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Topics:
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for systems near ZAMS (𝜏 ~ 5 Myr) and Z = Z☉
§ Variations as a function of 𝜏, Z, and environment
§ Implications for binary star formation and evolution
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Figure 11. Detection limits of the various companion search methods by period and mass ratio. For convenience, the periods are converted to semi-major axes for our
average mass sum of 1.5 M⊙ and shown on the top, and the mass ratios are converted to approximate ∆V values for primaries G0–K0 and shown on the right. The solid
vertical line at log P just above 3.5 (10 years) is the limit for spectroscopic companions from the CCPS efforts, which are capable of detecting any companions to the left
of it. The solid curve turning vertical at about log P = 4 (30 years) marks the limit of the D. W. Latham et al. (2010, in preparation) spectroscopic survey. The dashed
lines show the detection region of the CHARA SFP search, the dotted lines mark the boundary of speckle interferometric searches, the dash-dotted lines demarcate
the AO detection space, and the dash-triple-dotted lines delineate the CPM search region. The assumptions for detection limits for each technique are outlined in
the text. The overplotted points show the actual pairs found with estimates of periods and component masses. Plus signs identify spectroscopic orbits, crosses mark
visual orbits, open diamonds show combined spectroscopic-visual solutions, filled circles identify CPM pairs and open squares show unresolved companions such as
eclipsing binaries or overluminous sources.

2006; Allen et al. 2007; Lépine & Bongiorno 2007; Looper
et al. 2007; Metchev & Hillenbrand 2009). While many of these
searches specifically targeted brown dwarf companions, they
were more sensitive to, and often reported, the discovery of low-
mass stellar companions as well. Additionally, a specific search
for low-mass companions out to separations of 10,000 AU
around solar-type stars within 10 pc using 2MASS infrared im-
ages resulted in no new detections (D. Looper 2009, private com-
munication). Consistent with these findings, our results include
only eight brown dwarf companions, found by high-resolution
techniques such as coronagraphy, AO, and space-based obser-
vations (e.g., Potter et al. 2002; Bouy et al. 2003; Burgasser
et al. 2005; Luhman et al. 2007). Moreover, while our CPM
efforts using archival images are not sensitive to brown dwarfs,
widely separated substellar companions to nearby stars have
effectively been identified using 2MASS infrared images (Kirk-
patrick et al. 2001; Lowrance et al. 2002; Looper et al. 2007).
While these efforts readily present new detections, null results
often remain unpublished. Nevertheless, these searches using
2MASS infrared images have largely yielded null detections
(D. Kirkpatrick 2009, private communication), suggesting a real
shortage of low-mass companions. As noted above, the CCPS
survey is specifically suited to identifying relatively long-period
low-mass companions, or those in nearly face-on orbits, as low-
amplitude temporal drifts in the radial-velocity measurements
of the host stars. Our search of the CCPS data revealed 21 stars
which have such drifts with rms deviation from a uniform ve-
locity of less than 0.1 km s−1 over some 10 years. Fourteen of

these have known stellar companions, many of which are close
enough to cause the radial-velocity variations seen. The remain-
ing seven stars do not have any known companions, implying
undetected stellar or sub-stellar companions to presumed sin-
gle stars. While some of these could turn out to be planets in
long-period orbits, they could all be new stellar or brown dwarf
companions. Added to the one missing CPM companion and
two missing spectroscopic companions discussed above, we es-
timate that our survey might be missing about 10 companions
to presumed single stars.

The extrapolation of new companions used above to estimate
the number of companions missed by our survey is valid
only if the stars not observed by a particular technique have,
in general, been historically covered in equal measure as
those observed by that technique. If the stars not surveyed
by a given technique fall into a set of generally neglected
stars, the approach used above would underestimate missing
companions. We address this assumption next for the D. W.
Latham et al. (2010, in preparation) and CPM surveys, as
these are the primary techniques yielding new discoveries from
observations of a subset of the overall sample. The speckle and
Hipparcos searches exhaustively covered the sample, and hence
no extrapolation is necessary. We exclude the CCPS survey from
this analysis because of the inherent bias in its sample selection,
as it avoids known close binaries. The percentage of single stars
among the 344 primaries observed by D. W. Latham et al. (2010,
in preparation) is 55% ± 4%, compared to 59% ± 7% for the
109 stars not observed by this survey. These percentages agree

Relatively complete across q = Mcomp/M1 = 0.1 - 1.0 and log P (days) = 0 - 8 

Detection techniques 
for companions to

solar-type primaries
(Raghavan et al. 2010)

RV

LBI

AO

Speckle

CPM

log	P	(days)

q	
=	
M

co
m
p/
M

1
log	a	(AU)



Detection Techniques for Companions to OB-type MS Primaries (M1 > 3 M☉)

Hurley 2006; Davis et al. 2010; Claeys et al. 2014). Moreover,
MS binary distributions, such as the period and mass-ratio
distributions, may be significantly correlated with each other
(Abt et al. 1990). Separately adjusting the input MS binary
distributions to the extremes may still not encompass the true
nature of the binary population.

Companions to massive stars have been detected through a
variety of methods, including spectroscopy (Sana et al. 2012),
eclipses (Moe & Di Stefano 2015b), long-baseline interfero-
metry (LBI; Rizzuto et al. 2013), adaptive optics (Shatsky
& Tokovinin 2002), common proper motion (CPM; Abt
et al. 1990), etc. Each observational technique is sensitive to
companions across a certain interval of orbital periods P and
mass ratios q≡Mcomp/M1 (see Figure 1). Despite significant
advances in the observational instruments and methods, the
properties of low-mass companions (q0.3) around early-
type stars at intermediate orbital periods (P≈50–104 days)
remain elusive. This region is especially interesting because
low-mass X-ray binaries and millisecond pulsars that form
in the galactic field (Kalogera & Webbink 1998; Kiel &
Hurley 2006), as well as certain channels of Type Ia
supernovae (Whelan & Iben 1973; Ruiter et al. 2011), may
evolve from extreme mass-ratio binaries at initially intermedi-
ate orbital periods (Figure 1). Although we investigate all
portions of the binary parameter space, we are especially
concerned with determining accurate companion statistics at
intermediate orbital periods.

In order to use the properties of MS binaries to understand
their formation and evolution, we must have a clear and
complete description of young MS binaries. The primary goal
of this study is to fit mathematical functions to the intrinsic
distributions and properties of a zero-age MS population of
binary stars. We anchor our fits according to dozens of binary-
star samples observed through a variety of techniques.
However, each survey is affected by observational biases and
incompleteness, and so we must first account for each survey’s
particular selection effects when measuring the intrinsic
distribution functions. In addition, because each survey is
sensitive to a narrow, specific interval of primary mass, orbital
period, and mass ratio, we must combine the statistics from
each sample in a self-consistent, homogeneous manner. Only
then can we understand binary-star populations as a whole and
reliably measure the intrinsic interrelations between the binary-
star properties.
We organize the rest of this paper as follows. In Section 2,

we define the parameters that describe the statistics and
distributions of MS binary stars. We then review the various
observational methods for detecting early-type binaries. We
analyze spectroscopic binaries(Section 3), eclipsing binaries
(EBs; Section 4), binaries discovered via LBI and sparse
aperture masking (SAM; Section 5), binaries containing Cepheid
primaries that evolved from B-type MS stars (Section 6), and
visual binaries (VBs) identified through adaptive optics, lucky
imaging, speckle interferometry, space-based observations,

Figure 1. Schematic diagram of the various observational techniques (regions enclosed with solid and dashed lines) used to identify companions to early-type
primaries as a function of orbital period P and mass ratio q=Mcomp/M1. We compare the approximate parameter space of detection abilities for double-lined
spectroscopic binaries (blue), eclipsing binaries (red), long-baseline interferometry (magenta), Cepheids (green), visual binaries (purple), X-ray emission (aqua), and
CPM (orange). In this diagram, we show only observational techniques where the orbital period P (or orbital separation a) and mass ratio q can be estimated and the
nature of the companion is reliably known to be a nondegenerate pre-MS or MS star. Assuming an average eccentricity á ñe ≈0.5, only binaries with log P
(days)3.7 (left of dot-dashed line) will substantially interact via RLOF as the primary evolves toward the giant phase (see Section 11). Certain channels of low-
mass X-ray binaries, millisecond pulsars, and Type Ia supernovae are expected to derive from early-type MS primaries with low-mass companions q≈0.1–0.3 at
initially moderate orbital periods P≈100–3000days (filled yellow region). We emphasize that only recent observations of eclipsing binaries (Moe & Di
Stefano 2015a, 2015b; red), companions identified via long-baseline interferometry (Rizzuto et al. 2013; Sana et al. 2014; magenta), and binaries with intermediate-
mass Cepheid primaries (Evans et al. 2013, 2015; green) come close to probing this portion of the parameter space.
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Moe & Di Stefano (2017)
Insensitive across small q & intermediate P – must correct for incompleteness!

Cannot directly measure multiplicity fractions Fbin, Ftrip, or Fquad.
But can measure multiplicity frequency fmult = Fbin + 2Ftrip + 3Fquad.



Multiplicity Statistics: Diagnostics for Binary Star Formation 
(Abt+ 90; Kroupa 95a,b; Bate+ 95,02; Tokovinin 00,06; Tohline 02; Goodwin & Kroupa 05; Sana+ 12;

Kratter+ 06,10; Raghavan+ 10; Offner+ 12; Duchene & Krause 13; Tobin+ 16a,b; Moe & Di Stefano 17

Wide Companions:
log P (days) = 5 - 9;
a = 100 - 30,000 AU;
Core Fragmentation

• fwide = 0.5, initially independent of M1

• f(q) initially consistent with random
pairings drawn from IMF

• Subsequent dynamical ejections: 
systems with smaller M1 and q  
are preferentially disrupted by ZAMS
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• fmid = 0.4 (M1 = 1M☉) - 1.5 (30M☉)
• f(q) correlated due to co-evolution /  
shared accretion in the disk

• M1 = 1M☉: uniform f(q) 
• M1 > 5M☉: weighted toward q = 0.2
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Wide Companions:
log P (days) = 5 - 9;
a = 100 - 30,000 AU;
Core Fragmentation

• fwide = 0.5, initially independent of M1
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pairings drawn from IMF

• Subsequent dynamical ejections: 
systems with smaller M1 and q  
are preferentially disrupted by ZAMS

Intermediate-Period 
Companions:

log P (days) = 1 - 5;
a = 0.1 - 100 AU;

Disk Fragmentation

Very Close Binaries
log P (days) < 1;

a < 0.1 AU;
Dynamical Hardening in 
Triples during Pre-MS

• fmid = 0.4 (M1 = 1M☉) - 1.5 (30M☉)
• f(q) correlated due to co-evolution /  
shared accretion in the disk

• M1 = 1M☉: uniform f(q) 
• M1 > 5M☉: weighted toward q = 0.2

• fclose = 0.02 (M1 = 1M☉) - 0.2 (30M☉)
• Most have outer tertiaries
• Uniform f(q) with excess twin fraction



Multiplicity Frequency

Solar-type MS (M1 = 1M☉): fmult = 0.50 ± 0.04;
Fsingle = 60%, Fbin = 30%, Ftrip/quad = 10%

O-type MS (M1 = 28M☉): fmult = 2.1 ± 0.3;
Fsingle < 5%, Fbin = 20%, Ftrip/quad = 75%

Corrected frequency of 
companions with q > 0.1

and log P (days) < 8 
(a < 10,000 AU) 

per primary near ZAMS

Adapted from 
Moe & Di Stefano 2017



Multiplicity Frequency

For M1 = 1 M☉, frequency of wide companions (a > 100 AU)
is 2 - 3 times larger during the early pre-MS phase (𝜏 < 3 Myr)

(Ghez et al. 1993; Duchene et al. 2007; Connelley et al. 2008; Tobin et al. 2016)

Overall multiplicity frequency: fmult = 0.5 → 0.8

Adapted from 
Moe & Di Stefano 2017

Pre-MS (𝜏 < 3 Myr)

Corrected frequency of 
companions with q > 0.1

and log P (days) < 8 
(a < 10,000 AU) 

per primary near ZAMS



Multiplicity Frequency

fmult ≈ 1.0 for all M1 < 1M☉ during pre-MS, but disruption of wide binaries 
with smaller binding energies (smaller M1 and q) reduces fmult by ZAMS

(Goodwin & Kroupa 2005; Marks & Kroupa 2011; Thies et al. 2015)

Adapted from 
Moe & Di Stefano 2017

Pre-MS (𝜏 < 3 Myr)

Corrected frequency of 
companions with q > 0.1

and log P (days) < 8 
(a < 10,000 AU) 

per primary near ZAMS



Multiplicity Frequency

For M1 > 1M☉, disk fragmentation is progressively more likely 
with increasing primary mass (Kratter et al. 2006, 2011) 

Adapted from 
Moe & Di Stefano 2017

Pre-MS (𝜏 < 3 Myr)

Corrected frequency of 
companions with q > 0.1

and log P (days) < 8 
(a < 10,000 AU) 

per primary near ZAMS
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Fig. 36.— Top panel: Frequency flogP;q>0.3 (M1, P ) of companions with q > 0.3 per decade of orbital period. We display all our
measurements after correcting for incompleteness and selection effects, and we group the data into the same five primary mass / spectral
type intervals as displayed in Fig. 34. We fit analytic functions (dotted) to the observations. Solar-type binaries follow a log-normal period
distribution with a peak of flogP;q>0.3 ≈ 0.08 near logP (days) = 5 (a ≈ 50AU). For early-type primaries, the companion frequencies
flogP;q>0.3 ≈ 0.1 - 0.2 are substantially larger at short (logP ! 1) and intermediate (2 ! logP ! 4) orbital periods. For mid-B and early-B
primaries, the companion frequency peaks at log P ≈ 3.5 (a ≈ 10AU). For O-type stars, the orbital period distribution may be slightly
bimodal with peaks at short (logP ! 1) and intermediate (log P ≈ 3.5) periods. Bottom panel: Frequency flogP;q>0.1 of companions
with q > 0.1 per decade of orbital period. In this case, our model for flogP;q>0.1 is completely described by the analytic functions that fit
flogP;q>0.3 (top panel) and the mass-ratio distribution parameters Ftwin, γ largeq, and γsmallq (see Fig. 34). Although we do not directly
fit flogP;q>0.1, our analytic function matches the data reasonably well.

This effect is so important at long orbital periods that,
although flogP;q>0.3 may be non-monotonic with respect
toM1 (see Eqn. 22 and right side of Fig. 36), flogP;q>0.1 is
monotonically increasing according to M1 for all orbital
periods.
Not all surveys we have examined in this study

are sensitive to binaries with q > 0.1, which is why
we have parameterized and measured the frequency
flogP;q>0.3 of companions with q > 0.3 (see Fig. 1
and §2). Nonetheless, some samples are complete to
q = 0.1 and so we can directly measure the companion
frequency flogP;q>0.1 down to q = 0.1. For solar-type
primaries, the companion frequency is flogP;q>0.1 =
(Nlargeq +Nsmallq)/Nprim, where Nprim = 404 and both
Nlargeq and Nsmallq are given in Table 11 for each decade
of orbital period across 0 < logP < 8. Based on the Sana

et al. (2012) SB sample containing Nprim = 71 O-type
primaries, we count Nlargeq = 17 companions with
q > 0.3 and Nsmallq = 4 companions with q = 0.1 - 0.3
across P = 2 - 20 days (see §3.5). This provides
flogP;q>0.1 = (Nlargeq + Nsmallq)/Nprim = (17+4)/71 =
0.30± 0.06. Similarly, for the combined SB sample
of Nprim = 81+109+83 = 273 B-type primaries, we
measure flogP;q>0.1 = (Nlargeq + Nsmallq)Cevol/Nprim =
(22+9)×1.2/273 = 0.14± 0.03 for logP = 0.8± 0.5.
Based on observations of EBs with early-B primaries
(see §4), we report in Moe & Di Stefano (2013) a
corrected binary frequency of flogP;q>0.1 = 0.22± 0.05
across P = 2 - 20 days. For the Nprim = 31 Cepheids
brighter than V < 8.0 mag that were extensively
monitored for radial velocity variations, Remage Evans
et al. (2015) find Ncomp = 9 companions with
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~2% of solar-type MS primaries have companions with q > 0.3 and P = 1 - 10 days.

Integral under dotted lines yields the MS multiplicity frequency fmult;q>0.3(M1).

Period distribution flogP;q>0.3(M1,P) from Moe & Di Stefano (2017)
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Companions to solar-type MS stars: log-normal period distribution 
as found by Duquennoy & Mayor (1991) and Raghavan et al. (2010)

Period distribution flogP;q>0.3(M1,P) from Moe & Di Stefano (2017)



40

Fig. 36.— Top panel: Frequency flogP;q>0.3 (M1, P ) of companions with q > 0.3 per decade of orbital period. We display all our
measurements after correcting for incompleteness and selection effects, and we group the data into the same five primary mass / spectral
type intervals as displayed in Fig. 34. We fit analytic functions (dotted) to the observations. Solar-type binaries follow a log-normal period
distribution with a peak of flogP;q>0.3 ≈ 0.08 near logP (days) = 5 (a ≈ 50AU). For early-type primaries, the companion frequencies
flogP;q>0.3 ≈ 0.1 - 0.2 are substantially larger at short (logP ! 1) and intermediate (2 ! logP ! 4) orbital periods. For mid-B and early-B
primaries, the companion frequency peaks at log P ≈ 3.5 (a ≈ 10AU). For O-type stars, the orbital period distribution may be slightly
bimodal with peaks at short (logP ! 1) and intermediate (log P ≈ 3.5) periods. Bottom panel: Frequency flogP;q>0.1 of companions
with q > 0.1 per decade of orbital period. In this case, our model for flogP;q>0.1 is completely described by the analytic functions that fit
flogP;q>0.3 (top panel) and the mass-ratio distribution parameters Ftwin, γ largeq, and γsmallq (see Fig. 34). Although we do not directly
fit flogP;q>0.1, our analytic function matches the data reasonably well.

This effect is so important at long orbital periods that,
although flogP;q>0.3 may be non-monotonic with respect
toM1 (see Eqn. 22 and right side of Fig. 36), flogP;q>0.1 is
monotonically increasing according to M1 for all orbital
periods.
Not all surveys we have examined in this study

are sensitive to binaries with q > 0.1, which is why
we have parameterized and measured the frequency
flogP;q>0.3 of companions with q > 0.3 (see Fig. 1
and §2). Nonetheless, some samples are complete to
q = 0.1 and so we can directly measure the companion
frequency flogP;q>0.1 down to q = 0.1. For solar-type
primaries, the companion frequency is flogP;q>0.1 =
(Nlargeq +Nsmallq)/Nprim, where Nprim = 404 and both
Nlargeq and Nsmallq are given in Table 11 for each decade
of orbital period across 0 < logP < 8. Based on the Sana

et al. (2012) SB sample containing Nprim = 71 O-type
primaries, we count Nlargeq = 17 companions with
q > 0.3 and Nsmallq = 4 companions with q = 0.1 - 0.3
across P = 2 - 20 days (see §3.5). This provides
flogP;q>0.1 = (Nlargeq + Nsmallq)/Nprim = (17+4)/71 =
0.30± 0.06. Similarly, for the combined SB sample
of Nprim = 81+109+83 = 273 B-type primaries, we
measure flogP;q>0.1 = (Nlargeq + Nsmallq)Cevol/Nprim =
(22+9)×1.2/273 = 0.14± 0.03 for logP = 0.8± 0.5.
Based on observations of EBs with early-B primaries
(see §4), we report in Moe & Di Stefano (2013) a
corrected binary frequency of flogP;q>0.1 = 0.22± 0.05
across P = 2 - 20 days. For the Nprim = 31 Cepheids
brighter than V < 8.0 mag that were extensively
monitored for radial velocity variations, Remage Evans
et al. (2015) find Ncomp = 9 companions with
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Fig. 36.— Top panel: Frequency flogP;q>0.3 (M1, P ) of companions with q > 0.3 per decade of orbital period. We display all our
measurements after correcting for incompleteness and selection effects, and we group the data into the same five primary mass / spectral
type intervals as displayed in Fig. 34. We fit analytic functions (dotted) to the observations. Solar-type binaries follow a log-normal period
distribution with a peak of flogP;q>0.3 ≈ 0.08 near logP (days) = 5 (a ≈ 50AU). For early-type primaries, the companion frequencies
flogP;q>0.3 ≈ 0.1 - 0.2 are substantially larger at short (logP ! 1) and intermediate (2 ! logP ! 4) orbital periods. For mid-B and early-B
primaries, the companion frequency peaks at log P ≈ 3.5 (a ≈ 10AU). For O-type stars, the orbital period distribution may be slightly
bimodal with peaks at short (logP ! 1) and intermediate (log P ≈ 3.5) periods. Bottom panel: Frequency flogP;q>0.1 of companions
with q > 0.1 per decade of orbital period. In this case, our model for flogP;q>0.1 is completely described by the analytic functions that fit
flogP;q>0.3 (top panel) and the mass-ratio distribution parameters Ftwin, γ largeq, and γsmallq (see Fig. 34). Although we do not directly
fit flogP;q>0.1, our analytic function matches the data reasonably well.

This effect is so important at long orbital periods that,
although flogP;q>0.3 may be non-monotonic with respect
toM1 (see Eqn. 22 and right side of Fig. 36), flogP;q>0.1 is
monotonically increasing according to M1 for all orbital
periods.
Not all surveys we have examined in this study

are sensitive to binaries with q > 0.1, which is why
we have parameterized and measured the frequency
flogP;q>0.3 of companions with q > 0.3 (see Fig. 1
and §2). Nonetheless, some samples are complete to
q = 0.1 and so we can directly measure the companion
frequency flogP;q>0.1 down to q = 0.1. For solar-type
primaries, the companion frequency is flogP;q>0.1 =
(Nlargeq +Nsmallq)/Nprim, where Nprim = 404 and both
Nlargeq and Nsmallq are given in Table 11 for each decade
of orbital period across 0 < logP < 8. Based on the Sana

et al. (2012) SB sample containing Nprim = 71 O-type
primaries, we count Nlargeq = 17 companions with
q > 0.3 and Nsmallq = 4 companions with q = 0.1 - 0.3
across P = 2 - 20 days (see §3.5). This provides
flogP;q>0.1 = (Nlargeq + Nsmallq)/Nprim = (17+4)/71 =
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of Nprim = 81+109+83 = 273 B-type primaries, we
measure flogP;q>0.1 = (Nlargeq + Nsmallq)Cevol/Nprim =
(22+9)×1.2/273 = 0.14± 0.03 for logP = 0.8± 0.5.
Based on observations of EBs with early-B primaries
(see §4), we report in Moe & Di Stefano (2013) a
corrected binary frequency of flogP;q>0.1 = 0.22± 0.05
across P = 2 - 20 days. For the Nprim = 31 Cepheids
brighter than V < 8.0 mag that were extensively
monitored for radial velocity variations, Remage Evans
et al. (2015) find Ncomp = 9 companions with

Very close binary fraction increases dramatically with M1
(Abt et al. 1990; Sana et al. 2012; Chini et al. 2012; Kobulnicky et al. 2014)

Period distribution flogP;q>0.3(M1,P) from Moe & Di Stefano (2017)



40

Fig. 36.— Top panel: Frequency flogP;q>0.3 (M1, P ) of companions with q > 0.3 per decade of orbital period. We display all our
measurements after correcting for incompleteness and selection effects, and we group the data into the same five primary mass / spectral
type intervals as displayed in Fig. 34. We fit analytic functions (dotted) to the observations. Solar-type binaries follow a log-normal period
distribution with a peak of flogP;q>0.3 ≈ 0.08 near logP (days) = 5 (a ≈ 50AU). For early-type primaries, the companion frequencies
flogP;q>0.3 ≈ 0.1 - 0.2 are substantially larger at short (logP ! 1) and intermediate (2 ! logP ! 4) orbital periods. For mid-B and early-B
primaries, the companion frequency peaks at log P ≈ 3.5 (a ≈ 10AU). For O-type stars, the orbital period distribution may be slightly
bimodal with peaks at short (logP ! 1) and intermediate (log P ≈ 3.5) periods. Bottom panel: Frequency flogP;q>0.1 of companions
with q > 0.1 per decade of orbital period. In this case, our model for flogP;q>0.1 is completely described by the analytic functions that fit
flogP;q>0.3 (top panel) and the mass-ratio distribution parameters Ftwin, γ largeq, and γsmallq (see Fig. 34). Although we do not directly
fit flogP;q>0.1, our analytic function matches the data reasonably well.

This effect is so important at long orbital periods that,
although flogP;q>0.3 may be non-monotonic with respect
toM1 (see Eqn. 22 and right side of Fig. 36), flogP;q>0.1 is
monotonically increasing according to M1 for all orbital
periods.
Not all surveys we have examined in this study

are sensitive to binaries with q > 0.1, which is why
we have parameterized and measured the frequency
flogP;q>0.3 of companions with q > 0.3 (see Fig. 1
and §2). Nonetheless, some samples are complete to
q = 0.1 and so we can directly measure the companion
frequency flogP;q>0.1 down to q = 0.1. For solar-type
primaries, the companion frequency is flogP;q>0.1 =
(Nlargeq +Nsmallq)/Nprim, where Nprim = 404 and both
Nlargeq and Nsmallq are given in Table 11 for each decade
of orbital period across 0 < logP < 8. Based on the Sana

et al. (2012) SB sample containing Nprim = 71 O-type
primaries, we count Nlargeq = 17 companions with
q > 0.3 and Nsmallq = 4 companions with q = 0.1 - 0.3
across P = 2 - 20 days (see §3.5). This provides
flogP;q>0.1 = (Nlargeq + Nsmallq)/Nprim = (17+4)/71 =
0.30± 0.06. Similarly, for the combined SB sample
of Nprim = 81+109+83 = 273 B-type primaries, we
measure flogP;q>0.1 = (Nlargeq + Nsmallq)Cevol/Nprim =
(22+9)×1.2/273 = 0.14± 0.03 for logP = 0.8± 0.5.
Based on observations of EBs with early-B primaries
(see §4), we report in Moe & Di Stefano (2013) a
corrected binary frequency of flogP;q>0.1 = 0.22± 0.05
across P = 2 - 20 days. For the Nprim = 31 Cepheids
brighter than V < 8.0 mag that were extensively
monitored for radial velocity variations, Remage Evans
et al. (2015) find Ncomp = 9 companions with
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Fig. 36.— Top panel: Frequency flogP;q>0.3 (M1, P ) of companions with q > 0.3 per decade of orbital period. We display all our
measurements after correcting for incompleteness and selection effects, and we group the data into the same five primary mass / spectral
type intervals as displayed in Fig. 34. We fit analytic functions (dotted) to the observations. Solar-type binaries follow a log-normal period
distribution with a peak of flogP;q>0.3 ≈ 0.08 near logP (days) = 5 (a ≈ 50AU). For early-type primaries, the companion frequencies
flogP;q>0.3 ≈ 0.1 - 0.2 are substantially larger at short (logP ! 1) and intermediate (2 ! logP ! 4) orbital periods. For mid-B and early-B
primaries, the companion frequency peaks at log P ≈ 3.5 (a ≈ 10AU). For O-type stars, the orbital period distribution may be slightly
bimodal with peaks at short (logP ! 1) and intermediate (log P ≈ 3.5) periods. Bottom panel: Frequency flogP;q>0.1 of companions
with q > 0.1 per decade of orbital period. In this case, our model for flogP;q>0.1 is completely described by the analytic functions that fit
flogP;q>0.3 (top panel) and the mass-ratio distribution parameters Ftwin, γ largeq, and γsmallq (see Fig. 34). Although we do not directly
fit flogP;q>0.1, our analytic function matches the data reasonably well.

This effect is so important at long orbital periods that,
although flogP;q>0.3 may be non-monotonic with respect
toM1 (see Eqn. 22 and right side of Fig. 36), flogP;q>0.1 is
monotonically increasing according to M1 for all orbital
periods.
Not all surveys we have examined in this study

are sensitive to binaries with q > 0.1, which is why
we have parameterized and measured the frequency
flogP;q>0.3 of companions with q > 0.3 (see Fig. 1
and §2). Nonetheless, some samples are complete to
q = 0.1 and so we can directly measure the companion
frequency flogP;q>0.1 down to q = 0.1. For solar-type
primaries, the companion frequency is flogP;q>0.1 =
(Nlargeq +Nsmallq)/Nprim, where Nprim = 404 and both
Nlargeq and Nsmallq are given in Table 11 for each decade
of orbital period across 0 < logP < 8. Based on the Sana

et al. (2012) SB sample containing Nprim = 71 O-type
primaries, we count Nlargeq = 17 companions with
q > 0.3 and Nsmallq = 4 companions with q = 0.1 - 0.3
across P = 2 - 20 days (see §3.5). This provides
flogP;q>0.1 = (Nlargeq + Nsmallq)/Nprim = (17+4)/71 =
0.30± 0.06. Similarly, for the combined SB sample
of Nprim = 81+109+83 = 273 B-type primaries, we
measure flogP;q>0.1 = (Nlargeq + Nsmallq)Cevol/Nprim =
(22+9)×1.2/273 = 0.14± 0.03 for logP = 0.8± 0.5.
Based on observations of EBs with early-B primaries
(see §4), we report in Moe & Di Stefano (2013) a
corrected binary frequency of flogP;q>0.1 = 0.22± 0.05
across P = 2 - 20 days. For the Nprim = 31 Cepheids
brighter than V < 8.0 mag that were extensively
monitored for radial velocity variations, Remage Evans
et al. (2015) find Ncomp = 9 companions with

Early-type MS stars also have a large companion frequency at intermediate P;
Rizzuto+2013, LBI, early-B; Sana+2014, LBI, O-type; Evans+2015, SB2s, Cepheids

Disks around massive protostars are more prone to fragmentation 
(Kratter et al. 2006, 2011)

Period distribution flogP;q>0.3(M1,P) from Moe & Di Stefano (2017)
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Fig. 36.— Top panel: Frequency flogP;q>0.3 (M1, P ) of companions with q > 0.3 per decade of orbital period. We display all our
measurements after correcting for incompleteness and selection effects, and we group the data into the same five primary mass / spectral
type intervals as displayed in Fig. 34. We fit analytic functions (dotted) to the observations. Solar-type binaries follow a log-normal period
distribution with a peak of flogP;q>0.3 ≈ 0.08 near logP (days) = 5 (a ≈ 50AU). For early-type primaries, the companion frequencies
flogP;q>0.3 ≈ 0.1 - 0.2 are substantially larger at short (logP ! 1) and intermediate (2 ! logP ! 4) orbital periods. For mid-B and early-B
primaries, the companion frequency peaks at log P ≈ 3.5 (a ≈ 10AU). For O-type stars, the orbital period distribution may be slightly
bimodal with peaks at short (logP ! 1) and intermediate (log P ≈ 3.5) periods. Bottom panel: Frequency flogP;q>0.1 of companions
with q > 0.1 per decade of orbital period. In this case, our model for flogP;q>0.1 is completely described by the analytic functions that fit
flogP;q>0.3 (top panel) and the mass-ratio distribution parameters Ftwin, γ largeq, and γsmallq (see Fig. 34). Although we do not directly
fit flogP;q>0.1, our analytic function matches the data reasonably well.

This effect is so important at long orbital periods that,
although flogP;q>0.3 may be non-monotonic with respect
toM1 (see Eqn. 22 and right side of Fig. 36), flogP;q>0.1 is
monotonically increasing according to M1 for all orbital
periods.
Not all surveys we have examined in this study

are sensitive to binaries with q > 0.1, which is why
we have parameterized and measured the frequency
flogP;q>0.3 of companions with q > 0.3 (see Fig. 1
and §2). Nonetheless, some samples are complete to
q = 0.1 and so we can directly measure the companion
frequency flogP;q>0.1 down to q = 0.1. For solar-type
primaries, the companion frequency is flogP;q>0.1 =
(Nlargeq +Nsmallq)/Nprim, where Nprim = 404 and both
Nlargeq and Nsmallq are given in Table 11 for each decade
of orbital period across 0 < logP < 8. Based on the Sana

et al. (2012) SB sample containing Nprim = 71 O-type
primaries, we count Nlargeq = 17 companions with
q > 0.3 and Nsmallq = 4 companions with q = 0.1 - 0.3
across P = 2 - 20 days (see §3.5). This provides
flogP;q>0.1 = (Nlargeq + Nsmallq)/Nprim = (17+4)/71 =
0.30± 0.06. Similarly, for the combined SB sample
of Nprim = 81+109+83 = 273 B-type primaries, we
measure flogP;q>0.1 = (Nlargeq + Nsmallq)Cevol/Nprim =
(22+9)×1.2/273 = 0.14± 0.03 for logP = 0.8± 0.5.
Based on observations of EBs with early-B primaries
(see §4), we report in Moe & Di Stefano (2013) a
corrected binary frequency of flogP;q>0.1 = 0.22± 0.05
across P = 2 - 20 days. For the Nprim = 31 Cepheids
brighter than V < 8.0 mag that were extensively
monitored for radial velocity variations, Remage Evans
et al. (2015) find Ncomp = 9 companions with

Frequency of wide companions with q > 0.3 relatively independent of M1,
consistent with theories of core fragmentation

(Goodwin & Kroupa 2005; Offner et al. 2012; Thies et al. 2015)
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Fig. 36.— Top panel: Frequency flogP;q>0.3 (M1, P ) of companions with q > 0.3 per decade of orbital period. We display all our
measurements after correcting for incompleteness and selection effects, and we group the data into the same five primary mass / spectral
type intervals as displayed in Fig. 34. We fit analytic functions (dotted) to the observations. Solar-type binaries follow a log-normal period
distribution with a peak of flogP;q>0.3 ≈ 0.08 near logP (days) = 5 (a ≈ 50AU). For early-type primaries, the companion frequencies
flogP;q>0.3 ≈ 0.1 - 0.2 are substantially larger at short (logP ! 1) and intermediate (2 ! logP ! 4) orbital periods. For mid-B and early-B
primaries, the companion frequency peaks at log P ≈ 3.5 (a ≈ 10AU). For O-type stars, the orbital period distribution may be slightly
bimodal with peaks at short (logP ! 1) and intermediate (log P ≈ 3.5) periods. Bottom panel: Frequency flogP;q>0.1 of companions
with q > 0.1 per decade of orbital period. In this case, our model for flogP;q>0.1 is completely described by the analytic functions that fit
flogP;q>0.3 (top panel) and the mass-ratio distribution parameters Ftwin, γ largeq, and γsmallq (see Fig. 34). Although we do not directly
fit flogP;q>0.1, our analytic function matches the data reasonably well.

This effect is so important at long orbital periods that,
although flogP;q>0.3 may be non-monotonic with respect
toM1 (see Eqn. 22 and right side of Fig. 36), flogP;q>0.1 is
monotonically increasing according to M1 for all orbital
periods.
Not all surveys we have examined in this study

are sensitive to binaries with q > 0.1, which is why
we have parameterized and measured the frequency
flogP;q>0.3 of companions with q > 0.3 (see Fig. 1
and §2). Nonetheless, some samples are complete to
q = 0.1 and so we can directly measure the companion
frequency flogP;q>0.1 down to q = 0.1. For solar-type
primaries, the companion frequency is flogP;q>0.1 =
(Nlargeq +Nsmallq)/Nprim, where Nprim = 404 and both
Nlargeq and Nsmallq are given in Table 11 for each decade
of orbital period across 0 < logP < 8. Based on the Sana

et al. (2012) SB sample containing Nprim = 71 O-type
primaries, we count Nlargeq = 17 companions with
q > 0.3 and Nsmallq = 4 companions with q = 0.1 - 0.3
across P = 2 - 20 days (see §3.5). This provides
flogP;q>0.1 = (Nlargeq + Nsmallq)/Nprim = (17+4)/71 =
0.30± 0.06. Similarly, for the combined SB sample
of Nprim = 81+109+83 = 273 B-type primaries, we
measure flogP;q>0.1 = (Nlargeq + Nsmallq)Cevol/Nprim =
(22+9)×1.2/273 = 0.14± 0.03 for logP = 0.8± 0.5.
Based on observations of EBs with early-B primaries
(see §4), we report in Moe & Di Stefano (2013) a
corrected binary frequency of flogP;q>0.1 = 0.22± 0.05
across P = 2 - 20 days. For the Nprim = 31 Cepheids
brighter than V < 8.0 mag that were extensively
monitored for radial velocity variations, Remage Evans
et al. (2015) find Ncomp = 9 companions with

Period distribution flogP;q>0.3(M1,P) from Moe & Di Stefano (2017)



Distribution fq(M1,P) of mass ratios q = Mcomp/M1

A single-component power-law model fq∝ q𝛾
does NOT adequately describe the data. Let the data 

be your guide!
Need 3 parameters: 
𝛾smallq(M1,P): power-law slope across q = 0.1 - 0.3
𝛾largeq(M1,P): power-law slope across q = 0.3 - 1.0
Ftwin(M1,P): excess fraction of twins with q ≈ 1.0
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Fig. 7. Distribution of the mass ratios. As in the calculations, the distributions are drawn by joining the centers of the bins; the mass ratios range
is divided in 10 equal bins in panel (a), and in 6 bins in the others. a) derived from the nearby SB and from the cluster SB with P < 10 years; the
observed distribution refers to all the SB, without any restriction about the ability to derive their orbital elements with CORAVEL; b) the F7–G
stars compared to the K-type stars; c) the binaries in open clusters compared to the binaries in the solar neighbourhood; d) the short–period
binaries compared to the long–period binaries.

the number of peaks, the distribution is decreasing on the left
side, when small mass ratios are considered. The low frequency
that we found for small mass ratios even concerns compan-
ions beyond the hydrogen–ignition limit: assuming a period
of 100 days, which is nearly the median of the sample, and
the median inclination i = 60 deg, a one solar mass binary
with q as small as 0.03 would have K1

p
1 � e2 = 1.2 km s�1,

which corresponds roughly to the limit for deriving the orbit.
Therefore, we find again the brown dwarf desert that was found
with a larger sample of brown dwarf candidates (Halbwachs
et al. 2000). In that context, take note of the decrease of the
distribution of masses for the giant planets from 2 to 10 Jupiter
masses, delimiting the low mass side of the desert of brown
dwarfs (Jorissen et al. 2001).

7.1.2. Does fq depend on the spectral type?

We implicitely assume that the formation process of stars is
scale free, generating binaries obeying a certain mass ratio dis-
tribution. However, the formation of the secondary components
could depend on the mass of the primary, and the distribution of
M2 could be related toM1 – apart from the fact thatM2 M1.

Therefore, the distribution of mass ratios would depend on the
primary mass.

The sample was split in two parts, according to the primary
spectral types, and the intrinsic distributions of q were derived
again. The results are in Fig. 7b. Apart from minor di↵erences
easily explained by random variations, the distributions look
very similar; each one is always within the 1 � interval of
the other one. More surprisingly, the three peaks present in the
overall distribution are present again. Nevertheless, the inter-
mediate peak cannot be attributed to white dwarf components
for the K-type SB, since the mass ratio should then be around 1.
However, it is now rather flat, and it may appear simply by
chance.

7.1.3. Is fq the same for cluster binaries as for field
binaries?

We had already checked on the raw data that the cluster SB
obey the same distribution of mass ratios as the SB in the solar
neighbourhood (Sect. 4.1). In order to compare the corrected
distributions, they were derived for the two samples and they

Spectroscopic 
FGK binaries

(Halbwachs et al. 2003)

𝛾smallq = 0.5
𝛾largeq = –0.5
Ftwin = 25%



Excess Twin Fraction Ftwin(M1,P) 

(adapted from Moe & Di Stefano 2017)

Massive protostars have rapid contraction timescales and shorter disk lifetimes

Solar-type binaries: larger Ftwin due to pre-MS RLOF and/or shared accretion in 
longer-lived disks (Kroupa 1995; Tokovinin 2000; Halbwachs et al. 2003)



Mass-ratio distribution fq(P) for solar-type primaries M1 = 1M☉

companion properties to solar-type primaries may differ
in young star-forming environments (Duchêne et al. 2007;
Connelley et al. 2008b; Kraus et al. 2011; Tobin et al. 2016), in
dense open clusters (Patience et al. 2002; Köhler et al. 2006;
Geller & Mathieu 2012; King et al. 2012), or at extremely low
metallicities (Abt 2008; Gao et al. 2014; Hettinger et al. 2015).
In Section 10, we compare the corrected solar-type binary
statistics of the field MS population to those of younger MS
and pre-MS populations in open clusters and stellar associa-
tions. For now and for the purposes of binary population
synthesis studies, we are mostly interested in the overall
companion statistics of typical primaries with average ages.
Most solar-type stars are near solar metallicity, in the galactic
field, and are several gigayears old. The volume-limited sample
of solar-type MS primaries in Raghavan et al. (2010) is
therefore most representative of the majority of solar-type MS
stars.

We display in Figure 28 the 168 confirmed companions from
Raghavan et al. (2010) with measured orbital periods
0.0<log P (days)<8.0 and mass ratios 0.1<q<1.0. We
utilize the same methods as in Raghavan et al. (2010) to
estimate the orbital periods P from projected separations and
the stellar masses from spectral types. Our Figure 28 is similar
to Figures 11 and 17 in Raghavan et al. (2010). However, in the
cases of triples and higher-order multiples, we always define
the period and mass ratio q≡Mcomp/M1 with respect to the
solar-type primary (see Section 2), which differs slightly from
the definitions adopted in Raghavan et al. (2010).

For example, first consider a triple in an (Aa, Ab)–B
hierarchical configuration. An MAa=M1=1.0Me primary
and MAb=0.5Me companion are in a short-period orbit
of P=100days. A long-period tertiary component with
MB=0.4Me orbits the inner binary with a period of
P=105days. This system would contribute two data points
in Figure 28: one with q=MAb/MAa=0.5 and log P=2.0,
and one with q=MB/MAa=0.4 and log P=5.0. We do not
define the mass ratio of the wide system to be q=MB/(MAa
+ MAb), as done in Raghavan et al. (2010).

Next, consider a triple in an A–(Ba, Bb) hierarchical
configuration. A solar-type MA=M1=1.0Me primary is in
a long-period P=105day orbit around a close, low-mass
binary with MBa=0.5Me, MBa=0.4Me, and P=100days.
In this situation, only the wide system with q=MBa/MA=0.5
and log P=5.0 would contribute to our Figure 28. We do not
consider the low-mass inner binary with log P=2.0 and
MBa/MBb=0.8, as done in Raghavan et al. (2010), because
neither component Ba nor Bb is a solar-type star. Only if
component Ba itself has an F6–K3 spectral type do we include
the close (Ba, Bb) pair in our sample. Nearly half of the twins
with q>0.95 in Figures 11 and 17 of Raghavan et al. (2010)
are not solar-type twins. They instead contain late K or M
dwarf equal-mass binaries in a long-period orbit with a solar-
type primary in an A–(Ba, Bb) hierarchical configuration. Our

Figure 28 therefore does not contain as many twin components
as displayed in Figures 11 and 17 of Raghavan et al. (2010).

8.2. Corrections for Incompleteness

The Raghavan et al. (2010) sample is relatively complete
except for two regions of the parameter space of P versus q.
First, the survey is not sensitive to detecting companions with
log P≈5.9–6.7 and q≈0.1–0.2 (green region in our
Figure 28). As shown in Figure 11 of Raghavan et al.
(2010), companions that occupy this portion in the parameter
space are missed by both adaptive optic and CPM techniques.
Considering the density of systems in the immediately
surrounding regions where the observations are relatively
complete, we estimate that »4 additional systems occupy this
gap in the parameter space (four green systems in Figure 28).
The second region of incompleteness occurs at q0.5 and

log P4.5 (blue region in our Figure 28). The optical
brightness contrast between binary components is an even
steeper function of mass ratio for F–M type stars. Solar-type
SB2s with sufficiently luminous secondaries are observed only
if q0.40–0.55 (brightness contrasts ΔV<5.0 mag, depend-
ing on the orbital period). Spectroscopic binaries with lower-
mass companions will generally appear as SB1s and therefore
not have mass ratios that can be readily measured. Of the four
spectroscopic binaries with log P<3.0 and q<0.4 shown in
Figure 28, only one is an SB2 with P≈4days and a mass
ratio q≈0.38 close to the detection limit. The other three
systems are SB1s in a hierarchical triple where the tertiary itself
has an orbital solution. The total mass of the inner SB1 is
measured dynamically, and so the mass of the companion in
the SB1 can be estimated. The few observed systems with
3.0<log P<4.5 and q<0.4 are sufficiently nearby and
have favorable orientations for the companions to be resolved

Table 10
Measurements of the Eccentricity Distribution Based on Early-type VBs with
log P (days)=3.6±0.5 from the Malkov et al. (2012) Visual Orbit Catalog

Primary Mass η

á ñM1 =3±1 Me 0.3±0.4

á ñM1 =11±4 Me 0.8±0.4

Figure 28. Companions to 454 solar-type stars from the Raghavan et al. (2010)
survey as a function of P and q=Mcomp/M1. We display the 168 confirmed
systems (red plus signs) with measured mass ratios 0.1<q<1.0 and periods
0<log P (days)<8. Two regions (blue and green lines) of this parameter
space are incomplete, either because the various observational techniques are
insensitive to these systems or because the systems in these regions are
detectable but have periods and/or mass ratios that cannot be readily measured
(e.g., SB1s, radial velocity variables, and companions implied through proper-
motion acceleration). We estimate 21 (blue diamonds) and 4 (green triangles)
additional stellar MS companions located within these blue and green regions,
respectively.
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Mass-ratio distribution fq(P) for OB-type MS primaries M1 > 3M☉

orientations (Mazeh et al. 1992). However, SB1s with early-
type MS primaries may not necessarily have low-mass A–K
type stellar companions. Instead, many SB1s with O-type and
B-type primaries may contain 1–3Me stellar remnants such as
white dwarfs (WDs), neutron stars, or even black holes
(Wolff 1978; Garmany et al. 1980). It is imperative to never
implicitly assume that early-type SB1s contain two MS
components. In the context of spectroscopic binaries with
massive primaries, only SB2s provide a definitive uncontami-
nated census of unevolved companions (Moe & Di
Stefano 2015a). At the very least, SB1s can provide a self-
consistency check and an upper limit to the frequency of low-
mass stellar companions.

3.2. Corrections for Incompleteness

The ability to detect spectroscopic binaries depends not only on
the resolution of the spectrograph, the signal-to-noise ratio of the
spectra, and the cadence of the observations but also on the
physical properties of the binary. Early-type stars, including
those in binaries with P10days where tidal synchronization
is inefficient, are rotationally broadened by á ñvrot ≈
100–200kms−1 (Abt et al. 2002; Levato & Grosso 2013). The
primary’s orbital velocity semi-amplitude must therefore be
K110kms−1 in order for the orbital reflex motion of the

primary to be detectable (Levato et al. 1987; Abt et al. 1990; Sana
et al. 2012; Kobulnicky et al. 2014). For SB2s, the atmospheric
absorption features of both the primary and secondary compo-
nents need to be distinguishable. Due to blending of the broad
absorption features, early-type SB2s require an even higher
threshold of K140kms−1 to be observed. The primary’s
velocity semi-amplitude K1 decreases toward wider separations a,
smaller mass ratios q, and lower inclinations i. Lower-mass
companions at longer orbital periods are more likely to be missed
in the spectroscopic binary surveys. Finally, highly eccentric
binaries spend only a small fraction of time near periastron while
exhibiting appreciable radial velocity variations. Depending on the
cadence of the spectroscopic observations, eccentric binaries can
be either more or less complete compared to binaries in circular
orbits.
To measure the detection efficiencies and correct for

incompleteness, we utilize a Monte Carlo technique to generate
a large population of binaries with different primary masses
M1, mass ratios q, and orbital configurations P and e. For each
binary, we select from a randomly generated set of orientations,
i.e., an inclination i distribution such that cos i=[0, 1] is
uniform and a distribution of periastron angles ω=[0o, 360o]
that is also uniform. The velocity semi-amplitude K1 criterion
used in previous studies does not adequately describe the
detection efficiencies of eccentric binaries. For each binary, we
instead synthesize radial velocity measurements v r1, and v r2, at
20 random epochs, which is the median cadence of the
spectroscopic binary surveys (Levato et al. 1987; Abt
et al. 1990; Sana et al. 2012; Kobulnicky et al. 2014). For
simplicity, we assume that the systemic velocity of the binary is
zero. In an individual spectrum of an early-type star, the radial
velocities can be centroided to an accuracy of≈2–3kms−1.
However, atmospheric variations limit the true sensitivity
across multiple epochs to dv r1, ≈3–5kms−1 (Levato
et al. 1987; Abt et al. 1990; Sana et al. 2012; Kobulnicky
et al. 2014). In order for a simulated binary to have an orbital
solution that can be fitted, and therefore an eccentricity and
mass ratio that can be measured, we require a minimum
number of radial velocity measurements of the primary v r1, to
significantly differ from the systemic velocity. We impose
that at least 5 of the 20 measurements satisfy ∣ ∣v r1, 
(3–5)dv r1, ≈15kms−1 in order to provide a precise and
unique orbital solution for the primary.
The rotationally broadened spectral features of both the primary

and secondary must also be distinguishable to be cataloged as an
SB2. At the very least, the primary’s absorption features must not
only shift during the orbit but also have velocity profiles that
visibly change as a result of the moving absorption lines from the
orbiting secondary (De Becker et al. 2006; Sana et al. 2012). For
q<0.8, we require at least 3 of the 20 measurements to satisfy

-∣ ∣v vr r1, 2, á ñv 2rot ≈75kms−1. This velocity threshold is
appropriate for both O-type and B-type primaries because the
mean rotational velocitiesá ñvrot ≈150kms−1 do not significantly
vary between these two spectral types (Abt et al. 2002; Levato &
Grosso 2013). For twin binaries with q=1.0, the absorption lines
of both the primary and secondary are of comparable depths, and
so it is more difficult to distinguish the two components if their
absorption features are significantly blended (Sana et al. 2011).
For these twin systems, we require at least 3 of the 20
measurements to satisfy -∣ ∣v vr r1, 2, >á ñvrot =150kms−1. We
linearly interpolate our velocity difference thresholds between
75kms−1 at q=0.8 and 150kms−1 at q=1.0.

Figure 4. Similar to Figure 3, but for the mass ratios q=M2/M1 as a function
of orbital period P. Early-type SB2s with MS components can reveal only
companions with q>0.25 (above dotted line). Assuming M1=10 Me,
e= e0.5 max , and the median cadence and sensitivity of the spectroscopic
surveys, we show completeness levels of 80%, 50%, and 20% (dashed). Short-
period SB2s with P<20 days span the entire observable mass-ratio interval
q≈0.25–1.0. Alternatively, long-period systems with P=100–500days
include only SB2s with q≈0.3–0.4, even though the spectroscopic surveys
are substantially incomplete in this corner of the parameter space.

Table 3
Binary Statistics Based on 23 Early-type SB2s with log P (days)=1.3±0.3

Contained in the SB9 Catalog

Sample Primary Mass Statistic

Spectral Types O9–B3 á ñM1 =14±4 Me η=0.9±0.4
g qlarge =−0.6±0.9

Spectral Types B5–B9.5 á ñM1 =4.5±1.5 Me η=−0.3±0.2
g qlarge =−1.0±0.8
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P < 20 days: 
𝛾largeq =  –0.4;

Ftwin = 10 - 20%
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Power-law component 𝛾largeq(M1,P) of mass-ratio distribution fq

Solar-type MS binaries (Raghavan et al. 2010);
SB2 companions to O / early-B MS primaries (Abt+90; Sana+12; Kobulnicky+14)
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Power-law component 𝛾largeq(M1,P) of mass-ratio distribution fq

Eclipsing binaries with early-B primaries 
(Moe+ 2013; 2015)
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Power-law component 𝛾largeq(M1,P) of mass-ratio distribution fq

Radial velocity companions to Cepheid primaries
(Evans+ 2015)
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Power-law component 𝛾largeq(M1,P) of mass-ratio distribution fq

Long-baseline interferometry of 
early-B (Rizzuto+ 2013) and O-type (Sana+ 2014) MS primaries
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Power-law component 𝛾largeq(M1,P) of mass-ratio distribution fq

Visual companions to early-type MS primaries,
including CPM (Abt+ 1990), AO (Duchene+ 2011; Sana+ 2014),

lucky imaging (Peter+ 2012), and HST imaging (Aldoretta+ 2015)
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Power-law component 𝛾largeq(M1,P) of mass-ratio distribution fq
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Very close binaries (a < 0.1 AU): uniform fq with excess twin fraction.
Wide binaries (a > 100 AU): initially consistent with random pairings from IMF.

Transition occurs at shorter separations for more massive binaries.



Power-law component 𝛾largeq(M1,P) of mass-ratio distribution fq

The mass-ratio distribution fq of binaries that will interact 
(a < 10 AU; left of dotted line) depends critically on M1 and P
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function takes advantage of the information provided by all
binary orbits and provide a more robust determination of the
circularization period for the typical binary orbit.

7. THE CIRCULARIZATION PERIODS OF SEVEN
ADDITIONAL BINARY POPULATIONS

Below we briefly discuss and present the period-eccentricity
distributions and determine circularization periods for seven ad-
ditional binary populations spanning ages from !3 Myr (PMS
binaries) to !10 Gyr (Galactic halo binaries). Figures 8a–8h
show the orbital data of each individual population with the best-
fit circularization function overplotted and the circularization

period with error marked. All results are listed in Table 3; here we
briefly discuss each population in turn.
PMS binary population (Fig. 8a).—The sample of 37 low-

mass PMS binaries show the characteristic period overlap be-
tween eccentric and circular orbits. The orbital parameters are
taken from Melo et al. (2001), and references to individual
binaries can be found in their paper. The PMS sample is not
strictly coeval, but covers an age range from !1–10 Myr (Melo
et al. 2001). We determine a circularization period of 7:1þ1:2

#1:2 days
for the PMS binary sample. This value should be compared to
the 7.56 day cutoff period determined by Melo et al. Note that
Melo et al. chose to disregard the circular orbit of binary

Fig. 8.—Period-eccentricity distributions for eight late-type binary populations: (a) PMS, (b) Pleiades, (c) M35, (d ) Hyades/Praesepe, (e) M67, ( f ) NGC 188, (g)
field, and (h) halo. The best-fit circularization function is plotted over each distribution. A solid horizontal line marks e(P) ¼ 0:00. The CP and its uncertainty are
marked on the period axis by a vertical black line and a gray bar, respectively. The circularization period and the age of the binary population are printed in each plot.

MEIBOM & MATHIEU978 Vol. 620

Tidal circularization 
period increases from 
Pcirc = 6 days (pre-MS) 
to Pcirc = 15 days (halo)

Beyond P > 100 days,
fe∝ eη with η = 0.4

Eccentricity distribution for solar-type binaries (Meibom & Mathieu 2005)



Eccentricity distribution for early-type binaries

Pcirc = 2 days 
(tides less efficient
in early-type stars)

á ñM1 ≈28Me; 24SB2s). We note that the Kobulnicky et al.
(2014) survey also includes O-type stars, but we consider only
their 83 systems with early B primaries in our current analysis.

We list the multiplicity statistics based on the four samples in
Table 2. In Figures 3 and4, we display the eccentricities e and
mass ratios q, respectively, of the 44 SB2s as a function of
orbital period. Sana et al. (2012) and Kobulnicky et al. (2014)
identified additional SB2s with q>0.55 and P>500days,
which confirms that spectroscopic observations can reveal
moderate mass-ratio binaries at intermediate orbital periods.
However, spectroscopic binaries become increasingly less
complete and biased toward moderate q at longer P (see
Section 3.2 and Figure 4), so we limit our sample selection to
SB2s with P< 500days when discussing these four surveys.

We also examine the 23 detached SB2s with primary
spectral types O and B, luminosity classes III–V, orbital
periods P=8–40days, and measured mass ratios q=K1/K2
and eccentricities e from the Ninth Catalog of Spectroscopic
Binaries (SB9; Pourbaix et al. 2004). This sample includes 10
systems with O9–B3 primaries (á ñM1 ≈14Me) and 13 systems
with B5–B9.5 primaries (á ñM1 ≈4.5Me). We report the
multiplicity statistics based on these 23 SB2s in Table 3.
The spectroscopic binaries contained in the SB9 catalog
are compiled from a variety of surveys and samples, and so
the cadence and sensitivity of the spectroscopic observations
are not as homogeneous. We therefore consider only the SB2s
with P<40days, which are relatively complete regardless of
the instruments utilized. We cannot infer the intrinsic frequency
of companions per primary based on the SB9 catalog. We can
nonetheless utilize the sample of 23 early-type SB2s to measure
the eccentricity and mass-ratio distributions.

For SB2s, the secondary must be comparable in luminosity
to the primary in order for both components to be visible in the

combined spectrum. Because MS stars follow a steep mass–
luminosity relation, SB2s with early-type MS primaries can
reveal only moderate mass ratios q>0.25 (Figures 1 and 4).
For single-lined spectroscopic binaries (SB1s) with low-
luminosity companions, a lower limit to the mass ratio can
be estimated from the observed reflex motion of the primary. A
statistical mass-ratio distribution can be recovered for SB1s by
assuming that the intrinsic binary population has random

Table 2
Statistics Based on Four Surveys Containing Early-type Spectroscopic Binaries with log P (days)=0.3–2.7

Survey Primary Mass Period Interval Statistic

All Four á ñM1 =16±8 Me log P (days)=0.75±0.25 η=−0.3±0.2
” ” log P (days)=1.85±0.85 η=0.6±0.3
” ” log P (days)=0.8±0.5 g qlarge =−0.3±0.3

” ” log P (days)=2.0±0.7 g qlarge =−1.6±0.5

” ” ” �twin<0.05

Levato et al. (1987) and á ñM1 =6±2 Me log P (days)=0.8±0.5 �twin=0.17±0.09
Abt et al. (1990) ” ” ”

Kobulnicky et al. (2014) and á ñM1 =20±7 Me ” �twin=0.08±0.04
Sana et al. (2012) ” ” ”

Levato et al. (1987), á ñM1 =8±3 Me log P(days)=0.8±0.5 g qsmall =−0.5±0.8

Abt et al. (1990), and ” ” ”

Kobulnicky et al. (2014) ” ” ”

Sana et al. (2012) á ñM1 =28±8 Me ” g qsmall =0.6±0.8

Levato et al. (1987) á ñM1 =5±2 Me log P (days)=0.8±0.5 >f P qlog ; 0.3=0.07±0.04

Abt et al. (1990) á ñM1 =7±2 Me ” >f P qlog ; 0.3=0.10±0.04

Kobulnicky et al. (2014) á ñM1 =12±3 Me ” >f P qlog ; 0.3=0.12±0.05

Sana et al. (2012) á ñM1 =28±8 Me ” >f P qlog ; 0.3=0.24±0.06

Abt et al. (1990) and á ñM1 =9±3 Me log P (days)=1.8±0.5 >f P qlog ; 0.3=0.08±0.05

Kobulnicky et al. (2014) ” ” ”

Sana et al. (2012) á ñM1 =28±8 Me log P (days)=2.0±0.7 >f P qlog ; 0.3=0.12±0.06

Figure 3. Eccentricities e of 44 SB2s as a function of orbital period P from four
spectroscopic surveys: Sana et al. (2012; magenta plus signs), Kobulnicky et al.
(2014; blue crosses), Abt et al. (1990; green diamonds), and Levato et al.
(1987; red squares). We display the maximum expected eccentricity emax (P)
according to Equation (3) (black line). Assuming M1=10Me, q=0.4,
random orientations, and the median cadence and sensitivity of the spectro-
scopic surveys, we show completeness levels of 80%, 50%, and 20% (dashed).
Note that many SB2s with P<10 days are circularized (e=0; dotted), while
all early-type SB2s with P>10days are in eccentric orbits.
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Eccentricity distribution fe (M1,P)

Tidal circularization dominates at P < 20 days
For P > 20 days, early-type binaries are consistent with a thermal distribution (η = 1; 
Ambartsumian 1937), indicating dynamical interactions play a role in their formation
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For mid-B, early-B, and O-type stars, we fit:

γsmallq (M1 > 6.0M⊙, P ) =

0.1 for 0.2 ≤ logP < 1.0,

0.1− 0.15(logP − 1) for 1.0 ≤ logP < 3.0,

−0.2− 0.50(logP − 3) for 3.0 ≤ logP < 5.6,

−1.5 for 5.6 ≤ logP < 8.0. (15)

As done previously, we interpolate between Eqn. 13 and
Eqn. 14 for primary stars with masses M1 = 1.2 - 3.5M⊙.
Similarly, for M1 = 3.5 - 6.0M⊙, we interpolate between
Eqn. 14 and Eqn. 15 with respect to M1.
We compare our fit to the data for γsmallq in the

bottom panel of Fig. 34. Our fit passes through all the
measurements within their respective 1σ uncertainties.
The uncertainty in the fit is therefore dominated by
the uncertainty in the observations. The 1σ errors in
γsmallq depend primarily on P . They increase from
δγsmallq ≈ 0.4 at logP ≈ 1 to δγsmallq ≈ 0.6 at
logP ≈ 3, and then they decrease to δγsmallq ≈ 0.3 for
logP ! 6. For all primary masses M1, we model the 1σ
uncertainties as:

δγsmallq (M1, P ) =

0.4 for 0.2 ≤ logP < 1.0,

0.4 + 0.1(logP − 1) for 1.0 ≤ logP < 3.0,

0.6− 0.1(logP − 3) for 3.0 ≤ logP < 6.0,

0.3 for 6.0 ≤ logP < 8.0. (16)

This relation accounts for the larger uncertainties in
γsmallq at intermediate orbital periods due to the gaps
in the observations.

9.2. Eccentricity Distributions

In Fig. 35, we display the power-law slope η of
the eccentricity distribution as a function of logP and
colored according to spectral type based on all our
measurements in Tables 2 - 12. We divide the data into
two spectral type intervals: late-type (M1 = 0.8 - 5M⊙)
and early-type (M1 > 5M⊙). Both late-type (Meibom
& Mathieu 2005; Raghavan et al. 2010) and early-type
(Sana et al. 2012) populations have similar zero-age MS
circularization periods P ≈ 2 - 6 days (logP ≈ 0.5). In
addition, for both late-type and early-type binaries, the
eccentricity distribution becomes weighted toward larger
values with increasing orbital period P . However, the
power-law slope is ∆η ≈ 0.5 larger for early-type binaries
compared to late-type binaries across all orbital periods.
For close binaries with logP " 1.2, the differences in

the eccentricity distribution between the two spectral
types can be explained by tidal evolution. Tidal damping
via convection is more efficient in cool, late-type stars
than is radiative damping in hot, early-type stars (Zahn
1975, 1977; Hut 1981). Moreover, late-type MS binaries
live orders-of-magnitude longer and have had more time
to tidally evolve toward smaller eccentricities.
For binaries with intermediate periods 1.2 " logP " 5,

however, the differences cannot be explained solely by
tidal effects. In §8.6, we showed that tidal evolution

Fig. 35.— The power-law slope η of the eccentricity distribution
pe ∝ eη across eccentricities 0.0 < e < emax such that the
components are not Roche-lobe filling. We compare our corrected
measurements of η as a function of orbital period P and colored
according to primary spectral type: late (M1 = 0.8 - 5M⊙;
red) and early (M1 > 5M⊙; blue). We fit the data (dotted)
for the late-type and early-type populations. Although both
late-type and early-type binaries become weighted toward larger
eccentricities with increasing period, early-type binaries quickly
asymptote toward a thermal eccentricity distribution (η = 1)
beyond logP (days) ! 1. Meanwhile, solar-type binaries asymptote
toward η ≈ 0.5, about halfway between the uniform (η = 0) and
thermal (η = 1) distributions (dashed lines).

is negligible for MS solar-type binaries with periods
logP = 1.2 - 2.4 slightly beyond the tidal circularization
period. For late-type binaries, even those with orbital
periods 3 < logP < 5 where tidal effects are even less
significant, the power-law slope η ≈ 0.3 - 0.6 is discrepant
with a thermal eccentricity distribution (see Fig. 35). At
wider separations ⟨a⟩ ≈ 120 AU (logP ≈ 5.6), Tokovinin
& Kiyaeva (2015) demonstrate that solar-type binaries
have an intrinsic eccentricity probability distribution
described by pe = 1.2e+0.4. Fitting our power-law model
to their data (Fig. 7 in Tokovinin & Kiyaeva 2015),
we measure η = 0.5± 0.3. We confirm the conclusion
of Tokovinin & Kiyaeva (2015) that the eccentricity
distribution of wide solar-type binaries is flatter than
a thermal distribution. Meanwhile, for early-type
binaries, the initial MS eccentricity distribution quickly
asymptotes toward a thermal distribution (η = 1)
beyond logP ! 1 (Fig. 35). Early-type binaries with
intermediate orbital periods are born on the zero-age
MS with systematically larger eccentricities than their
solar-type counterparts.
We adopt an analytic function for η that approaches

circular orbits for short-period binaries and then
asymptotes toward a fixed η at longer periods. For
late-type binaries, we use:

η (0.8M⊙ < M1 < 3M⊙, 0.5 < logP < 6.0) =

0.6− 0.7

logP − 0.5
. (17)

Meanwhile, for early-type binaries, we fit:

η (M1 > 7M⊙, 0.5 < logP < 5.0) =

0.9− 0.2

logP − 0.5
. (18)

fe∝ eη

across domain
0 < e < emax(P)
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(5 + 11)/418/1.0=0.038±0.010 companions with q>0.1
per decade of orbital period. The remaining 14 of our selected
SB1s reside across P=200–1000days (Δ logP=0.7), where
the observations are slightly incomplete toward systems with
small mass ratios q=0.1–0.4. We estimate a small overall
correction factor »1.2 to account for the incompleteness at
these intermediate separations, and so the companion frequency
is >f P qlog ; 0.1=14×1.2/418/0.7=0.057±
0.015. We display these three data points based on SB
companions to solar-type MS stars in M35 as red data points in
Figure 41.

Patience et al. (2002) utilized ground-based speckle imaging
and direct imaging with HST to resolve companions to B–K MS
stars in both the αPersei (90Myr) and Praesepe (660Myr) open
clusters. We select their 79 systems with K=8.5–10.5mag
(F5–K5 primary spectral types) in the younger αPer cluster. For
these primaries, Patience et al. (2002) identified 12 companions
with q>0.1 (ΔK5.5 mag) across projected separations
ρ=0 3–5″, i.e., a≈50–800 au (logP=5.0–6.8) given the
distance d≈180 pc to αPer. Their survey was relatively
complete down to q=0.1 (ΔK≈5.5 mag) across this separa-
tion range, and so we measure >f P qlog ; 0.1=13/79/
(6.8− 5.0)=0.091±0.025 companions with q>0.1 per
decade of orbital period across logP (days)=5.0–6.8 (orange
data point in Figure 41).

As can be seen in Figure 41, the frequency of companions to
solar-type MS stars in young open clusters is consistent with

that measured in the field population across both short
(logP<3) and long (logP=5–7) orbital periods. Other
surveys have also concluded that the statistics of solar-type
binaries in open clusters are indistinguishable from those in the
field for a broad range of cluster densities and ages τ≈3Myr–
7 Gyr (Bouvier et al. 1997; Köhler et al. 2006; Kraus
et al. 2011; Geller & Mathieu 2012; King et al. 2012). This
demonstrates that the formation of solar-type binaries is
relatively universal and that there is negligible evolution of
the solar-type MS binary statistics for ages τ3Myr.
We next turn our attention to wide companions to pre-MS

protostars with ages τ3Myr. Unlike MS binaries, where the
measured brightness contrasts map robustly to mass ratios,
accretion luminosity in pre-MS stars can dominate over the
photospheric flux. Accounting for this effect, Connelley et al.
(2008a) estimate that a near-infrared brightness contrast
ΔL=4mag roughly corresponds to q≈0.1 for coeval pre-
MS binaries on the Hayashi track.
Duchêne et al. (2007) employed near-IR adaptive optics to

search for wide companions to 45 ClassI and flat-spectrum
protostars embedded in four different molecular clouds. They
identified 15 physically associated companions with separations
ρ=0 2–10 0 and brightness contrastsΔL<4mag (q0.1).
The Duchêne et al. (2007) sample is complete to ΔL<4.0mag
companions across this separation range, which corresponds to
a≈40–2000 au (logP=4.9–7.4) given the average distance
d≈200 pc to the four molecular clouds. Of our 15 selected
binaries, 6 have ρ=0 2–1 2 (logP=4.9–6.1) and the
remaining 9 have ρ=1 2–10″ (logP=6.1–7.4). We measure

>f P qlog ; 0.1=6/45/(6.1− 4.9)=0.11±0.04 across logP
(days)=4.9–6.1 and >f P qlog ; 0.1=9/45/(7.4− 6.1)=0.15±
0.05 across logP (days)=6.1–7.4 (blue data points in
Figure 41).
Connelley et al. (2008a) observed a much larger sample of

189 Class I young stellar objects (YSOs) in the near-infrared.
They identified a total of 65 companions with separations
ρ=0 3–10″ and brightness contrasts ΔL<4mag (q0.1).
We note that 13 of their YSOs have two or even three resolved
companions that reside in the narrow interval ρ=0 3–10″,
contributing 31 of the 65 total companions in our statistic. A
significant fraction of these triples and quadruples in which the
companions all have similar separations are most likely
gravitationally unstable in their current configurations. If so,
either they will dynamically evolve into stable hierarchical
configurations, or one of the components will get ejected (see
more below). The Connelley et al. (2008a) survey is complete
to ΔL=4mag (q≈0.1) across our selected interval
ρ=0 3–10″, which corresponds to a=150–5000 au
(logP=5.7–8.0) given the average distance d≈500pc to
the YSOs. We divide our 65 companions across three intervals:
18 with ρ=0 3–1 0 ( >f P qlog ; 0.1=0.12±0.03 across
logP=5.7–6.5), 25 companions with ρ=1 0–3 0
( >f P qlog ; 0.1=0.18±0.04 across logP=6.5–7.2), and 22
companions with ρ=3 0–10 0 ( >f P qlog ; 0.1=0.15±0.03
across logP=7.2–8.0). We display these three data points in
magenta in Figure 41.
Finally, we analyze the spectroscopic binary survey of pre-

MS T Tauri stars conducted by Melo (2003), who updated and
extended the sample of Mathieu (1992, 1994). Melo (2003)
identified four SBs with P=2–200 days (Δ logP=2.0)
within their sample of 65 TTauri stars. According to their
Figure 2, the Melo (2003) survey is relatively complete toward

Figure 41. Frequency >f P qlog ; 0.1 of companions with q>0.1 per decade of
orbital period for various populations of primary stars after correcting for
selection effects and incompleteness. In black, we compare the distribution
based on the volume-limited sample of solar-type MS stars in the field (solid) to
our analytic fits for the solar-type MS (dotted) and O-type MS (dashed)
populations. We also display the binary properties of solar-type stars in young
open clusters (red and orange) and of pre-MS solar-type stars (blue, magenta,
and cyan). For wide binaries (log P=6–8; a=200–5000 au) that form via
fragmentation of cores/filaments, the multiplicity statistics of solar-type pre-
MS stars is consistent with that measured for massive MS stars. Subsequent
dynamical processing that preferentially ejects q=0.1–0.3 companions
reduces the overall companion frequency of solar-type binaries at these
separations. For closer binaries (log P<6; a<200 au) that form via disk
fragmentation, the solar-type MS and pre-MS companion frequencies are
consistent with each other, both of which are significantly smaller than the
measured O-type MS companion frequencies. A primary-mass-dependent
process, e.g., more massive protostars are more prone to disk fragmentation, is
required to explain why massive stars have larger companion frequencies at
short and intermediate separations.

47

The Astrophysical Journal Supplement Series, 230:15 (55pp), 2017 June Moe & Di Stefano

O-type MS

Period distribution flogP;q>0.1(M1, P, 𝜏) from Moe & Di Stefano (2017)

Frequency of wide companions (a > 100 AU) to M1 = 1M☉ pre-MS primaries is 
2 - 3 times larger than that measured for M1 = 1M☉ MS stars (Duchene+07, Connelley+08) 

and consistent with that measured for O-type MS primaries 

G-type MS

Frequency of
companions with 

q > 0.1 per 
decade of period



(5 + 11)/418/1.0=0.038±0.010 companions with q>0.1
per decade of orbital period. The remaining 14 of our selected
SB1s reside across P=200–1000days (Δ logP=0.7), where
the observations are slightly incomplete toward systems with
small mass ratios q=0.1–0.4. We estimate a small overall
correction factor »1.2 to account for the incompleteness at
these intermediate separations, and so the companion frequency
is >f P qlog ; 0.1=14×1.2/418/0.7=0.057±
0.015. We display these three data points based on SB
companions to solar-type MS stars in M35 as red data points in
Figure 41.

Patience et al. (2002) utilized ground-based speckle imaging
and direct imaging with HST to resolve companions to B–K MS
stars in both the αPersei (90Myr) and Praesepe (660Myr) open
clusters. We select their 79 systems with K=8.5–10.5mag
(F5–K5 primary spectral types) in the younger αPer cluster. For
these primaries, Patience et al. (2002) identified 12 companions
with q>0.1 (ΔK5.5 mag) across projected separations
ρ=0 3–5″, i.e., a≈50–800 au (logP=5.0–6.8) given the
distance d≈180 pc to αPer. Their survey was relatively
complete down to q=0.1 (ΔK≈5.5 mag) across this separa-
tion range, and so we measure >f P qlog ; 0.1=13/79/
(6.8− 5.0)=0.091±0.025 companions with q>0.1 per
decade of orbital period across logP (days)=5.0–6.8 (orange
data point in Figure 41).

As can be seen in Figure 41, the frequency of companions to
solar-type MS stars in young open clusters is consistent with

that measured in the field population across both short
(logP<3) and long (logP=5–7) orbital periods. Other
surveys have also concluded that the statistics of solar-type
binaries in open clusters are indistinguishable from those in the
field for a broad range of cluster densities and ages τ≈3Myr–
7 Gyr (Bouvier et al. 1997; Köhler et al. 2006; Kraus
et al. 2011; Geller & Mathieu 2012; King et al. 2012). This
demonstrates that the formation of solar-type binaries is
relatively universal and that there is negligible evolution of
the solar-type MS binary statistics for ages τ3Myr.
We next turn our attention to wide companions to pre-MS

protostars with ages τ3Myr. Unlike MS binaries, where the
measured brightness contrasts map robustly to mass ratios,
accretion luminosity in pre-MS stars can dominate over the
photospheric flux. Accounting for this effect, Connelley et al.
(2008a) estimate that a near-infrared brightness contrast
ΔL=4mag roughly corresponds to q≈0.1 for coeval pre-
MS binaries on the Hayashi track.
Duchêne et al. (2007) employed near-IR adaptive optics to

search for wide companions to 45 ClassI and flat-spectrum
protostars embedded in four different molecular clouds. They
identified 15 physically associated companions with separations
ρ=0 2–10 0 and brightness contrastsΔL<4mag (q0.1).
The Duchêne et al. (2007) sample is complete to ΔL<4.0mag
companions across this separation range, which corresponds to
a≈40–2000 au (logP=4.9–7.4) given the average distance
d≈200 pc to the four molecular clouds. Of our 15 selected
binaries, 6 have ρ=0 2–1 2 (logP=4.9–6.1) and the
remaining 9 have ρ=1 2–10″ (logP=6.1–7.4). We measure

>f P qlog ; 0.1=6/45/(6.1− 4.9)=0.11±0.04 across logP
(days)=4.9–6.1 and >f P qlog ; 0.1=9/45/(7.4− 6.1)=0.15±
0.05 across logP (days)=6.1–7.4 (blue data points in
Figure 41).
Connelley et al. (2008a) observed a much larger sample of

189 Class I young stellar objects (YSOs) in the near-infrared.
They identified a total of 65 companions with separations
ρ=0 3–10″ and brightness contrasts ΔL<4mag (q0.1).
We note that 13 of their YSOs have two or even three resolved
companions that reside in the narrow interval ρ=0 3–10″,
contributing 31 of the 65 total companions in our statistic. A
significant fraction of these triples and quadruples in which the
companions all have similar separations are most likely
gravitationally unstable in their current configurations. If so,
either they will dynamically evolve into stable hierarchical
configurations, or one of the components will get ejected (see
more below). The Connelley et al. (2008a) survey is complete
to ΔL=4mag (q≈0.1) across our selected interval
ρ=0 3–10″, which corresponds to a=150–5000 au
(logP=5.7–8.0) given the average distance d≈500pc to
the YSOs. We divide our 65 companions across three intervals:
18 with ρ=0 3–1 0 ( >f P qlog ; 0.1=0.12±0.03 across
logP=5.7–6.5), 25 companions with ρ=1 0–3 0
( >f P qlog ; 0.1=0.18±0.04 across logP=6.5–7.2), and 22
companions with ρ=3 0–10 0 ( >f P qlog ; 0.1=0.15±0.03
across logP=7.2–8.0). We display these three data points in
magenta in Figure 41.
Finally, we analyze the spectroscopic binary survey of pre-

MS T Tauri stars conducted by Melo (2003), who updated and
extended the sample of Mathieu (1992, 1994). Melo (2003)
identified four SBs with P=2–200 days (Δ logP=2.0)
within their sample of 65 TTauri stars. According to their
Figure 2, the Melo (2003) survey is relatively complete toward

Figure 41. Frequency >f P qlog ; 0.1 of companions with q>0.1 per decade of
orbital period for various populations of primary stars after correcting for
selection effects and incompleteness. In black, we compare the distribution
based on the volume-limited sample of solar-type MS stars in the field (solid) to
our analytic fits for the solar-type MS (dotted) and O-type MS (dashed)
populations. We also display the binary properties of solar-type stars in young
open clusters (red and orange) and of pre-MS solar-type stars (blue, magenta,
and cyan). For wide binaries (log P=6–8; a=200–5000 au) that form via
fragmentation of cores/filaments, the multiplicity statistics of solar-type pre-
MS stars is consistent with that measured for massive MS stars. Subsequent
dynamical processing that preferentially ejects q=0.1–0.3 companions
reduces the overall companion frequency of solar-type binaries at these
separations. For closer binaries (log P<6; a<200 au) that form via disk
fragmentation, the solar-type MS and pre-MS companion frequencies are
consistent with each other, both of which are significantly smaller than the
measured O-type MS companion frequencies. A primary-mass-dependent
process, e.g., more massive protostars are more prone to disk fragmentation, is
required to explain why massive stars have larger companion frequencies at
short and intermediate separations.
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Very close binaries derive from dynamical interactions in triples

45

pre-MS phase is a third option to explain the correlated
component masses and larger excess twin fraction.
In any case, we emphasize the transition in the

mass-ratio distribution between short (a ! 0.3 AU)
and intermediate (a ≈ 50 AU) separations is more
pronounced for more massive systems (Fig. 34).
For early-type binaries, the excess twin fraction
vanishes beyond P > 20 days and the power-law
component dramatically decreases from γlargeq ≈ −0.5
to γlargeq ≈ −2.0. Meanwhile, for solar-type binaries, the
excess twin fraction decreases slightly from Ftwin ≈ 0.3 to
Ftwin = 0.1 and the power-law component γlargeq ≈ −0.5
remains relatively constant. This intrinsic variation with
respect to primary mass may be due to the scaling
of the fragment mass ratio qfrag discussed above, but
may also be due to the longer formation timescales
associated with lower mass primaries. For example,
the average primordial disk lifetimes τdisk = 3 Myr
of solar-type primaries (Mamajek 2009) is an order
of magnitude longer than the disk photoevaporation
timescales τdisk ! 0.3 Myr measured in more massive
Herbig Be stars (Alonso-Albi et al. 2009). The longer
disk lifetimes of solar-type systems may allow a larger
fraction of companions to accrete relatively more mass
from the disk, possibly toward q ≈ 1. Similarly,
the pre-MS contraction timescales is significantly longer
for solar-type binaries, and so short-period solar-type
binaries are more likely to exchange material through
Roche-lobe overflow while on the pre-MS. This may
explain the correlation between the excess twin fraction
and primary mass at short orbital periods P < 10 days.
In summary, the processes of disk fragmentation,
accretion in the disk, and pre-MS mass transfer may
all contribute to the larger excess twin fraction and
higher degree of correlation between component masses
observed in solar-type binaries compared to early-type
binaries.
Although the correlation between binary component

masses demonstrate they coevolved as they migrated
toward shorter separations, they do not reveal precisely
how the companions migrated. It is possible that
companions naturally undergo orbital decay toward
smaller separations due to hydrodynamical forces
in the disk. It is also possible that the inner
binary requires an outer tertiary to evolve toward
shorter periods. After considering selection effects
and accounting for incompleteness, Tokovinin et al.
(2006) show that ≈(70 - 90)% of solar-type binaries
with periods P ≈ 2 - 6 days have outer tertiaries with
q = M3/M1 " 0.2. Meanwhile, only ≈30% of binaries
with P ≈ 10 - 30 days have such tertiary components.
Tokovinin et al. (2006) argue that close binaries form
predominantly through Kozai cycles in triples in which
the outer tertiary pumps the eccentricity of the inner
binary to large values. The inner binary is subsequently
tidally dissipated into a shorter orbit (Kiseleva et al.
1998). This scenario may also explain the origin of the
large eccentricities observed in young early-type close
binaries (§9.2).
We further investigate the correlation between

triples and close binaries as a function of primary
spectral type. Unfortunately, we cannot repeat the
Tokovinin et al. (2006) measurement for early-type
systems due to the observational selection effects and

Fig. 39.— The close companion fraction F0.3<logP<0.8;q>0.1
as a function of overall triple plus quadruple star fraction
Fn≥2;q>0.1 colored according to primary spectral type. For
solar-type primaries (red), F0.3<logP<0.8;q>0.1 = (1.5± 0.6)%
have close companions with q > 0.1 and P ≈ 2 - 6 days, and
Fn≥2;q>0.1 = (10± 2)% are in triple or quadruple systems.
Meanwhile, F0.3<logP<0.8;q>0.1 = (17±5)% of O-type stars have
very short-period companions and Fn≥2;q>0.1 = (73± 16)% of
O-type stars have n ≥ 2 companions with q > 0.1 (magenta). If
dynamical evolution in triple/quadruple systems is the dominant
formation mechanism of close binaries, then it must be a relatively
efficient process. For every triple/quadruple system, (16 - 22)%
have inner binaries with short periods P = 2 - 6 days, irrespective
of primary mass (dotted line).

incompleteness. We instead compare in Fig. 39 the
fraction F0.3<logP<0.8;q>0.1 of primaries that have close
companions with P = 2 - 6 days and q > 0.1 to
the overall triple/quadruple star fraction Fn≥2;q>0.1
= Fn=2;q>0.1 +Fn=3;q>0.1. Although we cannot
directly associate early-type close binaries with tertiary
companions on a system by system basis, the correlation
between F0.3<logP<0.8;q>0.1 and Fn≥2;q>0.1 is intriguing
for three reasons.
First, F0.3<logP<0.8;q>0.1 is nearly directly proportional

to Fn≥2;q>0.1. By fitting a linear relation to the four
data points in Fig. 39, we measure the y-intercept to
be F0.3<logP<0.8;q>0.1 = −0.005± 0.007, which is slightly
smaller than but consistent with zero. If a process other
than dynamical evolution in triples was the dominant
formation mechanism for producing close binaries, then
we would expect the y-intercept to be measurably greater
than zero, i.e., there would be close binaries even if there
were no triple/quadruple systems.
Second, the slope of the relation ϵ =

F0.3<logP<0.8;q>0.1/Fn≥2;q>0.1 = (19± 3)% provides
a direct constraint for the efficiency of close binary
formation via triple-star dynamical evolution. If not all
close binaries have outer tertiaries, then the efficiency
ϵ would be correspondingly smaller. For solar-type
systems, where we know ≈70 - 90% of close binaries with
P = 2 - 6 days have outer tertiaries, then the efficiency
must be ϵ ≈ 15%. This is substantially larger than
that expected if the orbital periods of the inner and
outer companions in triples were uncorrelated. For
example, if we randomly select Pinner and Pouter from
the underlying period distribution flogP;q>0.1 with the
added constraint that Pouter " 10Pinner for long-term
dynamical stability, then only 6% of solar-type triples
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Fig. 13. Period distributions of TCs around close SBs (squares) and
wide SBs (triangles). The error bars correspond to ±1σ. The distri-
bution of solar-type binaries from DM91 is plotted for comparison
(dotted line and crosses).

Table 6. Frequency of tertiary companions in two sub-samples. N is
the number of systems in each sample, fraw is the TC frequency un-
corrected for incomplete detections, f is the TC frequency estimated
by the ML method. The numbers in italics are obtained by discarding
uncertain companions.

Sample N fraw f

P1 < 7 d 90 0.66 0.80 ± 0.06
88 0.65 0.79 ± 0.06

P1 > 7 d 75 0.33 0.40 ± 0.06
71 0.30 0.36 ± 0.06

All 165 0.52 0.63 ± 0.05

SBs and field stars with respect to wide companions? We com-
pare in Fig. 13 the companion frequencies in these samples,
both corrected for selection effects. Overall, the companion fre-
quency in the DM91 sample for periods above one yr is 50% –
higher than in the wide-SB sub-sample. On the other hand, the
fraction of companions to close SBs is clearly increased. Their
periods range from a few years to several thousand years.

7.5. High multiplicities

Our sample contains 64 triples and many systems of multiplic-
ity higher than 3: 11 quadruples and seven quintuples (Sect. 5).
Batten (1973) introduced fn – the fraction of systems of mul-
tiplicity n and higher to systems of multiplicity n − 1. For our
sample, f4 = (11 + 7)/64 = 28% and f5 = 7/11 = 64%. These
numbers are comparable to the high-multiplicity frequencies in
the MSC: f4 = 179/626 = 29% and f5 = 38/141 = 27%
(Table 1 of Tokovinin 2001). Spectroscopic binaries from the
MSC, such as HIP 76563/76566 (two SBs of 3.27d and 14.28d

in a system with six components), are not included in the sam-
ple. This is done to avoid intentional bias towards high multi-
plicity.

Fig. 14. Frequency of tertiary companions as a function of SB period.

8. Summary

1. The period distributions of SBs with and without tertiary
companions (TCs) are significantly different. This proves
the existence of pure SBs without TCs.

2. The mass ratio distributions of SBs with and without TCs
are identical.

3. The frequency of TCs is 63% for the whole SB sample.
However, it is a strong function of the SB period, reaching
96% for the close (P1 < 3d) SBs and decreasing to 34%
for SBs with P1 > 12d (Fig. 14). The last number is less
than the companion frequency of ∼50% for G-dwarfs in
the field. These results are robust because the TC detection
does not depend on the SB period.

4. The periods of most TCs in our sample range from 2 yr
to 105 yr. There is no correlation between P3 and P1. The
triple systems with P1 < 30d have large period ratios and
are very stable dynamically (Fig. 12).

5. The TCs are more massive than spectroscopic primaries in
a small fraction (17% ± 4%) of multiple systems, suggest-
ing that there is a tendency of the most massive component
to be found preferentially in shortest-period sub-systems.

9. Discussion

It seems that the properties of close SBs are established early in
their evolution. In a compilation of pre-Main Sequence (PMS)
SBs by Melo et al. (2001), the period distribution is not differ-
ent in any significant way from the distribution in our sample.
For example, SB periods are divided almost equally between
1d−7d and 7d−30d intervals. The observed frequency of TCs in
the Melo et al. PMS sample, 42% ± 19% (Sterzik et al. 2004),
is not different from the observed TC frequency of 52% in our
sample of SBs in the field.

Our main result (Fig. 14) shows that essentially all very
close SBs are members of higher-order systems. The KCTF
mechanism is most likely responsible for shortening SB peri-
ods during their life on the Main Sequence. It acts indepen-
dently of the TC period and mass: even a very wide and low-
mass companion can influence the SB, given sufficient time.
The period of Kozai cycles is of the order of P3(P3/P1) ∼
106 yr for a typical tertiary period of P3 = 1000 yr and the

~80% of solar-type binaries with
Pinner < 7 days have tertiary companions,

while only ~30% of slightly wider binaries with 
Pinner > 20 days have such tertiary components

(Tokovinin+ 2006)

The very close binary fraction (P < 7 days)
is directly proportional to the overall 

triple/quadruple star fraction, independent of M1
(Moe & Di Stefano 2017)



Very close binaries derive from dynamical interactions in triples
BUT mostly during the early pre-MS phase

Two mechanisms:

1) Kozai-Lidov oscillations in 
stable triples coupled with 
tidal friction (Kiseleva+ 98; 
Fabrycky & Tremaine 07)

2) Dynamical unfolding of 
unstable triples combined 

with significant energy 
dissipation in disk 

(Bate+ 02, 09)

Moe & Kratter 2017 (on arXiv today)
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Binary Star Evolution via RLOF (Moe and Di Stefano 2017) 

Frequency of 
companions with 
log P (days) < 3.7 

(a < 10 AU) 
and q > 0.1

● Only 15% of M1 = 1 M☉ primaries will interact via RLOF
● 80 - 90% of O-type primaries will experience RLOF (consistent with Sana+ 2012) 
● 10 - 20% of O-type primaries are in compact triples with aouter < 10 AU

the short-period regime, we have measured the statistics of
companions down to logP=0.2. Despite the uncertainty in the
functional form of the period distribution below logP<0.2,
the addition of companions with logP<0.2 is negligible
compared to the overall companion frequency at longer
periods. The frequency < < >f P q0.2 log 3.7; 0.1 of companions with
mass ratios q>0.1 across orbital periods 0.2<
logP<3.7 is therefore a reliable indicator of the fraction of
primaries that experience significant binary evolution
via RLOF.

As a function of primary mass M1, we calculate
< < >f P q0.2 log 3.7; 0.1 by integrating >f P qlog ; 0.1 across 0.2<

logP<3.7. We measure the uncertainties as done in Section 9.4,
and we display our results in Figure 42. Only 15%±3% of solar-
type primaries experience RLOF with companions q>0.1.
Meanwhile, the frequency < < >f P q0.2 log 3.7; 0.1=1.0±0.2 of
companions with q>0.1 and 0.2<logP<3.7 to O-type
primaries is nearly an order of magnitude larger. Essentially all
O-type primaries undergo RLOF with companions q>0.1. In
fact, the measured frequency < < >f P q0.2 log 3.7; 0.1=1.0±0.2 is
quite close to and may exceed unity. This suggests that ≈10%–
20% of O-type primaries are in compact triple configurations in
which the outer tertiary has q>0.1 and logPouter <3.7
(aouter10 au). Close tertiaries can induce Kozai oscillations
and may cause the inner binary to merge while still on the MS,
thereby producing a blue straggler (Perets & Fabrycky 2009). If
instead the inner binary first evolves into a pair of compact
remnants, for example, the tertiary may accelerate the merger of
the two compact objects and lead to the formation of a Type Ia
supernova or short gamma-ray burst (Thompson 2011). The
evolution of compact triples should be studied in more detail,
especially if they are relatively more common among massive
stars.

Sana et al. (2012) report that 71% ±8% of O-type stars will
interact with companions q>0.1 via RLOF. Our estimate of

< < >f P q0.2 log 3.7; 0.1=1.0±0.2 is consistent with this estimate
but slightly larger, for two reasons. First, Sana et al. (2012)
consider only binaries with P<1500 days, i.e., logP<3.2, to
experience significant binary evolution. This is primarily
because they measure the power-law slope η=−0.4±0.2
of the eccentricity distribution to be weighted toward small
values. Although η=−0.4 describes the eccentricity distribu-
tion of short-period binaries with P<20days, we find that
massive binaries with intermediate periods 2<logP<4 are
weighted toward larger eccentricities (η≈0.8; Figure 36).
Early-type binaries with slightly longer orbital periods
logP≈3.2–3.7 undergo RLOF at periastron given á ñe ≈0.5.
This effect increases the fraction of O-type stars that will
interact with a companion by D>f P qlog ; 0.1 logP≈0.3×
0.5=0.15 (see bottom panel of Figure 37).

Second, while Sana et al. (2012) assume that the distribu-
tions of mass ratios and orbital periods are independent, we find
that early-type binaries with intermediate periods are weighted
toward smaller mass ratios. There are more companions with
q≈0.1–0.4 and logP≈2–3 to O-type stars than predicted by
Sana et al. (2012). More recent observations with LBI confirm
an enhanced companion frequency at intermediate periods
logP=3.5 (Rizzuto et al. 2013; Sana et al. 2014; see
Figure 37). This second effect increases the fraction of O-type
primaries that will interact with a binary companion by an
additional ≈15%.

Because we find that early-type binaries with intermediate
orbital periods are weighted toward larger eccentricities and
smaller mass ratios, the frequency of companions that will
interact with a massive primary increases by ≈30%. We still
reaffirm the overall conclusion of Sana et al. (2012) that
massive stars are dominated by interactions with binary
companions. We simply find that the fraction is even larger if
we account for the variations between P, q, and e. Moreover,
the Sana et al. (2012) spectroscopic binary sample contains
only companions that are members of the inner binary.
Meanwhile, LBI is sensitive to all companions q>0.3 across
intermediate orbital periods, regardless of whether the
companions are outer tertiaries or members of the inner
binaries. In fact, LBI surveys have detected outer tertiaries at
logPouter (days)≈3–4 to massive stars in compact triple
configurations (Rizzuto et al. 2013; Sana et al. 2014). This is
why we estimate that ≈80%–90% of massive stars will interact
with a companion and ≈10%–20% of massive primaries are in
compact triple configurations with logPouter (days)<3.7
(aouter10au). Combining these two statistics brings the
total close companion frequency to our measured value

< < >f P q0.2 log 3.7; 0.1=1.0±0.2 for massive O-type MS
primaries.
We next utilize the measured multiplicity statistics to

estimate the fraction �evol of early-type primaries that are
actually the products of binary evolution. The fraction �evol
includes not only close binaries that merge or experience stable
MT but also wide companions in binaries in which the true
primaries have already evolved into compact remnants. Using a
Monte Carlo technique, we simulate a large population of
single and binary early-type stars (similar to our methods in
Section 8.3.2 for solar-type systems). We first select primaries
across 4Me<M1<40Me from a Salpeter IMF. Given M1,
we then determine the properties of the companions, i.e.,
intrinsic frequency, period, and mass ratio, based on our
probability distributions ( ∣ )f P q M, 1 measured in Section 9.
Once we generate our initial population, we evolve each

binary according to the stellar evolutionary tracks of Bertelli
et al. (2008, 2009) and the following assumptions regarding

Figure 42. Frequency of companions with q>0.1 and 0.2<log P
(days)<3.7 per primary as a function of primary mass M1. Only 15%
±3% of solar-type primaries (red) will experience significant binary evolution
via RLOF. Meanwhile, essentially all O-type primaries (magenta) will undergo
RLOF with companions q>0.1. About 10%–20% of O-type primaries are in
compact triples in which the outer tertiary has log P<3.7 and may therefore
significantly affect the evolution of the inner binary.

49

The Astrophysical Journal Supplement Series, 230:15 (55pp), 2017 June Moe & Di Stefano



Binary Star Evolution via RLOF (Moe and Di Stefano 2017) 

Even for a < 10 AU, the distribution of ZAMS binary properties are highly correlated
(see also Abt+ 1990 and Duchene & Kraus 2013):

f(M1, P, q, e) ≠ f(M1) × f(P) × f(q) × f(e) 

The density of binaries in certain pockets of the f(M1, P, q, e) parameter space 
differs by up to a factor of ~50 compared to canonical initial conditions

adopted in many binary population synthesis studies

Monte Carlo code that generates population of binaries
based on observed f(M1, P, q, e) is available

Separately adjusting the individual distributions f(P), f(q), and f(e) to the
extremes will still not encompass the true nature of the binary population



Binary evolution affects your multiplicity statistics (Moe & Di Stefano 2017)

Solar-type SB1s:
1) Sirius-like binaries 

with hot WDs
2) Barium stars

Early-type SB1s:
1) EBs vs. SB1s
2) N(SB1s)/N(SB2s)

increases with age

30% ± 10% of massive stars are the products of binary evolution (de Mink+ 2014)

20% ± 10% of early-type “primaries” are actually the secondaries in which 
the true primaries have already evolved into compact remnants

11% ± 4% of solar-type “primaries” have WD companions

For a volume-limited sample:

30% ± 10% of SB1s contain compact remnant companions



Malachi Regulus Moe 

Regulus (α Leonis - the heart of the lion):
- SB1 with P = 40 days
- Rapidly rotating B-type star
- Companion either K-dwarf or WD

30 ± 10% of SB1s have compact remnant companions 
(Moe & Di Stefano 2017)

?



How the close binary fraction changes with
decreasing metallicity Z

Reference
Spectral
Type

Minimum
log(Z/Z☉)

As Z↓,		
ΔF/F

Carney+	2005 G −2.4 <|30%|

Gao+ 2014 G −1.5 +50%	

Hettinger+	2015 F −1.7 −25%	

Moe+	2013 B −0.7 <|20%|

Dunstall+	2015 B −0.4 <|30%|

Variations with respect to Z are small and possibly due to 
sensitivity and selection biases, e.g., lower-metallicity stars are 
systematically older and more likely to contain WD companions



Multiplicity Statistics: Diagnostics for Binary Star Formation and 
Initial Conditions for Binary Star Evolution (Moe & Di Stefano 2017)

Wide Companions:
log P (days) = 5 - 9;
a = 100 - 30,000 AU;
Core Fragmentation

• fwide = 0.5, initially independent of M1

• f(q) initially consistent with random
pairings drawn from IMF

• Subsequent dynamical ejections: 
systems with smaller M1 and q  
are preferentially disrupted by ZAMS

Intermediate-Period 
Companions:

log P (days) = 1 - 5;
a = 0.1 - 100 AU;

Disk Fragmentation

Very Close Binaries
log P (days) < 1;

a < 0.1 AU;
Dynamical Hardening in 
Triples during Pre-MS

• fmid = 0.4 (M1 = 1M☉) - 1.5 (30M☉)
• f(q) correlated due to co-evolution /  
shared accretion in the disk

• M1 = 1M☉: uniform f(q) 
• M1 > 5M☉: weighted toward q = 0.2

• fclose = 0.02 (M1 = 1M☉) - 0.2 (30M☉)
• Most have outer tertiaries
• Uniform f(q) with excess twin fraction


