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Duchêne & Kraus 2013), especially at short periods (Moe & Di
Stefano 2017), but the lognormal shape of the period
distribution is robust below log P∼4 for Sun-like stars
(Latham et al. 2002; Melo 2003; Carney et al. 2005; Geller
& Mathieu 2012; Leiner et al. 2015; Moe & Di Stefano 2017).
The mass ratio has a roughly flat distribution, but Moe & Di
Stefano (2017) showed that this is not independent of the
period distribution. The eccentricities of MS binaries follow a
Maxwellian “thermal” distribution at intermediate periods, but
tidal interactions circularize the orbits below log P∼1.1 (Zahn
1989; Raghavan et al. 2010; Moe & Di Stefano 2017).

Most observational studies of stellar multiplicity have
focused on small samples of a few hundred objects in specific
environments like the solar neighborhood or individual stellar
clusters (e.g., Duquennoy & Mayor 1991; Carney et al. 2003;
Geller et al. 2008; Raghavan et al. 2010; Matijevic et al. 2011;
Sana et al. 2012; Merle et al. 2017). In this context, intrinsic
variations of the multiplicity statistics with parameters like
effective gravity, age, metallicity, or disk/halo membership
cannot be explored without addressing large observational
biases. These intrinsic variations, if present, might affect the
interplay between stellar multiplicity and stellar evolution, and
impact the formation rates of interacting binaries (Gosnell
et al. 2015; Andrews et al. 2016). There is a pressing need for
multiplicity surveys with enough scope and precision to deal
with these issues and effectively probe stellar multiplicity after
the MS and across the Milky Way.

The Apache Point Observatory Galactic Evolution Experi-
ment (APOGEE Majewski et al. 2017) within the Sloan Digital
Sky Survey (SDSS; Gunn et al. 2006; Blanton et al. 2017),
with its high-resolution, high-efficiency, multiplexed infrared
spectrograph, has produced the first truly panoramic view of
the stellar content of our Galaxy. APOGEE has targeted more
than 150,000 stars at distances of up to ∼30 kpc, probing
heavily obscured parts of the Galactic Disk. The APOGEE
Stellar Parameter and Chemical Abundances Pipeline (ASP-
CAP, García Pérez et al. 2016) provides reliable measurements

of effective temperatures (Teff), surface gravities (log g), and
chemical abundances for each of these targets, as well as highly
precise radial velocities (RVs; Nidever et al. 2015). APOGEE
also has a temporal dimension, with multiple spectra taken for
each target, that enables studies of stellar multiplicity. In Troup
et al. (2016), this temporal dimension was explored for a few
thousand stars with seven or more RV measurements, which
allowed them to derive orbital solutions and investigate the
properties of stellar and substellar companions in detail. Here,
we focus on the majority of APOGEE targets, which have only
sparsely sampled RV curves.
For these stars, detailed orbital parameters cannot be

measured (see Price-Whelan et al. 2017), but a statistical
analysis of their RVs can still yield valuable insights on stellar
multiplicity, its dependence on fundamental stellar properties,
and its interplay with stellar evolution. Our work continues the
statistical study of stellar multiplicity with sparsely sampled
RV curves in SDSS that began with the study of white dwarfs
(Badenes & Maoz 2012; Maoz et al. 2012) and MS stars
(Hettinger et al. 2015) drawn from the low-resolution optical
spectra in the Sloan Extension for Galactic Understanding and
Exploration survey (SEGUE; Yanny et al. 2009). Here, we
explore the possibilities for these kind of studies that are
opened up by the higher resolution of the infrared APOGEE
spectrographs. Our work is organized as follows. In Section 2
we describe our sample selection. In Section 3 we examine the
statistical properties of the RV variability in APOGEE stars, its
theoretical interpretation, and the dependence with log g and
metallicity. In Sections 4 and 5 we discuss our results and
present our conclusions.

2. Sample Selection and RV Measurements

The DR13 APOGEE allStar file contains measurements
for 163,278 targets (Albareti et al. 2017). From this sample, we
removed all stars flagged as bad (STAR_BAD set in the
ASPCAP flag bitmask, Holtzman et al. 2015) and stars targeted
as telluric calibrators (bit 9 set in the apogee_target2
mask; Zasowski et al. 2013). To restrict our measurements to
the field, we also removed stars targeted as cluster members
(bit 9 in the apogee_target1 mask and bit 10 in the
apogee_target2 mask). To further ensure a well-charac-
terized sample, we removed stars that did not have acceptable
uncalibrated values of Teff and log g from ASPCAP. We did not
use the values calibrated with asteroseismology because these
are only available for giant stars, and we are interested in all the
stellar evolution phases sampled by APOGEE. This calibration
shifts the surface gravities for giants by ∼−0.2 dex, which is
not critical for our goals. This left 122141 entries, for which we
examined the individual RVs in the allVisit file. We used
only visit spectra that were deemed of high enough quality to
contribute to the combined APOGEE spectrum (the VISIT_PK
indices, Holtzman et al. 2015; Nidever et al. 2015), and we
further required a S/N of at least 40 in each of the visit spectra.
A total of 91,246 unique stars in APOGEE have two or more
RVs that pass these quality cuts.
The stars in our main sample are placed in an observational

Hertzsprung–Russell (HR) diagram in Figure 2. For context, we
have overlaid stellar models from the MESA Isochrone and
Stellar Tracks collaboration (MIST; Paxton et al. 2011, 2013,
2015; Choi et al. 2016), spanning the phases between core H
ignition and core He exhaustion (beginning of the MS to the end
of the horizontal branch) for zero-age main sequence masses

Figure 1. Period distribution for the Sun-like MS stars in Raghavan et al.
(2010; red squares), together with a model lognormal distribution ( Plog 5.0=
and σlog P=2.3, dark red solid line), and the predicted nominal (black), and 1σ
and 2σ ranges (dark and light gray) from Poisson realizations of the model. The
ruler in the top left corner indicates the critical period for Roche Lobe overflow
(RLOF) in Sun-like models during the MS, at the tip of the red giant branch
(RGB), and at the tip of the asymptotic giant branch (AGB).
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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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Detached Semidetached Contact 

•  APOGEE’s high-resolution IR spectra provide precise radial 
velocities (RV), with 2+ visits each for 200,000 stars

•  Stars with high RV variance are far more likely to have a 
companion, though it limits you to short period P systemsRVmeas = RVtrue sin i
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P < Pcrit : mass transfer due to Roche lobe overflow (RLOF)
•  Cataclysmic 

variables, novae
•  Low-M X-ray 

binaries 

•  Algols
•  Single-deg. Type  

Ia & many core 
collapse SNe

•  High-M X-ray binaries
•  Future double-deg. 

Type Ia SNe & 
LIGO/LISA sources

Raghavan et al. 2010 P-distribution 
for Sun-like stars; peaks ~ 870 yrs

Badenes et al. 2018

The Red Clump (RC) behave like the lowest 
log(g) bin--they “recall” their former size

APOGEE DR14 with M★ from Sanders & 
Das 2018; the outliers are known Algols

Stars with larger log(g) have smaller P before RLOF 
occurs; thus, they have larger maximum ΔRVmax

Mazzola et al. in prep

Summary plots of APOGEE DR14 subgiants/dwarfs 
comparing the effects on multiplicity of [α/H] and [O/H] 
abundances across bins in [Fe/H], each with ~5500 stars

Summary plots of APOGEE DR14 subgiants/dwarfs  
comparing the effects on multiplicity of [Mg/H] and [Si/H] 
abundances across bins in [Fe/H], each with ~5500 stars

From Badenes et al. 2018, it was found that 
frac(ΔRVmax > 10 km s-1) decreases with [Fe/H] 

in APOGEE DR13 red giants and dwarfs
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APOGEE DR14 dwarfs show lower RV variability 
with higher [α/H], [O/H], [Mg/H] and [Si/H]

APOGEE DR14 red giants (2.0 < log(g) < 3.25) do 
also, although the tip of the red giant branch sample 

(log(g) ≤ 2.0) is less clear


