc does not maintain
a significant reservoir of material.

Figure 4. Same as Figure 2, except that the disc viscosity is an
order of magnitude larger at α1 = 0.2. Note that the mass accre-
tion rate on to the central star is higher than the low viscosity
case earlier, but the accretion onto the central star dies off soon
after the mass accretion into the sink particle ceases. In addition,
the stellar and inner disc axes are more misaligned than in the low
viscosity case. Because accreted material passes quickly through
the disc the mass of the disc is low and its angular momentum
depends more sensitively on the material most recently accreted.

as in reality the material should be put back into the SPH
computational domain. There it would interact with other
circumstellar material and would stand a chance of being
re-accreted.

4.1 Without sink particle interaction

We first consider the evolution of the system without tak-
ing account of any interaction with the neighbouring sink
particle. As we mentioned above, although not strictly self-
consistent, this serves to illustrate the general behaviour of
a star-disc system which is accreting material with a wide
range of angular momenta.

We consider the case when the disc viscosity is given
by α1 = 0.02. In Figure 2 we show the accretion rate onto
the central star as a function of time (solid black line) and
the time-evolution of the directions of the stellar rotation
axis(θ∗,φ∗; short-dashed lines) and of the rotation axis of
the inner disc (θd,φd; long-dashed lines). At the end of the
computation the stellar mass is M∗ = 0.113 M⊙ and the
disc mass is Md = 3.4 × 10−2 M⊙ = 0.3 M∗ (self-gravity is
likely to play a role in providing the effective viscosity of the
disc in this particular case; Lodato & Rice 2004, 2005). Thus
about a quarter of the mass accreted onto the sink particle
has been lost at the outer disc edge. This is to be expected
since much of the matter is accreted with an angular mo-
mentum corresponding to a centrifugal radius ≈ Rsink and
angular momentum conservation leads to the disc expand-
ing beyond this radius. The fraction of matter required to
carry away the angular momentum to radius Rout is approx-
imately

√

Rsink/Rout ≈ 0.32.
For α1 = 0.02 the accretion timescale (Equation 7) from

where most the matter is accreted into the disc (< 104 yr
at radii R < Rsink = 5 au) is comparable to the typical
timescale for the growth of stellar mass (≈ 2×104 yr). Thus,
there is still a non-negligible amount of mass in the disc
at the end of the computation. At that time the accretion
rate onto the star is Ṁ ≈ 3.8 × 10−7 M⊙ yr−1. Comparing
these values with the conventional picture of the evolution of
low-mass stars, our modelling corresponds to the Class 0/I
phases of protostellar evolution and ends at a stage compa-
rable to the beginning of the Class II or T-Tauri phase, both
in terms of disc mass and stellar accretion rates. During the
evolution, the stellar rotation axis and the disc spin axis
both converge quite quickly to their final values. Because
the disc evolution timescale is comparable to the stellar ac-
cretion timescale, although its spin direction is somewhat in-
fluenced by late accretion of material (especially when that
material is accreted at radii close to the inner disc radius
where the disc spin is measured) it does not differ substan-
tially from that of the star. At the end of the computation
the angular distance between these two axes is 4.2◦.

In Figures 3 and 4 we consider an identical case, except
that the disc viscosity is increased by an order of magnitude
to α1 = 0.2. In this case the accretion timescale is much
less than the timescale for the growth of the stellar mass.
Thus, the gas passes through the disc quickly, the central
star grows more quickly in mass (Figure 3), the disc mass
is lower at any given time, and significant accretion from
the disc onto the central star ceases at essentially the same
time as the accretion into the sink particle ends (Figure
4). Because the disc mass is lower, the spin of the inner

c⃝ 2009 RAS, MNRAS 000, 1–11

Bate,	Lodato,	&	Pringle	(2010)

Mass	infall rate	
(and	direction	of	infall)	

onto	protostellar disks	varies	
on	timescales	of	103 yr
(10s	to	100s	of	orbits)	
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Modest	misalignment	among	compact	triples	with	aout <	10	AU	(Borkovits et	al.	2016)
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Figure 14. The relation between the dynamical and LTTE am-
plitudes, A

dyn

/A
LTTE

, and the ratio of inner to outer periods,
P
1

/P
2

. The systems marked in red are directly measured from
the dynamical plus LTTE solutions to the ETV curves. By con-
trast, the green points are estimates based on the assumption that
m

AB

' 2M�.

Figure 15. Distribution of the mutual orbital inclination angle,
i
m

, for 62 systems where there was su�cient information in the
ETV curves to allow for its determination. Note the peak centered
around i

m

' 40� which we associate with Kozai cycles with tidal
friction in systems with initial values of 39� . i

m

. 141� (see
text for a discussion and references). The peak between i

m

= 0�

and 5� actually contains 21 systems, but goes o↵ the top of the
plot.

cession or apsidal motion. In the case of KIC 06543674, only
one set of outer eclipse events has been observed. It is there-
fore unfit for a complete photodynamical analysis. Note also
that the outer period of P

2

= 1101.d4 ± 0.d4 of this system
is the longest period known for any triply eclipsing system.

Figure 16. The relation between the mutual orbital inclination
angle, i

m

, and the inner binary period (P
1

) for 44 systems where
there was su�cient information in the ETV curves to allow for
their determination (see text). Only systems with non-zero i

m

are shown for clarity. The two dashed horizontal lines indicate
the expected range of P

1

values near i
m

⇠ 39� (vertical line)
from the Fabrycky & Tremaine (2007) model.

Figure 17. Distribution of the apsidal period in the inner ec-
centric binary driven by the tertiary star. There was su�cient
information in the ETV curves of 45 systems to derive P

apse

.

The outer orbit thus represents the ‘eclipsing binary’ with
the longest period in the entire Kepler EB sample.

There are other systems in the Kepler EB sample which
have light curves that exhibit extra eclipsing events or other
complex features, but do not turn out to be hierarchical
triples or do not show ETVs. They are not included in our
sample.

Amongst these systems, KIC 07670485 shows only one
extra fading event around BJD 2 455 665 (Orosz 2015). The
primary and secondary O � C curves of this EB, however,
do not show any ETVs, but only some scatter with an am-
plitude of ⇠ 3⇥ 10�4 d.

For KICs 04247791 and 07622486 the strict periodicity
and unaltered shapes of the extra eclipses make it evident

c� 0000 RAS, MNRAS 000, 000–000

Similar	degree	of	misalignment	among	circumbinary disks	(Czekala et	al.	2019)
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Moe,	Kratter,	&	Badenes (2019)

For	solar-type	stars	with	Z	=	Z☉,	
not	all	protostellar disks	fragment.

Only	the	~20%	that	achieve
stochastic	excursions	up	to	
Ṁ =	10 〈Ṁinfall〉 can	drive	a		
gravitational	disk	instability.
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4π
, (7)
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2
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We set L∗ to be the accretion luminosity, which
dominates over gravitational contraction during the
earliest phases of star formation. In order to determine
the opacities as a function of temperature, we fit a
polynomial to the Semenov et al. (2003) opacities in
the range of 10 - 400K and adopt a constant value of
κ = 9.5 cm2/g above > 400K for solar metallicity. We
decrease the opacity κ ∝ Z in direct proportion to the
metallicity as done in Bate (2014). Our results are only
weakly dependent on the exact fit used for the opacities.
We now proceed to solve Eqn. 6 under a series of

constraints:

1. Q = 1. This ensures that the disk is susceptible to
fragmentation.

2. Ṁ = 3αc3c,s/(GQ), where α = 0.2. We set the
accretion rate through the disk to be consistent
with values expected for a strongly self-gravitating
disk (Kratter et al. 2010a). Because disks are
driven unstable by rapid infall with ξ ≥ 1, we
expect an unstable disk to process material at
roughly this rate. This relationship is the standard
viscous accretion rate expressed as a function of
sound speed and Q.

3. tcoolΩ ≤ 7. We require that the disk be
able to radiate efficiently so that gravitational
instability can lead to fragmentation, rather
than gravitoturbulence or spiral mode saturation
(Gammie 2001; Kratter & Lodato 2016). The
cooling time indicates how long it takes a
perturbation in temperature to radiatively cool
from the midplane (Kratter et al. 2010b):

tcool =
3γΣc2s

32(γ − 1)

(

τ +
1

τ

)

σT 4. (11)

We consider a solar-type protostar with mass
M∗ = 0.75M⊙ and radius R∗ = 4R⊙. Eqn. 6
can therefore be written as a function of accretion
rate, disk radius, and metallicity. We solve for the
critical accretion rate Ṁcrit at which all of the above
constraints are satisfied simultaneously for a wide range
of disk radii between rd = 10 - 300AU and metallicities
−3.0 < log(Z/Z⊙) < 0.5. We do note assume a scaling of
the size of disks with metallicity, and therefore leave it as
a free parameter in our model. Because disks are most
unstable at their outer edge, our models are described
by a single number rather than a disk profile. This
solution provides viable combinations of T , Σ, Ṁ , Z,
and rd that could describe fragmenting disks. There is

Fig. 20.— The color scale indicates the critical accretion rate,
Ṁcrit, required to drive a solar-type disk of a given radius and
metallicity to fragment. In our model, fragmentation requires
that the disk reach Q = 1 and tcoolΩ < 7, assuming that
gravitational instability processes material at α ≈ 0.2. The white
line indicates the point at which disks transition from optically
thick to thin. The bottom dashed line indicates the expected
mass-weighted average infall rate ⟨Ṁin⟩ as a function of metallicity
from Tanaka & Omukai (2014), and the top dashed line represents
a factor of ten excursion higher due to stochastic variations.
All disks achieve accretion rates of Ṁ = ⟨Ṁin⟩ while only a
small fraction reach 10⟨Ṁin⟩. Given a maximum disk size of
rd ! 300 AU, the propensity for disk fragmentation increases,
especially at smaller separations, as the metallicity decreases.

no guarantee of solutions for arbitrary combinations of
temperature and metallicity. Moreover, the existence of a
solution does not guarantee that real, astrophysical disks
will achieve such disk properties in a given environment.
In Fig. 20, we show the critical mass accretion rates

Ṁcrit that satisfy Q = 1 and tcoolΩ ≤ 7 as a function of rd
and Z for our self-consistent models. We also demarcate
the radius at which Q = 1 coincides with an optical
depth of τ = 1, which decreases from rd = 300 AU
near Z = Z⊙ to rd = 40 AU near Z = 10−3Z⊙. For
solar metallicity, no solution exists below rd < 40 AU
because the disks are too optically thick and therefore
the disk cooling timescale according to Eqn. 11 is longer
than tcool > 7/Ω. Meanwhile, metal-poor disks, in
principle, can fragment at slightly smaller separations,
but only down to rd ≈ 10AU at Z = 10−3Z⊙. The
inability to directly fragment at small separations is
consistent with previous studies that demonstrated close
binaries (a < 10 AU) could not have formed in situ (Boss
1986; Bate 1998, 2009). Instead, close binaries initially
fragmented on larger scales and then migrated inward,
probably via interactions with the disk and/or external
companions (Artymowicz 1983; Artymowicz et al. 1991;
Bate et al. 1995; Bate & Bonnell 1997; Bate et al. 2002;
Moe & Kratter 2018).
To estimate the parameter space that disks might

inhabit, we consider the expected infall rates from cores
of different metallicities. Following Tanaka & Omukai
(2014), we consider:

⟨Ṁin⟩ = 10−6M⊙ yr−1

(

Z

Z⊙

)−1/2

. (12)

We display the combination of metallicities and disk radii
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Three	Key	Parameters:

1)	Preferential	Accretion	onto	Secondary	
(Bate	&	Bonnell 1997;	Farris	et	al.	2014;	Young	&	Clarke	2015)

f2 =	ΔM2 /	ΔM	=	0.5	+	0.5x(1-q)0.7 where x	=	[0,	1]

2)	Orbital	Migration	scales	with	Accreted	Mass	onto	Secondary	

5162 A. Tokovinin and M. Moe

We predict that the accretion efficiencies will be even smaller
in very young protobinaries. Consider a 0.3M⊙ primary accreting
from a marginally unstable disc, i.e. ≈10−5 M⊙ yr−1 to achieve
gravitational instability. The disc fragments and forms a new com-
panion that accretes to ≈0.03M⊙ as it clears a gap and inner cavity.
At this time when q = 0.1, most of the mass is initially directed
towards the secondary, but the secondary can only accrete and
retain material on its thermal Kelvin–Helmholtz time-scale ṀKH

= RL/GM ∼ 10−7 M⊙ yr−1 (Kippenhahn & Meyer-Hofmeister
1977; Pols & Marinus 1994). In response to the high accretion
rate, the secondary expands while the excess mass builds up in the
circumsecondary disc. If the high accretion rate is sustained, then not
even the circumsecondary disc can retain the excess material, which
is either lost via polar outflows and jets, draining angular momentum
from the system, or re-directed towards the circumprimary disc.
In any case, when the protobinary initially forms, i.e. in the high
accretion rate regime and q ! 0.1, most of the mass is lost from the
system and f2 is lower than in the ideal conservative scenario. The
parameter fm2max is introduced in the model to limit the growth of
low-mass companions. In our baseline model, we set fm2max = 1, i.e.
the secondary can at most double during a single accretion episode.

In our toy model, we adopt the following parametrization for the
mass fraction accreted by the secondary:

f2 = !M2/!M = 0.5 + 0.5x(1 − q)β , (1)

where β = 0.7 in our baseline model and x = [0,1] is a uniformly
distributed random number uniquely generated for each accretion
episode. We consider β = 0.5 and 0.9 in modelsBeta1 andBeta2,
respectively. Note that x = 1 represents the ideal scenario of cold
gas, circular orbits, prograde coplanar discs, no magnetic fields,
and mass conservation. Any departure from these five criteria cause
x < 1, and in our toy model a uniform random variable x = [0,
1] for each accretion episode accounts for these various physical
processes.

2.3 Binary migration

The response of the binary separation to the portion of accreted gas
depends on the specific angular momentum and angle of the infalling
gas with respect to the binary orbit along with other factors, e.g.
angular momentum losses via disc outflows and jets. The evolution
of the binary’s separation should be proportional to the relative mass
accreted by the secondary component,

da

a
= −η

dM2

M2
, (2)

where the parameter η defines the speed and direction of migration
(see e.g. equation 6 in Roedig & Sesana 2014). In some works,
the migration coefficient η is defined in relation to the total mass
increment dm/m. Both definitions are equivalent at large mass ratios
q, but at small q the relative mass increment of the companion, not
of the total mass, is the relevant parameter for migration.

Assuming the gas is co-moving with the binary, i.e. the gas
and binary orbit have the same specific angular momentum, then
accretion by the binary causes the orbit to shrink according to a ∝
M−1, i.e. η = 1 (Bonnell & Bate 2005; Umbreit et al. 2005). These
studies also showed that if the gas is at rest with respect to the
binary, then the total angular momentum L of the binary orbit must
be conserved, leading to a ∝ M−3, i.e. η = 3. Umbreit et al. (2005)
also examined counter-rotating gas with respect to the orbit, and
found even stronger inward migration, i.e. η = 5. Bonnell & Bate
(2005) considered a random-walk evolution, whereby the angular

momentum of each infalling gas parcel is randomly oriented with
respect to the binary. In this scenario, they showed analytically
a ∝ M−2, i.e. η = 2, confirmed by their numerical simulations.
Finally, Goicovic et al. (2017) used a 3D SPH code to simulate
rapid accretion (within 4–8 binary periods), and measured η = 3.45
for prograde gas, η = 5.6 for random orientation, and η = 7.4 for
retrograde gas. The random-walk or rapid-accretion scenarios likely
apply to wide binaries. E.g. nascent cores at initial a ≈ 5000 au with
∼10 per cent their final mass will migrate to a ≈ 50 au according to
the random-walk hypothesis. Even without accretion, wide binaries
can migrate significantly inward via dynamical friction (Offner et al.
2010; Bate 2019; Lee et al., submitted).

At closer separations, however, binaries likely accrete from a
circumbinary disc, which has a specific angular momentum larger
than the binary’s. Bate & Bonnell (1997) showed that a binary
that accretes prograde and aligned gas will expand, i.e. η < 0.
Utilizing a 2D grid code, Tang, MacFadyen & Haiman (2017)
explored whether the binary expands or shrinks as it accretes from a
coplanar circumbinary disc. The answer depends on the size of the
circirumstellar discs, parametrized by the sink time τ s in units of
the binary period. For a fast sink (τ s ≪ 1), the discs are small, the
overall torque is positive, and the binary expands. Conversely, for
slow sinks (τ s = 5), Tang et al. (2017) showed the binary shrinks
according to equation (2) with η = 3.16. The gas streams arriving
at the components are accelerated and repelled back to the cavity
edge, and this ‘gravitational slingshot’ mechanism brakes the binary.
Muñoz, Miranda & Lai (2019) also performed 2D simulations of
accretion from a circumbinary disc with higher resolution and over
longer (viscous) time-scales until a steady state was reached. They
always found orbital expansion, i.e. η = −2.15 for a circular orbit
and η = −0.47 for e = 0.6.

There are three important caveats that would counteract the ex-
pectation from 2D hydrodynamic simulations that binaries expand
as they accrete from a circumbinary disc. First, the majority of T
Tauri binaries with a = 1–100 au accrete from misaligned discs
(Czekala et al. 2019). Although not a true random-walk scenario
with η = 2, the discs may be sufficiently misaligned so as to result
in inward migration with η > 0. Secondly, the cores and discs are
likely magnetized, and MHD simulations have shown that accretion
of magnetically braked material substantially shrinks the separation
of the binary (Zhao & Li 2013). Finally and most important, the
numerical simulations assume mass conservation, but as discussed
above, most of the mass in the discs, especially the circumsecondary
disc, are lost via outflows and jets, draining angular momentum from
the system.

In our toy model, we therefore consider a variable η, unique for
each accretion episode, and with a positive average ⟨η⟩ > 0, i.e. net
inward migration. Equation (2) applies only in the limit where dM2

<< M2. We adopt a more general form:

a = a0 exp(−η!M2/M2), (3)

where !M2 is the mass accreted by the secondary in each accretion
episode. We find a uniform random variable η = [0,3] adequately
reproduces the observations and accounts for the three factors
indicated above, i.e. misaligned discs, magnetic fields, and mass-
loss. We consider different ranges of η values in supplementary
modelsEta1 andEta2, respectively. In the first accretion episodes
when the companion’s growth is limited by the parameter fm2max,
we evaluate equation (3) at the full, unlimited !M2 according to
equation (1) to account for the angular momentum losses and impact
on the binary orbit, even though the secondary actually retains no
more than fm2maxM2 mass.
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3)	Stochastic	/	Variable	Ṁ and	J
.

Divide	mass assemblage	into	N	=	20	accretion	episodes,	each	with:

Random	x	=	[0,	1]
Random	η =	[0,	3]

Tang	et	al.	(2017)	slow	sinks:	η =	3.2
Muñoz	et	al.	(2019)	q	=	1.0:	η =	-2.1
Muñoz	et	al.	(2020)	q	<	0.2:	η >	0
Duffell et	al.	(2020)	q	<	0.05:	η >	0
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Disk	Fragmentation:

1)	Occurs	at	random	accretion	episode	N	=	[1,	20]
2)	Initial	separation	across	a	=	50	- 500	AU
3)	Initial	companion	mass	(Kratter et	al.	2008):	0.01	M☉ for	solar-type	primaries

0.1	M☉ for	OB	primaries
qinit ≈	0.05

Example	Evolution:

Formation of close binaries by migration 5163

Figure 1. Evolution of two simulated solar-type binary systems. The full
and dashed lines show the fraction of the primary and secondary mass,
respectively, as a function of the total accreted mass. The squares connected
by dotted line show the evolution of the semimajor axis, also in relative units.
In the first binary (a), the companion formed when 0.15 of the total mass
was accreted and had a chance to become almost equal to the primary, while
the separation decreased by a factor of 100. The second example (b) shows
companion formation at time 0.65. In both cases, migration is strongest right
after the companion formation, when its mass is still small.

A migrating binary may become too close and merge if the stars
overfill their Roche lobes. The merging condition is approximately
a < 2.5R (Eggleton 1983), where the primary radius R is estimated
from the primary mass according to R/R⊙ = 1.5(M1/M⊙)0.8, as
appropriate for pre-MS stars. Similarly, tertiary companions may
migrate within three times the separation of the inner binary,
becoming dynamically unstable. In our baseline model, we eject
such tertiaries (the ejected mass is lost). In supplementary model
Fold1, we dynamically unfold such unstable configurations by
increasing the outer separation by a factor from 100 to 1000,
compared to its current (unstable) separation. The unfolding factor
has a log-uniform distribution. At the same, time, we shrink the
inner semimajor axis by a factor of two at each unfolding.

2.4 Summary of the toy model

The toy model generates large samples of simulated binaries
by implementing the physically motivated prescriptions discussed
above in a simple numerical code. Here its operation is summarized.
The baseline parameters of the model for solar-type and B-type stars
are listed in Table 1.

For each simulated system, the total mass Mtot, uniformly dis-
tributed between Mtot,0 and 3Mtot,1, is generated. This defines the
initial mass of the primary star, fm0Mtot, and the mass accreted in each
episode, macc = Mtot/Kstep. The mass is added to the primary star until
a companion with the initial (seed) mass of fm2macc is formed. The
probability of companion formation in each episode is fbin/Kstep, and
its initial separation is chosen from a log-uniform distribution in the
interval [a0, a1]. Formation of additional companions in subsequent

Figure 2. Distribution of the orbital migration factor log (a/a0) for solar-
type stars.

accretion episodes is not prohibited, but only dynamically stable
outcomes are allowed (companion separation more than three times
larger than the separation of the inner binary).

The evolution of a system (single, binary, triple, etc.) in response
to the accretion episode is implemented as a subroutine. The
accreted mass macc is distributed between components according to
the equation (1) using the parameter β and a uniformly distributed
random number x, generated independently for each episode.
The growth of the companion is restricted by the parameter
fm2max. Then equation (3) is applied, with a random η uniformly
distributed between η1 and η2, independently in each episode.
Using the updated separation, we check the merging condition (if
satisfied, the binary becomes again a single star with the sum of
component’s masses). If the number of components exceeds two,
the evolution subroutine is called recursively (with independent
random numbers), and the condition for dynamical stability is
checked to eliminate (or unfold) unstable triples. Fig. 1 illustrates
evolution of two typical solar-mass binaries.

When all mass is accreted by the system in Kstep episodes, we
consider only single stars, binaries, and higher order hierarchies
with primary masses in the Mtot,0, Mtot,1 range. Single stars with
these masses are simply counted. The counters of mergers and
disruptions are incremented only for systems in the requested
range of primary mass. Generation of systems is repeated until
the total requested number of binaries is reached. Fig. 2 shows the
distribution of the ratio of final and initial semimajor axes log (a/a0)
(i.e. the migration factor) for solar type stars. The median is −2.2,
meaning that the initial binary separation is reduced typically by
two orders of magnitude. In the toy model, the distribution of final
binary separations or periods is a simple convolution of the initial
distribution (assumed loguniform) with that of the migration factor.

The statistics of the simulated binary population is characterized
by several parameters (Table 2). We consider all pairs, inde-
pendently of their hierarchy (both inner and outer subsystems in
triples) and determine the total companion fraction CF accordingly.
However, the binary and triple fractions, BF and TF, refer only to
pairs with periods less than Pmax, chosen at 104 d for solar-type
stars and 103.4 d for B-type stars. Only short-period binaries can be
generated by the toy model, so the resulting statistics are meaningful
at separations below ∼10 au, motivating the choice of Pmax. The
mass ratio distribution at q > 0.3 is characterized by the truncated
power law with index γ q and the excess twin fraction ftwin (fraction
of binaries with q > 0.95 in excess of the power law, relative to all
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Simulated	Population	of	Solar-type	Binaries

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
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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
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Table 11: Companion statistics of solar-type primaries (⟨M1⟩ = 1.0± 0.2) based on the Raghavan et al. (2010) survey and
corrected sample of Nprim = 404 primaries and Ncomp = 193 stellar companions with 0.1 < q < 1.0 and 0 < logP (days) < 8.

log P (days) Nsmallq Nlargeq flogP;q>0.3 η γsmallq γ largeq Ftwin

0.5± 0.5 1 7 0.017± 0.007 −0.8± 0.2
0.3± 0.9 −0.6± 0.7 0.29± 0.11

1.5± 0.5 3 8 0.020± 0.007 −0.4± 0.3

2.5± 0.5 3 10 0.025± 0.008 0.2± 0.3
−0.1± 0.7 −0.5± 0.4 0.20± 0.07

3.5± 0.5 6 18 0.045± 0.011 0.6± 0.4

4.5± 0.5 7 27 0.067± 0.013 0.3± 0.3
0.4± 0.6 −0.4± 0.3 0.10± 0.04

5.5± 0.5 9 31 0.077± 0.014 -

6.5± 0.5 9 23 0.057± 0.012 -
0.5± 0.5 −1.1± 0.3 0.02+0.03

−0.02
7.5± 0.5 10 21 0.052± 0.011 -

companions, 14± 5 are most likely WDs. We conclude
that (14± 5)/(11+35) = (30± 10)% of nearby solar-type
primaries which appear as SB1s and/or exhibit proper
motion acceleration actually contain WD companions.
The remaining 35− 14 = 21 additional binaries

contain M-dwarf companions with q ≈ 0.1 - 0.5 and
0.0 ! log P ! 4.5. The blue region in Fig. 28 is
quite large, and so we distribute the estimated 21
additional M-dwarf companions based on the nature of
the systems. The SB1s have known orbital periods,
generally 1.0 < logP (days) < 3.5. There are only
two additional SB1s with 0 < logP < 1, and one
or both of these systems may contain post-CE WD
companions (see Appendix A.1). The radial velocity
variables and companions implied through proper motion
acceleration have systematically longer orbital periods
2.5 < log P < 4.7 (Raghavan et al. 2010). The
≈ 3 - 5 systems that escaped detection lie in the interval
3.5 < log P < 4.7 (§8.2). We therefore expect one, four,
six, six, and four additional stellar companions in the
logarithmic period intervals logP = 0 - 1, 1 - 2, 2 - 3, 3 - 4,
and 4.0 - 4.7, respectively.
In terms of mass ratios q, we assume the 21 additional

systems are evenly distributed between q = 0.1 and the
detection limit at q = 0.40 - 0.55 indicated by the blue
line in Fig. 28. Weighting the additional systems toward
smaller or larger mass ratios in this interval does not
significantly affect our statistical measurements. We
display the 21 additional M-dwarf companions as the
blue diamonds in Fig. 28.
In §8.3.2, we determined thatFsolar+WD = (11± 4)% of

solar-type stars in the local solar-neighborhood have WD
companions. In other words, the correction factor due
to binary evolution is Cevol = 1.11± 0.04 for solar-type
primaries (see §2). Of the 454 solar-type systems
in the Raghavan et al. (2010) sample, we estimate
that 454× 0.11 ≈ 50 have WD companions. Some
of the brighter WD companions have been identified
(Raghavan et al. 2010), but the majority are probably
too faint with binary brightness contrasts ∆V " 10 mag
that are too large to be detected. The true number
of solar-type primaries in the Raghavan et al. (2010)
sample, i.e., those that have always been the most
massive components of their respective systems, is Nprim
= 454− 50 = 404. The WD contamination to the
total sample (≈11%) is significantly smaller than the
WD contamination to SB1s (≈30%). In conclusion,
the corrected solar-type sample contains Nprim = 404
primaries and Ncomp = 193 stellar companions with

Fig. 30.— Cumulative distribution of mass ratios q for solar-type
binaries divided into three logarithmic period intervals. We
compare the data (solid lines) after correcting for incompleteness
to the fits (dotted; parameters presented in Table 11). The
short-period systems (blue) with 0 < log P (days) < 2 are
weighted toward large mass ratios, primarily due to a large
excess fraction Ftwin ≈ 0.29 of twins with q = 0.95 - 1.00. The
intermediate-period systems (green) with 2 < logP < 6 have
power-law slopes γsmallq ≈ γ largeq ≈ 0.0 close to uniform, but
with an excess twin fraction Ftwin ≈ 0.14 that is half the value of
the short-period sample. Meanwhile, the long-period systems (red)
with 6 < log P < 8 have a negligible excess twin fraction Ftwin
≈ 0.02 and a power-law component γ largeq ≈ −1.1 that favors
small mass ratios q ≈ 0.2 - 0.5. As found for early-type binaries,
solar-type binaries become weighted toward smaller mass ratios
with increasing orbital period. Unlike the early-type binaries,
however, even the widest solar-type MS binaries are markedly
inconsistent with random pairings drawn from a Chabrier (2003)
IMF (dashed line).

0.1 < q < 1.0 and 0.0 < logP (days) < 8.0.

8.5. Intrinsic Binary Statistics

In Table 11, we provide the statistics based on the
corrected population of solar-type binaries. We initially
divide the sample into eight intervals of ∆logP = 1
across 0 < logP (days) < 8. For each logarithmic period
interval, we list the number Nsmallq of companions with
0.1 < q < 0.3 and the number Nlargeq of companions with
0.3 < q < 1.0. The frequency flogP;q>0.3 of companions
with q > 0.3 per decade of orbital period simply derives
from dividing each value of Nlargeq by Nprim = 404.
To analyze the mass-ratio distribution, we divide

the sample into four intervals of ∆logP = 2 across
0 < logP (days) < 8. For each of these four subsamples,

For	solar-type	binaries,	excess	twin	fraction	is:	
Ftwin =	30%	near	a	=	0.1	AU	(Tokovinin 2000)
Ftwin =	10%	near	a	=	100	AU	(Moe	&	Di	Stefano	2017)
Ftwin =	2%	near	a	=	1,000	AU	(El-Badry et	al.	2020)
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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
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Brown	Dwarf	Desert

5

Fig. 5.— Brown Dwarf Desert in Mass and Period. Estimated
companion mass M2 versus orbital period for the companions to
Sun-like stars of our two samples: companions with hosts closer
than 25 pc (large symbols) and those with hosts closer than 50 pc,
excluding those closer than 25 pc (small symbols). The companions
in the thick solid rectangle are defined by periods P < 5 years, and
masses 10−3 < M2

<
∼ M⊙, and form our less-biased sample of com-

panions. The stellar (open circles), brown dwarf (grey circles) and
planetary (filled circles) companions are separated by dashed lines
at the hydrogen and deuterium burning onset masses of 80 MJup

and 13 MJup respectively. This plot clearly shows the brown dwarf
desert for the P < 5 year companions. Planets are more frequent at
larger periods than at shorter periods (see Fig. 6). The “Detected”,
“Being Detected” and “Not Detected” regions of the mass-period
space show the extent to which the high precision Doppler method
is currently able to find companions (Lineweaver & Grether 2003).
see Appendix for discussion of M2 mass estimates.

ric solution but this companion falls outside our less-
biased region (M2 < MJup). For the stellar com-
panion data, the single-lined (SB1) and double-lined
(SB2) spectroscopic binary orbits are primarily from
the Ninth Catalogue of Spectroscopic Binary Orbits
(Pourbaix et al. 2004) with additional interferometric,
astrometric or visual solutions from the 6th Catalog of
Orbits of Visual Binary Stars (Washington Double Star
Catalog, Hartkopf & Mason 2004). Many additional
SB1s come from Halbwachs et al. (2003). Stellar bi-
naries and orbital solutions also come from Endl et al.
(2004); Halbwachs et al. (2000); Mazeh et al. (2003);
Tinney et al. (2001); Jones et al. (2002); Vogt et al.
(2002); Zucker & Mazeh (2001a).
We examine the inclination distribution for the 30

Doppler companions (d < 50 pc) with an astrometric or
visual solution. We find that 24 of these 30 companions
have a minimum mass larger than 80MJup (Doppler stel-
lar candidates) and that 6 of these 30 companions have
a minimum mass between 13MJup and 80MJup (Doppler
brown dwarf candidates). These 6 Doppler brown dwarf
candidates are a subset of the 16 Doppler brown dwarf
candidates in the far sample that have an astrometric
orbit derived with a confidence level greater than 95%
from Hipparcos measurements (Halbwachs et al. 2000;
Zucker & Mazeh 2001a) and are thus assumed to have
an astrometric orbit.

Fig. 6.— Projection of Fig. 5 onto the period axis for the 25
pc (dark grey) and 50 pc (light grey) samples. Planets are more
clumped towards higher periods than are stellar companions. This
would be a selection effect with no significance if the efficiency
of finding short period stellar companions with the low precision
Doppler technique used to find spectroscopic binaries, was much
higher than the efficiency of finding exoplanets with high precision
spectroscopy. Konacki et al. (2004) and Pont et al. (2004) con-
clude that the fact that the transit photometry method has found
planets in sub 2.5 day periods (while the Doppler method has found
none) is due to higher efficiency for small periods and many more
target stars and thus that these two observations do not conflict.
Thus there seems to be a real difference in the period distributions
of stellar and planetary companions.

As shown in Fig. 7, the inclination distribution is ap-
proximately random for the 24 companions with a min-
imum mass in the stellar regime whereas it is biased to-
wards low inclinations for the 6 companions in the brown
dwarf regime. All 6 of the Doppler brown dwarf candi-
dates with an astrometric determination of their incli-
nation have a true mass in the stellar regime. This in-
cludes all 3 of the Doppler brown dwarf candidates that
are companions to stars in our close sample (d < 25 pc)
thus leaving an empty brown dwarf regime. Also shown
in Fig. 7, is the distribution of the maximum values of
sin(i) that would put the true masses of the remaining
10 Doppler brown dwarf candidates with unknown incli-
nations in the stellar regime. This distribution is sub-
stantially less-biased than the observed sin(i) distribu-
tion, strongly suggesting that the remaining 10 Doppler
brown dwarf candidates will also have masses in the stel-
lar regime. Thus astrometric corrections leave us with no
solid candidates with masses in the brown dwarf regime
from the 16 Doppler brown dwarf candidates in the far
sample (d < 50 pc), consistent with the result obtained
for the close sample.
The size of the 25 pc and 50 pc samples, the extent

to which they are being targeted for planets, and the
number and types of companions found along with any
associated corrections are summarised in Table 2. For

Deficit	of	q	=	0.01	- 0.1
companions	within	a	<	1	AU
(Grether &	Lineweaver 2006;

Csizmadia et	al.	2015;
Shahaf &	Mazeh 2019)
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Figure 5. Distribution of the mass ratio q of solar-type binaries with 1 < P
< 100 d. Full line – binaries in the 67-pc sample (Tokovinin 2014), dashed
line – simulations.

fragmentation and then both of those components subsequently split
via disc fragmentation. The existence of compact double–double
quadruples with aout = 1–10 au strongly suggests that binaries that
formed via core fragmentation can migrate to such intermediate
separations. Core fragmentation binaries become more relevant
with increasing separation. The contribution from disc versus core
fragmentation binaries are comparable near a ≈ 50 au (see Section
1), the peak in the overall period distribution of solar-type binaries.
Both Moe et al. (2019) and El-Badry & Rix (2019) showed that the
fraction of wide binaries (a > 200 au; P > 106 d) is independent
of metallicity, and so they concluded nearly all such wide binaries
are the result of core fragmentation. As shown in Fig. 4, our model
population of disc fragmentation binaries steadily declines to zero
near log P = 6, consistent with the observational constraints.

Our model also reproduces the observed excess fraction of twins
with q > 0.95, especially evident at short periods. In Fig. 5, we
compare the simulated mass-ratio distribution of solar-type binaries
with P = 1–100 d to the observed distribution in the 67 pc sample
(Tokovinin 2014) across the same period range. For the latter, we
use the measured mass ratios of double-lined spectroscopic binaries
(SB2s) and the minimum mass ratios of SB1s. Across the interval q
= 0.3–1.0, the observed and simulated mass-ratio distributions are
well described by a power law with slope γ q,S ≈ 1 and an excess
twin fraction ftwin,S ≈ 0.2 relative to the power-law component.
However, Moe & Di Stefano (2017) noted that a non-negligible
fraction of solar-type SB1s with small q in the field contain white
dwarf companions, and so the intrinsic distribution of close MS
companions are further weighted towards higher q. Accounting for
this bias, we estimate γ q,S = 0.8 and ftwin,S = 0.24 in the field.
Fitting the simulated sample of solar-type binaries with P = 1–
100 d yields γ q,S = 1.5 and ftwin,S = 0.20, qualitatively consistent
with the observations.

With increasing period, the mass-ratio distribution becomes
weighted towards smaller values. In our simulations, the power-
law slope decreases from γ q,S = 1.5 to γ q,L = 0.2 from log P (d) =
0–2 to 2–4, and the excess twin fraction also decreases from ftwin,S =
0.20 to ftwin,L = 0.15. There is strong observational evidence that the
solar-type excess twin fraction decreases across log P = 0–4 (Lucy
& Ricco 1979; Tokovinin 2000; Moe & Di Stefano 2017). Utilizing
the 25-pc (Raghavan et al. 2010) sample of solar-type primaries,
Moe & Di Stefano (2017) measured the excess twin fraction to

Figure 6. P, q plot of 1000 simulated B-type binaries. The horizontal line
shows the range of initial periods. Binary, triple, and quadruple systems are
plotted as pluses, triangles, and squares.

decrease linearly with log P such that ftwin,L/ftwin,S ≈ 0.7, consistent
with the simulated ratio ftwin,L/ftwin,S ≈ 0.75.

3.2 Massive binaries

Massive stars form by accreting more matter than solar-type stars.
We set a larger number of accretion bursts Kstep = 50 accordingly,
as well as a larger probability of forming a companion. Fig. 6
shows the results for B-type binaries. For volume-limited samples,
≈50 per cent of early-B stars have companions within a < 10 au
(log P ! 3.2), and ≈10 per cent of early-B primaries are in compact
triples with aout < 10 au (Moe & Di Stefano 2017). In our baseline
early-B model with fbin = 2.0, we simulate BF = 0.56 and TF =
0.13, respectively, close to the observations. The simulated ratio
of compact triples to close binaries, TF/BF ≈ 0.2, is higher for
early-B systems, consistent with the observations. In our model,
disc fragmentation is a Poisson process, and so increasing the mean
number of companions fbin not only increases the ratio of close
binaries to single stars but also the ratio of compact triples to close
binaries and the frequency of disrupted unstable triples.

Both the observed and simulated period distributions of early-
type binaries are skewed towards short periods, as shown in Fig. 7.
The formation of such OB binaries requires massive discs and
significant accretion, which implies very efficient migration. In
our baseline model, 33 per cent of the early-B primaries merged
with a companion, creating a cliff in the period distribution near
log P ≈ −0.2. Towards longer periods, the simulated early-B
binaries follow a slope γ P = −0.4, i.e. a decrease in frequency
with log P. The observed samples of close spectroscopic binary
companions to O-type stars (Sana et al. 2012; Barbá et al. 2017)
and mid-B stars (Abt, Gomez & Levy 1990) yield slopes γ P ≈ −0.5
and 0.0 (Öpik’s law), respectively. The observed period distribution
of early-B eclipsing binaries provide γ P ≈ −0.2 after correcting
for selection effects (Moe & Di Stefano 2013), halfway between
the spectroscopic O-type and mid-B samples and matching the
simulations.

Analysis of binary statistics from Moe & Di Stefano (2017) in the
full range of primary mass M1 leads to the approximate dependence
of the slope on mass as γ P ≈ 0.7 − 0.9log M1. When we change
only the primary mass range in B-type star simulations, the resulting
parameter γ P decreases with increasing mass, e.g. γ P = −0.15 for

MNRAS 491, 5158–5171 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/491/4/5158/5643936 by U
niversity of C

alifornia, San Francisco user on 08 M
arch 2022

Uniform	q	distribution	with	smaller	excess	twin	fraction	(Ftwin =	10%	at	a	=	0.1	AU),
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Figure 5. Distribution of the mass ratio q of solar-type binaries with 1 < P
< 100 d. Full line – binaries in the 67-pc sample (Tokovinin 2014), dashed
line – simulations.

fragmentation and then both of those components subsequently split
via disc fragmentation. The existence of compact double–double
quadruples with aout = 1–10 au strongly suggests that binaries that
formed via core fragmentation can migrate to such intermediate
separations. Core fragmentation binaries become more relevant
with increasing separation. The contribution from disc versus core
fragmentation binaries are comparable near a ≈ 50 au (see Section
1), the peak in the overall period distribution of solar-type binaries.
Both Moe et al. (2019) and El-Badry & Rix (2019) showed that the
fraction of wide binaries (a > 200 au; P > 106 d) is independent
of metallicity, and so they concluded nearly all such wide binaries
are the result of core fragmentation. As shown in Fig. 4, our model
population of disc fragmentation binaries steadily declines to zero
near log P = 6, consistent with the observational constraints.

Our model also reproduces the observed excess fraction of twins
with q > 0.95, especially evident at short periods. In Fig. 5, we
compare the simulated mass-ratio distribution of solar-type binaries
with P = 1–100 d to the observed distribution in the 67 pc sample
(Tokovinin 2014) across the same period range. For the latter, we
use the measured mass ratios of double-lined spectroscopic binaries
(SB2s) and the minimum mass ratios of SB1s. Across the interval q
= 0.3–1.0, the observed and simulated mass-ratio distributions are
well described by a power law with slope γ q,S ≈ 1 and an excess
twin fraction ftwin,S ≈ 0.2 relative to the power-law component.
However, Moe & Di Stefano (2017) noted that a non-negligible
fraction of solar-type SB1s with small q in the field contain white
dwarf companions, and so the intrinsic distribution of close MS
companions are further weighted towards higher q. Accounting for
this bias, we estimate γ q,S = 0.8 and ftwin,S = 0.24 in the field.
Fitting the simulated sample of solar-type binaries with P = 1–
100 d yields γ q,S = 1.5 and ftwin,S = 0.20, qualitatively consistent
with the observations.

With increasing period, the mass-ratio distribution becomes
weighted towards smaller values. In our simulations, the power-
law slope decreases from γ q,S = 1.5 to γ q,L = 0.2 from log P (d) =
0–2 to 2–4, and the excess twin fraction also decreases from ftwin,S =
0.20 to ftwin,L = 0.15. There is strong observational evidence that the
solar-type excess twin fraction decreases across log P = 0–4 (Lucy
& Ricco 1979; Tokovinin 2000; Moe & Di Stefano 2017). Utilizing
the 25-pc (Raghavan et al. 2010) sample of solar-type primaries,
Moe & Di Stefano (2017) measured the excess twin fraction to

Figure 6. P, q plot of 1000 simulated B-type binaries. The horizontal line
shows the range of initial periods. Binary, triple, and quadruple systems are
plotted as pluses, triangles, and squares.

decrease linearly with log P such that ftwin,L/ftwin,S ≈ 0.7, consistent
with the simulated ratio ftwin,L/ftwin,S ≈ 0.75.

3.2 Massive binaries

Massive stars form by accreting more matter than solar-type stars.
We set a larger number of accretion bursts Kstep = 50 accordingly,
as well as a larger probability of forming a companion. Fig. 6
shows the results for B-type binaries. For volume-limited samples,
≈50 per cent of early-B stars have companions within a < 10 au
(log P ! 3.2), and ≈10 per cent of early-B primaries are in compact
triples with aout < 10 au (Moe & Di Stefano 2017). In our baseline
early-B model with fbin = 2.0, we simulate BF = 0.56 and TF =
0.13, respectively, close to the observations. The simulated ratio
of compact triples to close binaries, TF/BF ≈ 0.2, is higher for
early-B systems, consistent with the observations. In our model,
disc fragmentation is a Poisson process, and so increasing the mean
number of companions fbin not only increases the ratio of close
binaries to single stars but also the ratio of compact triples to close
binaries and the frequency of disrupted unstable triples.

Both the observed and simulated period distributions of early-
type binaries are skewed towards short periods, as shown in Fig. 7.
The formation of such OB binaries requires massive discs and
significant accretion, which implies very efficient migration. In
our baseline model, 33 per cent of the early-B primaries merged
with a companion, creating a cliff in the period distribution near
log P ≈ −0.2. Towards longer periods, the simulated early-B
binaries follow a slope γ P = −0.4, i.e. a decrease in frequency
with log P. The observed samples of close spectroscopic binary
companions to O-type stars (Sana et al. 2012; Barbá et al. 2017)
and mid-B stars (Abt, Gomez & Levy 1990) yield slopes γ P ≈ −0.5
and 0.0 (Öpik’s law), respectively. The observed period distribution
of early-B eclipsing binaries provide γ P ≈ −0.2 after correcting
for selection effects (Moe & Di Stefano 2013), halfway between
the spectroscopic O-type and mid-B samples and matching the
simulations.

Analysis of binary statistics from Moe & Di Stefano (2017) in the
full range of primary mass M1 leads to the approximate dependence
of the slope on mass as γ P ≈ 0.7 − 0.9log M1. When we change
only the primary mass range in B-type star simulations, the resulting
parameter γ P decreases with increasing mass, e.g. γ P = −0.15 for
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Existence	of	close,	extreme	mass-ratio	binaries	with	q	=	0.05



OB-type	MS	primaries	(M1 =	7	- 20	M☉)	irradiating	very	close	
pre-MS	companions	(M2 =	0.8	- 2.0	M☉;	q	=	0.05	- 0.2)

with	very	young	ages	τ =	0.6	- 2	Myr

A	New	Class	of	Nascent	EBs	with	Extreme	Mass	Ratios	(Moe	&	Di	Stefano	2015)

P = 3 - 8 days
R1 = 4 - 5 R¤

R2 = 2 - 4 R¤

T1 = 20,000 - 30,000 K
T2 =   4,000 - 5,000 K



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
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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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Solar-type	Binaries:
skewed	toward	long	periods

Massive	Binaries:
skewed	toward	short	periods

More	Massive	Disk
More	Prone	to	Fragmentation

More	Inward	Orbital	Migration



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
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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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Solar-type	Binaries:
skewed	toward	long	periods

Massive	Binaries:
skewed	toward	short	periods

Cliff	near	P	=	1	day	in	massive	binary	period	distribution	(Roche	lobe	filling	on	pre-MS).
In	our	simulations,	~30%	of	B-type	stars	are	pre-MS	mergers.

Most	massive	stars	(M	>	100	M☉)	derive	from	mergers	of	twin	q	≈	1	pre-MS	binaries.	



Final	Comments	on	Close	Massive	Binaries

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

Protostars &	Planets	VII)

Unlike	solar-type	stars,	close	binary	fraction	of	massive	stars
is	relatively	metallicity	invariant	(Moe	&	Di	Stefano	2013;	Almeida	et	al.	2017)



Final	Comments	on	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)



Final	Comments	on	Close	Massive	Binaries

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

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

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

But	B-type	stars	in	slightly	
older	clusters	(τ ≈	3	Myr)	

have	large	close	binary	fraction.

Interpretation	#1:	Close	companions	to	B-type	stars	
migrate	inward	between	τ ≈	1	Myr and	3	Myr
after	most	of	the	disk	has	dissipated
(no	theoretical	explanation	yet).

(ESO)
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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

Final	Comments	on	Close	Massive	Binaries

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

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

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

But	B-type	stars	in	slightly	
older	clusters	(τ ≈	3	Myr)	

have	large	close	binary	fraction.

Interpretation	#1:	Close	companions	to	B-type	stars	
migrate	inward	between	τ ≈	1	Myr and	3	Myr
after	most	of	the	disk	has	dissipated
(no	theoretical	explanation	yet).

Interpretation	#2:	Selection	Effect	–
subset	of	B-types	stars	with	disks
are	biased	against	close	binaries
(similar	to	observed	T	Tauri sample).
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Summary

Close	binaries	initially	fragmented	on	large	scales	(a	≈	50	- 500	AU),
migrated	inward	(η ≈	1.5)	with	preferential	accretion	onto	secondary	(q	→	1)

during	the	embedded	Class	0/I	phase	(τ <	1	Myr)

More	massive	disks	are	more	prone	to	fragmentation	and	provide	more	
dissipation	for	inward	binary	orbital	migration,	but	the	process	is	stochastic.


