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Abstract. It is well established that the main-sequence binary fraction increases with primary
mass, but we have only recently explored in detail other important parameters such as age,
metallicity, and environment. In this proceeding, I overview recent observations that demon-
strate the close binary fraction (¢ < 10 AU) of solar-type stars decreases with metallicity but
is relatively constant with respect to age or environmental density, while the wide binary frac-
tion (a 2 1,000 AU) is metallicity invariant but decreases dramatically during the pre-main-
sequence phase. Wider binaries are intrinsically weighted toward smaller mass ratios, a trend
that is especially evident for companions to massive OB primaries. I also discuss the prop-
erties of white dwarfs in binaries and the statistics of triples and higher-ordered multiples. I
explain the various correlations with respect to mass and orbital separation in the context of
protobinary fragmentation, accretion, and migration.

1. Introduction

The bias-corrected binary and multiple star
statistics as a function of spectral type were
extensively reviewed by [Duchéne & Kraus
(2013) and Moe & Di Stefanol (2017). In the
following, I discuss these statistical distribu-
tions in the context of binary star formation:
disk fragmentation, accretion, and inward mi-
gration produce close binaries with a < 10 AU,
turbulent fragmentation of molecular cores
form wide binaries with a > 1,000 AU, and
both modes contribute to the census of bina-
ries with intermediate separations (Bate et al.
1995; |Kroupa|1995; Bate et al.[2002; [IKratter &
Matzner[2006; (Clarkel2009; (Oftner et al.[2010;
Kratter & Lodato|2016; Moe et al.[2019). The
main-sequence (MS) binary fraction Fy;, and
multiplicity frequency f,r monotonically in-
crease with primary mass (Section 2). Late-M
and solar-type field binaries follow log-normal

separation distributions peaking at a ~ 10 AU
and ~ 50 AU, respectively, and inner com-
panions to more massive OB primaries be-
come increasingly skewed toward shorter sep-
arations a < 1 AU (Section 3). The distribu-
tion of mass ratios ¢ = Mcomp/M; of close
binaries is roughly uniform with a small ex-
cess fraction of twins with g > 0.95, espe-
cially close solar-type binaries, while wide bi-
naries are weighted toward small mass ratios,
especially wide tertiary companions to OB pri-
maries (Section 4). Most compact solar-type
triples with a,, < 10 AU are in nearly co-
planar configurations, while wide tertiary com-
panions beyond aqy > 1,000 AU exhibit ran-
dom orientations with respect to the inner bi-
naries (Section 5). Although the wide binary
fraction, close binary fraction of OB stars, and
initial mass function (IMF) are metallicity in-
variant, the close binary fraction of solar-type
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stars is strongly anti-correlated with metallicity
(Section 6). The wide binary fraction of late-
type binaries decreases dramatically during the
pre-MS phase due to dynamical processing in
their birth clusters, while close binaries vary
only marginally with respect to age or environ-
ment (Section 7).

2. Binary fraction and multiplicity
frequency

In this section, I summarise two statistical
quantities: the binary star fraction Fy,(M)),
which is the fraction of MS primaries with
at least one stellar MS companion with
g > 0.1, and the multiplicity frequency
Jmue(M7), which is the average frequency of
stellar MS companions with g > 0.1 per pri-
mary. In Fig. I show both Fy;,(M;) and
Jmue(M7) for MS primaries (black data points),
and the solar-type values during the Class 0/1
pre-MS phase (red data points). These statistics
exclude sub-stellar brown dwarf (BD) com-
panions as well as compact remnant compan-
ions such as white dwarfs (WDs), neutron stars
(NSs), or black holes (BHs).

After utilising several observational tech-
niques and correcting for various selection ef-
fects, [Duquennoy & Mayor| (1991) measured
the binary star fraction of field solar-type pri-
maries to be Fp, = 0.57+0.05. Raghavan
et all (2010) estimated the binary star frac-
tion and multiplicity frequency of solar-type
stars within <25 pc to be Fpi, = 0.46+0.02
and fiue = 0.59 £0.05, respectively. The ob-
served binary fraction in the Tokovinin! (2014)
67-pc sample of FG-dwarfs is Fpi, = 0.42,
which is a lower limit due to incomplete-
ness of late-M companions across intermedi-
ate separations. The difference AFy;, = 0.11
between Duquennoy & Mayor (1991) and
Raghavan et al.| (2010) is mainly because the
former added undetected WD companions dur-
ing their corrections for incompleteness. Moe
& Di Stefanol (2017) found 11% + 4% of solar-
type MS stars in the field have WD com-
panions (=20% of all companions; see also
Murphy et al.|[2018)), and so the inclusion ver-
sus exclusion of WD companions leads to the
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discrepancy between the observed field and
zero-age MS solar-type binary star fractions.

The binary fraction of field M-dwarfs is
measurably smaller (Fischer & Marcy| 1992}
Basri & Reiners| [2006; Joergens| 2006; [Law
et al./2008; |Bergfors et al.|2010; Janson et al.
2012; Dieterich et al.|2012; [Ward-Duong et al.
20155 Winters et al.l[2019). For early-M pri-
maries (M; = 0.3-0.6My), the binary fraction
is Fpin = 0.35-0.40 and the multiplicity fre-
quency is fou = 0.45 - 0.50. For late M-dwarfs
(M, = 0.08 - 0.3My,), the binary star fraction is
only Fyin = 0.20-0.25, and the triple star frac-
tion is negligible, i.e., fiu & Fbin-

The binary star fraction is
Froin = 0.69+0.07 for A-type primaries
(De Rosa et al.l2014), Fy, > 0.8 for B-type
primaries (Abt et all [1990; [Kouwenhoven
et al. 2007; [Kobulnicky & Fryer 2007), and
Fyin > 0.85 for O-type primaries (Mason et al.
1998 Sana et al.| 2014; Moe & D1 Stefano
2017). After correcting for selection effects,
the multiplicity frequency is foue = 1.35 £0.25
for B-type primaries (Rizzuto et al|[2013),
Jout = 1.9+0.3 for early-B primaries (Abt
et al.ll1990), and fu = 2.2+ 0.3 for O-type
primaries (Sana et al/[2012). The multiplic-
ity frequency of OB primaries is close to
~2, implying the majority of massive stars
are in triples and higher-ordered multiples.
While only ~13% of solar-type MS primaries
are in triples and higher-ordered multiples
(Raghavan et al| 2010; [Tokovininl 2014),
~60-80% of OB stars are in triples (Moe &
Di Stefanol2017).

3. Period distribution

The binary period distributions provide insight
into the fragmentation and migration processes
of binary stars, and are used to determine the
fraction of binaries that are close enough to
interact. In Fig. 2l I show the frequency fioep
of MS companions per decade of orbital pe-
riod as a function of M; and log P (adaptation
from [Moe & Di Stefano|2017). The compan-
ion frequency fiogp describes the period distri-
bution of all companions, including inner bi-
naries and outer tertiaries. Nearly all compan-
ions with P < 100 days are members of inner
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Fig. 1. The binary star fraction (top) and multiplicity frequency (bottom) of MS stars as a function of
primary mass. The blue curves derive from integrating the period distributions of inner binaries (top) and
all companions (bottom) based on the analytic fit presented inlMoe & Di Stefano (2017, see also Section
3). The binary fraction and multiplicity frequency of solar-type pre-MS stars (thin red) are larger than their
MS counterparts in the field, but are still less than the observed values for OB MS stars.

binaries (Tokovinin 2014; |Sana et al/[2014).
Meanwhile, at longer periods log P (days) > 7,
more than half of companions to solar-type MS
primaries (Raghavan et al|[2010; [Tokovinin
2014) and nearly all companions to OB pri-
maries (Sana et al.l2014; [Moe & Di Stefano
2(117) are outer tertiaries in hierarchical triples.
The resulting period distributions of only those
companions that are members of inner binaries
are shown as the thin lines in Fig.[2l.

Duquennoy & Mayor (1991)), |[Raghavan
et_all (2010), [Tokovininl (2014) all demon-
strated companions to field solar-type MS pri-
maries follow a log-normal period distribu-
tion with a peak at logP (days) = 4.8-5.0
(a = 50 AU), dispersion of ojogp = 2.3, and nor-
malisation such that fi,, = f Siogp d1ogP ~ 0.6
(dotted line in Fig. D). The separations of

early-M binaries also follow a log-normal dis-
tribution, but with a slightly smaller mean
separation a = 30 AU (Fischer & Marcy
1992; lJanson_et al!|2012; | Ward-Duong et al.
2015; (Winters et al! [2019). The separation
distribution of binaries with late-M primaries
with M; = 0.08 - 0.15 M, narrowly peaks near
a = 7 AU, exhibiting a dearth of systems be-
yond a > 100 AU (Bouy et al.l2003;|Basri_&
Reiners 2006 [(Winters et all[2019). The com-
panion frequency fioep ~ 0.05 across interme-
diate separations a ~ 1-10 AU is nearly con-
stant between M; = 0.1 Mg and M| = 1 My
(Murphy et al.[2018). The smaller M-dwarf bi-
nary fraction is therefore largely due to the rel-
ative deficit of wide companions.

For B-type MS primaries, the close binary
fraction inferred from eclipsing and spectro-
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Fig. 2. Coloured according to primary mass M, analytic fit to the measured frequency fi,,p of
all companions (thick) and inner binaries (thin) per decade of orbital period (Moe & Di Stefand
[2017)). Integrating the thick and thin curves provide the multiplicity frequency fpnu(M;) and
binary star fraction Fyi,(M,), respectively. Field solar-type MS binaries follow a log-normal
period distribution that peaks at log P (days) =~ 4.9 (dotted; Duquennoy & Mayorl 199 1; Raghavarn
let al.I2010; Tokovininl2014). Field M-dwarf binaries also follow a log-normal period distribution,
but with a peak at slightly shorter periods (Winters et all[2019, references therein). Inner binary
companions to B-type MS primaries approximately obey Opik’s law, i.e., a uniform distribution
in log P (dash-dotted; [Abt et all[1990; [Kouwenhoven et al![2007; [Kobulnicky & Fryet[2007).
Inner binary companions to O-type MS primaries are skewed significantly toward very short
periods (dashed; [Sana et alll2012). Close binaries with log P (days) < 3.5 (left of thick dotted
line) will eventually interact via Roche-lobe overflow.

scopic binaries (Levato et al.[1987; [Abt et al.
[1990); Moe & Di Stefand [2013)) and the wide
binary fraction measured with direct imaging
and adaptive optics (Abt et all1990};|Shatsky &
Tokovininl2002)) are both larger than the values
for solar-type MS primaries. The similarity in
the measurements of fioep ~ 0.15 at both close

distribution with respect to log P (dash-dotted
line in Fig. [J). However, recent observations
have filled in the gap at intermediate periods
log P (days) = 3-5, demonstrating early-type
binaries actually peak with fioep ~ 0.20-0.25
at such intermediate separations

[2013;; [Evans et all[2015; [Moe & Di Stefand

and wide separations led [Kouwenhoven ef all

(2007) and |[Kobulnicky & Fryer (2007) to infer
the period distribution of B-type MS binaries
was consistent with Opik’s law, i.e., a uniform

[2017; Murphy et al|201R).

The close binary fraction of O-type MS pri-

maries is even larger (Sana_et alll2012;/Chini
let_all[2012); | Kobulnicky et alll2014). In par-
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ticular, [Sana et al.l (2012) found 69% + 9% of
O-type MS primaries have companions with
P < 1,500 days, and that the period distri-
bution of inner companions is skewed toward
very short periods P < 20 days (dashed line
in Fig. B)). Other observational techniques, in-
cluding lucky imaging (Peter et al. 2012),
speckle interferometry (Mason et al.[2009), di-
rect imaging with HST (Aldoretta et al.l2015)),
long baseline interferometry, sparse aperture
masking, and adaptive optics (Sana et al.[2014)
show the frequency of companions at interme-
diate and wide separations is larger for O-type
MS primaries compared to intermediate-mass
primaries. While inner companions to O-type
primaries are weighted toward short periods as
found in|Sana et al.| (2012)), the distribution of
all companions, including outer tertiaries and
quaternaries, cover a much broader range of
periods (see Fig. D).

4. Mass-ratio distribution

Binary mass ratios are set by the processes of
fragmentation and accretion, and so the mea-
sured mass-ratio distributions provide strin-
gent tests for models of binary star forma-
tion. Most studies of binary stars fit a sin-
gle power-law distribution f;, « ¢” to the
observed mass ratios (Shatsky & Tokovinin
2002; Sana et al. [2012; [Peter et al.l 2012
Duchéne & Kraus|[2013; |De Rosa et al.|2014).
However, with large samples, it becomes evi-
dent that a single-parameter model cannot ade-
quately fit the distribution across all mass ra-
tios (Duquennoy & Mayor| 1991} [Halbwachs
et _al.| [2003; |Gullikson et al.| 2016; Moe &
Di_Stefano 2017; Murphy et al.| 2018} [El-
Badry et al.|[2019). Moe & Di Stefanol (2017)
therefore adopted a three-parameter model: a
power-law slope Ysmaiq across small mass ra-
tios g = 0.1-0.3, a power-law slope Yiareeq
across large mass ratios g = 0.3-1.0, and an
excess fraction Fy, of twins with mass ratios
g > 0.95 (adaptation shown in Fig.[3). EI-Badry
et al.| (2019) adopted a similar construction for
lower-mass KM binaries, but with a break at
g = 0.5 separating the two power-law compo-
nents.
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For solar-type binaries, there is a modest
excess twin fraction Fiyi, = 0.20 at short peri-
ods P < 100 days (Tokovinin/2000; [Halbwachs
et al.J2003). Solar-type (Raghavan et al.|2010)
and A-type (De Rosa et all2014) binaries
with intermediate separations a ~ 1 - 100 AU
exhibit a smaller but statistically significant
excess twin fraction Fi,;, ~ 0.05-0.10. At
wider separations a > 200 AU, the excess
twin fraction was previously measured to
be Fuin < 0.05, ie., consistent with zero
(Lépine & Bongiorno|2007; Raghavan et al.
2010). However, [El-Badry et al.| (2019) re-
cently utilised Gaia common-proper-motion
binaries to demonstrate solar-type and M-type
primaries exhibit a small but statistically sig-
nificant excess twin fraction of Fi;, ~ 0.03
and = (.06, respectively, across a = 400 - 4,000
AU. For more massive primaries M; 2> 2 Mg,
the excess twin fraction Fiyi, < 0.04 is neg-
ligible beyond P > 20 days (Abt et al.[|1990;
Shatsky & Tokovinin/2002; Moe & Di Stefano
2015b; |Gullikson et al.l2016; Murphy et al.
2018)). Only at very short periods P < 20 days
do early-type MS binaries exhibit a small ex-
cess twin fraction Fiyi, =~ 0.10 (Pinsonneault
& Stanek!2006; Moe & Di Stetanol2013% Moe
& Di Stefanol2017).

Close companions to both solar-type and
early-type primaries roughly follow a uniform
mass-tatio distribution, i.€., Viargeq ¥ Vsmallq ¥
0.0 (Abt et al.[1990; Raghavan et al. [2010;
Sana et _al. 2012). The mass-ratio distribu-
tion of solar-type binaries with intermedi-
ate separations a = 10 AU broadly peaks at
g = 0.3 as found in Duquennoy & Mayor
(1991), i.e., Yiargeq ® —0.5 and Ysmang = 0.5. At
wider separations a > 200 AU, the mass-ratio
distribution of solar-type binaries becomes
weighted toward smaller mass ratios g = 0.3
(Yiargeq = —1.0) and flattens below g < 0.3
(Ysmalig = 0.0), but is still top heavy com-
pared to random pairings drawn from the IMF
(Lépine & Bongiorno2007; [Moe & Di Stefano
2017 |El-Badry et al.2019).

For early-type binaries, the power-law
COMPONEN(S Vigrgeq AN Ysmalq also decrease
with increasing separation, but much more dra-
matically (see Fig. 3). For A-type and late-B
primaries, the fitted values are yigreeq * —1.0
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Fig. 3. The mass-ratio distribution as parameterised by the excess fraction Fy, of twins with g >
0.95 (top), power-law SIOP€ Yiargeq across large mass ratios ¢ = 0.3 - 1.0 (middle), and power-law
slope Ysmailq across small mass ratios ¢ = 0.1-0.3 (bottom) as a function of period and coloured
according to primary mass. Close binaries follow a uniform mass-ratio distribution (Yiargeq =
Ysmallg = 0.0) with a small excess twin fraction Fiy;, = 0.1-0.2, while wider binaries become
increasingly weighted toward smaller mass ratios, especially those with more massive primaries.
Wide companions to early-type MS stars, mostly tertiaries, are significantly skewed toward ex-
treme mass ratios, but their mass-ratio distribution is still mildly discrepant with random pairings
drawn from a Salpeter IMF (¥iargeq = Vsmallq = —2.35).

and Ysmag ~ 0.0 at intermediate separations
a ~ 1-100 AU (Shatsky & Tokovinin| 2002}
De Rosa et al.| 2014 (Gullikson et al.| 2016}
Murphy et al.|2018), which then decrease to

Viargeq ¥ —2.0 and ygmang ~ —1.0 at very wide
separations a 2 500 AU (De Rosa et al.|2014).
Wide companions to more massive primaries
become even further skewed toward smaller
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mass ratios. For early-B and O-type primaries,
the power-law slopes are Yiageq = —1.5 and
Ysmallq = 0.0 across a ~ 1-10 AU (Abt et al.
1990; Rizzuto et al.| 2013 [Sana et al.| 2014
Evans et al.|2015; IMoe & D1 Stefano|[2015b))
and Yiggeq ® —2.0 and ygmang & —1.5 at wide
separations a 2> 100 AU (Abt et al[1990; [Peter
et al. 2012; [Sana et all2014). Even though
wide companions to early-type MS stars are
weighted significantly toward smaller mass ra-
ti0S (Viargeq = —2.0), the mass-ratio distribution
breaks below g < 0.3 (Ygmanq ® —1.5) and is
therefore mildly discrepant with random pair-
ings drawn from the IMF.

Close proto-binaries accrete from a cir-
cumbinary disk such that most of the infalling
mass is directed via streams toward the lower-
mass companion, driving inward migration and
the mass ratio evolution toward unity (Bate
et all 1995 Kroupal [1995; Bate & Bonnell
1997} |Clarkel 2009; [Young & Clarke| 2015).
This explains why close binaries exhibit a
uniform mass-ratio distribution and an excess
twin fraction. El-Badry et al.| (2019) argued
the few twins with a = 400-4,000 AU orig-
inally formed within the disk at closer sepa-
rations, but then were subsequently widened
due to N-body interactions in their birth clus-
ters. Meanwhile, wide binaries that derive from
core fragmentation are weighted toward small
mass ratios with no excess of twins (Moe &
Di Stefano|2017). The pre-MS mass-ratio dis-
tribution of very wide binaries (a ~ 10,000 AU)
may have been initially consistent with random
pairings drawn from the IMF, but the low-mass
companions with lower binding energies have
since been preferentially disrupted due to dy-
namical processing (Kroupa/1995)).

Although it is difficult to detect compan-
ions with g < 0.1, a bias-corrected census of
extreme mass-ratio binaries is beginning to
emerge. Close solar-type binaries with a < 1
AU exhibit a dearth of ¢ = 0.02-0.08 com-
panions commonly known as the BD desert
(Grether & Lineweaver [2006). At wider sep-
arations a > 10 AU, BD companions with
q < 0.1 are as abundant as late-M companions
with g = 0.1-0.2 (Kraus et al.2011; Raghavan
et al.l2010; [Wagner et al.|2019). For binaries
with A/F primaries and intermediate periods
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P ~ 100- 1,000 days, there is a deficit of ex-
treme mass-ratio binaries ¢ < 0.1 compared
to systems with ¢ = 0.1-0.2, but not a com-
plete absence as observed for solar-type sys-
tems (Murphy et al.|2018). For more massive
B-type MS primaries, the frequency of com-
panions with ¢ = 0.05-0.10 appears to be as
plentiful as companions with ¢ = 0.10-0.15,
even at very short periods P < 10 days (Moe &
Di Stefano2015al).

M-dwarf binaries are weighted toward
more equal masses (see Winters et al.[|2019| for
a review). For early M-dwarf binaries with in-
termediate separations a ~ 10 AU, the mass-
ratio distribution is nearly uniform with a
turnover in the sub-stellar BD regime (Fischer
& Marcy|[1992; [Bergfors et al.|[2010; Janson
et al.[2012; Winters et al.ll2019). As observed
for more massive binaries, there may be an
intrinsic trend whereby wider companions to
M-dwarfs systematically favour smaller mass
ratios (Duchéne & Kraus||2013). For binaries
with late M-dwarf primaries and intermediate
separations a = 1 - 10 AU, the mass-ratio distri-
bution is weighted significantly toward g > 0.7.
(Bouy et al.| 2003; Joergens| 2006 Basri &
Reiners| 20065 Bergfors et al.|[2010; [Dieterich
et al.l2012t IDuchéne & Kraus| 2013 [Winters
et al.|2019). The mass-ratio distribution of late
M-dwarf binaries can be modelled by either a
large excess twin fraction F, = 0.4 and/or
a power-law slope Yiargeq = 2 -4 that is signifi-
cantly skewed toward large mass ratios. As em-
phasised in|Dieterich et al.|(2012)) and|Duchéne
& Kraus|(2013), the dearth of BD companions
to M-type primaries is not a selection bias but
instead intrinsic to the population of M-dwarf
binaries, similar to the BD desert observed for
solar-type primaries.

5. Triples

The hierarchies of solar-type triples span the
full parameter space f(ai,,doy) provided they
are dynamically stable according to the crite-
rion aoy 2 3ai, (Tokovinin 2014). Compact
solar-type triples with ao < 10 AU are in
nearly co-planar configurations, i.e., ~90%
with mutual inclinations i < 40° (Borkovits
et all 2016). Compact triples tend to be



354

co-planar because both components derived
from disk fragmentation, as in the case ex-
ample resolved by ALMA (Iobin et al.
2016a). Meanwhile, [Tokovinin| (2017) showed
that slightly wider solar-type triples with
dout ~ 50 AU exhibit a broader distribution
of mutual inclinations, but still with ~90%
in prograde configurations satisfying i < 90°.
He also showed that only tertiaries with
aoy 2 1,000 AU, likely those that formed via
core fragmentation, have equal proportions of
prograde and retrograde orbits with respect to
the inner binaries, suggestive of random ori-
entations. There is a slight indication that the
degree of triple-star misalignment increases
with primary mass (Tokovinini2017), but larger
samples are needed to fully quantify this trend
and dependence on orbital separation.

Only ~30% of solar-type binaries with Py,
> 20 days have tertiary companions, but ~80%
of very close binaries with P;, < 7 days are in
triples. The latter led Kiseleva et al.| (1998)),
Fabrycky & Tremaine| (2007), and Naoz &
Fabrycky| (2014) to conclude that a signifi-
cant fraction of very close binaries derived
from Kozai-Lidov oscillations in misaligned
triples coupled with tidal friction. However,
Moe & Kratter! (2017) showed that only a mi-
nority of very close binaries could have mi-
grated via this mechanism because (1) most
compact triples have i < 40° and therefore
could not undergo Kozai-Lidov cycles, and (2)
the associated migration timescales are gen-
erally too long (> 10 Myr) to explain the ob-
served population of very close pre-MS bina-
ries (see Section 7). Moe & Kratter (2017) in-
stead concluded that most very close binaries
derive from migration within massive dissipa-
tive disks, and these massive disks also tend to
produce compact co-planar tertiaries.

6. Metallicity variations

The spectroscopic binary fraction of solar-type
stars appears to be independent of metallic-
ity (Latham et al.| 2002} |Carney et al.|2005).
However, both (Grether & Lineweaver (2007))
and Raghavan et al.| (2010) found that the
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bias-corrected binary fraction decreases with
metallicity, albeit with marginal significance.
Badenes et al. (2018) subsequently utilized
multi-epoch high-resolution APOGEE spectra
to demonstrate the radial velocity (RV) vari-
ability fraction of metal-poor stars is ~2-3
times larger than metal-rich stars. Moe et al.
(2019) reanalysed these various samples, and
demonstrated that because the absorption lines
of metal-poor stars are weaker, the uncertain-
ties in their RVs are systematically larger,
and so it is more difficult to detect their
spectroscopic RV companions. The true bias-
corrected close binary fraction is therefore
strongly anti-correlated with metallicity (see
Fig H). Moe et all (2019) also examined the
occurrence rate of Kepler eclipsing binaries,
and discovered the same anti-correlation with
respect to metallicity as found in the spectro-
scopic binary samples. As shown in Fig. 4] the
bias-corrected close binary fraction within a <
10 AU decreases from ~55% at [Fe/H] = —3.0
to ~40% at [Fe/H] = —1.0, and then to ~10%
at [Fe/H] = +0.5.

Conversely, Moe et al.| (2019) examined
various imaging surveys of solar-type stars
and concluded that the wide binary fraction
(a > 200 AU) is independent of metallic-
ity. [El-Badry & Rix| (2019) analysed Gaia
common-proper-motion binaries with spec-
troscopic metallicity measurements and con-
firmed that the wide binary fraction beyond
a > 200 AU does not vary by more than ~10%
across —1.0 < [Fe/H] < 0.5, but that a metal-
licity dependence emerges below a < 200 AU.
At intermediate separations of a = 50 AU,
they showed that the binary fraction decreases
by a factor of ~3.0 from [Fe/H] = —1.0 to
+0.5, nearly the factor of ~4.0 observed below
a <10 AU.

Finally, unlike solar-type stars, the close
binary fraction of OB stars is independent of
metallicity (Moe & Di Stefanol [2013)). T dis-
play the bias-corrected binary period distri-
butions as a function of primary mass and
metallicity in Fig. Bl Moe et all (2019) con-
cluded that turbulent fragmentation of opti-
cally thin cores was independent of metallicity,
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Fig. 4. The bias-corrected close binary fraction of solar-type stars taken from/Moe et al! (2019).
All five samples / methods yield consistent results, demonstrating the decrease in the close binary

fraction with respect to metallicity is robust.

as shown in hydrodynamic simulations (Bate
2019), which is why the wide binary fraction
and IMF are metallicity invariant. Meanwhile,
optically thick disks become cooler and more
prone to fragmentation with decreasing metal-
licity (Tanaka & Omukai 2014; Moe et al.
2019), which explains why the close binary
fraction of solar-type stars is anti-correlated
with metallicity. Even at solar metallicity, the
disks of massive proto-stars are gravitationally
unstable (Kratter & Matzner [2006; [Tanaka &
Omukail2014; [Kratter & T.odatol2016), and so
the close binary fraction of OB stars is #100%.
Decreasing the metallicity cannot therefore in-
crease the propensity for disk fragmentation
(binary formation is already saturated), and so
their close binary fraction is metallicity invari-
ant. The binary fraction within a < 200 AU
of solar-type stars with [Fe/H] = —1.0 is also

nearly saturated at ~100%, possibly explaining
the flattening in the close binary fraction below
[Fe/H] < —1.0 in Fig[4.

7. Pre-main-sequence

Most solar-type stars were initially born in
binaries, but dynamical interactions disrupted
the majority of wide companions on cluster-
crossing timescales (Kroupa 1995). Far-IR and
sub-mm observations of very young Class 0/1
proto-stars reveal a large factor of =3 ex-
cess of wide companions beyond a > 500
AU relative to the field (Duchéne et alll2007;
Connelley et al)|2008; [Tobin_et_all [2016Hh).
This excess quickly diminishes by the older
Class II/III phase. Meanwhile, the close bi-
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[Fe/H] = +0.5
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Fig. 5. The frequency of stellar companions per decade of orbital period as a function of primary

mass and metallicity taken fromMoe et al/(2019).

I compare M| = 10M, primaries (thick dashed

magenta; metallicity invariant), field solar-type binaries averaged across all metallicities (thick

black), and the metallicity-dependent distribution:

nary fraction of T Tauri stars is consistent with
the field (Mathieul|1994; Melo|2003; [Kounkel
et al.[2019). In particular, Kounkel et al. (2019)
showed that the binary fraction and period dis-
tribution across P =2 - 10,000 days (a = 0.05 -
10 AU) of class II/III T Tauri stars were nearly
identical to the field properties, with at most
a 30% deficit at the shortest of periods P <
5 days. The latter demonstrates that at most
<30% of very close binaries migrate via Kozai-
Lidov cycles in triples and tidal friction after
the zero-age MS. [Kounkel et all (2019) also
found the close binary fraction may change
non-monotonically with density, but the obser-
vations were also consistent with no variation.

Interestingly, high-resolution and adaptive
optics imaging of T Tauri stars in low-density
environments reveal an excess of companions

s for solar-type primaries (thin coloured).

~

across intermediate separations a =~ 10-100
AU (Ghez et al.l11993;|Kraus et al/2011,,/2012).
It was originally believed that all stars were
initially born with an excess of companions
beyond a > 10 AU relative to the field, but
that dynamical interactions in dense environ-
ments like Orion reduced the binary fraction
across such intermediate separations. This im-
plied that most low-mass stars were born in
such Orion-like environments in order for the
simulated rate of dynamical disruptions across
a=10-100 AU to match the rate inferred from
observations. However, [Duchéne et all (2018)
showed that even young stars in Orion exhibit a
large excess of companions across a = 10- 100
AU. They concluded that most field stars must
have been born in environments that signifi-
cantly differed from all the nearby star form-
ing environments we see today. The similar-
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ity in the period distribution and close binary
fraction below a < 10 AU found between T
Tauri stars and field stars and the excess of T
Tauri binaries across a = 10 - 100 AU in Orion
presents a significant challenge for theories and
dynamical models of binary star formation.

8. Conclusions

Binary stars display a complicated parameter
space in which the distributions of primary
mass, period, mass ratio, eccentricity are all
inter-related and depend on other parameters
such as metallicity, age, and environment. The
triple star fraction of massive stars, distribu-
tions of triple star hierarchies, and mutual incli-
nations of triples have only been recently mea-
sured. The various observational constraints
suggest close binaries derived from disk frag-
mentation and migration while wide binaries
formed via core fragmentation, but additional
observations are needed to fill in the gaps and
resolve apparent discrepancies between vari-
ous data sets. The millions of eclipsing, spec-
troscopic, and astrometric binaries to be dis-
covered by Gaia (Eyer et al.|[2015) will help
further constrain models of binary star forma-
tion. Most importantly, I showed some case
examples where selection effects can bias our
interpretations, e.g., inclusion (Duquennoy &
Mayor|1991) versus exclusion (Raghavan et al.
2010) of WD companions when measuring
the binary fraction of solar-type stars (Moe &
Di Stefanol2017), or correcting for incomplete-
ness as a function of metallicity (Moe et al.
2019). With future and larger samples of bi-
nary stars, it becomes even more imperative to
account for the various selection effects.
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