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ARE BINAR Y SEPARA TIONS RELA TED TO THEIR SYSTEM MASS?

Michael F. Sterzik1 and Richard H. Durisen2

RESUMEN

Listamos los datos m�asrecientes sobrela fracci�on de multiplicidad y la distribuci�on de separacionesde binarias
para distintas masasde la primaria, incluyendo primarias de muy baja masa y enanasmarrones, y las com-
paramos con modelos din�amicos de disoluci�on de c�umulos con N peque~no. Las prediccionesde los modelos
est�an basadasen c�alculos num�ericos detallados de la din�amica interna de los c�umulos as�� como en m�etodos
tip o Monte Carlo. Tanto las observacionescomo los modelosmuestran las mismastendencias: (1) La fracci�on
de multiplicidad aumenta con la masa de la primaria. (2) La separaci�on media de las binarias aumenta con
la masa del sistema, de tal forma que las binarias de muy baja masa tienen separacionesmedias del orden
de 4 AU, mientras que la separaci�on de las binarias de una masasolar tiene un m�aximo alrededor de 40 AU.
Las binarias de tip o M pueblan preferentemente las separacionesintermedias. Esta tendencia puede quiz�as
explicarsesi la energ��a espec���ca al momento de formarseel c�umulo essimilar para c�umulos de distintas masas.

ABSTRA CT

We compile most recent multiplicit y fractions and binary separationdistributions for di�eren t primary masses,
including very low-massand brown dwarf primaries, and comparethem with dynamical decay modelsof small-
N clusters. The model predictions are basedon detailed numerical calculations of the internal cluster dynamics,
aswell ason Monte-Carlo methods. Both observations and modelsre
ect the sametrends: (1) The multiplicit y
fraction is an increasing function of the primary mass. (2) The mean binary separationsare increasing with
the system massin the sensethat very low-massbinaries have averageseparationsaround � 4AU , while the
binary separation distribution for solar-type primaries peaksat � 40AU . M-t ype binary systemsapparently
preferentially populate intermediate separations. Similar speci�c energyat the time of cluster formation for all
cluster massescan possibly explain this trend.

Key Words: BINARIES: GENERAL | STARS: FORMA TION | STARS: PRE-MAIN SEQUENCE

1. INTR ODUCTION

Many, if not most, stars are observed as mem-
bers of binary and multiple systems. Their proper-
ties give critical constraints on their formation and
evolution history. However, the detailed mechanisms
that de�ne the binary fraction, period and massratio
distributions remain to be understood, and modeled.

Nearby solar-type dwarfs serve as a well-studied
sample for which both the multiplicit y fractions as
well the separation distributions are measuredover
a large, continuous period range (Duquennoy &
Mayor, 1991). The broad, log-normal shape of the
period distribution is frequently usedas a reference
distribution for comparisons. To what extent does
this characterize di�eren t populations? Di�erences
in primary mass,age,evolutionary phase,or forma-
tion environment are likely to imprin t di�eren t bi-
nary or multiple star properties.

Recent observational advancesinclude the deter-
mination of the multiplicit y fractions along a broad

1Europ ean Southern Observatory , Chile.
2Departmen t of Astronom y, Indiana Univ ersity, USA.

range of primary masses.The application of adap-
tiv e optics techniqueson faint referencestars allows
us to search for close companions among very-low
mass(VLM) and therefore faint primary stars, even
acrossthe sub-stellar limit. Interestingly, these ob-
servations indicate that (1) the binary (or multiplic-
it y) fraction among the low-mass stars appears to
be lower and (2) the separationdistribution appears
to be narrower and peaked towards smaller values
than for solar-type stars. Therefore we concentrate
in this contribution on the in
uence of the system
mass on the properties of binary or multiple stars.
We will discussthe relevant observations especially
towards the lower end of the stellar mass function,
and will sketch how theseobservations can be inter-
preted in the framework of dynamical decay models.
For a thorough description of the approach and the
models we refer to Sterzik & Durisen (2003), and
referencestherein, where we give a detailed analysis
of the imprin ts of dynamical interactions on pairing
statistics and kinematics, with special emphasison
brown dwarfs.
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Fig. 1. Multiplicit y fraction dependence on primary
mass. We compare observations and three models pre-
scriptions.

2. MULTIPLICITY FRACTIONS

Let us �rst considermultiplicit y fractions (MuF).
We de�ne the MuF in the usual way as the sum of
binary and all higher order multiple systemsdivided
by the sum of all systems,i.e. single stars, binaries
and higher order systems. In Fig. 1 we display MuF
versusthe primary massobtained from di�eren t au-
thors. The data points represent, to our knowledge,
thoseobservations of MuF for di�eren t primary mass
ranges that represent statistically meaningful sam-
ples. We try to estimate fair primary mass ranges
and MuF errors from the original references,if they
are not directly given. In particular we refer to
the following studies, in ascendingorder of primary
mass: Reid et al. (2001), HST search for L-dwarf
binary systems;Martin et al. (2000), Multiplicit y of
VLM stars in the Pleiades;Closeet al. (2003),Adap-
tiv e Optics search for VLM binaries; Reid & Gizis
(1997a),Low-massbinaries in the �eld; Reid & Gizis
(1997b), Low-massbinaries in the Hyades;Marchal
et al. (2003), Multiplicit y among late M-dwarfs;
Leinert et al. (1997), Near-IR speckle interferom-
etry of nearby southern M-dwarfs; Fischer & Marcy
(1997), Multiplicit y amongM-dwarfs; Duquennoy &
Mayor (1991), Multiplicit y among solar-type stars;
Shatsky & Tokovinin (2002), B-type binaries in Sco
OB2.

We note a steady and continuous increaseof the
observed MuF with primary mass. The MuF in the
VLM regime is signi�cant lower than for solar-type
masses. At the brown-dwarf mass boundary, the
fraction ranges from 10 to 20%, but the measure-
ments are a�ected by relatively large statistical er-
ror bars. The most recent determination of Close

et al. (2003) has the highest statistical signi�cance.
Their value of 15 � 7% refers to a mass range ap-
proximately between0.06and 0.1 M � . On the high-
massend, we refer to the value reported in Shatsky
& Tokovinin (2002), and extrapolate their value to
the entire separation regime. Other studies for F,
A, and B type stars appear to corroborate the high
fraction of binaries around thesespectral types(see,
e.g., Kouwenhoven et al., 2004).

The di�eren t curves in Fig. 1 refer to di�eren t
classesof dynamical decay models, which are ex-
plained in detail in Sterzik & Durisen (2003). Here
we will brie
y summarizethe basicassumptionsand
methodology. One basic assumption for all model
classesis the underlying initial massfunction (IMF),
and how the stars obtain their masseswithin their
initial clusters. We assumean IMF that is asclosely
as possible constrained by observational data. For
stellar masses,the IMF is very similar to the one
derived by Kroupa (2001) for the galactic �eld. The
sub-stellar regimeis not aswell known, but an index
of 0:5 < � < 1 for the massfunction dN=dM / M � �

appears to hold for the �eld as well as for young
open clusters (see,e.g., Chabrier 2002). We choose
� = 0:5, and set the lower and higher masslimit to
0.01M � and 10M � , resp.

Next, we comparethree distinct model classesfor
how individual stars form in clustersand later decay.
Thesemodels span a range of plausible alternativ es.
For each case,we apply a Monte-Carlo method (ex-
plained in Durisen, Sterzik & Pickett 2001) to gen-
erate a large number of ensembles and to draw sta-
tistically signi�cant conclusions. The most simple
model assumes\complete dynamical biasing". This
means that each cluster will eventually decay into
onestable binary, consistingof the two most massive
members. This assumption is reasonable,provided
stellar dynamics alone governs the dynamical evo-
lution, and no dissipation and/or hierarchical frag-
mentation constraints are taken into account. If the
stellar massesare then drawn randomly from an IMF
without other constraint, we obtain a �nal pairing
statistics (or MuF) that is indicated with the dotted
curve. Except for an intermediate mass range, the
curveappearsto be too steep,and incompatible with
observations. This corroborates the analysis of Mc-
Donald & Clarke (1993), who studied this scenario
analytically, with a similar conclusion.

The dashed curve refers to an alternativ e, ex-
treme scenario, where stars are paired at random
amongcluster members. The physical interpretation
of this scenariois that strong dissipation dominates
the dynamical evolution. In this case,the MuF curve
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60 STERZIK & DURISEN

is relatively smooth, re
ecting the fact that the like-
lihood of obtaining low masspairs is similar to ob-
taining pairs with high mass. Although the low mass
MuF is boosted, in accordwith observations, the de-
viations for higher massprimaries are unacceptable.

The full line refers to a third scenario. In Sterzik
& Durisen (1998)we intro duceda novel conceptcon-
cerning how stellar clusters are formed within frag-
menting clouds. If we assumethat cloud coresare
the precursors of the stellar clusters, and that the
cloud core mass spectrum itself resembles a stellar
massspectrum, then we can assumethat the sum of
the stellar massesin each cluster is constrainedby its
precursor core mass. We have implemented this no-
tion in our models, and refer to it as the \t wo-step
IMF" approach, as it involves independent stellar
and core mass functions (Durisen, Sterzik & Pick-
ett 2001). The additional constraint on the cluster
massesresults in a more uniform distribution of stel-
lar masseswithin each cluster, while still matching
the overall stellar IMF. We also drop the condition
of \complete dynamical biasing", becausethere are
signi�cant deviations from the simple prescription
that only the two most massive stars form a stable
pair within a given cluster. Instead we assumepair-
ing weights that have beendetermined from detailed
numerical integrations of the dynamical decay.

We concludethat the \t wo-step" scenariogivesa
very good match to the observed MuF, especially for
the stellar mass range. It is inconclusive from cur-
rent data whether the \t wo-step" scenariodescribes
the MuF for brown dwarf massescorrectly. A high
brown-dwarf binary frequencywill require the action
of dissipation during formation and/or a higher ini-
tial fraction of brown dwarfs (i.e. a higher value of
� ).

3. SEPARATION DISTRIBUTIONS

We will now discuss recent observations of bi-
nary separations having di�eren t system (or pri-
mary) mass. Therefore, we plot in Fig. 2 the cumu-
lativ e distribution function of separationscompiled
for di�eren t systemmasses.For comparisonwe refer
to the separation distribution for solar-type dwarfs,
approximated as a log-normal distribution using a
mean separation and width of log � = log � = 1:5
(Duquennoy & Mayor 1991, thin full line). Much
narrower, and at lower mean separations,the cumu-
lativ e separationdistribution of 34 VLM and brown-
dwarf binaries stemsfrom Closeet al. (2003) and is
drawn asa dashedline. It can be well approximated
by a log-normal distribution, with log � = log � =
0:5. (also shown asa thin dashedline). The dashed-
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Fig. 2. Cumulativ e separation distributions for samples
of di�eren t system mass.

dotted line consistsof 56 late M-dwarfs in the spec-
tral type range approximately ranging from M2 to
M6. It is constructed from the lists published by
Fischer & Marcy (1997) and Marchal et al. (2003),
and is located intermediate between the VLM ob-
jects, and the solar-type binaries. We concludethat
thesedata suggesta signi�cant dependenceof the bi-
nary separation distribution with mass,in the sense
that lighter systemstend to have smaller mean sep-
arations and narrower distributions.

We will now try to explain these trends in the
framework of the dynamical decay modelling. Moti-
vated by the fact that the \t wo-step" IMF approach
reproducesthe observed trends in the MuF (and the
massratio distributions, too) we elaborate an argu-
ment on how the system scaleof the stellar cluster
relates to the physical scaleof the cloud-coreprecur-
sor. Let usassumethat theseprecursorclumpsof the
few-body stellar systemsresemble radial density pro-
�les of the Bonnor-Ebert type, as e.g. observed for
certain typesof Bok globules(Alv eset al. 2001). In
theseclumps the massM c versussizeRc relation is
of linear form, in agreement with observations from
Motte et al. (2001). This relation also implies that
the speci�c energy in star forming clumps is con-
stant over the observed mass and size ranges. Hy-
drodynamical simulations of the protostellar collapse
have shown that these
attish radial density pro�les
canfragment into several protostars, in contrast with
the density pro�les known from isothermal, spheri-
cal collapse. We can therefore assumethat a cer-
tain number of precursor clumps actually produce
few-body stellar systems. Unfortunately, the sys-
tem scale of the initial few-body stellar cluster is
much more di�cult to predict. The detailed hydro-
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BINAR Y SEPARATIONS 61

and thermodynamics involved in the physics of stel-
lar collapsewill determine the stellar system scale.
To advance the argument, it appears reasonableto
assumethat a certain fraction of the initial clump
massis actually converted in stellar massby a (con-
stant) star formation e�ciency . Moreover, we might
speculate that the clump scale Rc and the stellar
cluster size are also linearly related, e.g. when sev-
eral Jeansmasses(say, N ) of clump gasconvert into
stars. With these assumptions, the speci�c energy
of stellar systemsstays constant for all scales.This
has the important consequencethat the virial speed
vvir for all few-body clusters is constant. In Sterzik
& Durisen (1998) we have then explored the relation
of the expecteddispersion velocities and binary sep-
arations on this scaling parameter, and determined
its approximate value from plausible star formation
arguments to be vvir = 3:3km s� 1.

In Fig. 2 we overplot the separation distribution
for binaries obtained from direct, numerical, dynam-
ical decay simulations applying the physical scaling
as described above. The thick, full line corresponds
to a sampleof solar-type binaries, whereasthe thick,
dotted line corresponds to the sub-stellar massbin.
Strikingly , we recover not only that the mean sep-
arations scale like the observations, but also that
the mean values are actually very close to the ob-
served values. On the other hand, the shape of the
distribution function is di�eren t from the observed
one, especially for the solar-type binaries. In other
words, the pure dynamical cluster simulations can-
not account for the broad separation distribution of
solar-type binaries. Other evolutionary processmust
play a role in broadening this distribution (see,e.g.
Valtonen, 2004). On the other hand, the observed
width of the VLM binary separation distribution is
similar to the simulated one.

4. CONCLUSIONS

We have compiled recent observations of multi-
plicit y fractions and binary separationsfor di�eren t
spectral types (i.e. masses). We recover two �rm
trends: (1) The multiplicit y fraction is an increasing
function of the primary mass. (2) The mean binary
separations (and distribution widths) increasewith
systemmass. Observation (1) can be best explained

Richard H. Durisen: Department of Astronomy, SW319, Indiana University, Bloomington, Indiana 47405,
U.S.A. (durisen@astro.indiana.edu).

Michael F. Sterzik: European Southern Observatory, Casilla 19001,Santiago 19, Chile (msterzik@eso.org).

by dynamical decay of few-body clusters, assuming
a \t wo-step" processwhere few-body clusters form
as products of hierarchical fragmentation in cloud
cores. Observation (2) is also consistent with the
formation of binaries asend-products of dynamically
decaying stellar systems,provided the initial stellar
clusters have constant speci�c energy.

M.F.S. acknowledges the use of separations for
late M-dwarfs from Lydie Marchal before publica-
tion, aswell asthe inspiring atmosphereat the meet-
ing.
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62 STERZIK & DURISEN

DISCUSSION

Tokovinin { If the separation distribution of G-dwarfs is broadenedby wide variation of speci�c energy of
clouds, why is the distribution of VLM stars so narrow?

Sterzik { For the simulations shown we usedstrictly constant speci�c energy for the initial stellar clusters.
Naturally , relaxing this condition broadens the resulting separation distributions. Observationally the VLM
stars appear to originate from a much narrower initial speci�c energydistribution than do higher massclusters.

Tokovinin { There seemsto be an apparent discrepancybetween the narrow separation distributions that
you obtain from your simulations and the wider distribution that was obtained by C. Allen and A. Poveda.
Pleasecomment.

Sterzik { Allen and Poveda usedmuch broader initial con�guration distributions.

Clarke { You get the massversusseparationcorrelations purely from assuminga constant Jeansnumber in
the progenitor clumps. This would work �ne if each clump fragmented into N = 2 stars, i.e., it doesnot rely
on dynamical interactions at all. How important are these interactions in the production of VLM binaries in
your models?

Sterzik { In our model, about 1/2 of all BD (VLM) binaries actually stem from N = 2 progenitors; in these
casesdynamical interactions play no role. The other half is a�ected; we �nd a typical shrinkageof the system
scale by a factor of 5 from the initial separations towards the �nal (binary) separations due to dynamical
encounters.

Mathieu { While the small-N dynamical mechanism producesthe long-period frequency distribution, the
frequencydistribution found by Duquennoy & Mayor is unimodal and doesnot suggestdistinct period regimes.
Can your modeling naturally produce the entire period distribution?

Sterzik { Whereas we can reproduce the mean of the separation (or period) distributions for di�eren t
primary masses,we cannot account for the broad width of the Duquennoy-Mayor distribution by pure N-body
dynamics processes.

Bate { In relation to forming spectroscopicbinaries, arbitrary amounts of orbital angular momentum can
be removed from a binary by a circumbinary disc, so I don't think forming spectroscopicbinaries is necessarily
a problem.

Jos�e Pe~na, Jes�us Galindo, M. G. Saucedoand Salvador Cuevas.


