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Why Binaries?
• Little is known about the binary fraction in Milky Way field 

stars.  

• A key parameter for many astrophysical questions. 

➡ Gravitational waves and gamma-ray bursts, arise from 
binary stars. 

• Binary systems of stars are as common as single stars in the 
Milky Way. 

➡Most of our knowledge of stellar mass comes from binary 
systems. 

• Knowledge of stellar multiplicity could provide constraints on 
possible channels of star formation and evolution in the Milky 
Way.



Large Spectroscopic Surveys
• Astronomy has evolved into a science of large numbers.  

• With very large numbers of observed objects, it will be 
possible to  
➡ describe statistically populations of single and binary/

multiple stars, revealing relations between their physical 
properties. 

• For ongoing and coming large spectroscopic surveys, such 
as RAVE, APOGEE-I and II, Gaia−ESO, MOONS, 4MOST it is 
important to identify the binaries in order to know whether 
unresolved binaries will contaminate measurements of 
chemical abundances. 

• Combining Gaia’s distances and proper motion and a 
ground based large spectroscopic surveys data we will 
finally be able to start testing the models of star formation 
and evolution in great detail.



Project Goals
• Make the model(s) to be able to predict how many 

binary  stars will be observed in spectroscopic survey; 

• Whether unresolved binaries will contaminate 
measurements of chemical abundances; 

• How we can use spectroscopic surveys to better 
constrain the population of binaries in the Milky Way; 

➡ As an application we model binary stars that mimic 
APOGEE red giants in the disc of the Milky Way galaxy.
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Figure 1:

Dependency of CF (red squares) and MF (blue triangles) with primary mass for MS stars and
field VLM objects. The horizontal errorbars represent the approximate mass range for each
population. For B and O stars, only companions down to q ≈ 0.1 are included. The frequencies
plotted here are the best-estimate numbers from Sections 3.1–3.5, also reported in Table 1.

5.1.3 Mass ratio distribution Although a simple power law representation is imper-
fect for most samples, this formalism offers the most straightforward criterion to compare

multiple systems of various masses. As shown in Figure 2, the observed distribution of mass
ratios is close to a flat distribution (|γ| ! 0.5) down to q ∼ 0.1 for all masses M⋆ " 0.3M⊙,

extending to high-mass stars the conclusions of Reggiani & Meyer (2011). Below this limit,

the mass ratio distribution becomes increasingly skewed towards high-q systems. Further-
more, shorter-period systems among solar-type and low-mass stars have a steeper mass

ratio distribution than wider systems.

Many past studies have favorably compared the mass distribution of companions to that
expected from random pairing from the IMF for field objects. In this situation, and leaving

aside the “smearing” induced by broad ranges of primary masses (Tout 1991), γ should
increase from -2.3 (Salpeter’s slope) at the high-mass end to ∼ 0 around or below the

substellar limit, which does not match observations at any primary mass. Although a

proper comparison between observations and theory/simulations should be conducted on
the raw f(q) distributions rather than on estimated power law indices, the hypothesis of

random pairing from the IMF is robustly excluded by observations (see Figure 2). On the

other hand, the rarity of substellar companions to low-mass stars suggests an alternative
model in which the mass ratio distribution is flat between q = 1 and a minimum companion

mass, Mmin
sec , that is independent of the primary mass (at least up to M⋆ ∼ 1.5M⊙) and
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➡ The binary frequency is a function of stellar mass (Fischer & Marcy, 1992; Raghavan et al. 2010). 
➡ Multiplicity frequency of field Solar-type stars (0.7−1.3 M⊙) = 44±2% (Raghavan et al. 2010).
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APOGEE 

APOGEE: 
➡ high-resolution (R ∼ 22,500); 
➡ 150,000 red giant (RG) stars; 
➡  velocity error ∼ 100, 200 m/s. 

➡Each of MW disc fields were 
visited by 3 to 28 times. 

➡ Visits are required to be 
separated by ≥3 days.

➡ From DR12 we selected: 

• 240 <l< 2400, |b|<160; -> 55,000 stars in disc fields 

• (J-Ks)0 > 0.5 mag; H < 13.2 mag; 
• log(g) < 3.5; 
• S/N of individual spectra > 20. 

• DR12 (nvisit > 3)  49,804 stars:  

• 2,541 stars, V scatter > 1 km/s. 

• 740 stars, V scatter > 5 km/s.

SDSS-II/APOGEE DR12 Total Survey Visits

DISC DISC

๏ 1
๏ 2
๏ 3
๏ 4-5
๏ 6
๏ 7-11
๏ 12 +

# of visits:



Binary star evolution is performed by the rapid 
binary-star evolution (BSE) algorithm (Hurley, 
Tout & Pols 2002). 

• In addition to all aspects of single-star 
evolution theory, features such as mass 
transfer; accretion, common-envelope 
evolution, collisions, supernova kicks & 
angular momentum loss mechanisms are 
included.  

• BSE algorithm provides the stellar 
luminosity L, radius R, mass M, etc. for 
each of the component star as they evolve. 

• BSE covers all the evolution phases from 
the zero-age main sequence up to and 
including the remnant stages. 

• BSE is valid for all masses (up to 100 M⊙) 
and metallicities (Z=10-4 to 0.03).

Binary Star Evolution (BSE)
Initial Parameters for Binary Evolution:  

•  MASS: 
• Initially more massive star have the 

mass: 0.7 ≤ m1 ≤ 100 M⊙ 

• The companion star have mass:  
0.10 ≤ m2 ≤ m1 M⊙  

• IMF drawn from Kroupa et al. 1993 
•   AGE: 

• Drawn uniformly in [0:10] Gyr.  
•   PERIOD: 

• Symmetrical and follows Gaussian-type 
distribution with logP=4.8, 
σlogP=2.3, and P is in days 

•   METALLICITY: 
• All stars have Solar metallicities 

z=0.019 or [Fe/H]=0.0. 
•   ECCENTRICITY: 

• Can be in range 0 to 1.0. Follows 
thermal distribution: f(e)=2e 



Model: Full sample

Stars distributed in a Galactic disc by giving them random positions. 
The disc is exponential: 

 hR = 3.0 kpc  
 hz = 0.30 kpc.  

The distance of the Sun from the GC is assumed to be 8.0 kpc. 



Model: selected binaries

0o

90o270o

• 240 <l< 2400, |b|<160; 
• (J-Ks)0 > 0.5 mag; H < 13.2 mag; 
• log(g) < 3.5; 
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Resolved and unresolved binary stars 

Resolved binaries: 
• a > 6 arcsec. 

Unresolved binaries: 
• SB1: single-lined. 
• SB2: double-lined.



Results: Velocity dispersion 
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Results: CMD for SB1 

Primary & Secondary



Examples of SB1 model output

Primary

[Core He Burning, AGB]

White Dwarfs

Secondary

Log(g)

All primaries



APOGEE red giants vs SB1 model

APOGEE DR12

Teff = [5500 : 3500 K]

• An additional dispersion of about 2 km/s is 
required. 

• Possible astrophysical origins of the 
scatter include a different underlying 
binary population: 
• presence of triple stars and higher-

order multiples, and BD companion.

SB1 Model

log (Teff) (K)



APOGEE red giants vs SB1 model

APOGEE DR12

Teff = [5500 : 3500 K]

SB1 Model
• An additional dispersion of about 2 km/s is 

required. 

• Possible astrophysical origins of the 
scatter include a different underlying 
binary population: 
• presence of triple stars and higher-

order multiples, and BD companion.

log (Teff) (K)



Summary:

• Binary stars are populated in large spectroscopic surveys. 
• The frequency of SB1 and SB2 in MW field stars is uncertain. 
• It is important to identify binaries to clean the survey 

products from potentially faulty results. 
• The presented models shows the effect of binaries on high-

resolution spectroscopic surveys.

Future Steps:

• Prepare models for coming large spectroscopic surveys 
(4MOST, WEAVE, MOONS etc.). 

• Study the binary fraction in the Milky Way using the large 
spectroscopic surveys.



Thank you for your attention!







ADDITIONAL INFO



Results: CMD for SB1 and SB2

SB1 MODEL

SB2 MODEL
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SB2 MODEL
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SB1: Evolution types of Primary & Secondary 

      Evolution types 

0 - 1 MS 
2 - Hertzsprung Gap (HG) 
3 - First Giant Branch (GB) 
4 - Core He Burning 
5 - EAGB 
6 - TPAGB 
7 - HeMS 
8 - HeHG 
9 - HeGB 
10 - HeWD 
11 - COWD 
12 - ONeWD

F1/F2 = 10-0.4(m1-m2)

Mass



‘Zoom’ in SB1 Secondary’s Teff vs Vscatter: 

Secondary 
[0:4] 

Secondary

Secondary 
[7:12] 

      Evolution types 

0 - 1 MS 
2 - Hertzsprung Gap (HG) 
3 - First Giant Branch (GB) 
4 - Core He Burning 
5 - EAGB 
6 - TPAGB 
7 - HeMS 
8 - HeHG 
9 - HeGB 
10 - HeWD 
11 - COWD 
12 - ONeWD



SB2 Model



SB2: Evolution types of Primary & Secondary 

      Evolution types 

0 - 1 MS 
2 - Hertzsprung Gap (HG) 
3 - First Giant Branch (GB) 
4 - Core He Burning 
5 - EAGB 
6 - TPAGB 
7 - HeMS 
8 - HeHG 
9 - HeGB 
10 - HeWD 
11 - COWD 
12 - ONeWD

F1/F2 = 10-0.4(m1-m2)

Mass



SB2 Model: Primary & Secondary

Primary Secondary



Primary 
[4:6]

‘Zoom’ in SB2 Primary’s Teff vs Vscatter: 
Primary

Primary 
[2:3]

      Evolution types 

0 - 1 MS 
2 - Hertzsprung Gap (HG) 
3 - First Giant Branch (GB) 
4 - Core He Burning 
5 - EAGB 
6 - TPAGB 
7 - HeMS 
8 - HeHG 
9 - HeGB 
10 - HeWD 
11 - COWD 
12 - ONeWD



‘Zoom’ in SB2 Secondary’s Teff vs Vscatter: 
      Evolution types 

0 - 1 MS 
2 - Hertzsprung Gap (HG) 
3 - First Giant Branch (GB) 
4 - Core He Burning 
5 - EAGB 
6 - TPAGB 
7 - HeMS 
8 - HeHG 
9 - HeGB 
10 - HeWD 
11 - COWD 
12 - ONeWD

Secondary 

Secondary 
[2:3]

Secondary 
[4:6]



APOGEE red giants vs Models (II)

SB1 Model

SB1+SB2 Models



Key multiplicity properties 
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Figure 3:

Cumulative distribution of eccentricities for systems with 2 ≤ logP ≤ 4 for field multiple systems
among solar-type stars (green curve; Raghavan et al. 2010), low-mass stars (orange curve; from
the SB9 catalog, Pourbaix et al. 2004), VLM stars and BDs (red curve; Dupuy & Liu 2011),
high-mass stars (blue curve; from the SB9 catalog and Abt 2005, Sana et al. 2012a). The
dot-dashed curves indicate incomplete samples, for which the eccentricity distribution is
potentially biased. The dashed and dotted curves represent the expected distribution for a flat
and thermal distribution, f(e) = 2e, respectively.

distribution4. As illustrated in Figure 3, a broad Gaussian distribution centered on e ≈ 0.4

is a possible alternative representation, since it produces somewhat less high-eccentricity

systems (e.g., Stepinski & Black 2001). Discriminating between these two representations
hinges on large, unbiased samples, which are still missing for most stellar masses. In any

case, the observed distributions are all inconsistent with the so-called “thermal distribu-
tion”, even though the latter is frequently assumed in numerical simulations.

Almost all short-period systems have circular orbits as a result of tidal dissipation. The

observed circularization periods, which range from ! 1 d to ≈ 20 d, is a function of the
primary mass and a monotonic function of stellar age, from open clusters members to

Population II stars. A handful of exceptions with eccentric short-period binaries are known

among solar-type binaries. All of them are either members of higher-order systems that may
be undergoing Kozai cycles, and/or relatively young so that they have not fully circularized

yet (Mathieu & Mazeh 1988).
Between these two regimes, the eccentricity distribution has a well-defined rising upper

4Although Duquennoy & Mayor (1991) favored such a distribution, it clearly violates their bias-
corrected distribution, which is flat beyond e ≈ 0.3 (see their Fig. 6b).
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for systems with P: 100 days to 27 yrs 

• Orbital period, P: 
➡ log-normal.  

• Orbital eccentricity, e: 
➡ e x p e c t e d d i s t r i b u t i o n fo r a 

dynamically relaxed-“thermal” 
population. 

• Mass ratio, q : 

➡ A power law distribution, f(q) ∝ qữ 

• Orientation of the orbital plane 
relative to our viewing geometry: 
➡ Random with respect to our line of 

sight and to the stellar rotation 
spin vector.
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the dynamical evolution of a system: short period binaries can circularize as a result of

tidal dissipation (Koch & Hrivnak 1981), while eccentricity can be pumped in three-body
internal (Kozai) and external interactions. The expected distribution for a dynamically

relaxed (“thermal”) population is f(e) = 2e (Ambartsumian 1937). Because eccentricity

can only be reliably estimated for binaries whose orbit is short enough to be fully mapped,
only a subset of all systems can be included in the analysis of the eccentricity distribution.

We limit our discuss of this quantity to Section 5.1.4. Finally, the other orbital parame-

ters define the orientation of the orbital plane relative to our viewing geometry and are
therefore not as astrophysically compelling. The orientation of orbital planes is essentially

random with respect to our line of sight and to the stellar rotation spin vector (e.g., Hale
1994; Popovic, Pavlovic & Ninkovic 2004), while multiple systems only have a modest pref-

erence for internal coplanarity (e.g., Sterzik & Tokovinin 2002). We will not discuss these

quantities further in this review.

2.2 General methodology

An optimal multiplicity survey should 1) rely on a complete, uniform search of a large,
volume-limited sample and 2) make use of a variety of observing methods, as each of them

is tailored to a certain type of companions. Magnitude-limited surveys, which are very

common, are affected by an inevitable Malmquist-like bias, but this effect can be corrected
statistically. Still, such surveys can be affected by more subtle selections biases, such as

preferences for less extincted and/or more massive (brighter) targets. A sample size of at
least 100 targets is typically required to measure multiplicity frequencies with a precision of

±5%. Studies of orbital parameters (e.g., P or q) require a similar number of companions,

hence a sample that is several times larger.
Whenever possible, the comparison between two independent surveys should be per-

formed directly over a common section of the parameter space, and binomial statistics

should be preferred (see Brandeker et al. 2006). However, most multiplicity surveys are
incomplete and it is normal practice to estimate a completeness correction to take “missed

companions” into account. Bayesian inference techniques can also be used to optimally
exploit incomplete data while properly presenting the resulting degeneracies in parameter

fits (see Allen 2007), but they require assumptions about parametric functional forms. If

completeness corrections are taken into account, it is important to ensure that different
surveys use very similar or identical assumptions. In addition, because of the statistical

nature of incompleteness corrections, only robust estimates of CF can be obtained since it

cannot be determined around which primaries are the companions missed in the survey.

3 MULTIPLICITY ON THE MS

In this section, we review the multiplicity of Population I MS stars grouped by mass bins:

solar-type stars (M⋆ ≈ 0.7–1.3 M⊙; spectral types F through mid-K, Section 3.1), low-mass

stars (M⋆ ≈ 0.1–0.5M⊙; M0–M6, Section 3.2), VLM stars (M⋆ ! 0.1M⊙; M8 and later,
Section 3.3), intermediate-mass stars (M⋆ ≈ 1.5–5M⊙; B5–F2, Section 3.4) and high-mass

stars (M⋆ " 8M⊙; B2 and earlier, Section 3.5). The mass dependence of stellar multiplicity

is addressed in Section 5.1.

Stellar Multiplicity 3

multiplicity has greatly expanded since these seminal reviews, due to improvements in

instrumentation and larger, more uniform samples. In addition, new stellar populations
have been probed, such as high-mass stars (Zinnecker & Yorke 2007) and very low-mass

(VLM) stars and brown dwarfs (BDs, see Luhman 2012), allowing for a more complete

picture to be drawn. On the theoretical side, prompt fragmentation during the gravitational
collapse of a prestellar core appears to be the favored formation mechanism although no

single process appears to account for all observed multiplicity properties (Tohline 2002).

This review summarizes our current empirical knowledge of the frequency and principal
properties (such as the distributions of orbital periods, mass ratios, and eccentricities) of

multiple systems as a function of stellar mass and age. Multiple systems are thought to
play central roles in numerous aspects of post-MS evolution, such as the blue straggler

phenomenon, X-ray binaries, Type Ia supernovae, and the shaping of bipolar planetary

nebulae. However, we restrict the scope of this review to MS and less evolved objects,
where unbiased uniform surveys have targeted larger samples.

2 CHARACTERIZING MULTIPLICITY AND SURVEY METHOD-

OLOGY

2.1 Key multiplicity properties

The frequency of multiple systems and the companion frequency (average number of

companion per target, which can exceed 100%), MF and CF respectively, are the most
immediately quantifiable aspect of multiplicity. The difference between these two quantities

hinges on the frequency of high-order multiple systems. Unfortunately, these two quantities
are frequently confused in the literature, leading to ambiguous interpretations. Beyond

these global quantities, and although the diversity of multiple systems is extreme, their

statistical properties can be summarized in a handful of distributions, which we briefly
introduce here. While correlations between these distributions could be present, multi-

dimensional analyses require very large samples of binaries, which remain out of reach in

most cases.
The orbital period, P , of a binary system can be readily estimated for spectroscopic

binaries (SBs). For visual binaries (VBs), the orbital semi-major axis, a, can be estimated
from the projected separation, ρ, on a statistical basis (e.g., Brandeker et al. 2006). A

power law parametrization, f(P ) ∝ Pα, is commonly used, with the particular case α = −1

(a logarithmically-flat distribution known as “Öpik’s law”, Öpik 1924) being frequently
favored. An alternative log-normal representation, parametrized by P and σlogP , is also

widely used, although it differs only marginally from Öpik’s law for large values of σlogP

(Heacox 1996). Distinguishing empirically between these two parametrizations would have
fundamental implications on the binary formation process, as Öpik’s law suggests a scale-

free process while a log-normal function implies a preferred spatial scale for companion
formation. However, dynamical evolution throughout a system’s lifetime can significantly

alter its period, complicating the interpretation.

The mass ratio, q = Msec/Mprim ≤ 1, can generally be derived from the observed flux
ratio, although only a model-dependent estimate can be obtained for PMS and substel-

lar objects. A power law distribution, f(q) ∝ qγ , is frequently used to characterize the

distribution of mass ratios and we use this formalism in this review to compare differ-
ent populations. When no robust estimate of γ has been proposed in the literature, we

computed it from available data. The orbital eccentricity is an important tool to probe
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