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ΔRVmax	=	|RVmax	−	RVmin|	
	

Only	requires	that	stars	have	Nvisits	≥	2	

Can’t	derive	orbital	solutions,	but	can	
study	their	properties	in	large	

statistical	samples!	
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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.
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orbital circularization in the RGB. The maximum eccentricity
allowed at any period above Pcirc is limited by angular
momentum conservation, and can be approximated as
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(Mazeh 2008), which has been shown to be in good agreement
with Kepler observations of “heartbeat stars” (Shporer
et al. 2016 ). Note that the period exponents in Equations (2)
and (4) cancel out, therefore the maximum ΔRVpp remains
constant for periods above Pcirc (horizontal blue and red lines in
Figure 7). In practice, however, ΔRVmax values close to this

theoretical upper limit for highly eccentric systems are hard to
observe at periods much longer than Pcirc because (1) there is a
limit to the temporal baseline that can be probed in any RV
survey, (2) systems with e∼emax are rare, and (3) at high
eccentricities it becomes increasingly difficult to capture the
full dynamic range of RV with a sparse sampling, since most of
the variation happens in a brief time interval close to periastron.
In any case, orbital eccentricities will break down the simple
relationship between P and ΔRVpp shown in Equation (2) for
periods longer than Pcirc.
To help visualize the effects of the APOGEE sampling on

the distribution of ΔRVmax, we have added an inset to Figure 7
that shows the fraction of stars that could in principle probe the
full value of ΔRVpp, because they have temporal baselines
longer than half a given period. The temporal baselines of
individual APOGEE targets range between 0.8 and 1043 days,
with a median of 40 days. The fraction of targets that can fully
sample the maximum RV range as a function of period falls
rapidly above log P∼1.7, but it remains above 10% at
log P∼2.8, which is the value of Pcrit at the tip of the RGB for
systems with 1Me primaries. There are no large systematic
variations of the distribution of temporal baselines or the
number of visits with either log g or metallicity in our
APOGEE targets.

3.3. Measurement Errors and Multiple Systems

Even though the APOGEE data reduction pipeline reports
RV errors below 0.1 km s 1- (Nidever et al. 2015), Cottaar et al.
(2014) found evidence that these errors might be under-
estimated by as much as a factor ∼3. TheΔRVmax distributions
measured by APOGEE also indicate that either the average RV
errors are larger than reported by the pipeline or there is an
additional source of scatter in the individual RV measurements.

Figure 5. Distribution of ΔRVmax values for APOGEE stars in our main sample (gray dots) and RC sample (dark red dots) as a function of log g. The solid lines
indicate the maximum value of ΔRVmax (for q= 1 and i=90°) at the critical period for RLOF in stars of 0.5 (green), 1 (red), and 2 (blue) Me as a function of log g.
The position of the tip of the RGB (the lowest value of log g) in MIST models of solar metallicity is indicated by the terminal symbols for 1 and 2 Me stars.

Figure 6. Cumulative histograms of ΔRVmax for eight log g bins in the main
sample, covering the range between the MS and the tip of the RGB (colored
plots), plus the RC catalog (gray plot).
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Primary	mass	is	correlated	with	
the	close	binary	fraction,	which	
has	implications	for	star	
formation	theories.	

Moe	and	Di	Stefano	17	

Badenes+18	

Whereas	correlations	with	
surface	gravity	yield	insight	into	
the	frequency	of	RLOF	events	
during	both	stars’	lifetimes.	



Previously	Known	Correlations	

C.	Mazzola	—	Stellar	Properties	and	CBF	 SDSS-IV	Meeting,	June	24,	2020	5	

GK IV/V stars (Section 4), and Kepler EBs with F3V–K3V
primaries (Section 5). Based on the Raghavan et al. (2010)
volume-limited sample of solar-type stars, we also showed in
Section 2 that the binary fraction below logP(days)<6
(a200 au) is 50%±8% across −0.9<[Fe/H]<−0.4 and
25%±2% across −0.3<[Fe/H]<0.4. According to our
adopted lognormal period distribution, 55% of binaries below
logP(days)<6 are close binaries with logP(days)<4.
This provides close binary fractions of Fclose=28%±5%
and 14%±2% across −0.9<[Fe/H]<−0.4 and −0.3<
[Fe/H]< 0.4, respectively, which we also show in Figure 18.

All five samples/methods presented in Figure 18 exhibit a
quantitatively consistent anticorrelation between Fclose and
[Fe/H]. Because of the different methods used to identify
binaries in the various samples, it is difficult for them to
conspire to produce consistent results erroneously. The error
bars for each of the data points in Figure 18 incorporate not
only the measurement uncertainties according to their respec-
tive sample sizes but also the systematic uncertainties in
transforming the observed (incomplete) close binary fractions
into intrinsic bias-corrected close binary fractions. Attempting
to fit a constant Fclose to the 23 independent measurements in
Figure 18 results in a reduced χ2/ν=6.2 with ν=22 degrees
of freedom. Even after considering systematic uncertainties, we
can reject the null hypothesis that the close binary fraction of
solar-type stars is invariant with respect to metallicity at the
8.7σ significance level (p=2.2×10−18).

We instead adopt a weighted moving average for Fclose([Fe/H])
that can be accurately fitted by two line segments. The corrected
close binary fraction of solar-type stars decreases from Fclose=
53%±12% at [Fe/H]=−3.0 to Fclose=40%±6% at

[Fe/H]=−1.0 and then to Fclose=10%±3% at [Fe/H]=
+0.5. We display our two-segment fit to the various observations in
Figure 18. Across the full metallicity interval −3.0<[Fe/H]<
0.5, the close binary fraction of solar-type stars decreases by a
factor of ≈5. Metal-poor halo stars clearly have a higher close
binary fraction than metal-rich disk stars. Most of the variation in
Fclose occurs across the narrower interval −1.0<[Fe/H]<0.5,
whereby the close binary fraction decreases by a factor of≈4. Even
within the galactic disk, the close binary fraction of solar-type stars
decreases dramatically with metallicity. By interpolating our fit at
the mean metallicity of the field, i.e., [Fe/H]≈−0.2, we measure a
close binary fraction of Fclose=24%±4%. This matches the
close binary fraction inferred from volume-limited samples of solar-
type stars in the solar neighborhood (Duquennoy & Mayor 1991;
Raghavan et al. 2010; Tokovinin 2014; Moe & Di Stefano 2017).

6.2. Binary Period Distributions

Solar-type binaries in the field follow a lognormal
companion period distribution that peaks at log P(days)=4.9
(apeak≈40 au) with a dispersion of σlog P=2.3 (Duquennoy
& Mayor 1991; Raghavan et al. 2010; Tokovinin 2014). After
making small corrections for incompleteness (Chini et al. 2014;
Moe & Di Stefano 2017), the single-, binary-, triple-, and
quadruple-star fractions are Fsingle≈51%, Fbinary≈34%,
Ftriple≈12%, and Fquadruple≈3%, respectively. These frac-
tions provide the average multiplicity frequency of companions
per primary of fmult=Fbinary + 2Ftriple + 3Fquadruple=
0.67±0.05. We define the frequency flog P of stellar
companions per decade of orbital period such that

ò= ( )f f d Plog . 3Pmult
0

9

log

In Figure 19, we plot the lognormal period distribution flog P of
solar-type multiples in the solar neighborhood scaled to
fmult=0.67 across log P(days)=0–9 (black line).

Figure 18. Intrinsic close binary fraction (P<104 days; a<10 au) of
M1≈1 :M primaries as a function of metallicity after correcting for
incompleteness and other selection biases. We compare the measurements
from (1) SBs in samples of metal-poor giants (orange), (2) Kepler EBs with
solar-type dwarf primaries (blue), (3) a volume-limited sample of solar-type
primaries (magenta), (4) RV variables in the APOGEE survey of GK IV/V
stars (red), and (5) SBs in the Carney–Latham survey of high proper motion
stars (green). All five samples/methods show a consistent metallicity trend that
can be fitted by two line segments (black) in which the close binary fraction
decreases from Fclose=53%±12% at [Fe/H]=−3.0 to Fclose=
40%±6% at [Fe/H]=−1.0 and then to Fclose=10%±3% at [Fe/H]=
+0.5. Even after accounting for systematic uncertainties, the close binary
fraction of solar-type stars is anticorrelated with metallicity at the ≈9σ
significance level.

Figure 19. Frequency flog P of stellar companions per decade of orbital period.
We compare the canonical lognormal period distribution of solar-type multiples
in the solar neighborhood (black line) to the companion distribution of early-B
stars (dashed magenta line). We also show the metallicity-dependent period
distributions for solar-type primaries with [Fe/H]=−3.0 (blue), −1.0 (green),
−0.2 (orange), and +0.5 (red). The close binary fraction (log P<4;
a<10 au) of solar-type stars is significantly anticorrelated with metallicity,
while the frequency of wide companions (log P>6; a>200 au) is metallicity
invariant. As solar-type stars decrease in metallicity, both their binary fraction
and binary period distribution approach that of early-B stars.
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Badenes+2018	with	APOGEE	DR13	
found	an	anti-correlation	between	
[Fe/H]	and	RV	variability	fractions.	

Badenes+18	

MKB+19	

Moe,	Kratter,	and	Badenes	2019	
explained	this	divide:	
uncorrected	biases.	

Previous	studies	were	divided!	



the unknown inclination i is set to 90°). Figure 9 (left panel)
shows these minimum companion-mass estimates as a function
of the STARHORSE primary masses for all sources in the Gold
Sample. While the uncertainties in these quantities are not
shown for most sources, the eight highlighted systems (red
markers with error bars) show typical values of the errors on
the masses (but note that the errors will be strongly correlated).
The two dashed (blue) lines show the approximate hydrogen-
burning limit (lower horizontal line), and the upper curve
shows the line of equality where the minimum companion mass

is equal to the primary mass. Of these, 95 systems have
M2,min <80MJ: Some of these may be high-inclination stellar-
mass systems, but all should be considered brown dwarf
candidates. Based on the quality cuts applied to define the
parent sample (which should remove sources with blended
spectral lines), systems with M2,min >M1 should not exist in
the sample if the companion is luminous. The 40 systems with
M2,min >M1 are therefore excellent candidate compact object
companions and will be discussed in a separate paper (A. M.
Price-Whelan et al. 2020, in preparation).
The right panel of Figure 9 shows the ratio of the primary

stellar radius over the (projected) system semimajor axis as a
function of (minimum) mass ratio. Here, the curved, dashed
line shows an estimate of the Roche radius (Eggleton 1983).
Systems above this line are likely interacting. One such system
(2M08160493+2858542), indicated by the square (orange)
marker in this panel, appears to be strongly photometrically
variable in data from the ASAS-SN survey (Shappee et al.
2014; Jayasinghe et al. 2019). However, most other candidate
interacting systems do not have ASAS-SN light curves and
could instead be followed up with TESS (Ricker et al. 2014).
Figure 10 shows the radial velocity data (black markers)—

underplotted (blue lines) with orbits computed from posterior
samples—for the four highlighted systems below the 80MJ
line in Figure 9 (left). The left panels show the time series. The
right panels show the same data and orbits, but now phase-
folded using the MAP period value. The inferred minimum
companion masses are indicated in each right panel. These
systems were chosen from a vetted subsample of all substellar
companion candidates in order to highlight systems with a
range of companion masses, eccentricities, and numbers of
observations.
Figure 11 shows the same, but for the four highlighted

systems above the M2,min =M1 line in Figure 9. The
companions in the systems shown in the top two rows are
just barely consistent with being high-mass neutron stars (e.g.,
Cromartie et al. 2020), but the systems shown in the bottom

Figure 5. Close binarity across the color–magnitude diagram. Upper left:observed close-binary fraction as a function of spectroscopic surface gravity, log g, for all
stars that pass the giant-branch selection indicated in Figure 1. Lower left:observed binary fraction as a function of spectroscopic effective temperature, Teff, for all
stars that pass the main-sequence selection indicated in Figure 1. Right:extinction-corrected 2MASS color–magnitude diagram (CMD) for all APOGEE sources,
colored by the fraction of sources identified as binary-star systems (Section 5). Solid (dark purple) line shows a MIST isochrone for a 5 Gyr stellar population with
Fe H[ ]=−0.2, and dashed line indicates the corresponding equal-mass binary sequence for main-sequence stars. Panels in this figure are meant to be illustrative
only, since the observed binary fraction is not the same as the true, complete binary fraction (see Section 5 for selection criteria).

Figure 6. Observed close-binary fraction as a function of bulk metallicity, [M/
H]. Binary fraction is anticorrelated with metallicity, here measured with a
slope of −0.1. Normalization of our observed binary fraction is set by the
selection function of the APOGEE surveys and detection efficiency of our
selection criteria (see Section 6.1). As the binary fraction is uncorrected for
completeness, we tend to measure smaller binary fractions at, e.g., solar
metallicity, as compared to other work (e.g., Raghavan et al. 2010).
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All	three	of	these	correlations	were	also	found	in	a	sample	of	
binaries	in	APOGEE	DR16,	using	Teff	as	a	proxy	for	stellar	mass	
and	bulk	metallicity	[M/H].	

Price-Whelan+20	
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•  Quality	cuts	on	APOGEE	bitmasks	
•  Nvis	≥	2,	SNRvis	≥	40	
•  SB2s:	Kounkel+19	CCF	methods	
•  log(g)	≥	3.25,	[Fe/H]	≥	-1	

•  Distance,	mass,	age,	galactic	dynamical	
properties	taken	from	Sanders	and	Das	
2018	catalog	



Our	Data:	[Fe/H]	and	ΔRVmax	

C.	Mazzola	—	Stellar	Properties	and	CBF	 SDSS-IV	Meeting,	June	24,	2020	7	

Core	of	RV	measurement	errors	

Tail	of	RV	variables	
	
Two	reasons	cores	can	widen:	
•  lower	log(g)	(RV	jitter)	
•  lower	[Fe/H]	(weaker	lines)	

Our	threshold	for	RV	variability:		
ΔRVmax	≥	3	km	s-1	



MC:	Estimating	Completeness	
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Simulated	N	=	50,000	stars	with	fm	=	0.5	
•  Period:	Raghavan+10	lognormal	distribution	
•  Mass	ratios:	flat	with	25%	twin	(0.95	≤	q	≤	1.0	)	excess	fraction	
•  RV	error:	scipy.stats.t(df	=	3.5,	loc	=	0.0,	scale	=	0.25)	

Apply	a	10%	reduction	to	calculated	CC-CBFs	for	Malmquist	bias	
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Teff	and	M	
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Apparent	increase	in	CBF	at		
Teff	≥	6000	K,	though	could	
be	due	to	mix	of	dwarfs	and	
sub-giants	at	lower	Teff	
	

Moe+17:	CBF	~	M0.5	

Expect	factor	of	~2,	we	
observe	~1.5,	but	
•  Narrow	mass	range	
•  Large	uncertainties,	
especially	at	high	M	
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Probably	bad	mass	estimates!	

Apparent	increase	in	CBF	at		
Teff	≥	6000	K,	though	could	
be	due	to	mix	of	dwarfs	and	
sub-giants	at	lower	Teff	
	

Moe+17:	CBF	~	M0.5	

Expect	factor	of	~2,	we	
observe	~1.5,	but	
•  Narrow	mass	range	
•  Large	uncertainties,	
especially	at	high	M	



Metallicity	and	Chemistry	
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An	anti-correlation	between	the	CBF	and	[Fe/H]	is	again	apparent.	

However,	we	also	discover	a	strong	anti-correlation	with	the	CBF	and	
both	Mg	and	Si!	This	is	the	clearest	trend	among	what	we	considered.	

What	about	other	α	abundances?	
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Anti-correlation	
with	[Fe/H]	
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Anti-correlation	
with	[Fe/H]	

Anti-correlation	
with	α	
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Anti-correlation	
with	[Fe/H]	

Anti-correlation	
with	α	

Correlation	with	
[Fe/H]??	
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Anti-correlation	
with	[Fe/H]	

Anti-correlation	
with	α	

Correlation	with	
[Fe/H]??	

Increase	at		
[Fe/H],	α	>	0	??	



Closer	Look:	Constant	[Fe/H]	
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C.	Mazzola	—	Stellar	Properties	and	CBF	 SDSS-IV	Meeting,	June	24,	2020	19	

GK IV/V stars (Section 4), and Kepler EBs with F3V–K3V
primaries (Section 5). Based on the Raghavan et al. (2010)
volume-limited sample of solar-type stars, we also showed in
Section 2 that the binary fraction below logP(days)<6
(a200 au) is 50%±8% across −0.9<[Fe/H]<−0.4 and
25%±2% across −0.3<[Fe/H]<0.4. According to our
adopted lognormal period distribution, 55% of binaries below
logP(days)<6 are close binaries with logP(days)<4.
This provides close binary fractions of Fclose=28%±5%
and 14%±2% across −0.9<[Fe/H]<−0.4 and −0.3<
[Fe/H]< 0.4, respectively, which we also show in Figure 18.

All five samples/methods presented in Figure 18 exhibit a
quantitatively consistent anticorrelation between Fclose and
[Fe/H]. Because of the different methods used to identify
binaries in the various samples, it is difficult for them to
conspire to produce consistent results erroneously. The error
bars for each of the data points in Figure 18 incorporate not
only the measurement uncertainties according to their respec-
tive sample sizes but also the systematic uncertainties in
transforming the observed (incomplete) close binary fractions
into intrinsic bias-corrected close binary fractions. Attempting
to fit a constant Fclose to the 23 independent measurements in
Figure 18 results in a reduced χ2/ν=6.2 with ν=22 degrees
of freedom. Even after considering systematic uncertainties, we
can reject the null hypothesis that the close binary fraction of
solar-type stars is invariant with respect to metallicity at the
8.7σ significance level (p=2.2×10−18).

We instead adopt a weighted moving average for Fclose([Fe/H])
that can be accurately fitted by two line segments. The corrected
close binary fraction of solar-type stars decreases from Fclose=
53%±12% at [Fe/H]=−3.0 to Fclose=40%±6% at

[Fe/H]=−1.0 and then to Fclose=10%±3% at [Fe/H]=
+0.5. We display our two-segment fit to the various observations in
Figure 18. Across the full metallicity interval −3.0<[Fe/H]<
0.5, the close binary fraction of solar-type stars decreases by a
factor of ≈5. Metal-poor halo stars clearly have a higher close
binary fraction than metal-rich disk stars. Most of the variation in
Fclose occurs across the narrower interval −1.0<[Fe/H]<0.5,
whereby the close binary fraction decreases by a factor of≈4. Even
within the galactic disk, the close binary fraction of solar-type stars
decreases dramatically with metallicity. By interpolating our fit at
the mean metallicity of the field, i.e., [Fe/H]≈−0.2, we measure a
close binary fraction of Fclose=24%±4%. This matches the
close binary fraction inferred from volume-limited samples of solar-
type stars in the solar neighborhood (Duquennoy & Mayor 1991;
Raghavan et al. 2010; Tokovinin 2014; Moe & Di Stefano 2017).

6.2. Binary Period Distributions

Solar-type binaries in the field follow a lognormal
companion period distribution that peaks at log P(days)=4.9
(apeak≈40 au) with a dispersion of σlog P=2.3 (Duquennoy
& Mayor 1991; Raghavan et al. 2010; Tokovinin 2014). After
making small corrections for incompleteness (Chini et al. 2014;
Moe & Di Stefano 2017), the single-, binary-, triple-, and
quadruple-star fractions are Fsingle≈51%, Fbinary≈34%,
Ftriple≈12%, and Fquadruple≈3%, respectively. These frac-
tions provide the average multiplicity frequency of companions
per primary of fmult=Fbinary + 2Ftriple + 3Fquadruple=
0.67±0.05. We define the frequency flog P of stellar
companions per decade of orbital period such that

ò= ( )f f d Plog . 3Pmult
0
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log

In Figure 19, we plot the lognormal period distribution flog P of
solar-type multiples in the solar neighborhood scaled to
fmult=0.67 across log P(days)=0–9 (black line).

Figure 18. Intrinsic close binary fraction (P<104 days; a<10 au) of
M1≈1 :M primaries as a function of metallicity after correcting for
incompleteness and other selection biases. We compare the measurements
from (1) SBs in samples of metal-poor giants (orange), (2) Kepler EBs with
solar-type dwarf primaries (blue), (3) a volume-limited sample of solar-type
primaries (magenta), (4) RV variables in the APOGEE survey of GK IV/V
stars (red), and (5) SBs in the Carney–Latham survey of high proper motion
stars (green). All five samples/methods show a consistent metallicity trend that
can be fitted by two line segments (black) in which the close binary fraction
decreases from Fclose=53%±12% at [Fe/H]=−3.0 to Fclose=
40%±6% at [Fe/H]=−1.0 and then to Fclose=10%±3% at [Fe/H]=
+0.5. Even after accounting for systematic uncertainties, the close binary
fraction of solar-type stars is anticorrelated with metallicity at the ≈9σ
significance level.

Figure 19. Frequency flog P of stellar companions per decade of orbital period.
We compare the canonical lognormal period distribution of solar-type multiples
in the solar neighborhood (black line) to the companion distribution of early-B
stars (dashed magenta line). We also show the metallicity-dependent period
distributions for solar-type primaries with [Fe/H]=−3.0 (blue), −1.0 (green),
−0.2 (orange), and +0.5 (red). The close binary fraction (log P<4;
a<10 au) of solar-type stars is significantly anticorrelated with metallicity,
while the frequency of wide companions (log P>6; a>200 au) is metallicity
invariant. As solar-type stars decrease in metallicity, both their binary fraction
and binary period distribution approach that of early-B stars.
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Models	predict	an	anti-correlation	
between	[Fe/H]	and	disk	fragmentation.	
•  Metal-poor	cores	are	hotter,	larger,	and	
more	gravitationally	unstable.	

•  Metal-poor	disks	have	lower	optical		
depths,	promoting	cooling	and	
fragmentation.	

What	about	α	abundances?	

For	[α/Fe]	<	0.05,	these	two	effects	result	in	a		
stronger	correlation	with	α	abundance	than	with	Fe.	

For	[α/Fe]	>	0.05,	a	chemistry-independent	floor	of	CBF	≈	10%	emerges.	
•  At	least	10%	of	disks	are	massive	or	cool	enough	early	on	to	fragment,	regardless	of	
chemistry?	

•  Metal-rich	and/or	low-M	disks	unsusceptible	to	fragmentation,	thus	all	from	cores	that	
fragmented	on	larger	scales	and	decayed	into	closer	orbits?	

MKB+19	
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GK IV/V stars (Section 4), and Kepler EBs with F3V–K3V
primaries (Section 5). Based on the Raghavan et al. (2010)
volume-limited sample of solar-type stars, we also showed in
Section 2 that the binary fraction below logP(days)<6
(a200 au) is 50%±8% across −0.9<[Fe/H]<−0.4 and
25%±2% across −0.3<[Fe/H]<0.4. According to our
adopted lognormal period distribution, 55% of binaries below
logP(days)<6 are close binaries with logP(days)<4.
This provides close binary fractions of Fclose=28%±5%
and 14%±2% across −0.9<[Fe/H]<−0.4 and −0.3<
[Fe/H]< 0.4, respectively, which we also show in Figure 18.

All five samples/methods presented in Figure 18 exhibit a
quantitatively consistent anticorrelation between Fclose and
[Fe/H]. Because of the different methods used to identify
binaries in the various samples, it is difficult for them to
conspire to produce consistent results erroneously. The error
bars for each of the data points in Figure 18 incorporate not
only the measurement uncertainties according to their respec-
tive sample sizes but also the systematic uncertainties in
transforming the observed (incomplete) close binary fractions
into intrinsic bias-corrected close binary fractions. Attempting
to fit a constant Fclose to the 23 independent measurements in
Figure 18 results in a reduced χ2/ν=6.2 with ν=22 degrees
of freedom. Even after considering systematic uncertainties, we
can reject the null hypothesis that the close binary fraction of
solar-type stars is invariant with respect to metallicity at the
8.7σ significance level (p=2.2×10−18).

We instead adopt a weighted moving average for Fclose([Fe/H])
that can be accurately fitted by two line segments. The corrected
close binary fraction of solar-type stars decreases from Fclose=
53%±12% at [Fe/H]=−3.0 to Fclose=40%±6% at

[Fe/H]=−1.0 and then to Fclose=10%±3% at [Fe/H]=
+0.5. We display our two-segment fit to the various observations in
Figure 18. Across the full metallicity interval −3.0<[Fe/H]<
0.5, the close binary fraction of solar-type stars decreases by a
factor of ≈5. Metal-poor halo stars clearly have a higher close
binary fraction than metal-rich disk stars. Most of the variation in
Fclose occurs across the narrower interval −1.0<[Fe/H]<0.5,
whereby the close binary fraction decreases by a factor of≈4. Even
within the galactic disk, the close binary fraction of solar-type stars
decreases dramatically with metallicity. By interpolating our fit at
the mean metallicity of the field, i.e., [Fe/H]≈−0.2, we measure a
close binary fraction of Fclose=24%±4%. This matches the
close binary fraction inferred from volume-limited samples of solar-
type stars in the solar neighborhood (Duquennoy & Mayor 1991;
Raghavan et al. 2010; Tokovinin 2014; Moe & Di Stefano 2017).

6.2. Binary Period Distributions

Solar-type binaries in the field follow a lognormal
companion period distribution that peaks at log P(days)=4.9
(apeak≈40 au) with a dispersion of σlog P=2.3 (Duquennoy
& Mayor 1991; Raghavan et al. 2010; Tokovinin 2014). After
making small corrections for incompleteness (Chini et al. 2014;
Moe & Di Stefano 2017), the single-, binary-, triple-, and
quadruple-star fractions are Fsingle≈51%, Fbinary≈34%,
Ftriple≈12%, and Fquadruple≈3%, respectively. These frac-
tions provide the average multiplicity frequency of companions
per primary of fmult=Fbinary + 2Ftriple + 3Fquadruple=
0.67±0.05. We define the frequency flog P of stellar
companions per decade of orbital period such that
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In Figure 19, we plot the lognormal period distribution flog P of
solar-type multiples in the solar neighborhood scaled to
fmult=0.67 across log P(days)=0–9 (black line).

Figure 18. Intrinsic close binary fraction (P<104 days; a<10 au) of
M1≈1 :M primaries as a function of metallicity after correcting for
incompleteness and other selection biases. We compare the measurements
from (1) SBs in samples of metal-poor giants (orange), (2) Kepler EBs with
solar-type dwarf primaries (blue), (3) a volume-limited sample of solar-type
primaries (magenta), (4) RV variables in the APOGEE survey of GK IV/V
stars (red), and (5) SBs in the Carney–Latham survey of high proper motion
stars (green). All five samples/methods show a consistent metallicity trend that
can be fitted by two line segments (black) in which the close binary fraction
decreases from Fclose=53%±12% at [Fe/H]=−3.0 to Fclose=
40%±6% at [Fe/H]=−1.0 and then to Fclose=10%±3% at [Fe/H]=
+0.5. Even after accounting for systematic uncertainties, the close binary
fraction of solar-type stars is anticorrelated with metallicity at the ≈9σ
significance level.

Figure 19. Frequency flog P of stellar companions per decade of orbital period.
We compare the canonical lognormal period distribution of solar-type multiples
in the solar neighborhood (black line) to the companion distribution of early-B
stars (dashed magenta line). We also show the metallicity-dependent period
distributions for solar-type primaries with [Fe/H]=−3.0 (blue), −1.0 (green),
−0.2 (orange), and +0.5 (red). The close binary fraction (log P<4;
a<10 au) of solar-type stars is significantly anticorrelated with metallicity,
while the frequency of wide companions (log P>6; a>200 au) is metallicity
invariant. As solar-type stars decrease in metallicity, both their binary fraction
and binary period distribution approach that of early-B stars.
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Another	consequence	of	these	
theories	is	that	companions	should	
be	skewed	towards	shorter	periods.	

This	would	lead	to	an	increase	in	
high-ΔRVmax	stars.	Our	ΔRVmax	
method	cannot	distinguish	this	shift	
from	an	increase	in	the	CBF.	
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Our	MC	model	assumes	the	same	period		
distribution	for	the	entire	simulated	sample,		
resulting	in	an	overcorrection	in	our	completeness	estimate.	

There	is	already	some	evidence	for	this	in	the	latest	release		
of	the	ASAS-SN	Catalog	of	Variable	Stars	(Jayasinghe+2020),	where	their	
metal-poor	eclipsing	binaries	are	skewed	towards	shorter	periods.	
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Many	stellar	parameters	are	correlated	to	the	CBF	and	can	be	
studied	with	large	statistical	RV	samples.	

Interpreting	these	trends	is	tricky,	as	these	parameters	often	have	
significant	internal	correlations.	

Metallicity	and	chemistry	are	both	strongly	anti-correlated	with	
the	CBF	in	our	APOGEE	DR14	sample.	

Despite	being	correlated	with	one	another,	we	still	find	the	effect	
with	α	abundance	to	be	stronger	than	with	Fe.	

This	matches	with	expectations	from	star	formation	theories,	
although	some	of	our	measured	effect	may	also	be	due	to	shorter	
periods	rather	than	a	larger	CBF.	



Stellar	age,	τ	
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Modest	upwards	trend,	though	complicated	
•  Ages	are	correlated	with	[Fe/H]	and	[α/Fe]	
•  Age	estimates	are	noisy		
•  SB2s	often	misclassified	as	100s	Myr	or	>10	Gyr	

•  Increase	at	old	end	is	probably	just	SB2s	

	



Dynamics:	Jz	and	vR	
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Positive	correlation	with	log(Jz)—but	could	it	be	due	to	a	
correlation	with	[Fe/H]?	
	
Extremely	flat	with	vR,	though	with	high	errors	at	edges	
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Table 2. Fit parameters and the number of � (estimated via bootstrapping) for the parameter to be consistent with 0.

log fm = b + aX log fm = c + bX + aX2

b a c b a �2
lin/�

2
quad

Te↵
-1.595 1.9e-7 3.318 -0.002 1.9e-7

2.72.7� 5.4� 5.8�

M
-0.815 0.11 -1.329 0.993 -0.34

1.52.1� 3.1� 2.5�

[Fe/H]
-0.787 -0.595 -0.782 -0.436 0.196

0.988.6� 4.7� 1.2�

[Mg/H]
-0.806 -1.32 -0.752 -0.851 0.627

3.513.0� 6.6� 2.7�

[Si/H]
-0.77 -1.15 -0.755 -1.011 0.187

1.39.1� 3.6� 0.5�

⌧
-1.355 0.077 -0.696 -0.127 0.013

4.72.8� 3.5� 4.4�

log(Jz ) -0.76 0.142 -0.783 0.045 0.062
1.45.0� 1.1� 2.7�

vR
-0.662 1.0e-5 -0.757 1.0e-4 1.0e-5

1.10.1� 0.4� 2.4�

easily-fit functions that provide an estimate of the slopes of
the distributions. We then bootstrapped (Nboot = 500) the
fits to estimate uncertainties on the fit parameters. We can
then calculate the number of � required for the first and sec-
ond derivatives to be consistent with zero. These values are
listed in the second row for each parameter in Table 2, with
significant values (n > 2) in purple and highly significant
values (n > 5) in blue. From these values, we conclude that
the chemical composition parameters show the most signif-
icant correlations with close binary fraction in our sample,
though there are also clear trends with stellar age, mass, Te↵,
and vertical action. We recover the strong anti-correlation
between [Fe/H] and the completeness-corrected close binary
fraction previously reported by various authors, and identify
for the first time a similar e↵ect in both sign and strength
for ↵-process elements Mg and Si. Characterizing these cor-
relations is the subject of the remainder of this paper.

3.3 Chemical Composition and the Close Binary
Fraction

The completeness-corrected close (log P  4.0) binary frac-
tion as a function of [Fe/H] alone is shown in Fig. 5. We
divided our sample into eight bins in [Fe/H], chosen to con-
tain approximately 5200 stars each. A linear fit to these
data shows that the close binary fraction changes by �141%
per [Fe/H] dex, slightly steeper than the �119% found by
Moe et al. (2019) in the APOGEE DR13 dwarfs. As we
have seen, however, the relationship between chemical com-
position and stellar multiplicity is complex, and it cannot
be characterized by metallicity alone. Here we consider four
parameters related to the abundance of ↵-process elements:
[Mg/H] and [Si/H] (already discussed in Section 3.2), plus
[↵/H] and [O/H]. The measurements of [C/H] and [N/H]
for APOGEE DR14 dwarfs are not reliable (Holtzman et al.
2018), so we did not include them in our analysis.

Figure 5. Completeness-corrected close binary fraction for each
[Fe/H] bin. The horizontal error bars show the [Fe/H] range of
each bin, and the vertical error bars show the completeness-
adjusted uncertainty, �f /c. The results of Moe et al. (2019) are
over-plotted alongside a linear fit to our data in order to find the
di↵erence in the close binary fraction per dex of [Fe/H].

We begin by revisiting the two-dimensional histograms
of completeness-corrected close binary fraction. Each panel
in Fig. 6 shows an ↵-process abundance measurement a func-
tion of [Fe/H], similar to the 2D histograms of Fig. 4, but
with a lower minimum count of five stars per bin to max-
imize parameter space coverage. The anti-correlation be-
tween close binary fraction and [Fe/H] is apparent as the
trend along the diagonal, and it is present for all four ↵
abundances. The additional anti-correlation with ↵ abun-
dance is clear when looking along lines of constant [Fe/H].
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Jayasinghe+2020	

EW:	W	Uma;	contact	binaries	
EB:	β-Lyrae;	contact	and	semi-detached		
EA:	Algol;	detached	
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