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ABSTRACT

Knowledge of the binary population in stellar groupings provides important information about the outcome of the star forming
process in different environments. Binarity is also a key ingredient in stellar population studies, and is a prerequisite for calibrating
the binary evolution channels. In this paper we present an overview of several commonly used methods of pairing individual stars into
binary systems, which we refer to as pairing functions. These pairing functions are frequently used by observers and computational
astronomers, either for their mathematical convenience or because they roughly describe the expected outcome of the star forming
process. We discuss the consequences of each pairing function for interpreting observations and numerical simulations. The binary
fraction and mass ratio distribution generally depend strongly on the selection of the range in primary spectral type in a sample.
The mass ratio distribution and binary fraction derived from a binarity survey among a mass-limited sample of targets is thus not
representative of the population as a whole. Neither theory nor observations indicate that random pairing of binary components from
the mass distribution, the simplest pairing function, is realistic. It is more likely that companion stars are formed in a disc around a
star or that a pre-binary core fragments into two binary components. The results of our analysis are important for (i) the interpretation
of the observed mass ratio distribution and binary fraction for a sample of stars; (ii) a range of possible initial condition algorithms

for star cluster simulations; and (iii) how to distinguish between the different star formation scenarios.

Key words. stars: binaries: general — stars: formation — methods: N-body simulations —

Galaxy: open clusters and associations: general

1. Introduction

Observations and simulations suggest that most stars form in
binary systems (e.g. Duquennoy & Mayor 1991; Mason et al.
1998; Goodwin & Kroupa 2005; Kobulnicky & Fryer 2007,
Kouwenhoven et al. 2005, 2007b; Goodwin et al. 2007), and that
a substantial fraction are part of a triple or higher-order system
(e.g. Tokovinin & Smekhov 2002; Correia et al. 2006; Tokovinin
et al. 2006; Hu et al. 2008). Multiplicity is thus a fundamental
property of the star forming process. Detailed knowledge of a
young binary population can be employed to study the outcome
of star formation, consequently the star formation process itself.

Surveys indicate that the properties of the binary population
are a function of the spectral type of the primary star. Practically
all O-type stars (Mason et al. 1998) and B/A-type stars (Shatsky
& Tokovinin 2002; Kobulnicky & Fryer 2007; Kouwenhoven
et al. 2007b) are found in binary or multiple systems. Abt
& Levy (1976) report a multiplicity fraction of 55% among
F3-@G2 stars, and in their CORAVEL spectroscopic study of
F7-G9 stars, Duquennoy & Mayor (1991) find a binary fraction
of ~60%. The binary fraction among M-type stars is 30—40%
(Fischer & Marcy 1992; Leinert et al. 1997; Reid & Gizis 1997).
For late M-type stars and brown dwarfs the binary fraction de-
creases to 10-30% (e.g., Gizis et al. 2003; Close et al. 2003;
Bouy et al. 2003; Burgasser et al. 2003; Siegler et al. 2005;
Ahmic et al. 2007; Maxted et al. 2008; Joergens 2008).

In this paper we discuss in detail several methods of pair-
ing individual stars into binary stars. We refer to the latter algo-
rithms as “pairing functions”. Several of these have a physical
motivation, others are discussed because of their mathematical
simplicity. All these pairing functions have in common that they
are frequently used in the literature. The main goal of this paper
is to explain the consequences of adopting a particular pairing
function when doing a numerical simulation, or when interpret-
ing observations. A good understanding of the consequences of
each pairing algorithm for the binary population is important for

— The interpretation of observations. Are the measured prop-
erties (e.g. mass ratio distribution and binary fraction) for a
certain sample representative of the population as a whole?
What is the role of selection effects, and how can the differ-
ent pairing functions be distinguished?

— Initial conditions for simulations. In N-body simulations,
such as STARLAB (e.g., Portegies Zwart et al. 2001) and
NBODY6 (e.g., Aarseth 1999), a mass ratio distribution in-
dependent of primary mass is often adopted. What are the
consequences of this approach?

— Star formation. Which pairing functions are expected from
the different star forming scenarios? What numerical sim-
ulations of clustered star formation (e.g., Bate et al. 2003;
Bate 2008) predict? Do we expect random pairing from the
initial mass function? Which observations are necessary to
be able to distinguish between these scenarios?

Article published by EDP Sciences
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This paper is organised as follows. In Sect. 2 we introduce the
terminology used and discuss our assumptions. In Sect. 3 we dis-
cuss the mass distribution, and in Sect. 4 the mass ratio distribu-
tion. We briefly describe the origin of the pairing between binary
stars in Sect. 5. The major part of this paper is Sect. 6, where we
discuss the different binary populations resulting from the choice
of the mass distribution and pairing function. The specific dif-
ferences are discussed in detail in Sect. 7, and the dependence
on the generating properties in Sect. 8. Observational complica-
tions and a strategy to recover the pairing function are described
in Sect. 9. Finally, we summarise our results in Sect. 10.

2. Method and terminology

We study the differences in the various methods of pairing indi-
vidual stars into binary systems by analysing numerically simu-
lated binary populations. For each binary system, we refer to the
most massive component M; as the primary star, and the least
massive component M, as the companion star. Our adopted def-
inition is purely based on the current mass of the components,
i.e., irrespective of their relative luminosity or initial mass. We
define the mass ratio as ¢ = M, /M, so that 0 < g < 1. The
total mass is denoted Mt = M| + M, for a binary system, and
Mt = Mjs for a single star with mass Ms. In several cases, we
construct binary systems from star forming cores of mass M with
star forming efficiency €, so that the total mass of the resulting
objects is Mt = eMc.

In our simulations each star is given a mass. A subset of the
stars is assigned a companion, the other stars remain single stars.
The companion is given a mass according to a pairing algorithm.
We refer to the algorithm that is used to combine individual stars
into binary systems as the pairing function. The pairing function
of a binary population may for example be random pairing of
both companions from the mass distribution. In the particular
case of random pairing, primary and companion are swapped, if
necessary, so that the primary is the most massive star.

Depending on which pairing function is used, the mass of the
primary star, and in several cases the companion star, is drawn
from a mass distribution fy,(M). We refer to fi;(M) as the gen-
erating mass distribution. We denote the resulting mass distri-
butions for primary stars, companion stars, systems, and single
stars with fu,, (M), far,(M), fa, (M), and fp, (M), respectively.
Note that the distributions over primary and companion mass
in a stellar grouping are never independent, fy, m, (M1, M) #
S, (M) far,(M2), as by definition M| > M,. The resulting mass
distribution for all single and primary stars is denoted with
fu, s (M), and the mass distribution for all individual objects (i.e.,
singles, primaries and companions), is denoted with f;;;(M). The
distribution f,;;(M) that is present immediately after star forma-
tion is called the initial mass function (IMF). Note that fy;(M)
is unequal to the generating mass distribution fy (M), except in
the random pairing case (see Sect. 6.1).

For several pairing functions we generate companions by
drawing the mass ratio for a binary from a (generating) mass
ratio distribution f,(¢g) Depending on the additional constraints
specific for each pairing function, the resulting overall mass ra-
tio distribution f, .1(¢) may or may not be equal to f,(¢g). The
resulting mass ratio distribution may or may not be a function
of primary spectral type. We refer to the specific mass ratio dis-
tribution for all binaries with a primary of spectral type A or B,
for example, with f;, ag(¢). Throughout this paper we will mostly
use the expression f;., (¢) for the specific mass ratio distribution
for an ensemble of binaries with a limited primary mass range.
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A common expression to quantify the multiplicity of a stellar
population is the multiplicity fraction B (which is often referred
to as the binary fraction), defined as

_ B+T+...
T S+B+T+...

where S is the number of single stars, B the number of binaries,
and T the number of triple systems (e.g., Reipurth & Zinnecker
1993). Throughout this paper we consider only single and bi-
nary stars, and do not consider higher-order systems, so that
B = B/(S + B). The number of systems is givenby N = S + B
and the total number of (individual) stars is S + 2B = N(B + 1).

Each pairing algorithm is provided with a (generating) bi-
nary fraction B, which describes the fraction of stars that is
assigned a preliminary companion star. For most pairing func-
tions this preliminary companion is accepted as such, so that the
overall binary fraction By equal to the generating value 8. For
several pairing functions, however, additional constraints are set
to the properties of the companion. For example, when a pair-
ing function generates a Jupiter-mass companion around a solar-
mass star, the “primary” is usually considered to be a “single”
star. For such pairing functions, the resulting overall binary frac-
tion By is lower than B. We denote the specific binary fraction
for the set of all single stars of spectral type A/B and binary sys-
tems with primary spectral type A/B as Bag.

During our analysis we make several assumptions for rea-
sons of clarity; our models are simplifications of reality. Our re-
sults are not limited by these assumptions, and the models can
easily be extended. Our main goal is to illustrate the implications
of adopting a particular pairing function.

We assume that no triples or higher-order systems are
present. Although observations have shown that a significant
fraction (R15%) of the stars are part of a multiple system
(Tokovinin & Smekhov 2002; Correia et al. 2006; Tokovinin
et al. 2006; Eggleton & Tokovinin 2008; Hu et al. 2008), the
properties of higher-order systems are not well understood.
Observational selection effects complicate the derivation of the
properties of these systems significantly. Higher-order systems
are often ignored in N-body simulations due to computational
complications (e.g., van den Berk et al. 2007). A full understand-
ing of star formation, however, ultimately requires a full knowl-
edge of the formation and evolution of higher-order systems.

In our models the generating binary fraction for the popu-
lation can be described with a single value 5. For most pairing
functions this results in a specific binary fraction 8, (M) that
is independent of primary mass M;. However, in Sect. 6 we de-
scribe several cases where, as a result of the pairing properties,
the binary fraction is a function of primary mass, even though
this dependency is not included explicitly.

Selection effects play a major role in the interpretation of
binary star observations. A detailed description of the selection
effects, such as in Kouwenhoven et al. (2007b), is necessary to
derive the pairing function, the mass ratio distribution and the
binary fraction from observations. A major bias is generally in-
troduced by studying the binary population in a certain primary
mass range; we describe this effect in detail for the different pair-
ing functions. Throughout most of this paper we ignore the other
selection effects.

ey

3. The mass distribution

The mass distribution fy;(M) defines the spectrum of masses
in a stellar population, and is usually expressed as a single-
component power law (Salpeter 1955), a multi-component
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Fig. 1. The cumulative mass distributions (fop) and mass distributions
(bottom) derived by Kroupa (Eq. (2); solid curve) and Salpeter (Eq. (3);
dashed curve). The masses at which the slope of the Kroupa mass dis-
tribution changes are indicated with the vertical dotted lines.

Table 1. The distribution of stars over main-sequence spectral type for
the Kroupa and Salpeter mass distributions (BD = brown dwarfs).

SpT  Mass range Kroupa Salpeter
(Mo) Fnv (o)  Fu(P) Fn(B) Fu (%)
B 3.0-20 1.45 24.76 0.10 8.66
A 1.5-3.0 2.28 13.05 0.18 5.31
F 1.0-1.5 272 9.15 0.22 3.86
G 0.8-1.0 222 5.52 0.18 2.30
K 0.5-0.8 7.45 12.92 0.61 545
M 0.08-0.5 51.48 30.28 14.09 32.07
BD  0.02-0.08 32.41 4.33 84.61 42.34
All  0.02-20 100.00  100.00  100.00  100.00

power law (e.g., Kroupa 2001) or a Gaussian distribution (e.g.,
Chabrier 2003). In our analysis we consider two mass distribu-
tions: the Kroupa mass distribution and the Salpeter mass dis-
tribution. The main difference between these is the presence or
absence of a turnover in the low-mass regime. The mass distri-
bution derived by Kroupa (2001) is given by

M3 for 0.01 <M/ My <0.08
ficroupa(M) oc § M™% for 0.08 < M/ M, <0.5 )
M3 for 0.5 <M/ Mgy < oo

The classical Salpeter mass distribution (Salpeter 1955) is
given by

fSalpeler(M) « M Mzl M. (3)
The Salpeter mass distribution is derived for intermediate-mass
stars in the Galactic field. Although it is known that the Salpeter
mass distribution is incorrect for masses below ~1 M, we use
this mass distribution for comparison, to illustrate the effect of
the slope of the mass distribution for low-mass stars. Note that,
although, Eq. (2) introduces a turnover in Fig. 1, which is loga-
rithmically plotted, there is no real turnover in the mass distribu-
tion (see also Appendix A.1.3).

Table 1 lists the fraction of stars of a given spectral type
for the Kroupa and Salpeter mass distributions for stars in the
mass range 0.02 M, < M < 20 M. For both distributions we
list the fraction ¥y of objects and the fraction ¥, of the total
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mass in each mass range. The corresponding probability dis-

tributions fy (M) and cumulative distributions f M fu(MHdM’
are shown in Fig. 1. Most young stellar populations in our
Galaxy are described accurately with the Kroupa mass distri-
bution (Bonnell et al. 2007).

In our simulations we draw objects from the mass distri-
bution in the range 0.02 My < M < 20 M,, ie., stellar
and substellar-mass objects. Objects less massive than My, =
0.02 Mg are considered to be planets, and form in a different
way than stars or brown dwarfs (see, e.g., Pollack et al. 1996;
Kouwenhoven et al. 2007a). The absolute maximum stellar mass
is of order Mpmaxaps & 150 My (Zinnecker & Yorke 2007, and
references therein). The most massive star in a cluster may well
depend on the total mass of the star cluster (Reddish 1978;
Vanbeveren 1982; Weidner & Kroupa 2006). Stars more massive
than 20 M, however, are extremely rare, are very short-lived,
and possibly even form by a different mechanism than most other
stars (e.g., Zinnecker & Yorke 2007).

The mass distribution of Kroupa (2001) is for all stars in
a population, including single stars, primaries and companions.
We note that choosing primaries from an IMF and then choosing
secondaries from a mass ratio distribution (Sect. 6.3) will not re-
cover the original IMF. Thus the primary mass distribution func-
tion cannot be exactly the same as the desired IMF (see Sect. 7.1;
Mal’Kov & Zinnecker 2001; Goodwin et al. 2008). Technically,
the mass distribution should therefore not be used to generate,
for example, a primary mass distribution. For simplicity, how-
ever, we adopt the Kroupa mass distribution as the generating
mass distribution for each pairing function. Ideally, one should
iteratively determine the generating mass distribution by com-
paring the outcome of the pairing process with the Kroupa mass
distribution. As this is computationally a very expensive exer-
cise, we skip the iteration, and simply adopt the Kroupa mass
distribution as the generating mass distribution. For a proper
analysis of real observations, one should keep this issue in mind.

4. The mass ratio distribution

The mass ratio distribution describes the distribution over mass
ratio ¢ = M, /M, for a population of binary systems. The mass
ratio distribution for binary systems has been studied thoroughly
over the last decades (see, e.g., Zinnecker 1984; Hogeveen
1992a; Mazeh et al. 2003; Halbwachs et al. 2003). In this pa-
per we distinguish between three different types of mass ratio
distributions. The generating mass ratio distribution is an input
distribution that is used by most pairing function algorithms to
generate binaries, although some pairing functions (e.g., random
pairing) do not require a generating mass ratio distribution. Note
that the mass ratio distribution is not the same as the pairing
function; the mass ratio distribution is a property of several (not
all) pairing functions; see Sect. 6 for details. The overall mass
ratio distribution is the mass ratio distribution resulting from the
pairing mechanism, for all binaries in the population. The spe-
cific mass ratio distribution is that for a sample of stars with pri-
maries in a given mass range. The latter is measured in observa-
tions, as a binarity survey is in most cases focused on a particular
set of targets with given spectral types.

The (specific) mass ratio distribution is usually obtained by a
fit to the observed mass ratio distribution of the sample. The ob-
served distribution is often described with a simple power-law:

Sy, (@) < g7 g <q<1, “

where the exponent y, is fitted (e.g. Hogeveen 1992b;
Shatsky & Tokovinin 2002; Kobulnicky & Fryer 2007,

for
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Kouwenhoven et al. 2007b). Distributions with y, = 0 are flat,
while those with y, < 0 and y, > O are falling and rising with
increasing ¢, respectively. Usually the adopted minimum value
for the fit g is the value of ¢ below which the observations be-
come incomplete due to selection effects. For distributions with
¢ < —1, a minimum value go > 0 is necessary such that f,(q)
can be normalised. Sometimes the necessity of go > 0 is avoided
by fitting a mass ratio distribution of the form

fr @I+ for 0<g<1 5)

to the data (e.g. Kuiper 1935; van Rensbergen et al. 2006). This
distribution is more commonly used to describe the mass ratio
distribution of high-mass spectroscopic binaries, while the dis-
tribution in Eq. (4) is often used for visual binaries. As Eqgs. (4)
and (5) show a similar behaviour (both are either falling, flat, or
rising), we will only consider the distribution of Eq. (4).

Alternatively, to allow for a mass ratio distribution with a
peak in the range 0 < g < 1, we also consider the Gaussian mass
ratio distribution:

(q- ,uq)z

} for 0<g<1, (6)
20y

SGauss(q) o< exp {_

where u, and o, are free parameters, corresponding to the mean
and standard deviation of a Gaussian distribution without the im-
posed limits on g. Models with y, < 0 and u, > 1 show a distri-
bution fgauss(g) with an exclusively negative and positive slope,
respectively. In the case where p, < 0 and p, > 1, the distri-
bution may be approximated by a power-law (Eq. (4)). Models
with o, > 0.5 can be approximated with a flat mass ratio dis-
tribution. Note that the values of u, and o, do not necessarily
reflect physical properties. A value u, < 0, for example, merely
means that the mass ratio distribution in the interval 0 < g < 1
can be described by Eq. (6) in this interval. A Gaussian mass
ratio distributions was reported by, Duquennoy & Mayor (1991)
for solar-type stars in the solar neighbourhood, who find, based
on the work on the initial mass function by Kroupa et al. (1990),
g =023 and o, = 0.42.

For our default model we adopt a (generating) mass ratio
distribution of the form f,(¢) = 1 with 0 < g < 1, the flat mass
ratio distribution.

5. The origin of the pairing function

We define the pairing function as the algorithm which is used to
pair individual stars into binary systems. A well-known pairing
function is random pairing from the mass distribution. Others
include, for example, a fixed mass ratio distribution. The pair-
ing of binary components in a stellar population results from the
combined effect of star formation, stellar evolution, binary evo-
lution, and dynamical interactions. By studying the pairing of
binary stars, the contributions of the latter three effects can be
evaluated, and an estimate for the primordial binary population
can be obtained. This primordial pairing function allows us to
constrain the process of star formation.

It is worth considering what pairing we might expect from
the actual star formation process, as opposed to the various the-
oretical constructs we describe in this paper.

Often random pairing has been used to construct binary
systems for various models. Random pairing has the obvious
advantage that the chosen IMF is, by design, automatically re-
covered. However, there is no good theoretical reason to sup-
pose that the star formation process would produce a randomly

M. B. N. Kouwenhoven et al.: Exploring the consequences of pairing algorithms for binary stars

paired distribution. Furthermore, random pairing is ruled out ob-
servationally. The observed mass ratio distribution among inter-
mediate mass stars (Shatsky & Tokovinin 2002; Kouwenhoven
et al. 2005, 2007a,b) and brown dwarfs (Kraus et al. 2008) in the
nearby OB association Scorpius-Centaurus have indicated that
the binary components are not randomly paired from the mass
distribution. The same result is found for the Cygnus OB2 asso-
ciation (Kobulnicky & Fryer 2007), and for F5-KS5 stars in the
solar neighbourhood (Metchev & Hillenbrand 2008). Random
pairing is further excluded by the high prevalence of massive
binaries with a mass ratio close to unity, often referred to as
the “twin peak” in the mass ratio distribution (Lucy & Ricco
1979; Tokovinin 2000; Garcia & Mermilliod 2001; Pinsonneault
& Stanek 2006; Lucy 2006; Soderhjelm 2007, see also Sect. 9.1).

Simulations have shown that it is impossible to form signifi-
cant numbers of binary systems from an initially single star dis-
tribution (Kroupa 1995a), therefore stars in binary systems must
have predominantly formed in binary systems. Observations of
pre-main sequence stars also suggest that they have a higher mul-
tiplicity than field stars (at least for >1 M), suggesting that most
stars form in binary (or higher-order) systems (e.g., Goodwin &
Kroupa 2005). It is supposed that a primordial population with
a multiplicity of almost 100% evolves into a field-like binary
population through (a) the decay of higher-order multiple sys-
tems (e.g., Goodwin & Kroupa 2005), and (b) the dynamical de-
struction of binaries in binary-binary encounters in clusters (e.g.,
Kroupa 1995a,c). Thus, the currently observed binary population
is a complex mixture of primordial binaries (i.e. in the same dy-
namical state as when they formed), and dynamically evolved
binaries (which may have different characteristics, or even com-
panions to their initial state).

Simulations of binary star formation have comprehensively
failed to produce systems that match observations, even when
the dynamical evolution of the initial states is accounted for (see
Goodwin et al. 2007, and references therein). However, hydro-
dynamic simulations of star formation suggest that companions
usually form by the fragmentation of massive, disc-like circum-
stellar accretion regions around young stars (see Goodwin et al.
2007, and references therein).

In such a scenario for companion formation it would be ex-
pected that the secondary should have a roughly similar (i.e.
within a factor of three or four) mass to the primary, especially at
small separations. A massive enough region to fragment is only
present during the earliest (e.g. class 0/I) phases of star forma-
tion before the star(s) have accreted the majority of their natal
core. Thus, the secondary will be present whilst a large reser-
voir of gas is also present around it. In the case of a star that
will eventually grow to be (for example) 5 M, the secondary
will form whilst the primary is only O(1 M) and several so-
lar masses of gas are present in the circumstellar environment.
A secondary will presumably form with an initial mass close
to the opacity limit for fragmentation, ~107> My. However, it
is difficult to imagine a scenario in which the secondary fails
to accrete at least some of the circumstellar material, especially
as the secondary will form with angular momentum similar to
that of the accretion region, and so will be more able to accrete
material (see Goodwin et al. 2007, and references therein; also
Delgado Donate & Clarke 2005). Therefore, the secondary mass
is expected to be a reasonably high fraction of the primary mass.
In particular, it should be difficult for a companion to a B-star to
remain at brown dwarf or M-star mass due to the large amount
of material available for accretion. In particular, we would ex-
pect a rough correlation between separation and mass ratio, with
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closer companions being generally more massive as is observed
(e.g. Mazeh et al. 1992, for field G-dwarfs).

In addition, dynamical evolution in clusters will act to de-
stroy the most weakly bound systems (i.e. the widest and lowest-
mass companions), further biasing the mass ratio distributions
away from small-g.

We would therefore argue that random pairing over the full
mass range is the last type of pairing that would be expected
from the star formation process (see, however, Sect. 6.1.1).

6. Analysis of frequently used pairing functions

There are many ways to obtain a population of binary systems
from a mass distribution fj;(M). We analyse the most frequently
used algorithms in the sections below. In general, the masses of
the members of a stellar grouping are drawn from the mass dis-
tribution. A fraction of the stars is assigned a companion star
(either from the mass distribution, or using a mass ratio distri-
bution), or the mass is split into a primary and companion star.
Four commonly used mechanisms are the following:

— Random pairing (RP). The masses of both binary compo-
nents are randomly drawn from the mass distribution fj;(M).
For each system, the most massive component is labelled
“primary star”, the other component “companion star” (see
Sect. 6.1).

— Primary-constrained random pairing (PCRP). The primary
mass M is drawn from the mass distribution f3;(M), and
the companion mass M, is chosen from the same mass dis-
tribution, with the additional constraint that M, < M, (see
Sect. 6.2).

— Primary-constrained pairing (PCP). The primary mass is
drawn from the mass distribution f;(M). The companion
mass is then determined by a mass ratio that is drawn from a
distribution f,(g), with 0 < g < 1 (see below).

— Split-core pairing (SCP). The total mass of the binary is
drawn from the mass distribution f3;(M). The mass ratio
of the binary is then determined by a mass ratio distribu-
tion which is drawn from f,(g) with 0 < ¢ < 1. Finally,
the primary mass M; = M(1 + ¢)! and companion mass
M, = M(1 + g~")7! are determined (see below).

In the case of PCP and SCP there is another complication, which
occurs if My = gM; < My min. In this case, the mass ratio dis-
tribution generates a companion mass smaller than the permit-
ted value My min, for example the deuterium-burning limit, while
such objects are usually not considered as companions in a bi-
nary system. There are three straightforward choices on how to
handle such companions:

— Accept all companions (PCP-I/SCP-I). All companions are
accepted, regardless of their mass. The resulting mass ratio
distribution obtained with this method is equal to the gener-
ating mass ratio distribution (see Sects. 6.3.1 and 6.4.1).

— Reject  low-mass  companions  (PCP-1I/SCP-II). If
M) min/Mimax < gmin, @ fraction of the companions
has M, < M> pin. All companions with My < Mj i are
rejected, and the corresponding “primaries” are classified as
single stars (see Sects. 6.3.2, 6.4.2, and below).

— Redraw low-mass companions (PCP-11I/SCP-III). For all bi-
naries with a companion mass M, < Mj iy the mass ratio is
redrawn from f,(q). This procedure is repeated until M, >
M min- This method is equivalent to drawing a mass ratio
from the distribution f;(q) with limits My ynin/M; < g <1
(see Sects. 6.3.3, 6.4.3, and below).
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It is possible in pairing function SCP-II that the resulting single
star mass is smaller than My, and for SCP-III the splitting up
is not possible if the binary system mass is smaller than 2My;;.
In these cases there are three possibilities of dealing with this
problem:

— Accept all singles/primaries (SCP-11a/SCP-IIla). If a pairing
mechanism produces a single or primary star less massive
than M> min, it is accepted, and included in the model.

— Reject low-mass singles/primaries (SCP-1Ib/SCP-IIIb). If a
pairing mechanism produces a single or primary star less
massive than Mj nmin, it is rejected and removed from the
model.

— Do not split-up low-mass cores (SCP-IIc/SCP-IIIc). Cores
with a mass Mt < 2My,, are not split up; these become
single stars of mass Mg = Mr.

For reasons of simplicity and clarity, we use a generating mass
distribution with a minimum value of 2 M, for the SCP pairing
functions, and adopt a minimum mass My, for the companions.
Implicitly, we therefore only consider the variants SCP-IIb and
SCP-I1Ib in this paper. From hereon, we use “SCP-II"” and “SCP-
IIT” to refer to SCP-IIb and SCP-IIIb, respectively.

The above-mentioned pairing functions (RP, PCRP, and the
three variations of PCP and SCP) are described in detail in
the subsections below, while their differences are discussed in
Sect. 7. Unless stated otherwise, we have adopted a Kroupa gen-
erating mass distribution, a flat generating mass ratio distribution
(where applicable), and a generating binary fraction 8 of 100%
(see Sect. 8 for a discussion of these assumptions). The main
differences between the (renormalised) resulting mass ratio dis-
tributions are show in Fig. 2, where the top panel represents the
overall mass ratio distribution. The middle and bottom panels
represent the specific mass ratio distributions fy.», (¢) (the sub-
script M, indicates a restricted primary mass range) for binaries
with high-mass primaries and low-mass primaries, respectively.
Note that the derived mass ratio distribution for a sample of stars
does not only depend strongly on the pairing function, but also
on the targeted sample of stars. For the same reason, the (renor-
malised) companion mass distribution, shown in Fig. 3, depends
strongly on the primary mass range. A two-dimensional version
of Fig. 2 is shown in Fig. 4. In the sections below we discuss in
detail the pairing functions and the above-mentioned figures.

Note that the choices made in this paper do not imply that
stellar populations indeed have these properties. It is not known
how binary stars are formed, so that no robust predictions of
their properties can be made. Different binary formation mech-
anisms may produce different mass ratio distributions, possibly
varying with primary mass, period, or eccentricity (e.g. Heggie
1975; Krumholz & Thompson 2007; Zinnecker & Yorke 2007).
In addition, dynamical evolution after the formation process may
alter the binary fraction and the mass and mass ratio distribu-
tions (e.g., Hills 1975; Heggie 1975), possibly as a function of
environment (see, e.g., Kroupa et al. 1999; Preibisch et al. 2003;
Duchéne et al. 2004; Kohler et al. 2006; Reipurth et al. 2007,
Gaburov et al. 2008, and Sect. 9.2). Other pairing functions sug-
gested in literature include random pairing over a restricted mass
range (Kroupa 1995a,c,b; Kroupa et al. 2003; Thies & Kroupa
2007, see also Sect. 6.1.1), “special pairing” (Weidner et al.
2008), ordered pairing (Oh et al, in prep.), pairing resulting from
the dissolution of small-N clusters (Clarke 1996b), “two-step”
pairing (Durisen et al. 2001), binary formation from ring frag-
mentation (Hubber & Whitworth 2005), and numerous others.
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Fig. 2. The (renormalised) mass ratio distributions resulting from the different pairing functions. From top to bottom, the panels show the overall
mass ratio distribution (i.e., for all binaries), the mass ratio distribution for binaries with 1.5 My < M; < 20 M., and for binaries with 0.02 My <
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Figs. 8 and 7).
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Fig. 3. The (renormalised) companion mass distributions resulting from the different pairing functions, for the models shown in Fig. 2. The
curves indicate the distribution for all binaries (dashed curves), for binaries with 1.5 M, < M; < 20 M, (dotted curves) and for binaries with

0.02 My, < M, < 0.08 M, (solid curves).

6.1. Pairing function RP (random pairing)

In the case of random pairing (RP), the primary and companion
mass are both independently drawn from f3,(M), and swapped,
if necessary, so that the most massive star is the primary. As a re-
sult of this swapping, neither the resulting primary mass distribu-
tion fy, (M;), nor the companion mass distribution fys,(M>), nor
the system mass distribution fj;,(Mr) is equal to the generating
mass distribution fy;(M); see, e.g., Warner (1961); Tout (1991);
Mal’Kov & Zinnecker (2001). On the other hand, the mass distri-
bution of all stars fy(M), i.e., all singles, primaries and compan-
ions, is equal to fy(M). Mal’Kov & Zinnecker (2001) derived
general expressions for the distribution over primary star mass
M, companion star mass M;, and system mass Mt = M; + M,
respectively:

M,
Sy (My) = 2fu(M) Su(M)dM (7
S, (Mr) = 2fM(M2)fdfM(M)dM (3)
M,
Mr—c
Su,(Mr) = 2f Su(M) fu(Mr — M) dM. )

Below we calculate the mass ratio distributions resulting from
random pairing. Let the generating mass distribution f be de-
fined on the interval [c, d]. For random pairing we draw two stars
with masses x and y from f, and swap, if necessary, so that the
primary is the most massive star. The resulting mass ratio dis-
tribution is bounded by 0 < ¢/d < g < 1. To derive the overall

mass ratio distribution we follow the appendix of Piskunov &
Mal’Kov (1991) and derive f,(g) from its cumulative distribu-
tion function Fy(q) = P(y/x < q):

gx
Fy(g) = ff fio(x,y)dxdy = f f 2f(0)f(y)dydx,  (10)
cl/g Jc
S

where the factor 2 accounts for the fact that the pairs of masses
are swapped in order to ensure that y < x. The integration do-
main is shown in the left-hand panel of Fig. 5. The probability
density f, for g (i.e., the overall mass ratio distribution) is then
given by the derivative of Eq. (10).

For observational reasons, surveys for binarity are often re-
stricted to a certain range of primary spectral types. To derive the
effects of the selection on primary mass, the derivation of f,(g)
again proceeds via the cumulative distribution function, which is
now given by:

Fy(q) = P(y/x < qlx; £ x < xp) ¢ fffrp(x, y)dxdy, (11
S/

where the primary mass range is restricted to the range [x, x2].
The integration domain S’ is as shown in Fig. 5. The inte-
gration limits now depend on whether ¢ is larger or smaller
than c¢/x;. For ¢ < ¢/x; the integration domain S’ is given by
c/g £ x £ xp Ac £y < gx (middle panel in Fig. 5), while
for g > ¢/x; S’ is defined by x; < x < xp A ¢ < y < gx (right
panel in Fig. 5). The minimum possible value of g is ¢/ x3, so that
F(q) = 0for g < c/x,. The general expression for the cumulative
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Fig. 5. The integration domains for pairing functions RP and PCRP. Left: the integration domain in the (x, y) plane (where x and y are the primary
and companion mass, respectively) for the determination of the cumulative distribution of g = y/x. The lower and upper limits on the generating
mass distribution are given by ¢ and d, which implies that ¢/d < g < 1. The integration domain S is given by: ¢/q < x < dAc <y < gx.
Middle and right: same, for the case that the primary mass x is restricted by x; < x < x,. If ¢ < ¢/x; the integration domain S’ is given by

c/q < x <x Ac <y < gx (middle panel), while for g > ¢/x;, the domain S’ is defined by x; < x < x, A ¢ <y < gx (right panel).

mass ratio distribution for a sample of binaries with a restricted
primary mass range is given in Appendix A.l. The dependence
of the mass ratio distribution on the primary mass range for RP
is shown in Fig. 6 for the Kroupa (top) and Salpeter (bottom)
generating mass distributions. Note that each mass ratio distri-
bution is renormalised such that its maximum is unity. Note the
differences between the overall mass ratio distributions f, ai(¢)
in the left-hand panels of Fig. 6. The Salpeter mass distribution
results in a peak in the overall mass ratio distribution at ¢ =~ 1.
The Kroupa mass distribution, on the other hand, is on average
much shallower, and therefore produces a peak at small g (cf. the
solid lines in the top panels of Fig. A.1).

In the special case where the mass distribution is of the form
fu(M) o« M~ with a # 1, the overall mass ratio distribution is
given by

fo(@) = 4

Ty (4772 = (/) ™®),

12)

where y = @—1. Realistic mass distributions cover a broad range
of masses, i.e., ¢ < d, for which the expression simplifies to:

(a — l)q"‘2 a>1
(I-a)g™

(Piskunov & Mal’Kov 1991). For distributions with @ ~ 1, the
above expression is not a good approximation, and Eq. (12)
should be used. In the case of a power-law mass ratio distri-
bution with ¢ < d, the overall mass ratio distribution result-
ing from random pairing can thus be described by a simple
power-law. Note that Eq. (13) does not depend on ¢ or d; see
also the bottom-left panel in Fig. 6. For a Salpeter mass dis-
tribution (@ = 2.35), for example, the resulting overall mass
ratio distribution is f,.i(q) o« ¢"*°. The general expression
for f, when the primary mass range is restricted to the range
[x1, x2] is given in Appendix A.1. For a sample of binaries with a

. 13
a<l (13)

Jo(@) = {
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primary mass range? This figure shows the (renormalised) resulting mass ratio distributions for the Kroupa mass distribution (top panels; Monte
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mass ratio distribution (for all binaries in the population). The other panels show the specific mass ratio distribution for the binaries with a primary
of the spectral type shown in the top-right corner of each panel (BD = systems with brown dwarf primaries). All distributions are normalized so
that their maximum is unity. Each model contains 5 X 103 binaries and has a binary fraction of 100%.
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narrow primary mass range (x; = x2), f,(q) is proportional to  star. This swapping leads to an increased number of binaries with

g for ¢/x; < g <1 and zero otherwise: a high-mass primary, and a decreased number of binaries with a

0 low-mass primary, and hence a mass-dependent binary fraction.

Foar (@) = q <clx (14) The relation between specific binary fraction and primary mass
am\q) = I_(Cywq—a c/xy<q<1’ for random pairing is given by

Random pairing from a mass distribution that is approximately -1 -
a single power-law (e.g. the Kroupa IMF) thus generally results B, (M1) = (m + 1) ’ (15)
in a three-segment mass ratio distribution, which is zero for g <
c/x, and exhibits a peak at ¢ = c/x; (Eq. (A.15)). As already where F)/(M)) is the cumulative mass distribution evaluated at
noted by Zinnecker (1984), a sample of binaries with high-mass mass M; (see Appendix A.1.2). Figure 7 shows the binary frac-
primaries thus shows a peak in f,(¢g) at small ¢, while a sample tion as a function of primary mass for several binary fractions,
with low-mass primaries peaks at large g. for the Salpeter mass distribution. Clearly, we have By, (M) = 1
For pairing function RP the overall binary fraction By is  when 8 = 100%, By, (M) = 0 when B = 0%, and By, (Mmin) =
equal to the generating binary fraction B. The specific binary 0. Systems with M; > (M) have By, (M) > B, while systems
fraction By, (M;), however, depends on the surveyed primary with M; < (M) have By, (M;) < B (see Appendix A.1.2 for
mass range: the larger the primary mass, the higher the spe- a full derivation). The magnitude of this difference depends on
cific binary fraction (unless 8 = 100%). This can be under- the shape of the mass distribution and the generating binary frac-
stood as follows. For random pairing, the mass of the primary tion. Note that the variation of binary fraction with primary mass
stars is drawn from the mass distribution. A fraction 8 of the is purely a result of the choice of pairing function; no explicit
primaries is assigned a companion, and primary and companion  variation of binary fraction with primary mass is included in the
are swapped, if necessary, so that the primary is the most massive  simulations.
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6.1.1. Restricted random pairing (RRP)

Restricted random pairing (RRP) is very similar to random pair-
ing (RP) as described in Sect. 6.1, with the difference that the
binary components are now drawn from a limited mass range.
All properties derived in Sect. 6.1 are thus applicable to the re-
sulting binary sub-population resulting from RRP. However, the
nature of RRP implies the presence of one or more other sub-
populations that have a formed via another process. The other
sub-populations could have alternative pairing function, such as
RRP with different lower and upper mass limits, or a completely
different pairing function.

Kroupa (1995a,c,b) finds that observations of binary sys-
tems are consistent with the population being born with pairing
function RRP in the stellar mass range, prior to the effects of
pre-main sequence eigenevolution. Further motivated by the dif-
ference between the observed mass ratio distribution and semi-
major axis distribution of binary systems with a stellar primary
and those with a brown dwarf binary (e.g., Bouy et al. 2003;
Burgasser et al. 2003; Martin et al. 2003; Close et al. 2003), this
implies that the brown dwarf population has formed with a dif-
ferent process (Kroupa et al. 2003; Thies & Kroupa 2007, 2008).
Their proposed model with stellar and substellar sub-populations
is further supported by the existence of the brown dwarf desert
among solar-type stars (see Sect. 9.1).

6.2. Pairing function PCRP (primary-constrained random
pairing)

For primary-constrained random pairing (PCRP), each primary
mass M is drawn from the mass distribution fj;(M) with limits
¢ £ M < d. The companion mass M, is also drawn from the
same mass distribution, but with the additional constraint that
M, < M. The limits on the resulting mass ratio distribution are
equivalent to those of random pairing 0 < ¢/d < g < 1. Writing
the primary mass distribution as f(x) and the re-normalised com-
panion mass distribution as f’(y), the expression for the joint
probability distribution is fperp(x, y) = f(x)f”,(y), which is nor-
malised to unity due to the re-normalisation of f,(y). To derive
the overall mass distribution f; one can proceed as for the RP
case (see Sect. 6.1). The integration domain S is again as shown
in Fig. 5, and

qx
F(q) = Py/x< q) = f/d f FOf (y)dydx. (16)
c/gJc

Note that the normalisation constant for f’(y) depends on x. The
expression for the sample with a restricted primary mass range
[x1, x2] now becomes:

0 q<c/x
Fy(g) « fc’/“: f:le(X)f/(y)dydx c/x<qg<clx | a7
fxTZ fcqx SfOf (ywdydx  c/xy<qg<1

where the integration domain S is as in Fig. 5. The expression
for the resulting f; an(q) in the case of a single power-law gener-
ating mass distribution is given in Appendix A.2. For PCRP the
distribution f; .i1(¢g) contains a term that diverges for g T 1, which
can be seen in Fig. 2 (see also Eq. (A.22) in Appendix A.2).
For a sample with primary masses restricted to the range
[x1,x2], Eq. (17) has to be worked out. We will not explic-
itly show the results here. Most importantly, f,(q) is zero for
q < c/xp, and exhibits a peak at ¢ ~ c¢/x;. The distribution
for a sample of binaries with high-mass primaries thus peaks
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at small ¢, and the distribution for low-mass binaries peaks at
large g. If the primary mass range is narrow (x; = x»), f,(¢g) can
be approximated with Eq. (14). For a sample of stars with a very
narrow primary mass range, the mass ratio distributions result-
ing from PCRP and RP thus give the same results. Differences
between the two pairing functions become larger for realistic pri-
mary mass ranges.

For pairing function PCRP, the companion mass distribu-
tion fy,(M>) for a set of primaries of identical mass is equal
to the generating mass distribution fy;(M) in the mass range
Mpin < M < M. The companion mass distribution can thus
in principle be used to derive the properties of the generating
mass distribution. For example, in a set of binaries with a pri-
mary mass of 1 M, those with mass ratio ¢ < 0.08 have brown
dwarf companions. If the observations are of good enough qual-
ity to study the mass ratio distribution below ¢ = 0.08, and it is
known a priori that the pairing function is PCRP, the mass ra-
tio distribution can be used to constrain the slope of the mass
distribution in the brown dwarf regime.

The pairing algorithms RP and PCRP appear similar, but
their difference is for example seen in the primary mass dis-
tribution. For RP there is a larger number of binary systems
with high-mass primaries, which can be understood as follows.
Suppose a primary mass M; of 5 M, is drawn from the mass dis-
tribution. For PCRP, the companion mass M, is always smaller
than the primary mass, while for RP the companion mass can
take any value permitted by the mass distribution (i.e. also
M, > M, after which the components are switched). Another
difference is that, unlike RP, for PCRP the binary fraction is in-
dependent of primary spectral type: By = By, (M) = B. For
realistic mass distributions (e.g., Salpeter- or Kroupa-like), the
overall mass ratio distribution f;.i1(g) of PCRP is peaked to-
wards large values of ¢, while that of RP is peaked towards small
values of ¢. The pairing functions RP and PCRP can be excluded
if more than a 1-2% of the intermediate-mass stars are “twins”
(g 20.8).

6.3. Pairing function PCP (primary-constrained pairing)

In models with primary-constrained pairing (PCP), each binary
system is generated by drawing a primary mass M| from fy;(M)
in the range ¢ < M < d, and a mass ratio ¢ from the generating
distribution /,4(g). The companion mass is then calculated from
M, = gM,. Due to the nature of this pairing mechanism it is
possible that the resulting companion is of very low mass, for
example a planetary mass if a very small mass ratio is drawn.
Below we describe three variants of pairing function PCP, each
of which handles very low mass companions in a different way:
accepting all companions (PCP-I), rejecting the very low-mass
companions (PCP-II), and redrawing the mass ratio if the com-
panion mass is of very low mass (PCP-III).

6.3.1. Pairing function PCP-I

PCP-1 is the simplest variant of PCP: the primary mass is drawn
from fj;(M) and the mass ratio from h,(q), and no further con-
straints are set. As a result, the specific mass ratio distribution
Ja:m, (@) and overall mass ratio distribution f; ai(g) are equal to
the generating mass ratio distribution A,(g). Additionally, the
specific binary fraction By, (M) and overall binary fraction By
are equal to the generating binary fraction 8.

The companion mass for PCP-I can be arbitrarily small:
Mjmin = 0. Several companions may thus have masses
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significantly lower than the deuterium burning limit (~0.02 Mj).
Even planetary companions are considered as companion “stars”
for the pairing function PCP-1. However, if we do include plan-
ets, we make the implicit assumption that the star formation pro-
cess is scalable down to planetary masses. This assumption is in
contradiction with the theories that suggest that stars and brown
dwarfs form by fragmentation (Goodwin et al. 2007; Whitworth
et al. 2007), while planets form by core-accretion (see, e.g.,
Pollack et al. 1996). This is an important point to keep in mind
when using PCP-I, i.e., when adopting a mass ratio distribution
that is fully independent of primary spectral type.

6.3.2. Pairing function PCP-II

For PCP-II, companions with M, < ¢, are rejected, and the cor-
responding primary stars are classified as single stars. There are
two reasons why one may want to consider using PCP-II. First,
one may wish to use this prescription if a minimum compan-
ion mass is expected from theory, for example the Jeans mass
or the opacity limit for fragmentation (e.g., Hoyle 1953; Rees
1976; Low & Lynden-Bell 1976; Silk 1977a,b, 1995; Tohline
1982; Larson 1969, 1992, 2005; Masunaga & Inutsuka 2000).
The second, more observational approach may be to “ignore”
the low-mass companions. Although this seems somewhat arti-
ficial, this method is often used in practice. Planets are usually
not considered as companions (the Sun is a “single star”), which
implies a limit ¢ = 0.01-0.02 M.

Due to the rejection of low-mass companions the overall
mass ratio distribution is zero for 0 < ¢ < c¢/d. In the range
c/d < g < 1, the expression for the overall mass ratio distribu-
tion is given by:

ﬁ/,all(Q):kf/d Joep(M1, @)dM; =kf/4 he(@) fu, (M1)dM,, (18)
c/q c/q

where h,(g) is the generating mass ratio distribution and k is

a normalisation constant which ensures that fol Jaan(@)dg = 1.
The distribution f; ai(¢g) has a larger average mass ratio than the
generating mass ratio distribution /,(qg) as a result of rejecting
the low-mass companions. For a a sample with a restricted pri-
mary mass range, ¢ < x; < M; < x; < d, the expression for
the specific mass ratio distribution is given in Appendix A.3,
by Eq. (A.29). The specific mass ratio distribution is given by
a three-segment powerlaw, with slope changes at ¢ = ¢/x, and
q = c/x1. Note that for g > ¢/x1, the distribution f;;, (g) is equal
to the generating mass ratio distribution. For a sample of high-
mass primaries, where ¢/x; < 1, we thus have f,.u, (¢9) = hy(q).
For a sample of low-mass primaries, c¢/x, < g < ¢/x; for most
of the mass ratio range, and the corresponding term dominates.
For these binaries, f,.y, (¢) differs significantly from A,(q).

The specific binary fraction for a sample of systems with
primary mass M is given by
1

hy(q)dg < B.

8M1<M1>=8f (19)

Gmin(M1)

Note that By, (M) is independent of fj; (M) for PCP-II. Figure 7
shows the specific binary fraction By, (M;) as a function of B
and f,(q). The specific binary fraction depends on the shape of
the mass ratio distribution, and is independent of the mass dis-
tribution. The overall binary fraction B, after rejection of the
low-mass companion is lower than the generating binary frac-
tion B (see Eq. (A.32) in Appendix A.3.2). The binaries with
high-mass primaries are hardly affected by the rejection algo-
rithm. For these binaries the specific mass ratio distribution and
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specific binary fraction are practically equal to those for PCP-I:
the specific binary fraction is equal to 8, and the specific mass
ratio distribution is equal to h,(q). For the very low-mass pri-
maries, however, a high fraction of the companions is rejected,
and therefore the specific binary fraction is low. The remaining
companions of these stars have a mass comparable to that of
their primary, and the resulting mass ratio distribution for the
lowest-mass binaries is peaked to unity (see Fig. 2).

As an example, consider a stellar population with 8 =
100% and a generating mass ratio distribution f,(¢) = 1 and
M) min = 0.02 My, systems with B-type primaries and systems
with M-type primaries have a resulting specific binary fraction
of 99% and 87%, respectively. If we also do not consider brown
dwarfs as companions (S0 M min = 0.08 My), then the specific
binary fractions are 96% and 51%, respectively.

6.3.3. Pairing function PCP-IlI

For PCP-III the primary mass is drawn from fj;(M) in the range
¢ < M; < d, and the mass ratio is drawn from #h,(q). If the
resulting companion star mass is smaller than ¢, the mass ratio
is redrawn from /,(g) until a companion with mass M, > c is
obtained. This is equivalent to renormalising /,(g) in the range
gmin(M1) < g < 1, where gmin(M;) = c¢/M;. This effectively
results in a mass-dependent generating mass ratio distribution
I 4(q). The expression for the resulting overall mass ratio distri-
bution f; ai(g) are then:

fq,all(q)=fjj$cp(M1,q)dM1=fjh'q(q)fM1(M1)dM1. (20)
c/q c/q

The specific mass ratio distribution for the restricted primary
mass range [xj, x»] is given in Appendix A.3. A sample of bi-
naries with high-mass primaries has ¢/x; < 1. For high-mass
binaries h'q(q) = hy(g), and therefore fi.u,(q) = hy(q). For the
very low-mass primaries, however, a high fraction of the com-
panions is redrawn. Consequently, all binaries with a low-mass
primary have a mass ratio close to unity. The resulting mass ratio
distribution for the lowest-mass binaries is thus peaked to unity
(see Fig. 2).

As a result of the redrawing of the companions for pairing
function PCP-III, the resulting overall binary fraction B, equals
the generating binary fraction 8B, and the specific binary fraction
B, (My) equals B for any primary mass range.

6.4. Pairing function SCP (split-core pairing)

For split-core pairing (SCP) one assumes that the system “core”
mass Mc is drawn from a core mass distribution fy,.(Mc) with
2ec < Mc < 2ed, where € is the star forming efficiency. Split-
core pairing is frequently inferred from observations of dense
cores in star forming regions, assuming that a fraction of the
cores fragment into binaries (see, e.g., Goodwin et al. 2008;
Swift & Williams 2008). As a core collapses, it forms one or
two stars with a total mass Mt = eMc. The resulting minimum
and maximum primary masses are thus ¢ and 2d, respectively.
The star forming efficiency may be a function of various param-
eters, for example the mass of the core. For simplicity in our
analysis, however, we keep the star forming efficiency fixed to
€ = 1 for all values of Mc. The total mass of each binary is thus
Mt = Mc. Note that “random fragmentation” (random splitup of
a clump into two stellar components) is very different from ran-
dom pairing of two components from the IMF (see, e.g., Figs. 2
and 3).
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For pairing function SCP, the binary total mass is thus
drawn from a distribution fj,.(Mc). Note that, although we adopt
Sme(Mc) = fkroupa(M) in this paper, there is no obvious prereq-
uisite that fy,.(Mc) should be a standard IMF. The binary is split
up according to a mass ratio that is drawn from a generating mass
ratio distribution /4(q). Given the core mass Mc = My + M, and
the mass ratio g, the primary and companion mass are given by

M, M,
€ and M,=——°_,
g+1 g'+1
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1=

respectively. As a result of this procedure, it may happen that a
companion mass smaller than the minimum mass ¢ is drawn.
Similar to pairing function PCP (Sect. 6.3), there are three
ways to address this issue: accepting the low-mass companions
(SCP-D), rejecting the low-mass companions (SCP-II), and re-
drawing the mass ratio if the companion mass is too low (SCP-
IIT). We discuss these three variants of SCP in the sections below.

6.4.1. Pairing function SCP-I

For pairing function SCP-I, all binary components resulting
from the split-up mechanism are accepted, irrespective of their
mass. Stars with substellar and planetary companions are thus
also considered as “binary stars”. Due to the nature of this pair-
ing process, the overall mass ratio distribution is equal to the
generating mass ratio distribution. The specific mass ratio distri-
bution, however, is a function of spectral type. A full derivation
of the specific mass ratio distribution is given in Appendix A.4;
see also Clarke (1996a). In most cases the primary mass range is
contained within the range [2c, d], which corresponds to “case 7”
in Appendix A.4. Consider the special case of a single power-
law mass distribution fy.(Mc) o M:* (@ # 1) and a uni-
form mass ratio distribution s,(g) = 1. Under these assump-
tions, the expression for the specific mass ratio distribution is
fam (@) o< (1 + @)@ for 0 < ¢ < 1, if either the primary mass
range is contained within the range [2c, d] (case 7), or if x| = x».
Note that this expression is identical to that in Eq. (5). The high-
est mass binaries thus have on average a small mass ratio, and
the lowest mass binaries have on average a large mass ratio. Note
that these trends are present, even though the generating mass
ratio distribution produces mass ratios in the range 0 < g < 1,
irrespective of the core mass Mr.

Pairing function SCP-I naturally results in a mass-dependent
binary fraction:

Bfu, (M)

M) = e 1+ (= B (M)

(22)

where fy, (M;) is the primary mass distribution, fy.(M;) the
generating (core) mass distribution evaluated at mass M|, and B
the generating binary fraction; see Appendix A.4.2 for the
derivation. The mass-dependence of the binary fraction for
SCP-I is illustrated in the middle panel of Fig. 7. In general,
B = 100% for ¢ < My < 2c¢, as fy. = O in this mass range.
For 2¢ < M, < d the specific binary fraction is more or less
independent of M, while beyond M; = d, it decreases down to
zero at M| = 2d. The latter dependence is due to the fact that the
cores are more massive than the primary stars they potentially
form. As a result, the high-mass targets are dominated by cores
that have not split up. The overall binary fraction B is always
equal to B.
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6.4.2. Pairing function SCP-II

For SCP-II the companion is rejected if M, < ¢, and the primary
star becomes single. The resulting primary mass range is then
¢ < My £ 2d — ¢, and the companion mass is in the range ¢ <
M, < d. The full derivation for the overall and specific mass
ratio distributions is given in Appendix A.4. In most realistic
cases the primary mass range [xj, xp] is fully enclosed in the
mass range 2¢ < M < d (“case 1”). Unlike SCP-I, the resulting
overall mass ratio distribution is unequal to the generating mass
ratio distribution, but contains more large-¢g binaries instead.

The specific binary fraction By, (M) resulting from SCP-II
varies with primary mass M;:

_ Broo(M)Bfu, (M1)
Bfu, (M) + (1 = B) fuc (M)’

where fy, is the primary mass distribution, fj. is the generating
(core) mass distribution, and $ is the generating binary fraction.
The quantity B100(M;) represents the value of By, (M) for a
population with 8 = 100%. The full derivation of Eq. (23) is
given in Appendix A.4.2.

Figure 7 shows the specific binary fraction 8(M,) as a func-
tion of B and h,(g). The specific binary fraction decreases with
decreasing primary mass, as, on average, more low-mass com-
panions are rejected among lower-mass primaries. The majority
of the newly formed single stars (due to rejection of low-mass
companions) is thus of most low mass. For the very lowest-
mass stars, however, the binary fraction increases to unity, as
Bioo(M;) = 1 and fy,. = 0 for M; = c. The specific binary frac-
tion then rises again to a maximum around M; = d, and then
rapidly drops to zero at M| = 2d — c. As a result of the rejection
of low-mass companions, the overall binary fraction is always
lower than B.

By, (M) (23)

6.4.3. Pairing function SCP-III

For SCP-III the mass ratio is redrawn when a companion with
mass M, < c is produced by the splitting algorithm (similar to
PCP-III). This effectively corresponds to a (mass-specific) re-
normalised mass ratio distribution 4’,(¢q) in the range ¢/(Mc —
¢) < g < 1. The resulting overall mass ratio distribution for
SCP-I11 is given by:

2d
Jaan(q) =k f( " )h/q(Q)ch(Mc)nd, (24)
c(1+1/q

where the lower integration limit is set by the condition M, > ¢
and k is again a normalisation constant. The expressions for the
specific distribution f;.5, (¢) for a restricted primary mass range
are identical to those for the SCP-II case (see Appendix A.4),
except that i’,(q) replaces h,(q) everywhere. As a result of the
renormalisation of the mass ratio distribution, the mass ratio
distribution is a function of spectral type. The specific mass
ratio distribution for the lowest-mass cores is strongly peaked
tog = 1.

The overall binary fraction B, equals B for SCP-III. The
specific binary fraction is given by Eq. (22). Note however, that
the primary mass distribution fj, (M;) resulting from SCP-III is
different from that of SCP-III; see Appendix A.4.2 for details.

7. Differences between pairing functions

As discussed in the previous sections, each pairing function
results in different properties of the binary population. In this
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Fig. 8. The mass distributions resulting from the different pairing functions, for the models shown in Fig. 2. From top to bottom, the panels show
the primary mass distribution fj,, companion mass distribution f,,, the system mass distribution fj,, the mass distribution of the primaries and
single stars combined fy, ; (i.e., the targets in an observational binarity study), the single star mass distribution fj, and the distribution of all
stellar masses fy,,. Each distribution is normalised so that its maximum is unity. The vertical axis has a linear scale (rather than a logarithmic
scale; cf. Fig. 1) so that the differences are clearly shown. Each column corresponds to a different pairing function, which is indicated at the top.

section we provide an overview of the major differences and
similarities. In general, each of the properties described below
depends on the choice of the pairing function, a generating mass
distribution fy;(M), a generating mass ratio distribution f,(q),
and a generating binary fraction 8. Our example models have a
Kroupa generating mass distribution with 0.02 < M < 20 M, a
flat generating mass ratio distribution (if applicable), and a gen-
erating binary fraction of 100%. The resulting mass distributions
and mass ratio distributions for the different pairing functions are
shown in Figs. 2 and 8, respectively.

7.1. The mass distributions

For pairing functions PCP-I, PCP-III and PCRP the primary
mass distribution is identical to fy/(M). For pairing function
PCP-1I, fy, (M) is very similar to fy(M), but it contains less
primaries of low mass due to rejection of very low-mass com-
panions (which mostly occurs among low-mass primaries). The
latter “primaries” are considered as single stars after removal
of their companions. For pairing function RP the primary mass
distribution is more massive than fjy (M) due to swapping of

the components that are drawn from fj;(M). Pairing functions
SCP-1I, SCP-II and SCP-III result in smaller average primary
masses than fj,(M) due to the core splitting.

For all pairing functions the companion mass distribution
Ju,(M) is shifted to lower masses with respect to the generat-
ing mass distribution fj;(M). Pairing functions PCP-III, PCRP
and SCP-III result in a large number of low mass companions;
the companion mass distribution is sharply peaked at M, = c;
see Figs. 3 and 8. For a Kroupa generating mass distribution,
the other pairing functions show a peak in the companion mass
distribution around M, =~ 0.05 M. Pairing functions PCP-I and
SCP-I may result in arbitrarily small companion masses, but all
other pairing functions have M, min = c¢. All pairing functions
have M5 max = d. For each pairing function described in this pa-
per, the companion mass distribution depends strongly on the se-
lected primary mass range (see Fig. 3), but is independent of 5.

We define the binary system mass distribution fy. (M) as the
distribution of masses Mt = M + M, of all binary systems in a
population. For pairing function SCP-I the system mass distribu-
tion equals the generating mass distribution: fi, (M) = fu(M).
For all other pairing functions the expression for the system mass
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distribution is different from fi (M), fu, (M) and fy,(M). For
random pairing, for example, the system mass distribution can
be described as a convolution (Eq. (9)).

Pairing functions with 8 < 100% result in a population of
single stars. For PCP-II and SCP-II, even those with 8 = 100%
result in single stars. In our analysis we distinguish between the
single mass distribution fy,(M) and the primary/single mass dis-
tribution fy, (M). The latter distribution includes both single
stars and primaries and is important for observers. Target lists
for binarity surveys are often defined by fy, ; (M) for a certain
mass range, as in practice it is often unknown whether a sur-
veyed star has a companion star. For most pairing functions the
single mass distribution fj; (M) is equal to the generating mass
distribution fy;(M), and the fraction of single stars among the
systems is given by 1 — 8B, where 8B is the generating binary frac-
tion. For PCP-II and SCP-II additional single stars are created
due to the rejection of very low-mass companions. The gener-
ated single stars are mostly of low mass. Only for pairing func-
tions PCP-I, PCP-II, PCP-III and PCRP, the primary/single star
mass distribution fy, (M) is equal to the generating mass dis-
tribution f3;(M). The primary/single star mass distribution is bi-
ased to higher masses for RP, and to lower masses for SCP-I,
SCP-II and SCP-III.

The bottom row of Fig. 8 shows the mass distribution f;(M)
of all stars, including primaries, companions, and single stars.
This mass distribution, which includes all stars in the population,
is referred to as the mass function of a stellar population. For a
zero-age population, fy(M) is an initial mass function (IMF),
e.g., the Kroupa IMF (Eq. (2)). Only for pairing function RP is
the individual star mass distribution fy;(M) equal to the gener-
ating mass distribution fj;(M); the other pairing functions result
in a distribution f,;;(M) which is biased to lower values with re-
spect to fu(M).

7.2. The mass ratio distributions

The resulting overall mass ratio distribution f; .i(¢) depends on
the pairing function. The top panels in Fig. 2 show the signif-
icant difference between the overall mass ratio distribution for
the different pairing functions. The overall mass ratio distribu-
tion f,.1(g) is equal to the generating mass ratio distribution
f4(q) for pairing functions PCP-I and SCP-I. For pairing func-
tions PCP-II, PCP-111, SCP-II and SCP-III the overall mass ratio
distribution is biased to larger values of g with respect to f;(q).
For these pairing functions binaries with very low companion
masses, and thus often very low mass ratios, are either rejected
or redrawn, resulting in systematically larger values of g. The
overall mass ratio distribution of pairing functions RP and PCRP
are purely a result of the mass distribution fj;(M) and depend
strongly on its lower and upper limits.

Only for pairing function PCP-I is the mass ratio distribution
independent of spectral type, and thus equal to the overall and
generating mass ratio distributions. For all other pairing func-
tions the specific mass ratio distribution is a function of the pri-
mary mass. The middle and bottom panels in Fig. 2 show for
each pairing function the specific mass ratio distribution for tar-
get samples of different spectral types. For each of these pairing
functions, high-mass binaries have on average a lower mass ratio
than low-mass binaries. The lowest-mass binaries have a mass
ratio distribution peaked to ¢ = 1.

Figures 2 and 6 illustrate the strong dependence of the spe-
cific mass ratio distribution on the targeted sample in the survey.
Figure 4 shows a generalised version of these figures. Each panel
shows the two-dimensional distribution f(g, M) for the different
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Table 2. The mass ratio distribution resulting from different pairing
functions, for different samples, as compared to the generating mass
ratio distribution A,(q).

Pairing  foa(@)  fo@m st S @ st~y
RP - l T
PCRP - ! 1
PCP-1 = = =
PCP-11 l ~ 1
PCP-111 1 ~ 1
SCP-1 = ! T
SCP-II 1 1 1
SCP-111 1 ! 1

pairing functions. Care should thus be taken when extrapolating
the results to the population as a whole. The interpretation of the
observations is further complicated by the instrument bias and
observational errors, an effect we will discuss in Sect. 9.

An overview of the mass ratio distribution changes is pre-
sented in Table 2. The columns show the pairing function, the
overall mass ratio distribution, the specific mass ratio distribu-
tion for high-mass stars, the specific mass ratio distribution for
low-mass stars. The symbols the table indicate whether the mass
ratio distribution is equal to (=), almost equal to (=), or biased
to low mass ratios () or large mass ratios (T), with respect to
hy(q). As the distribution hy(q) is undefined for RP and PCRP,
the properties of f,.y, (¢) with respect to f; ai(g) are indicated.

7.3. The binary fractions

The overall binary fraction By is equal to the generating bi-
nary fraction 8 for most pairing functions. Only for PCP-II and
SCP-II the overall binary fraction is lower than B because of the
rejection of low-mass companions.

Table 3 provides an overview of the changes in the bi-
nary fraction as a function of spectral type and primary mass
range. The columns show the pairing function, the overall bi-
nary fraction By, the specific binary fraction for high-mass
stars By, ~m,,, and for low-mass stars By, ~p,,, - The last column
shows whether the resulting binary fraction is equal to 8 for any
primary mass range.

Most pairing functions result in a mass-dependent binary
fraction. If the generating binary fraction is lower than 100%,
all pairing functions except PCP-I, PCP-III and PCRP result in a
specific binary fraction that depends on primary mass (see, e.g.,
Fig. 7). On the other hand, if 8 = 100%, only pairing functions
PCP-II and SCP-II result in a varying By, (M), due to the rejec-
tion of low-mass companions.

For a sample of binaries with high-mass primaries, 8, (M)
is approximately equal to B for pairing functions PCP-I, PCP-
II, PCP-IIT and PCRP. For RP, the specific binary fraction for
high-mass binaries is higher than 8 (unless 8 = 100%), while
for SCP-1, SCP-II and SCP-III the binary fraction for high-mass
stars is lower than B (unless 8 = 100). For low-mass bina-
ries, By, (M) is equal to B for pairing functions PCP-I, PCP-
III, and PCRP. For RP, the specific binary fraction for low-mass
stars is only equal to the generating binary fraction if the lat-
ter is B = 0% or B = 100%, and lower in the other cases. For
PCP-II the specific binary fraction for low-mass stars is lower
than 8. For SCP-I and SCP-III the binary fraction for low-mass
stars is higher than 8. For SCP-II the specific binary fraction for
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Table 3. The specific binary fraction 8, (M;) as compared to the gen-
erating binary fraction 8, for different the pairing functions.

Pairing Ball BM] ~Mmax BM[ ~Mpmin BM] (M|) = B‘}

RP = > < no, unless 8 = 100%
PCRP = = = yes

PCP-1 = = = yes

PCP-I1 < ~ < no

PCP-III = = = yes

SCP-1 = < =, > < x> no, unless 8 = 100%
SCP-1I < <, =, > <, x> no

SCP-1II = < x> < x> no, unless B = 100%

low-mass stars may be higher or lower than 8, depending on the
properties of fy(M) and f,(g) and the value of 8.

8. Dependence on generating properties

In this section we discuss how the properties of a binary pop-
ulation depend on the attributes for the pairing functions: the
generating mass distribution fj;(M), the generating mass ratio
distribution f,(g), and the generating binary fraction 8. For the
most important properties of a population (with respect to bina-
rity), we list in Table 4 whether or not they depend on fy,(M),
J4(q@), or B, for each of the eight pairing functions described in
this paper. Note that the system mass distribution fj, includes
both single stars and binary systems. The specific mass ratio dis-
tribution f;.u, (¢) and specific binary fraction 8, (M) in Table 4
only refer to samples where all binaries have identical primary
mass M. For a sample with a finite primary mass, range, the re-
sults for the specific mass ratio distribution and specific binary
fraction are mostly identical to those of f, .i1(g) and By, respec-
tively. Table 4 also illustrates which properties of the population
can be used to recover fy(M), f,(q), and B. For example, for
RP, the specific binary fraction B, (M;) provides information
on the generating mass distribution (e.g., the IMF).

The generating mass distribution. For obvious reasons, all
mass distributions listed in Table 4 depend on f3;(M). The mass
ratio distributions for RP and PCRP are defined by, and depend
strongly on the properties of fy (M) and B. For PCP-I/II/III,
Ja:m, () does not depend on fjy(M), as both M; and g are drawn
independently from their generating distributions. Obtaining the
overall mass ratio distribution f; .i1(¢) requires integration over
the primary mass distribution; as for PCP-II and PCP-1II f;.1, (9)
varies with M, so does f,ai(g). The overall binary fraction
B is independent of fy (M), except for PCP-II and SCP-II,
for which low-mass companions are rejected. The specific bi-
nary fraction By, (M;), does not depend on fi (M) for PCRP
and PCP-I/II/III due to the independent drawing of M, and M,
(or @), while it does vary with fy;(M) for SCP-I/II/IIl as M, and g
are not drawn independently, and for RP as M| and M, are not
drawn independently (due to the swapping of the components;
see Sect. 6.1).

The generating mass ratio distribution. The generating mass
ratio distribution f,(g) is undefined for RP and PCRP. For the
other pairing functions, the dependence of f,.», (¢) and f, an(q)
on f,(q) is obvious. As companion masses are derived from g,
the distributions fy, and fy, depend on the choice of f,(q).
Note that that for SCP-II, all parameters vary with f,(g), and
for PCP-II most parameters (except the primary/single mass dis-
tribution) vary with f,(g). The properties of the single stars
do not depend on f,(g), except for PCP-II and SCP-II, where
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additional single stars are created due to the rejection of low-
mass companions.

The generating binary fraction. The dependence of B, and
By, (My) on the generating binary fraction 8 is trivial. The dis-
tributions that do not involve single stars, such as fu,, fu,,
Jaan(g) and fo.p,(q), by definition never depend on the choice
of B. The mass distribution of all stars fy;, (the “IMF”) depends

all
on the choice of B for all pairing functions, except for RP.

9. Interpretation of observations

Binarity and multiplicity provide important information about
the outcome of the star forming process in different environ-
ments (Blaauw 1961, 1991). In this paper we explore this issue
by making the assumption that binary stars are formed through
a simple “pairing function”. In reality the distribution of stars
in fy, ., (M1, M>) is the result of complex physics involving the
collapse of a molecular cloud into stars and stellar systems with
discs (which can themselves fragment), followed by dynamical
evolution of the protocluster (see Sect. 5). The resulting “pair-
ing function” may thus not be describable in terms of the simple
probability distributions given in this paper (Sect. 6). However,
even if we proceed from our assumption that the pairing of bi-
nary stars involves the random selection of a primary mass fol-
lowed by the secondary (RP, PCRP, PCP-I/II/III) or the random
splitting of cores (SCP-I/II/ILI), the interpretation of the obser-
vations is not trivial:

— there is a large space of possible models for the formation
and evolution of a binary population. In this paper we de-
scribe eight pairing mechanisms. For each pairing function
there are a large number of possibilities for the generating
mass distributions fj;(M), mass ratio distributions f;(g), and
binary fractions 8. In addition, we have no a priori restric-
tion on the plausible formation mechanisms (see, however,
Sect. 5);

— the observations of a binary population are generally limited.
The surveys are incomplete, and are affected by selection ef-
fects and observational biases, and often only a limited set of
binary population parameters is measured.

When the inverse problem of obtaining the binary formation
mechanism from the data is so poorly constrained, it is not possi-
ble to find the “best model” for binary formation from a fit to the
data. The only thing one can realistically do is to exclude models
that are not capable of reproducing the data and accept that all
other models offer plausible binary formation prescriptions.

9.1. Constraints from observations

Below we list several properties that have been identified for var-
ious binary populations over the last decades. These provide im-
portant information on the primordial pairing function, and the
formation and evolution of binary populations.

The observed mass-dependent binary fraction. The observed
binary fraction is known to increase with increasing primary
spectral type; see, e.g., Sterzik & Durisen (2004); Kohler et al.
(2006); Lada (2006); Bouy et al. (2006) for an overview. For
early-type (O/B/A) stars the binary fraction approaches 100%
(e.g., Abt et al. 1990; Mason et al. 1998; Shatsky & Tokovinin
2002; Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007b).
The binary fraction decreases to 50-60% for F/G-type stars
(Abt & Levy 1976; Duquennoy & Mayor 1991). For M-type
stars the binary fraction is 30—40% (Fischer & Marcy 1992;
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Table 4. Do the properties of a population resulting from a certain pairing function depend on its generating properties? The three generating
properties fy (M), f,(q) and B are listed in the top row. For each of the ten quantities listed in the left-most column, we list whether or not they
depend on the choice of fy (M), f,(¢) and B. We indicate dependence and independence with the symbols +/ and X, respectively. The results for
Jam, (@) and By, (M,) are valid only for a population of binaries with identical primary mass M;. The distribution over total system mass fi,

includes both binary systems and single stars.

Generating prop. fu(M) Jo@) 8
Pairing function | 7 ® ® ® ® 2 %2 2 Z B ® B B B X B Z B R X R BB & A
2 222 EEZCE 2 22 E2EEZC 2 22 E2EEZC
o VI NI VIV~ -~ X VX VYV V[x % xxx x xx
o VAN Y VY YV o VYV YV VXX X X x x xx
i N A A A A A A R AR A T S VAR AP
Jors v vV VNV YV V- - o x x x VY V[V x x o x o x v
i v oV Vv AV NV Y V- - x4 x x4y x| X X x4 x x4 X
i CIMF) [V VY VY V¥V V|- - N NN NN N[X VNV VAN
Saa(@) Vo X VA x A A = A Y VY V] X X x X X x X X
Jom, (@) VoV x x x § v N[- - v N VNV N VX x x x X X x X
Bl x x x y x x § x|- - x  x x x|V N AV A AV AV VAV
By, (M) VvV o x x x x  § V|- - x  x v N AV VAV AN AN AN AN

Leinert et al. 1997; Reid & Gizis 1997), and for late M-type
stars and brown dwarfs the binary fraction decreases to 10-20%
(Gizis et al. 2003; Close et al. 2003; Bouy et al. 2003; Burgasser
et al. 2003; Siegler et al. 2005; Maxted et al. 2008; Joergens
2008). Note that this correlation between mass and binary frac-
tion is also predicted by the hydrodynamical/sink particle sim-
ulations of Bate (2008). Assuming that this observational trend
is not induced by selection effects, is inconsistent with pairing
functions PCP-1, PCP-III and SCP-I, for which the binary frac-
tion is independent of primary mass. Furthermore, observations
have ruled out pairing functions RP and PCRP in various stel-
lar groupings (see Sect. 5). Pairing functions PCP-II, SCP-II
and SCP-III remain options to describe the binary population, as
for these pairing functions the binary fraction increases with in-
creasing stellar mass, and the average mass ratio decreases with
increasing mass. However, in this paper we merely describe sim-
plistic (but frequently used) pairing functions. A deeper analysis,
including a study of more complicated pairing functions, com-
bined with further observations, is necessary for a full descrip-
tion of the pairing function in the different stellar populations.
Twin binaries. Observationally, there is a high prevalence of
massive binaries with a mass ratio close to unity, often referred to
as the “twin peak” in the mass ratio distribution (Lucy & Ricco
1979; Tokovinin 2000; Pinsonneault & Stanek 2006; Lucy 2006;
Soderhjelm 2007). High-mass twin binaries are extremely rare
for RP and PCRP. For pairing functions PCP and SCP, high-
mass twin binaries only occur frequently when this is explicitly
put into the generating mass ratio distribution. A high prevalence
of low-mass twin binaries, on the other hand, naturally results
from all pairing functions except for PCP-I. In general, peaks in
the mass ratio distribution can occur for any mass ratio (see, e.g.,
Fig. 6). The location of the peak depends on the pairing function
and the primary mass range, and, if applicable, the mass ratio
distribution. In general, the peaks occur at low-g for a sample
of high-mass binaries, and at large-g for a sample of low-mass
stars. Pairing functions RP and PCRP are thus excluded, while
pairing functions PCP and SCP can only result in massive twin
binaries if the corresponding generating mass ratio distribution
is strongly peaked to g = 1.
The brown dwarf desert. The brown dwarf desert is defined
as a deficit (not necessarily a total absence) of brown dwarf

companions, either relative to the frequency of stellar com-
panions, or relative to the frequency of planetary companions
(McCarthy & Zuckerman 2004; Grether & Lineweaver 2006).
Theories have been developed that explain the existence of
the brown dwarf desert using migration (Armitage & Bonnell
2002) or ejection (Reipurth & Clarke 2001) of brown darfs.
The latter scenario “embryo ejection” is most popular, and pre-
dicts ejectino of brown dwarfs soon after their formation. In
this scenario, brown dwarfs could be considered as failed stars.
Kouwenhoven et al. (2007a), however, show that the scarcity
of brown dwarf companions among intermediate-mass stars can
also be explained by an extrapolation of the mass ratio distri-
bution into the brown dwarf regime. Metchev & Hillenbrand
(2008) reach a similar conclusion. PCP-I/II/IIT are thus not ex-
cluded by the presence of the brown dwarf desert.

The (initial) mass distribution. The initial or present-day
mass distribution f3;(M) of a stellar population sets strong con-
straints on the star formation process, and is an important feature
of each pairing function. The distribution is often derived after
its members are securely identified (e.g., Kroupa 2001; Preibisch
et al. 2002; Harayama et al. 2008; Stolte et al. 2008). The mea-
sured mass distribution is often the distribution of single/primary
masses fu, (M), as it is not known which members are sin-
gle and which are binary, which results in a measured mass
distribution that is biased to higher masses with respect to the
overall mass distribution f;(M), which, if measured just after
star formation, is the IMF. As stellar masses are often derived
from measured luminosities, the presence of unresolved binaries
and crowding may further bias the measured (initial or present-
day) mass distribution to higher masses (e.g., Vanbeveren 1982;
Maiz Apelldniz 2008; Weidner et al. 2008). Over the last decade,
considerable effort has been put into studying possible envi-
ronmental dependences of the IMF (see, e.g., Elmegreen 2007,
Kroupa 2008, for an overview and examples). The IMF of a pop-
ulation is presumably a result of the form of the initial core mass
function, and the primordial pairing function (i.e., how these
cores fragment into multiple systems, see Goodwin et al. 2008).
An environmental dependence of the primordial pairing func-
tion (e.g., mass ratio distribution, binary fraction) implies a dif-
ferent outcome of the star formation process with environment,
it also almost certainly implies an environmental dependence of
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the IMF (unless the core mass function changes in such as way
as to mask this change).

9.2. Recovering the pairing function

The pairing function, fy (M), f;(¢) and B can in principle be
derived from observations of binary systems, provided that the
observations cover a large part of the parameter space {Mi, g};
see Sect. 8. A significant complication, however, is introduced
by selection effects, in particular by detection limits that prevent
the detection of faint companion stars. As an example, a twin
peak for high mass binaries would rule out all of the models pre-
sented in this paper if f,(q) is assumed to be flat for PCP and SCP
(see Sect. 9.1). On the other hand, a twin peak at the low mass
end only rules out PCP-I (if the generating f(g) is flat). So how
should we proceed when interpreting the observational data? If
we assume for the moment that we somehow know that one of
the eight pairing mechanisms discussed in this paper occurs in
Nature, we can advise the following:

— make sure the survey of the binary population is complete,
i.e., that all primary masses are sampled. As is clear from
Fig. 2, looking only at the low mass stars does not allow
differentiating PCP-II, PCP-III, RP, PCRP, and SCP-I/II/III
(all show a twin peak);

— examine not only the overall distribution of a certain param-
eter (such as ¢ or the binary fraction) but also study how
it varies with primary mass. Again, from Fig. 2 it can be
seen that when considering only a single row of panels it is
not possible to easily differentiate the pairing mechanisms.
However, when looking at the overall and specific mass ra-
tio distributions, the differences do become clear;

— examine the combined behaviour of each parameter (the
mass ratio distribution and the binary fraction) as a function
of primary mass. The combination of these parameters con-
strains the possible pairing mechanisms significantly further;

— list all mechanisms capable of reproducing the observations
as possible solutions to the inverse problem. Do not try to
give a single answer if this is not warranted by the data.

In reality the number of possible models is of course much
larger, especially if we start from arbitrary probability distribu-
tions that are not constrained by an understanding of the physics
of binary formation. This is illustrated by the simple example in
Sect. 9.3 which shows that allowing a power-law distribution for
f4(q) means that only RP and PCRP can be excluded based on
an observed flat distribution of ¢.

The only practical way of excluding models of binary forma-
tion based on observations is to treat the inverse problem with
Monte Carlo methods where the observations are predicted from
the model and compared to the real observations. In this method
selection and observational biases should be included (see, e.g.,
Kouwenhoven 2006; Kouwenhoven et al. 2007b). Starting from
models based on probability distributions for a set of parame-
ters may not be the most useful way of constraining the forma-
tion mechanism for binaries as this leaves a lot of freedom. It is
more fruitful (but also more difficult) to start from actual phys-
ical models of binary formation and see if these are capable of
reproducing the observations.

A further complication occurs when one wants to recover
the primordial pairing function, i.e., the pairing function that is
present just after star formation, as the pairing function of a stel-
lar population evolves over time as a result of several processes.
During the first stages of star formation, the newly formed
proto-binaries are affected by pre-main sequence eigenevolution
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(Kroupa 1995a,b,c) due to interaction with the remaining gas
in the circumbinary disc. Dynamical interactions can result in
ionisation of binaries, the formation of new binary systems, and
exchange interactions, and thus alters the pairing function of a
stellar population (see, e.g., Kroupa et al. 1999, 2001; Preibisch
et al. 2003; Duchéne et al. 2004; Kohler et al. 2006; Reipurth
et al. 2007). Thie process is enhanced by gravitational focusing
(e.g., Gaburov et al. 2008). The pairing function also changes
due to stellar evolution, which can change the mass of one or
both of the components of a binary system, and in some cases
in a merger (e.g., Sills et al. 2002; Gaburov et al. 2008), or
in the ejection of one of the components during a supernova
event (e.g., Blaauw 1961). The primordial pairing function can
be constrained using the technique of inverse dynamical popula-
tion synthesis (e.g., Kroupa 1995c¢,b), in which the outcome of
N-body simulations is compared with present-day binary popu-
lation in a Monte Carlo way.

Finally we stress that any interpretation of observations of a
binary population in terms of the formation of binaries should
start by stating the assumptions one makes in order to restrict
the number of solutions to explore. That is, in the context of
what class of binary formation mechanisms are the observations
interpreted?

9.3. An example — an observed flat mass ratio distribution

Most pairing functions result in a mass ratio distribution that
varies with primary spectral type. For this reason one has to be
cautious when interpreting the observations of a sample of bina-
ries. Given the observed dataset, what is the pairing function, and
what is the generating mass ratio distribution f,(g)? The answer
partially depends on the generating mass distribution, which we
assume to be the Kroupa mass distribution for now. More im-
portantly, the answer depends on the properties of the surveyed
targets. In this example we analyse three cases: a sample where
all binaries are studied, a sample of spectral type A/B targets,
and a sample of brown dwarf targets. Using Monte-Carlo tech-
niques we determine which pairing function is consistent with
an observed flat mass ratio distribution f, ops(¢) = 1 for each
subset, and, if applicable, which generating mass ratio distribu-
tion. We assume that the generating mass ratio distribution has
the form f,(q) o« g”+. We further assume that the observations
are complete in the range gmin < g < 1 with g, = 0.1, and that
no binaries with ¢ < g, are observed due to incompleteness.

Table 5 shows the best-fitting values of y, for each pair-
ing function, assuming binaries with ¢ < 0.1 cannot be de-
tected. We ignore the other selection effects. The numbers in
the three columns represent the most compatible values of y,
for the overall mass ratio distribution f,(q), and for the specific
mass ratio distribution of binaries with A/B primaries and brown
dwarf primaries, respectively. For each for the three samples,
pairing functions RP and PCRP are excluded with high confi-
dence; these are unable to reproduce the observed flat mass ratio
distribution. The best-fitting value for pairing function PCP-I is
v4 = 0 for all samples. This is not surprising, as for f,.x, (¢) =
Jq(g) for this pairing function. For PCP-II and PCP-III the de-
rived y, for high-mass stars equals the observed value, but the
other two samples contain more binaries with large mass ratios.
For pairing functions SCP, the best-fitting intrinsic value of vy, is
smaller than the observed value of y, for high-mass binaries, but
larger for low-mass binaries. This example illustrates that the in-
ferred intrinsic pairing properties may be significantly different
from the observed pairing properties, depending on the pairing
function and the selected sample of binaries.
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Table 5. Suppose that a stellar population has an observed mass ratio
distribution f; qps(q) = 1 for gmin < g < 1. What is the pairing function
and the generating mass distribution f;(q)? This table lists the exponent
74 of the generating mass distribution f,(g) o ¢ that is most compati-
ble with the synthetic observations.

Pairing function vy, (all stars) 7y, (AB stars) vy, (BDs)
Observed 0.00 0.00 0.00
PCP-1 0.00 0.00 0.00
PCP-1I 0.35 0.00 1.30
PCP-III 0.55 0.00 1.80
RP excluded excluded excluded
PCRP excluded excluded excluded
SCP-1 0.00 -0.40 0.10
SCP-1I 0.30 -0.40 1.50
SCP-III 0.55 -0.40 1.75

In practice, parameter distributions are often represented
with a functional form. Suppose, for example, that we assume
that the generating mass ratio distribution has the form f,(g) o
q". If we use this functional form for our model population, and
compare simulated observations with the true observations for
different values of y,, we will likely find a best-fitting y,. This
does not necessarily mean that the generating mass ratio distri-
bution has indeed the form f,(q) « ¢”+. In this example we have
added another assumption, i.e., that the mass ratio distribution
has the form f,(g) o ¢".

10. Summary and discussion

We have described several methods of pairing individual stars
into binary systems. We refer to these algorithms as pairing
functions. Each pairing function is characterized by a generat-
ing mass distribution fj;(M) and a generating binary fraction 8B,
and most additionally by a generating mass ratio distribution
f4(¢). Each pairing function results in a significantly different
binary population. Depending on the pairing function and the
mass range of the binaries studied, the resulting binary popu-
lation may or may not have a mass ratio distribution or binary
fraction that is equal to f,(g) or B, respectively. The binary frac-
tion and mass ratio distribution generally depend strongly on the
number of substellar objects in the population, and on the prop-
erties of the surveyed sample.

Eight pairing mechanisms are discussed in detail. For ran-
dom pairing (RP) both components are randomly drawn from the
mass distribution fj;(M). For primary-constrained random pair-
ing (PCRP), both components are drawn from fj;(M), with the
constraint that the companion is less massive than the primary.
For primary-constrained pairing (PCP-I, PCP-II, and PCP-III),
the primary is drawn from f3;(M), and the companion mass is
determined using a mass ratio distribution f,(q). For split-core
pairing (SCP-I, SCP-II, and SCP-III), the core mass is drawn
from fj;(M), and the masses of the binary components are de-
termined by the mass ratio f;(q), which splits up the core into
two stars. The difference between the variants of pairing func-
tions PCP and SCP lies in the treatment of low-mass compan-
ions (see Sect. 6). Seven pairing functions naturally result in a
specific mass ratio distribution that depends on primary spectral
type, and five naturally result in a mass-dependent binary frac-
tion. Seven out of eight pairing functions always produce a twin
peak for low-mass binaries, while none result in a twin peak for
high-mass binaries, unless the generating mass ratio distribution
is strongly peaked to g = 1.
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The differences between pairing functions are important for
(i) the interpretation of observations; (ii) initial conditions of nu-
merical simulations; and (iii) understanding the outcome of star
formation:

(i) The interpretation of observations. The choice of the ob-
servational sample may mislead the observer in deriving
the overall properties of a stellar population, as most pair-
ing functions have a mass-dependent binary fraction and
mass ratio distribution. If the binary fraction or mass ra-
tio distribution of two samples (e.g., systems with B-type
primaries and those with M-type primaries) are different,
this does not necessarily mean that the underlying pairing
function is different. A significant further complication is
introduced by observational selection effects, which artifi-
cially decrease the binary fraction and increase the average
mass ratio. The only practical way to account for these is
by using a Monte Carlo approach, and to compare simu-
lated observations of a model population with the results
of the binarity survey, taking into account all sampling and
selection effects (Sect. 9).

(ii) Initial conditions for numerical simulations. A choice for
the pairing function has to be made when generating ini-
tial conditions for simulations of star cluster simulations
with binaries. The simplest choice is random pairing (RP),
although this pairing function is excluded from observa-
tions and not expected from star formation. When mod-
elling star clusters, one has to be aware that most pairing
mechanisms result in mass-dependent properties, such as
mass ratio distribution and binary fraction. The choice of
the pairing function affects the outcome of the simulations,
such as the dynamical evolution of star clusters, mass segre-
gation, and the number of contact binaries and supernovae.

(iii) Star formation. Different star formation scenarios result in
different mechanisms of pairing stars into binary systems.
After star formation, the pairing function is altered by dy-
namical interactions and stellar evolution. Random pairing,
however, is not predicted by star formation models, and is
excluded by observations (see Sect. 5). The binary fraction
and mass ratio distribution can be used to distinguish be-
tween the different pairing functions. Although the pairing
functions described in this paper are common in literature,
we do not suggest that one of these pairing functions in-
deed describes the natural outcome of the star forming pro-
cess. It is, for example, possible that the pairing properties
are a function of primary mass or core mass. If this is the
case, it may indicate different formation processes for dif-
ferent masses. Due to the lack of observations, this has not
been studied in detail, apart from the extreme ends of the
mass distribution (very massive stars and brown dwarfs).
Kroupa et al. (2003) and Thies & Kroupa (2007), for exam-
ple, find that the observed IMF and binary population can
be explained by separate formation mechanisms for stars
and brown dwarfs (see Sect. 6.1.1). Nevertheless, the pair-
ing functions described in this paper are useful tools to de-
scribe the outcome of star formation simulations. In order
to constrain the primordial binary population from obser-
vations, one does not only have to take into account the
selection effects, but also the change in the pairing function
that has occured due to the effects of stellar and dynami-
cal evolution. Over the last decade, considerable effort has
been put into studying possible environmental dependences
of the IMF. The IMF of a population is presumably a re-
sult of the form of the initial core mass function, and the



996

primordial pairing function (i.e., how these cores fragment
into multiple systems, see Goodwin et al. 2008). An en-
vironmental dependence of the primordial pairing function
(e.g., mass ratio distribution and binary fraction) implies a
different outcome of the star formation process and almost
certainly an environmental dependence of the IMF (unless
the core mass function changes in such as way as to exactly
mask this change); see Sect. 8.

Each pairing function, as well as each subset of stars, results in
a different mass ratio distribution and binary fraction. It is there-
fore of great importance to carefully study selection effects in
observations, and to clearly state the pairing mechanism used in
simulations, in order to make statements about the star formation
process. The pairing functions described in this paper are likely
too simplistic to describe a realistic stellar population. However,
they are frequently used to describe observations and simula-
tions. The next step forward is to fully characterize the binary
population of several young stellar groupings; only in this way
the star formation process can be recovered.
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Appendix A: The pairing function and mass ratio
distributions

In this appendix we discuss for each of the pairing mechanisms
described in the main paper how to calculate the mass ratio dis-
tribution function f,(g). The masses of primary (M;) and sec-
ondary (M;) are drawn from the same generating mass distribu-
tion fy;(M), or alternatively, the primary is drawn from fj,(M)
while the secondary is drawn from a generating mass ratio dis-
tribution. The generating mass distribution is treated throughout
this appendix as a probability density:

PM<t)=Fy@® = f fu(x)dx, (A1)
and
foo Su(M)dM = 1. (A2)

In the subsequent section we describe for each of the pairing
functions first how to calculate f,(g) without specifying the gen-
erating mass distribution and then we work out the resulting
mass-ratio distributions for the single power-law f3;(M) which
is given here as:

l-a ycY
d'-o —cl-e T 1 —(¢/d)’

f(M)=aM™ with a= (A3)

where @ # 1 and ¥ = @ — 1 and ¢ and d are the lower and upper
limits on the mass distribution.

A.1. Random pairing

The simplest choice for a pairing function is that of “random
pairing” (RP). In this case both component masses are drawn
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independently from f,(M) and swapped, if necessary, to en-
sure that M, < M. In this case the joint distribution function
Jip(M1, M) for the component masses is given by:

Jip(M 1, M3) = 2 fy,(My) fu, (M),

where the factor 2 accounts for the fact that the pairs of masses
are swapped in order to ensure that M, < M;. The masses are
restricted by a lower limit ¢ and and upper limit d which leads
to the domain of f,(M;, M>) being defined as ¢ < M, < d and
c <My <M.

(A4)

A.1.1. Mass ratio distributions for RP

First, general expressions for the mass ratio distributions are
derived before working out specific examples. To derive the
mass ratio distribution we follow the appendix of Piskunov &
Mal’Kov (1991) and derive f;(q) from its cumulative distribu-
tion function:

P(y/x < q) = Fy(q) f Jrp(x, y)dxdy

S
f/d f 2f(x) f(y)dydx,
c/lqg Jc

where for ease of notation we use M; = x and M, = y. The

integration domain S is shown in the left-hand panel of Fig. 5.

The probability density f, is then given by:
d

fq(Q) = d_qu(q).

(A.5)

(A.6)

In observational surveys for binarity one is often restricted to
a certain range of primary spectral types for observational rea-
sons. To derive the effects of the selection on primary mass, the
derivation of f,(g) again proceeds via the cumulative distribution
function, which is now given by:

Fy(@) = P(y/x < gqlx; £ x < xp) ¢ fffrp(x, y)dxdy, (A7)
S/

where the primary mass range is restricted to x; < M; < x;
and the integration domain S’ is as shown in Fig. 5. The integra-
tion domain limits now depend on whether ¢ is larger or smaller
than c¢/x;. For g < c¢/x; the integration domain S’ is given by:
c/qg £ x < x3 Ac £y < gx (middle panel in Fig. 5), while for
q > c/x; S’ is defined by x; < x < x A ¢ £ y < gx (right-hand
panel in Fig. 5). The minimum possible value of ¢ is c¢/x; in this
case, implying that F'(g) = 0 for ¢ < c¢/x,. Thus the expression
for the mass ratio distribution now becomes:

0 q<

X2

Fyq) = k[0 [T 2f0fpdydx & <g< &
k ;1‘2 fcqx 2f(x0)f(y)dydx xL. <g<1
and the probability density f; is again derived according to

Eq. (A.6). The normalisation constant k can be calculated from
the condition F,(1) = 1.

S

(A.8)

A.1.2. Binary fractions for RP

For RP, the overall binary fraction By is equal to the gener-
ating binary fraction B. The specific binary fraction By, (M),
however, is generally a function of primary mass. For a given
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primary mass, the number of single stars S (M) with mass M,
and the number of binary stars B(M,) with primary mass M is
given by:

Smy =S fu(M)dM,, (A.9)

where S is the total number of single stars in the system, and

M
By, =2Bfu(M)dM, fu(M)AM’,

C

(A.10)

where B is the total number of binary stars in the system
and c is the minimum stellar mass. The specific binary fraction
By, (My) = By, /(S m, + Buy,) is then given by:

1)

where Fy(M;) is the cumulative mass distribution (i.e., the
primitive of f,) evaluated at mass M.

An example of the mass-dependent binary fraction result-
ing from RP is shown in Fig. 7. Clearly, we have By, (M;) = 1
when S = 0, and By, (M) = 0 when B = 0. Also, By, (Mmax) =
2B/(2B+ S) > B and By, (Mmin) = 0. The mass at which the
specific binary fraction equals the generating binary fraction can
be found by solving B = B, (M,), which gives F (M) = 0.5.
In other words, for pairing function RP the overall binary frac-
tion can be found at the median stellar mass (M). For higher pri-
mary masses, By, (M) is higher, and for lower primary masses,
Bum, (M) is lower.

By, (M) = (A.11)

2B Fy(M)) B1-1
2B Fyu(M)) + s - 2F y(My)

A.1.3. Single power-law mass distribution

From Egs. (A.5), (A.6), and (A.8) mass ratio distributions for
specific choices of the generating mass distribution can be de-
rived. The single power-law defined in Eq. (A.3) is considered
here. Without restrictions on the primary mass range, the cumu-
lative distribution for ¢ is given by:

fd f 2a°x" %y *dydx
c/q

yz = (/a7 + g = 2(c/d).

Fq(CI)

The probability density for ¢ is then obtained as the derivative
with respect to g of F, which after some algebraic manipulation
leads to:

Y 2 2y
=———(¢"" = (c/d)7q™?). A.12
19 = T=rap (4°7 = (c/ay"q™) (A.12)
For ¢/d < 1 one obtains:
(@=Dg*? a>1
~ . A.13
f(@) {(1_a)q_a o (A.13)
These approximations are poor when o ~ 1.
Figure A.1 shows a number of examples of the resulting
mass ratio distributions for different values of ¢/d and the power-

law slope @. The values for a represent the Salpeter mass
distribution (2.35), the slopes at the lower mass end for the
Kroupa (2001) mass distribution (1.3 and 0.3), and a possible
slope at the very low mass end of the mass distribution, where
the number of stars increases with m. The latter value may occur
in a multi-part power-law mass distribution with a real turnover
at the low mass end. For @ > 1 the mass distribution decreases
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with logm and for @ < 1 it increases with log m. However this
does not represent a real turnover in the mass distribution, the
number of stars still increases as the mass goes down as long as
a > 0. Note how the peak in the g distribution changes as the
values of @ and c¢/d are changed. For very small values of c/d
one can see from the approximation (A.13) that f, will be flat
for @ = 0 and @ ~ 2 and that it will peak at small values of g for
0 < @ < 2. For values of @ larger than 2 the number of low-mass
stars is so dominant that large values of ¢ are favoured (i.e., both
M and M, are likely to be small). Conversely, for @ < 0 the rise
of the number of stars with m again favours large values of g. For
0 < @ < 2 the ratio of probabilities to obtain low- or high-mass
stars is such that drawing two equal mass star is unlikely thus
favouring small values of q.

To find the expression for f, when the primary mass range is
restricted Eq. (A.8) has to be worked out for the single power-
law mass distribution. For 0 < ¢ < ¢/x; F,(g) = 0, while for
c/xy £ g <c/x; Fy(q)is given by:

Fy(q) « f f x %y "dydx— —_—
/q

f @ (ql @ 1- a_cl—a)dx
19

1 (1 - -
« 7 (5 (q_7x227 + c‘zyqy) - c_yxzy) .

For c/x; < g < 1 the cumulative distribution for ¢ is given by:

Fy(q) « f qux y “dydx
« 53757 - 7) = (7 )

The normalisation constant k for the probability density of ¢
can now be found by substituting ¢ = 1 in the last expression
for Fy(q):

-1
k= (% (o™ =x7) =7 (37 - x7>) -

Now the expressions for f,(¢) can be derived by taking the
derivative of the integrals above:

(A.14)

0 q< ;7
k a—2 c 2y -a) ¢ c
=] w52 a0) £<a< s, (A.15)
k 2y —a c
If x; = x» f,(¢g) will be proportional to ¢g™* for ¢/x; < ¢ < 1 and
zero otherwise:
0 q< XLI
=1 ., <1 (A.16)
1— (C/xl)l aq q

Figure A.2 shows examples of the behaviour of f,(g) when the
primary mass range is restricted. The solid lines show the distri-
bution of ¢ for a complete binary sample. The dotted lines show
what happens if there is only a lower limit (>¢) on the primary
mass range. For @ > 1 the large mass ratios are preferentially
removed because low-mass primaries are removed. Conversely
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Fig. A.1. Mass ratio distributions f,(g) for random pairing from the single power-law fj;(M). The curves are shown for o = 2.35, 1.30, 0.30, -2.50
and four ratios of the lower to the upper mass limit of fj;(M): c¢/d = 0.01, 0.1, 0.3, 0.5.

if there is only an upper limit on M; (< d) only small mass ratios
are removed and the resulting f,(g) is given by the dashed lines.
The dot-dashed lines show a generic case with ¢ < x; < x; < d.
The latter case for very narrow primary mass ranges f,(g) will
converge to f,(g) < g “ For 0 < « < 1 the effect of mass
selection is to remove the small values of g, thus flattening the
distribution and moving the peak. For @ < 0 the mass selection
does not have much effect. This figure illustrates that the inter-
pretation of mass ratio distributions in terms of random pairing
is not straightforward unless the generating mass function is well
known and the observations are indeed complete over a known
primary mass range.

The expression for the specific binary fraction By, (M) re-
sulting from random pairing is listed in Table A.3, and, for
the Salpeter generating mass distribution (@ = 2.35), shown
in Fig. 7.

A.2. Primary-constrained random pairing

In this case (PCRP) the primary and secondary are again drawn
independently from the generating mass distribution, however
for the secondary the condition M, < M, is imposed before
drawing the secondary mass. That is the probability density
Jfm, (M) is re-normalised to the interval [c¢, M,] (recall that c is
the lower mass limit on the mass distribution).

A.2.1. Mass ratio distributions for PCRP

Writing the re-normalised secondary mass distribution as
f'w,(M2) = f’(y), the expression for the joint probability dis-
tribution fperp (M1, M>) is:

Soep(My, M) = for, (My) [y, (M>),

which is normalised to 1 due to the re-normalisation
of "y, (M>).

To derive f, one can proceed as for the RP case. The integra-
tion domain is as shown in the left-hand panel of Fig. 5 and the
expression for F(g) can be written as:

F(q) = f/d f SO f (y)dydx.
c/qgJc

Note that the normalisation constant for f”(y) depends on x. The
expression for the restricted primary mass range becomes:

(A.17)

(A.18)

0 q< XLZ
Foq) =3k [0 [ fQf pdydx & <g< £, (A.19)
k2 [P fof dydr £ <g<1

where the integration domains for ¢/x, < ¢ < ¢/x; and ¢/x; <
q < 1 are shown in the middle and right-hand panels of Fig. 5,
respectively.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810234&pdf_id=9

M. B. N. Kouwenhoven et al.: Exploring the consequences of pairing algorithms for binary stars

Mass ratlos for random palnng o= 2. '%5 c= 0. 020 d— 2 000

999

Mass ratlos for random pamng o= 1. 30 c= 0. 020 d— 2 000

T T
" . . x‘—(]lOO x—2000

,,,,, X,=0.020, x,=0.500 _|
25 _. x,=0.200, x,=0.500

@

. x‘—(]lOO x—2000
T x,=0.020, x,20.500
v _ %,=0.200, x,=0.500

Lo b b b,

L U LR L SURL ST SRS LB

L1

Mass rallos for random palrmg (x— 0. 30 c 0. 020 d— 2 000
T T

Mass ratlos for random pamng OL— 2. 50 c—O 020 d— 2 000

T
xl_() 100, x; _2 000
x,=0.020, x,=0.500

. %,=0.200, x,=0.500 |

x,—() 100, x; 2,000
,,,,, X,=0.020, x,=0.500
oo x,=0200, x,=0.500

0.5

LI I L

0.0 L L L Il L L L Il L L L Il

q

=l b b b b b by

=)

0.0 0.2 0.4 0.6 0.8
q

Fig. A.2. Mass ratio distributions f,(¢) for random pairing from a single power-law fy;(M). The solid curve shows the complete mass ratio
distribution (for all binaries in the population). The other curves show what happens to the observed f,(g) if the primary mass M, is restricted to
x1 £ M; < x,. The curves are shown for o = 2.35, 1.30, 0.30, —2.50. The value of ¢/d is 0.01 and x, and x; are listed in the panels.

A.2.2. Binary fractions for PCRP

For PCRP, the overall binary fraction B, equals B, and specific
binary fraction By, (M) is equal to the generating binary frac-
tion B for any mass M.

A.2.3. Single power-law mass distribution

For the single power-law mass distribution, with lower and upper
mass limits ¢ and d, the joint distribution of x = M) and y =
M, is:

Joep(X, y) = arx " ax(x)y ™7, (A.20)

where the normalisation constant for f(y) depends on the pri-
mary mass Xx:
yc! yc?
=—— 7 and X) = ———"
N =T (c/dy “ = Ty
A distinction has to be made between the cases @ < 1 and @ > 1
as will become clear below.

F,(q) is given by:

(A21)

27 y @

ﬂ,f (1- (c/d)V)(l — (/o
a fd x7! [—q‘y(c/x)y _ 1}dx
c/q

(c/x)Y =1

Fyq) =

~*dydx

Using the substitution z = ¢/x (which implies dx = —(c/z%)dz)
the integral can be written in a more convenient form and its
solution can be written as linear combination of the terms z” and
In(1 - z”) for @ > 1, while for @ < 1 the terms z” and In (¥ — 1)
are involved.

The resulting expression for f,(g) is:

2z [0 () + e/ — g ] @< 1

A (5 4 gy -] @n 1

falq) = (A.22)

This expression diverges as ¢ — 1 which is due to the low-
mass end of the primary mass distribution. As M| approaches
¢ the values of ¢ will increasingly all be close to 1. The rate
at which f;, diverges depends on the value of a. For a > 0 the
mass distribution peaks at the low-mass end thus causing a rapid
divergence.

Figure A.3 shows four examples of the mass ratio distribu-
tion for PCRP from a single power-law mass distribution. The
curves are for the values of ¢/d of 0.01, 0.1, 0.3, and 0.5.

For the restricted primary mass range Eq. (A.19) has to be
worked out. For ¢/x, < g < ¢/x; the expression for F,, is:

F ~*dydx,
7(q) x f/qfl_(/)y ydx
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Fig. A.3. Mass ratio distributions f,(g) for PCRP from a single power-law mass distribution. The curves are shown for a = 2.35, 1.30, 0.30, —2.50
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which can be worked out to:

X2 qu—yx—Zy—l
F,( )ocf
O T el =1

—x vl

dx.

This integral can be worked out in the same way as for the full
primary mass range. For ¢/x; < g < 1 the expression for F
becomes:

X qu—yx—Zy—l
F,( )ocf
) T -

—y-1
— X
dx.

The expression for f,(g) for a > 1 is:

0 q< x%

fl@) =1 7= (In(HL20) + (f—z)y —q) L£<q<£ (A3
7 () + (£) - (£)) £=a=1

For « < 1 the expression for f, is:
0 q < xﬁz

fu@ = g (n(G2)+ (5) - @) o<t a2
7 (n (=) + (5) - (5)) £ =a=1

The normalisation constant k is:

k=7y((c/x1) = (c/x)) " (A.25)

Again, if x; = x2, f;(g) will be proportional to g~ for ¢/x; <
g < 1 and zero otherwise and the expression is the same
as Eq. (A.16).

Examples of what happens in the case of PCRP when a se-
lection is done on primary mass are shown in Fig. A.4. The be-
haviour is qualitatively the same as for the random pairing case.

A.3. Primary-constrained pairing

For the pairing mechanism discussed now the assumption is that
there is a physical process which sets the primary mass and the
mass ratio of the binary, rather than setting the masses of pri-
mary and secondary. For the primary constrained pairing mech-
anism (PCP) the assumption is that M; is determined from M,
through the mass ratio g. The probability densities for M; and ¢
are specified in this case and they are assumed to be independent.
That is:

Joer(M1.q) = for,(M1)hy(q), (A.26)

where the generating mass ratio distribution is written as h,(q)
in order to distinguish it from the observed mass ratio distribu-
tion f,(g). The latter can be obtained by integrating foep(M1, q)
over M;:

Jo(@) = ffi)cp(Ml’Q)dMl-

There are a number of choices one can make in generating a bi-
nary population from f,p. The generating mass ratio distribution

(A.27)
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Fig. A.4. Mass ratio distributions f,(g) for PCRP from a single power-law mass distribution. The solid curves show the complete mass ratio
distribution (for all binaries in the population). The other curves show what happens to the observed f,(g) if the primary mass M, is restricted to
X1 £ M, < x,. The value of ¢/d is 0.01 and x; and x, are listed in the panels.

is assumed to be specified for the interval 0 < ¢ < 1 and
¢ < M, <d, which leads to the following three possibilities:

PCP-I All values of g are allowed which means that for a given
primary mass M;, 0 < M, < M;. Thus binary systems with
“sub-stellar” secondary components are also allowed.

PCP-II All values of g are allowed but only binary systems for
which the secondary is “stellar” (i.e. M> > c¢) are retained.
This amounts to integrating fi,, over therange c/q < M| < d
and re-normalising the resulting distribution of g to 1.

PCP-1II Only values of ¢ for which M, > c are allowed, i.e.
c¢/M; < g < 1. This is equivalent to re-normalising the gen-
erating distribution h,(g) to the interval [c/M, 1].

A.3.1. Mass ratio distributions for PCP

Again we first derive the general expressions for f,(g) before
discussing specific examples.

PCP-1 In this case one always obtains f;(q) = h,(q) because the
distributions of ¢ and M; are independent. Also when restricting
the primary mass range the observed mass ratio distribution is
equal to the generating distribution.

PCP-Il Here the systems with M, < ¢ are discarded and then:

d d
‘M@=kj;ﬁﬁMh@Mﬁ=kj;%MUMUﬂMMhMQ&
c/q c/q

where k is a normalisation constant which ensures that
ffq(q)dq = 1. Of course f;(q) = 0 for0 < g < c/d. For a
restricted primary mass range, ¢ < x; < M; < x; < d, the
expression for f, is:

0 0<g<¢

X2

fol@) =3 & [0 ha(@) for, (M1)dM,
k f;.h hy(q) far, (M71)d M

where k is again a normalisation constant. For g < ¢/x; the value
of ¢/q is larger than x; so the lower integration limit of the inte-
gral in Eq. (A.28) becomes x3, i.e., all companions with g < ¢/x;
are rejected, as their mass is smaller than the minimum mass c.
For g > ¢/x; we have ¢/q < x; so the lower integration limit of
the integral should be fixed at x;.

<g<< (A.29)

PCP-III In this case the generating mass ratio distribution is re-
normalised to the interval [c/M|, 1], resulting in a generating dis-
tribution /' ;(q). The expressions for f;, are then derived as for the
PCP-II case:

Jol@) = f Joep(M1, )dM, = f W (@) fu,(M)dM,,  (A.30)
c/q c/q
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where a normalisation constant is now not needed (4’,(g) is nor-
malised). For the restricted primary mass range the expression is:

0 O<q<é

X2

Jol@) = k /g 1 (@) fur, (M1)dM,
k fx),cz I o(q) far, (M 1)dM,

<g< £, (A.31)

x1 <g<l1

I~ &l
=

A.3.2. Binary fractions for PCP

PCP-lI The overall and specific binary fractions are always
equal to the generating binary fraction 8 for PCP-1

PCP-II Due to the rejection of low-mass companions with M, <
¢, i.e., with ¢ < gmin(M1) = ¢/M,, the binary fraction varies with
primary mass:

1
By, (M) =8B he(q)dg < B,

Gmin(M1)

(A.32)

where h,(g) is the generating mass ratio distribution. Note that
Bum, (M) is independent of the generating mass distribution. An
example of the mass-dependent binary fraction resulting from
PCP-1I is shown in Fig. 7. For high-mass binaries with M| =~ d,
very few companions are rejected as gmin(M;) < 1, and hence
By, (M) ~ B. For the lowest mass binaries in the sample, on
the other hand, gmin(M;) = 1, and therefore By, (M;) = 0. The
overall binary fraction can be found by integrating over primary
mass

Ba11=fBM1(M1)fM1(M1)dM1, (A.33)

and is always lower than 8.

PCP-IIl The overall and specific binary fractions are always
equal to the generating binary fraction B for PCP-III

A.3.3. Uniform mass ratio distribution and single power-law
mass distribution

The following is assumed for &, and fiy;, (M) = f(x) (using x =
M, for ease of notation):

he(q) =1
f(x) = ax™@

where a = yc¢” /(1 — (¢/d)?) and @ # 1.

0<g<l
c<x<d,

The PCP-Il case For the full primary mass range we have from
Eq. (A.28):

_ oy 47— (c/d)
Jol@) = ki:ax dx = ki1 e/dy

The expression for k can be found by solving fc ; JJal@dg =1

for k which leads to the final expression for the observed mass
ratio distribution:

(A.34)

0 0<g<$
fo@) = DD e g (A.35)

I=(y+D)(c/d)y +y(c/d)*!
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If the primary mass range is restricted to x; < g < x; the expres-
sion for f, can be derived using Eq. (A.29):

0 0<g<s
k(g” = (c/x2)")
k((c/x1)" = (c/x2)") - <g<1

where the normalisation constant is:

fol@) = (A.36)

. y+1
(o + D I(e/x1)? = (c/x2)7] =y [(c/x))7*1 = (c/x2)7*!]

Note that if x; = x;, the distribution of ¢ will be uniform on the
interval [c/x;, 1], i.e. f;(g) = 1/(1 = ¢/x;). The equations above
do not hold for @ = 0. This case is easily evaluated and the result
fora = 0is:

(A37)

Jo(@) =

1- ﬂ)- (A.38)

1
1 —c/d+(c/d) ln(C/d)( q

The PCP-Illl case Now the mass ratio distribution is re-
normalised to the interval [c/x, 1] which gives:

W y(q) = (A.39)

1-c/x ‘
For the full primary mass range f, is obtained from Eq. (A.30):

0 0<g<$
Jo(@) = {aﬂq Sy s cget (A.40)
Restricting the primary mass range leads to:

0 0<g<
Jol@) = X (A.41)

=

Xy yl-a c ¢

kfc/q _cdx gSq<x—l )
Xy l-a c

k[T imde £ <

The expressions for the PCP-III case can be written in a slightly

more convenient form when using the substitution z = ¢/x. For
the full primary mass range:

0 0<g<j
fq(q)={ﬁ cid%dz coget” (A.42)
and for the restricted range:

0 0<g< é
fil) = el [, =l f<a<t (A.43)

o

Y (M2l <
k= o, 0¥ £ <q<1

The integrals involving the term z~! /(1—z) can be solved and the
general expression involves the hypergeometric function ,F;.
The expression is:

f 2! 7 oFi(y+ 1,1y + 222!
dz=—+ .
1-z2 y v+ 1

(A.44)

From the properties of the hypergeometric function (see
Gradshteyn & Ryzhik 2007, Chapt. 9) it follows that because
(y+ 1)+ 1 —(y+2) = 0 the expression above converges through-
out the unit circle in the complex plane except at |z7] = 1. So
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there will be a singularity at ¢ = 1 for the full primary mass
range case.

For integer values of y (or @) special care should be taken.
From the expression above it is clear thaty = 0 or y = —1 should
be treated separately. Furthermore the hypergeometric series for
»Fi(a, b;c;7) is indeterminate for ¢ = —n where n = 0, 1, 2, ... if
neither a nor b is equal to —m (where m < n and m is a natural
number). Here this means that all cases y + 2 = —n should be
treated separately which combined with the condition y # 0, —1
implies that whenever y = —n (i.e. @ = —n + 1) the expression
above will not apply. The case @ = 1,y = 0, is excluded, so the
special cases are Yy = —n — 1, @ = —n, and then the expression
for the integrals becomes:

dz - -1 1-z
= g -1 ,
fz”*'(l -2) (n+ 11—k g

k=1

(A.45)

where the solution can be found from formula 2.117(4) in
Gradshteyn & Ryzhik (2007). In the integrals above the inte-
gration constants were left out.

For restricted primary mass ranges the results above can be
used to evaluate the integrals listed in Eq. (A.43). The normali-
sation constant k can be obtained from numerical integration of
J4(@). Again, if x| = x, one obtains f,(q) = 1/(1 —¢/x;) for g in
the interval [¢/x), 1]. Figures A.5 and A.6 show examples of the
resulting mass ratio distributions for A,(g) = 1 and various sin-
gle power-law mass distributions for the primaries. The hyper-
geometric function was calculated using the routine from Press
et al. (2007, Sect. 6.13).

Finally, we have listed the expressions for the binary fraction
as a function of primary mass in Table A.3.

A.4. Split-core pairing

The mechanism of split-core pairing (SCP) works on the as-
sumption that binaries are formed by the splitting of star-forming
cores into two components. The component masses are speci-
fied through their mass ratio. The distribution function for the
core masses M. is given by the core mass function f.(M.) and
the mass ratio distribution f;(g) is specified independently. The
masses of the primary and secondary are then given by:
1 1

M = —M d M, = M.,
S g ™ S TP e

(A.46)

where for simplicity the star formation efficiency is assumed to
be 100% once the core mass is set. For a constant efficiency as
a function of core mass this assumption has no influence on the
results. Furthermore it is assumed that the minimum core mass
is large enough to ensure that the primary is always of “stellar”
mass. That is the minimum core mass has to be at least twice the
minimum stellar mass.
The joint probability density fi, for M. and ¢ is written as:

Jsep(Me, q) = fe(Mc)hy(q), (A.47)

where again the generating mass ratio distribution is written
as hy(q) in order to distinguish it from the observed mass ra-
tio distribution f;(g). The latter can be obtained by integrating
Ssep(Me, q) over M.:

fo) = f Fren(Mes )AM.. (A48)

As for PCP there are three cases: The generating mass ratio dis-
tribution is assumed to be specified for the interval 0 < g < 1
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and we assume 2¢ < M, < 2d (with ¢ and 2d being the mini-

mum and maximum stellar mass, respectively), which leads to
the following three possibilities:

SCP-1 All values of g are allowed, so that for a given core
mass M., My = M./(1 +¢q) and 0 < M, < M;. Thus bi-
nary systems with “sub-stellar” companions are allowed.

SCP-II All values of g are allowed, but only binaries for which
the secondary is “stellar” (i.e. M, > c¢) are retained. This
amounts to integrating fs, over the range c(1+1/g) < M, <
2d and then re-normalising the resulting distribution of g to
1.

SCP-III Only values of g for which M, > ¢ are allowed, i.e.
c/(M; — c¢) < g < 1. This is equivalent to re-normalising the
generating distribution /,(qg) to the interval [¢/(M. — ¢), 1].

If we would have chosen our core mass distribution in the in-
terval ¢ < M. < 2d rather than 2¢ < M. < 2d, we would
have encountered a further complication. For pairing function
SCP-II the resulting single star mass is then occasionally smaller
than ¢, and for SCP-III the splitting up is not possible if the bi-
nary system mass is smaller than 2c¢ (see Sect. 6 for details). For
simplicity we avoid this issue in our analysis below, and sim-
ply draw masses from the core mass distribution in the range
2c < M. <£2d.

A.4.1. Mass ratio distributions for SCP

We give the general expressions for f,(g) before discussing
specific examples. For ease of notation we use x = M, and

J(x) = fe(Mo).

SCP-1 If no selection on primary mass is made one always ob-
tains fy(q) = hy(q) because the distributions of ¢ and M. are
independent. Unlike PCP-I, restricting the primary mass range
now does cause changes of the observed mass ratio distribution
with respect to the generating one. Several cases have to be dis-
tinguished on the basis of the value of the primary mass selection
limits x; and x, compared to the values of ¢, d, 2¢, and 2d. Note
that x; and x; are limits on M, not M.

In all cases discussed below a selection x; < M| < x; in
principle translates to x;(1 + g) < x < xp(1 + ¢) but the up-
per and/or lower limits on x and ¢ used for integrating fi., and
normalising f,(g) are different for each case. We introduce the
following variables to distinguish the different cases:

g2 =2d/x; - 1
q3 = 2d/X1 - 1.

The value of x (core-mass) is restricted to [2c, 2d], hence for
q < qo or g > g3 the probability distribution for g vanishes (as
these conditions imply M; > x, or M; < xi, both of which are
not allowed). For ¢ < ¢, the lower integration limit for x when
determining f; is fixed at 2¢ and for ¢ > g, the upper limit is
fixed at 2d.

Case 1: x; < ¢ < x; < 2c¢ In this case the value of g is
between 0 and 1 and all other values of ¢; are larger than 1. This
means that two cases should be distinguished for f,, ¢ < go and
q > qo, and that the lower integration limit for x is always fixed
at 2¢. The expression for f; is then given by:

qo =2c¢/xp -1
q1 =2c/x; -1

0 0<g<qo

falq) = - ’ )
q {k 2c_(l ‘/)hq(q)f(x)dx Ggo<g<l
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Fig. A.5. Mass ratio distributions f;(g) for PCP-II and III for a uniform generating mass ratio distribution and primary masses from the single
power-law mass distribution for @ = 2.35, 0.30, —2.50. The curves are shown for three ratios of the lower to the upper mass limit of the mass

f,(@)
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distribution: ¢/d = 0.1, 0.3, 0.5.

where k is a normalisation constant which follows from:

1
f Jo(@)dg = 1.
q0

(A0 =k [
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Case 2: x; < ¢ A 2¢ < x <d This is the same as case 1
except that now gop < O so that there is only one part to the
expression for f;. The lower integration limit for x is still 2c:

2c

x2(1+q)

hy(@)f(x)dx 0<g<l,
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Fig. A.6. Mass ratio distributions f,(g) for PCP-II and III for a uniform generating mass ratio distribution and primary masses from a single power-
law mass distribution. The solid curve shows the complete mass ratio distribution (for all binaries in the population) for ¢ = 0.2 and d = 2.0. The
other curves show what happens to the observed f;(q) if the primary mass M, is restricted to x; < M; < x;.

where the normalisation constant k is obtained by integrating f, integration limit for x is fixed at 2d which leads to a plateau in
over [0, 1]. the probability density f;:

k [ (@) fodx 0< g <
Case 3: x; < ¢ A d < x; £2d Now the value of ¢; is in folq) = 2c (D) 1=

, (A.52)
the interval [0, 1] which means that for the case g > ¢, the upper k ;d hy(q) f(x)dx g <q=<1
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where the normalisation constant k is obtained through integra-
tion over the intervals [0, g»] and [¢>, 1].

Case 4: ¢ < x| < x; £2c¢ Now the values of gy and g, are
in the interval [0, 1] which means that the lower integration limit
for x depends on gq. The probability density for ¢ now consists of
three parts:

0 0<g<qo

X (14+¢q)
k[ hy(@)f(odx o <q<aqr |

hy(q)f(x)dx g < g <1

Jo@) = (A.53)

X (1+q)
x1(1+q)

k

where k now has to be obtained from condition (A.50) by inte-
grating over the intervals [qo, ¢1] and [g, 1].

Case 5: ¢ < x; £ 2¢c A 2¢ < xp < d The value of g
becomes less than zero and we have:

20D (@ f(0dx 0< g < g

k
flo =3 : (A.54)
{k Lo b fodx g <g <1
where k is now has to be obtained from condition (A.50) by in-
tegrating over the intervals [0, ¢;] and [¢;, 1].

Case 6: ¢ < x; <2c¢ A d < x; <2d Now the values of g;
and g, are in the interval [0, 1]. For g < g; the lower integration
limit is fixed to 2¢ and for g > ¢, the upper integration limit is
fixed to 2d. In addition it can happen that ¢; < g or g; > ¢». The
latter case will cause a plateau of constant probability density f;
for g1 < g < ¢». So now there are two “sub-cases”.

Case 6a: q; < ¢»

X2 (1+q)
k 2¢

hy(q)f(x)dx 0 < g < ¢
X (14+q)
Fl@ =Sk [ hy(@fdx g1 < g < gz

2d
kf](1+q) hq(‘])f(x)dx q2 < q < 1

X

(A.55)

where the normalisation constant k is obtained through integra-
tion over three intervals [0, 1], [g1, ¢2], and [g2, 1].
Case 6b: g; > ¢

X2 1
kL2 hy(@)fodx 0< g < g2

fo@ = 4k [ hy(@)f(dx
k 2d
x1(1+q)

@ <qg<q . (A.56)

he(@)f(x)dx g2 <g <1

where the normalisation constant k is obtained through integra-
tion over three intervals [0, 2], [¢2,¢1], and [g;, 1].

Case 7: 2¢ < x; < x; <d Now the values of gy and g, are
less than zero and both ¢, and g3 are larger than 1. Hence the
probability density consists of one part only:

X (1+q)
Jolg) = kf hy(@)f(x)dx 0<g<1, (A.57)

x1(1+q)

where k is obtained by integrating f, over [0, 1].
Case8:2c < x; <d ANd < x; £2d The value of g; is now
in [0, 1] so f, will consist of two parts:

k
fo(@) = .

where k is obtained by integrating f, over [0, g»] and [g», 1].

X (14+¢q)
fil:;; hy(@)f(x)dx 0 < g < q

X

2d ,
f1(1+q) hq(‘])f(x)dx q2 < q < 1

X

(A.58)
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Case 9:d < x; <xp <d Now the values of both ¢, and g3
are in [0, 1] and the probability density will vanish if g > g3:

2(1+q)
kfx)fu:q‘; hy(@)f(x)dx 0 < g < qn

— 2d
Jo@D =k [ h@f0dx @2 <q<gqs
0 g3<g<1

(A.59)

where k is obtained by integrating f, over [0, g»] and [g2, g3].

SCP-Il The expression for f; is obtained by integrating the joint
distribution f., over x over the range ¢(1 + 1/g) < x < 2d and
normalising the resulting expression for f; to 1:

2d
Jol@) =k f hy(q) f(x)dx, (A.60)
c(1+1/q)
where k is obtained from the condition:
1
f Jo(@dg =1, (A.61)
c/(2d—c)

with ¢/(2d — ¢) being the minimum possible value for g.

When the mass range is restricted there are again a number of
cases to consider, depending on the values of x| and x,. However
the situation is less complicated than for SCP-I. First of all the
value of c(1 + 1/q) is always larger than 2¢ for 0 < ¢ < 1 which
means that the value of ¢, plays no role. Secondly the minimum
possible value of ¢ is ¢/x; and this quantity is always larger than
qo for x, > ¢ (which is mandatory) and therefore also the value
of go plays no role. For g < ¢/x, f,(q) is always zero. The values
of ¢, and g3 do matter as discussed below.

Case 1: x; < x; < d In this case the integration limits
for x, x1(1 + g) and x»(1 + ¢) are guaranteed to be less than 2d.
For g < ¢/x; the value of x;(1 + ¢) is less than c(1 + 1/g) so
the lower limit for integral over x is then fixed at ¢(1 + 1/g). The
expression for f,(q) becomes:

0 O0<g< <

X2 (1+q)

Jo(@) = k c(1+1/9) hy(q@) f(x)dx XL <qg< < (A.62)
(1
kL2 (@ fodx £ <g<1

X1 (1+q)

where k is obtained from the condition:

1
fo(@)dg = 1.

c/xy

(A.63)

Case 2: x; < d A x > d Now the value of ¢ is less
than 1 and for g > ¢, the upper limit of the integral over x is
fixed at 2d (the value of x,(1 + g) being larger than 2d). Now,
q2 = c/x; but g, may be larger or smaller than ¢/x;. So there are
two sub-cases:

Case 2a ¢; < ¢/x)

0 0<q<i

(I+9)
k franym ha@f()dx £ <q<q

Jol@) = o > e
' k c(1+1/q) hq(Q)f(x)d.x q2 < q < x_l
2d )
k) iig @ f(0dx & <g<1

where k is obtained by integrating f; over [¢/x2, ¢2], [g2, ¢/x1],
and [c/x1, 1], and applying condition (A.63).
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Case 2b ¢, > ;—]

0 0<g<

x2(1+q)

k J.i1/o Pa@f(x)dx
) = (+1/g) "4

x2(1+q) . ’
kL0 by fdx £ <q<q

2d
kf1(1+q) hfl(q)f(x)dx q2 < q < 1

X

C C
Xqu<X1

(A.65)

where k is obtained by integrating f, over [c¢/x2, ¢/x1], [¢/x1, q2],
and [g», 1], and applying condition (A.63).

Case3: x; > d Thisisthe same as case 2 except that g3 < 1
which means that f;(q) = 0 for g > g3 (this is due to the value
of x;(1 + ¢g) becoming larger than 2d). There are the same two
sub-cases:

Case 3a: ¢, < c/x

0 0<g<y

> (1+q)
k cf1+1/‘f,) he(q) f(x)dx é <g<q

Jo@) = (A.66)

2d )
k c(1+1/q) hq(Q)f()C)dx q2 < q< <,
2d .
kf1(1+q) hq(Q)f(X)dx o < q<qs

X

0 G3<qg=<1

where k is obtained by integrating f; over [¢/x2, q2], [g2, ¢/x1],
and [c/x1, ¢3], and applying condition (A.63).
Case 3b ¢ > ¢/x;

0 0< q < x%
X (1+q) . .
kLS hy(g)fodx £ <g< &
X (14+¢q) .
k‘Lli1+ql; hq(Q)f(X)dx X_l < q < q2 N
2d
k hy(f(x)dx g2 < q<q3
0 g3 <q<1

fo@) = (A.67)

x1(1+q)

where k is obtained by integrating f;, over [c/x2, ¢/x1], [c/x1, q2],
and [¢», g3], and applying condition (A.63).

SCP-lll Now the generating mass ratio distribution A, is re-
stricted to the range ¢/(M. — ¢) < ¢ < 1 and re-normalised.
The corresponding distribution is /’,(g) and the expression for
fq becomes:

2d
Jolg) = f I (@) f(x)dx, (A.68)
c(1+1/q)

where the lower integration limit is set by the condition M, > ¢
and the distribution is normalised.

When the primary mass range is restricted to x; < x < x, the
cases and expressions for f;(g) are the same as for the SCP-II
case, except that 1’,(¢g) replaces h,(g) everywhere.

A.4.2. Binary fractions for SCP

In order to find the specific binary fraction as a function of pri-
mary mass, we first need to find the primary mass distribution
Jfu, (My), which can be calculated as:

max(Ml)
Fun, (M) = f Fur (M1, @) dg.

Gmin(M1)

(A.69)
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where gmin(M) and gmax(M) are the minimum and maximum
mass ratios for a given primary mass My, and fi, (M, q) is the
joint probability density function for M; and g. The latter can
be derived from the generating (core) mass distribution fy.(Mc)
and the generating mass distribution /,(g):

Jur.qgM1, @) = fue (Mc(My, 9)hg(q)(1 + ),

where the factor (1 + g) is the Jacobian of the transformation
M, = Mc(g+1)"'and g = q.

(A.70)

SCP-I The number of binary systems with a mass M, is given
by N8B fy, (M)dM;, where N is the total number of systems (sin-
gles plus binaries) in the population. The number of single stars
with a mass M, is given by N(1 — B) fy.(M,)dM,. The specific
binary fraction is thus:

Bu,  _ Bfm, (M)
Su, + By,  Bfu, (M) + (1 = B)fu. (M)

The integration limits for fy, (M;) are indicated with domain S
in Fig. A.8, and are given by:

By, (M) =

<(A.71)

B 2-Mi/c c<M;<2c ATD
Gmin =1 ¢ de< M, <2d’ (A.72)
and

B 1 c<M<d AT3
=\ o My/d d<M, <2d (A.73)

An example for the specific binary fraction resulting from SCP-I
is shown in Fig. 7. The specific binary fraction for ¢ < M| < 2¢
equals unity, as fy.(M;) = O in this mass range. In the mass
range 2¢ < M| < d the specific binary fraction is practically
independent of M,. Beyond M| = d, the specific binary fraction
rapidly drops to zero at M| = 2d. The overall binary fraction By
is always equal to B for SCP-1.

SCP-IlI The integration domain for SCP-II to obtain fj, (M) is
indicated with region S’ in Fig. A.8, i.e., forc < M| < 2d —c.
The integration limits gmin and gmax are given by:

Gumin = ¢/Mi ¢ <M, <2d—c, (A74)
and

_ 1 c<M;<d A75)
Dox =2 _Myjd d<My<2d—c - (A

The specific binary fraction for a population with a generating
binary fraction of unity, i.e., 8 = 100%), is given by:

qmax,Z(Ml)
Gumin2(M1)

Gmax.1 (M1)
Gmin,1 (M1)

Im (M1, q)dg

Bioo(M) = ,
S g(M1,q)dg

(A.76)

where the joint probability distribution is given by Eq. (A.70).
For a given primary mass M, the value of B,09(M;) given by
the ratio between the (weighted) lengths of the horizontal line
segments of domain S’ and § in Fig. A.8. The integration limits
Gmin2 and gmax 2 are thus given by Eqs. (A.74) and (A.75), and
the limits gmin,1 and gmax,1 are given by Eqs. (A.72) and (A.73),
respectively. For systems with an arbitrary value of 8, the num-
ber of binary systems is given by

By, = NBBoo(My) fur, (M1)d M, (A.TT)
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Table A.1. The specific mass ratio distribution f,(g) for pairing function SCP-I, resulting from a power-law generating mass distribution f,,(m)

and a uniform generating mass ratio distribution /,(¢). See Appendix A.4.3 for details.

SCP-1 Mass ratio distribution

Normalization constant

Case 1

_fo 0<g<qo
Jata) = k[1=Qc/x)(1+q)7] go<g<1

_ -y
T (1= qo)(1 —y) = 2177Qc/x2) +2¢/x2

Case 2

fo@ =k[1=Qc/x2) (1 + )7 0<g<1

_ -y
T (-9 - Qe/x) 2 — 1)

Case 3
1-Qc/x)" (+g)™Y . ey
fp =] ey 0<d4s@ RIS S PR 77V, (U it V1 R
k @p<qg<l 1= (c/d) 1-y
Case 4
0<g<qo -y

fol@) = k[l - (ﬁ—;‘)y(l +q)'7] q0<q<q
)=l r0 @ zas

= 2[Qc/x1) = Qefxa)] - y2e/x1 - 2¢/x2)

Case 5

[H1-E Ao o<asa
fol@) = k[(i—f)y—(i—;)y](l +q)7 g <q<l

-y

T (=) + [Qc/x1) — Q@e/x) 121 + Qc/x) — 2¢/x

Case 6a

Ki-(2)a+97]  O0O<g<a k= -y
foq) = k[(2_f) _(_) Ja+9” a<q<a qi(1 =) = 2c/x2)7 [(1 + g7 = 1]
2¢ Y -y _ (¢ Y 1_
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Fig. A.7. Left: mass ratio distributions f;(q) for split-core pairing I for a uniform generating mass ratio distribution and core masses from single
power-law mass distribution, where 2¢c < M, < 2d. The values of @ are 2.35, 0.30, and —2.50. The black solid curve shows the complete mass ratio
distribution (for all binaries in the population) for ¢ = 0.2 and d = 2.0. The other curves show what happens to the observed f;(q) if the primary
mass M is restricted to x; < M; < x,. The ten cases for SCP-I from section A.4.1 are listed in the legend. Right: same, but with the vertical scale
changed to bring out some of the details in the cases close to the line f;(¢) = 1.
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Table A.2. The specific mass ratio distribution f,(g) for pairing function SCP-II, resulting from a power-law generating mass distribution f;,(1m)
and a uniform generating mass ratio distribution /,(g). See Appendix A.4.3 for details.

SCP-1I Mass ratio distribution Normalization constant
Case 1
0 0< q< ;—2 k—l f'/xl ( zq )qu (ZC/XQ)V [(1 . ¢ )17 (1 . ¢ )17]
. 2 \¥ 2¢/x \Y ¢ - = — — — —
fi =1 K[(EE) - ()] s=a<s o \1+4 =y 7w x
2¢\ 2¢\ — C -
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= 27TV 1+ —
1-vy X1
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ﬁ[(ﬂl) = k[( 2 )7 _

2z . q2§q<;—' . y 1-y
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2c/x,) o g
+(1C/)C1) [21—)/_(1+£) ]_(E) (l—qz)
-y X1 d
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e R S (e
-y X1
(2c/x1) 1- 1- cy
+So -] - (3 e
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+q d X1
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+( /x1) Qg —[1+= —(—) (93— g2)
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Case 3b
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T =1 k|( qu)y—( 172)] wSd< _eferify, © T 1+ -
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Table A.3. The specific binary fraction 8, (M) for the nine pairing functions described in this paper, resulting from a power-law mass distribution
Jfu(M) and a uniform mass ratio distribution /,(g). See Appendices A.1-A.4 for a detailed description, and Fig. 7 for a visualisation.

Pairing function Specific binary fraction Remarks
RP
B_l -1 -1 ll*nf _ Cl—n
9 = Fvy(M,) =
B, (M) (ZFM(M1)+1) c<M; <d m (M) P
PCRP
BM](M1)=B CSM]Sd
PCP-1
BM](M1)=B c<M, <d
PCP-11
c
BMI(Ml)ZB(I _ﬁ]) CSMl Sd
PCP-III
BMI(Ml)ZB C<M1 <d
SCP-1
M a+2
1 c<M; <2 R(M1)=2‘”2—(3——1)
=2 ) <a ‘
By, (M) = B-R(M)) == M\
win V- sp=(3-=) -1
1+ —— <M, <2d
( B~S(M1)) !
SCP-11
Bioor(M1) c<M, <2 Buooa(My) = 20%2 _ (1 4 ¢/ M;)**?
100,r(My) = s
Bioos (M) +2) e < M <d 2042 — (3 = My /o)™
—_——— 2c<M; <
By, (My) = 1 +SM)(SB = 1) w2 a2
Bioor (M) +2) g 27 = (1+c/My)
——— d<M,; <2d- Bigos (M) = o
1+ T(My(B 11 ¢=M=2~¢ 2072 _ |
0 2d-c< M, <2d
1 By (M = B MUD™ = (L +c
100, 1 (3 _ Ml /C)('+2 _ 1
a+2
c
M =20+2_ 1 .
S (M) ( +M1)
T(M,) = (3 - %)a+2 T
d M,
SCP-II1
1 <M, <2 -1 a+2
c=m= R(M])—(l——) 2214+ S
a+?2 : 1 1
(1 + ) 2c¢ < M, <d
B, (M) = B-R(M;) o -l Mo v
a+2 S(Ml)_(l——) [(3——) —(1+—) ]
1 d< M, <2d-
( +B-S(M1)) s M d !
0 2d-c< M, <2d

and the number of single stars by
Su, = N(1 = B)fy.(M)dM,
+NB(1 — Bioo(M1)) fm, (M1)d M, (A.78)

where the first term refers to the fraction of clumps that were
assigned to be single, and the second term refers to the primaries

By, (M) = 3

that have become single due to the rejection of their low-mass
companions. The specific binary fraction is then given by:

By, _ Bioo(M)Bfu, (M)
v, + By, Bfu, (M) + (1 = B)fu. (M)

,(A.79)



2d
M, 2d-c

Fig. A.8. The integration domains for obtaining the primary mass distri-
bution and specific binary fraction for pairing functions SCP-I, SCP-II
and SCP-III. The domain S for SCP-1 is the parallelogram enclosed by
the solid lines. The domain S’ for SCP-II and SCP-III is indicated with
the shaded region.

An example of the specific binary fraction resulting from SCP-II
is shown in Fig. 7. For ¢ < M; < 2c, the above equation re-
duces to B(M1) = Bioo(M1) as fu.(M;) = 0. The binary frac-
tion among the lowest mass stars (M; = c¢) equals unity, after
which it drops until M; = 2¢. Beyond that minimum mass it
rises again and reaches its maximum at M| = d, after which it
drops again go zero at M| = 2d, for the same reasons as for
the SCP-I case. The overall binary fraction can be calculated by
integrating B(M;) over primary mass, weighed by the primary
mass distribution fy, (M), see Eq. (A.33).

SCP-IIl The values for guin and gmax for SCP-III are identical
to those for SCP-II, and are given by Egs. (A.74) and (A.75).
The expression for the specific binary fraction for SCP-III is the
same as in (the one for SCP-I). Note, however, that the primary
mass distribution fys, (M) is different due to the different limits
¢min and gmax. The right-hand panel in Fig. 7 shows an example
of By, (M) resulting from SCP-III. The term fy,.(M;) vanishes
for ¢ < M; < 2c, so that By,(M;) = 1 in this mass range.
A discontinuity appears at M; = 2c, beyond which By, (M)
reaches its lowest point, after which it steadily rises until M; =
d. Beyond M, = d, the specific binary fraction decreases again
to By, (M) = 0 at M| = 2d, for the same reasons as for SCP-I
and SCP-II. The overall binary fraction B, is always equal to B
for SCP-III.

A.4.3. Uniform mass ratio distribution and single power-law
mass distribution

In the expressions given in this section the term 1 — (¢/d)” has
often been absorbed in the normalisation constants (which are
therefore not strictly consistent with the expressions above). The
following is assumed for h, and f.(M.) = f(x) (using x = M,
for ease of notation):

hq(Q) =1
f(x) = ax™@

where a = y(2¢)”/(1 = (¢/d)") andy =a — 1, and @ # 1.

0<g<1
2c < x<2d,
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The SCP-l case Without restricting the primary mass range the
expression for the mass ratio distribution is simply f,(g) = 1.
When the primary mass range is restricted the cases listed above
have to be worked out. The corresponding expressions for f,(q)
are listed in Table A.l. Figure A.7 shows an example of what
J4(q) looks like for all the SCP-I cases discussed above.

The SCP-ll case Without restrictions on the primary mass
range the expression for the mass ratio distribution follows from

Eq. (A.60) and is:
29 \' (cV
(1 + q) - (2) ] ’

where the normalisation constant follows from:

k
1—(c/dy

fol@) = (A.80)

1
fo(g)dq

Gmin

k ! Zq k4 c\Y
1 —(c/d) (fq(l—w) dq—(g) (1 —qmin)), (A.81)

where gmin = (¢/d)/(2 — c/d). The integral in this expression
will be dealt with below. With a restricted primary mass range
the expressions for f, are obtained for the three cases discussed
above. These expressions are listed in Table A.2. Again the term
1 — (¢/d)” is absorbed in the normalisation constants k. All the
normalisation constants for the SCP-II case contain the follow-
ing integral:

2 Y
J7) e
l+¢
For y # 0,—-1,-2,-3, ... the integral evaluates to an expression

involving a hypergeometric function:

—_
|

(A.82)

2g"Fi(y + 1,737 +2;—9)
v+ 1 ’

(A.83)

where the result was obtained by using the website
integrals.wolfram.com. The value y = 0 is not allowed as
a = 1 was excluded. For y = —1 (a = 0) the integral is:

%(q +Ing). (A.84)

From the properties of the hypergeometric function (see PCP-III
case) it follows that for y+2 = —n the expression above does not
converge. This means that for y = —p, where p = 2, 3,4, ... the
integral has to be evaluated separately. In this case we can write:

Sl g2
27 f Z:; ( Ir) )q_’dq,

which evaluates to:

P
_ |
2p[l+plnq+Z:(1;)l_rq1 ]

r=2

(A.85)
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Fig. A.9. Mass ratio distributions f,(q) for split-core pairing II and III for a uniform generating mass ratio distribution and core masses from single
power-law mass distribution for a = 2.35, 0.30, —2.50, where 2¢ < M, < 2d. The curves are shown for ¢/d = 0.01, 0.1, 0.3, 0.5.

The SCP-Ill case Without restrictions on the primary mass

range the expression for the mass ratio distribution is:

2d
X—cC
= = )axdx,
ﬁi(q) L1+1/q)(x—2c)ax *

(A.86)

where the term for /', follows from A’,(q) = 1/(1 — ¢/(x = ¢)).
Note that the distribution is normalised. To bring out better the
dependence on c¢/d one can also write (substituting z = x/d):

_ ¥Qc/dy fz z—(c/d)) —ag A.87
T D =Ty Saniig\im o) & BED
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— — — - Case 2a: x;= 0.30, x,=3.80, ¢/x;=0.67, c¢/x,= 0.05
q,=-0.89, q,= 0.33, q,= 0.05, q;=12.33

———— Case 2b: x,= 0.30, x,=2.10, ¢/x,=0.67, c/x,=0.10
q,=-0.81, q,= 0.33, q,= 0.90, q;=12.33

—_ Case 3a: x;=2.10, x,=3.80, ¢/x,=0.10, ¢/x,= 0.05
qy=-0.89, q,=-0.81, q,= 0.05, g;= 0.90
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Fig. A.10. Mass ratio distributions f;,(g) for split-core pairing II and III for a uniform generating mass ratio distribution and core masses from a
single power-law mass distribution with @ = 2.35, where 2¢ < M. < 2d. The black solid curve shows the complete mass ratio distribution (for all
binaries in the population) for ¢ = 0.2 and d = 2.0. The other curves show what happens to the observed f;(q) if the primary mass M, is restricted
to x; < M, < x,. Results are shown for @ = 2.35 (top), @ = 0.3 (middle) and o = —2.5 (bottom). The examples cases are listed in the legend.

The integral over z: can again be evaluated using the hypergeometric function for
a #0,1,2,3, ..., and the result is:
z—(c/d)\ _ e (P (1 —@.1:2 —q: =2-) —
g A88) ¢ "LF(l-ali2-a55) -2
J(E=aia)e s 27 %), (A89)

20a-1)
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The excluded values of @ again follow from the convergence
properties of the hypergeometric function. For @ = 0 the integral
evaluates to:

z=(c/d)In(z - 2c/d). (A.90)

The case @ = 1 is excluded and for @ = p = 2, 3, 4, ... the integral
can be written as:

f( 1 B c/d )d
P Wz —-2c/d) z’(z—2c/d &

The solution can be found again from formula 2.117(4) in
Gradshteyn & Ryzhik (2007):

S b3
p—1-n@e/dyz—— \a) "\ 2

r=1
p-l1 -p
c 1 2c z—2c/d
_(2);<p—r)<2c/d)rzp-f+(7) 1“( z )

With restrictions on the primary mass range the integral
discussed above has to be evaluated for the various integration
intervals corresponding to the cases discussed for SCP-II. The
normalisation constants k can be obtained from a numerical in-
tegration of the functions f,(g). For x; = x, the mass ratio dis-
tribution becomes f,(q) = 1/(1 —c/(x1—¢)) = (x1 —¢)/(x1 —2c).
Figures A.9 and A.10 show examples of what f,(g) looks like
for all the SCP-II and SCP-III cases discussed above. Finally,
we have listed the expressions for the binary fraction as a func-
tion of primary mass in Table A.3.

(A91)

(A.92)
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