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Most stars are born in clustered environments that are far denser than the Solar Neighborhood.

Yet, star clusters can be hostile locations, where close stellar encounters can be frequent and can

have violent consequences, including direct stellar collisions. Such encounters can dramatically

alter stellar and planetary systems, and can produce exotic stars that define new pathways in stel-

lar evolution. Understanding how, and to what extent, such “dynamically processing” occurs in

star clusters may be critical for our understanding of the architectures of today’s observed stellar

and planetary systems, as well as the origins of X-ray sources, blue stragglers, sub-subgiants, and

other stellar exotica. In this contribution, I discuss the impacts of living in a star cluster on its

inhabitants, through a review of observational and theoretical efforts to study these complex sys-

tems. Throughout, I assert that binary stars are intimately linked to both the dynamical evolution

of star clusters and the effects that stellar encounters within these environments have on their stel-

lar and planetary populations. I conclude that in order to properly interpret our present and future

observations of stars and planets, both in star clusters and the field, and particularly if we attempt

to use these observations to inform star and planet formation theory, we must first account for the

imprint left by stellar encounters within a clustered birth environment.
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1. Introduction: Implications of Clustered Star Birth

Any investigation into the origins of the present-day characteristics of binary (and higher-

order) star systems and planetary systems must first consider the possible effects of being born in

a star cluster. Within the Galactic field, stellar and planetary systems live essentially in isolation;

only the very widest field systems (e.g., those with separations over ∼103 AU) are in danger of

encountering passing stars, or having their orbits changed dramatically by the Galactic tidal field

[47]. However, most stars (at least those with masses ≥0.5 M⊙) form in denser environments

[54, 24, 12].

More specifically, Spitzer surveys found that 90% of young stars live within clusters with ≥35

members and stellar densities ≥1 M⊙ pc−3 [24]. Though only about a quarter of nearby young stars

appear to be forming in dense clusters (≥200 stars pc−2, projected) [12], observations also suggest

that many clusters may form with substructure and also subvirial velocities. In other words, many

very young cluster are “clumpy”, peppered with regions of higher densities, and given the present

observed velocities, many young clusters are “cool” and collapsing. Following their dynamical

evolution shows that initially cool and clumpy clusters can collapse (on of order a crossing time)

to obtain a brief period of significantly higher densities [70, 31].

Within dense stellar environments, close encounters with other stars can be frequent enough

to change the properties of a significant fraction of stellar and planetary systems from how they

were born. Stellar dynamical encounters can have a wide range of outcomes, depending on the

number and masses of stars involved, the characteristics and orientation of each system, the in-

coming velocity and impact parameter, etc., but in general, encounters can (i) completely disrupt a

stellar/planetary system, (ii) exchange stars and planets into and out of the system, (iii) modify the

orbital elements of the system, and/or (iv) lead to direct stellar (and planetary) collisions. All of

these mechanisms “dynamically process” stellar and planetary systems, and can alter the aggregate

properties of a population.

Finally, many young star clusters eventually dissolve to populate the Galactic field [1, 54].

Therefore, our interpretation of the characteristics of stellar and planetary systems both in star

clusters and the field (as well as our understanding of star formation in general), relies on how

a population of stars evolves through this more dynamically active early stage in a star cluster.

Moreover, studying the properties of a population of stellar and planetary systems today may reveal

imprints of past dynamical activity within their birth cluster.

1.1 The Birthplace of Our Solar System

Fred Adams wrote an excellent review in 2010 examining the birth environment of our Solar

System [2]. Within that paper, he investigates numerous lines of reasoning that support the hy-

pothesis that our Solar System formed in a modest star cluster, initially containing 103 - 104 stars.

Figure 7 in his paper, summarizes much of the analysis and the observational constraints on the

Solar birth cluster. In short, the lower bound on the number of stars in our birth cluster is derived

from the requirements that (i) a star (or stars) massive enough to undergo a supernova formed near

enough to enrich the Solar nebula in order to explain the presence of short-lived radioactive isotopes

as inferred from meteoritic data, and (ii) a stellar encounter at an impact parameter of .400 AU

was likely enough to occur in order to produce the orbit of Sedna. The upper bound is derived from
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the requirements that (iii) there were few enough massive stars nearby that the Solar nebula was

not evaporated (or too severely truncated) by far-UV radiation, and (iv) a stellar encounter at an im-

pact parameter of .250 AU was unlikely to occur so that the planets’ orbits are preserved. Adams

combines these constraints to estimate that the Solar System formed in a cluster with initially 4300

± 2800 stars.

I mention this example in detail here because it is “close to home”. Speaking more broadly,

since the majority of stars are thought to form in clusters or groups, it is very reasonable to assume

that the majority of planetary systems also form within star clusters or groups. The impact of this

clustered birth environment is apparent in our own Solar System, and furthermore, the dynamics

of this birth environment are (perhaps) imprinted on the orbit of Sedna (and possibly other bodies).

Thus again, it is clear that the impacts of possible close stellar encounters within a clustered birth

environment must be considered when interpreting observations of planetary (and stellar) systems,

and especially when one uses these observations to inform star and planet formation theories,

Finally, I note that a full investigation of the dynamical impact of a star cluster containing

103 - 104 stars on the evolution of multi-planet systems (including our own Solar System) requires

direct and self-consistent N-body star cluster models, including a realistic binary- (and higher-

order-multiple-) star population. This has yet to be attempted, as no appropriate code currently

exists (though I am actively working on this problem!).

1.2 Open and Globular Star Clusters

Before proceeding, it is important to define a bit of nomenclature. Within our Galaxy we

generally divide star clusters into two categories: open clusters and globular clusters. Below and

in Table 1, I provide a brief definition of these two cluster types, as they relate to the subject matter

of this review. I also point the interested reader to Chapter 1.1.4 in Binney & Tremain’s book

on “Galactic Dynamics” [9], where they also provide a concise description of open and globular

clusters.

Most of the stars in the Galactic disk are believed to have formed in clusters similar to the

open clusters we observe today. However, many star clusters likely dissolve shortly after expelling

their natal gas (thanks to OB star winds and supernovae), due to the rapid decrease in magnitude of

the gravitational potential well. Indeed most star clusters are thought to dissolve at ages younger

than ∼1 Gyr [54]. Those that survive the embedded phase in our Galaxy are typically called open

clusters.

Open clusters generally contain between roughly 100 to 104 stars, and can have a wide range

in ages. The mean age of the Galactic open clusters is only a few 100 Myr. However some open

clusters are many Gyr old, and these systems in particular are highly dynamically evolved. In

other words, these old open clusters have lived through many 10s of half-mass relaxation times

(see Table 1), where the half-mass relaxation time is an estimate of the average time needed for

energies to be redistributed between stars by long-distance encounters, and thereby to set up a

near-Maxwellian velocity distribution throughout the cluster. There are a few 1000 observed open

clusters that have been studied to various degrees [48], though some estimates of the total number

of open clusters in our Galaxy are of order 105.

Globular clusters are generally much more massive systems, containing up to of order 106

stars, and in our Galaxy nearly all globular clusters are older than ∼10 Gyr. (Globular clusters
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Table 1: Typical Open and Globular Cluster Characteristics (adapted from [9])

Open Globular

Total Mass (M⊙) 102 – 103 104 – 106

Central Density (M⊙ pc−3) 10 – 103 104 – 105

Central Velocity Dispersion (km s−1) 0.1 – 1 1 – 10

Half-mass Radius (pc) 1 – 4 1 – 5

Binary Fraction 0.1 – 0.5 0.01 – 0.1

Age (Gyr) 0.001 – few 10 – 12

Half-mass Relaxation Time (Myr) 15 – 250 60 – 4500

Encounter Time at ≤1 AU (Myr) <1 – >cluster age <1 – 100

are not forming today in our Galaxy, though similar systems are forming elsewhere). Their cen-

tral densities are generally much higher than open clusters, with a typical value of 104 M⊙ pc−3.

Therefore, all else being equal, the time between stellar encounters in a typical globular cluster is

expected to be much shorter than in most open clusters (though the encounter time also depends

inversely on both the binary frequency and the mean binary semi-major axis, both of which can be

much larger in open clusters [58], see also Table 1). There are about 150 known globular clusters

in our Galaxy.

In Table 1, I compare the typical properties of open and globular clusters. Many of these

values should be self explanatory, given the name and units. For clarity, the half-mass radius is

a typical measurement of the size of a star cluster, and is defined as the distance from the cluster

center inside of which resides half of the mass of the cluster. We generally quantify the frequency

(or fraction) of binaries as fb = Nb/(Ns +Nb + ...), where Nb is the number of binaries, Ns is the

number of single stars, and “...” signifies higher-order multiples. In calculating the half-mass

relaxation times, I follow [89] and assume a mean stellar mass of 0.5 M⊙ and set the Coulomb

logarithm, ln(Λ) = ln(λN), where N is the number of stars and λ = 0.1. Finally the encounter

times show estimates of the mean time between any single-single, single-binary or binary-binary

encounters in the cluster at an impact parameter of ≤1 AU (using equations from [58]).

2. A Short Primer on Star Cluster Dynamics and The Role of Binary Stars

The internal dynamical evolution of star clusters is often conceptualized, at a basic level, as

being governed by two primary processes. The first is known as “two-body relaxation”, and is the

combination of the long-range cumulative effects of weak stellar encounters. Through two-body

relaxation, stars gradually exchange energy, which evolves the cluster toward thermal equilibrium,

and drives the processes of evaporation, mass segregation and core collapse, on a typical time-scale

of a half-mass relaxation time. Early models of star cluster evolution applying this principle dis-

covered that without any additional energy source, star clusters should undergo a runaway collapse

toward an infinite central density, known as the gravothermal “catastrophe” or instability [6, 61, 17].

Speaking in thermodynamic terms, a self-gravitating system has a negative specific heat.

“Heat” (kinetic energy) flows from the core, where the velocity dispersion is highest, to the halo
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through two-body relaxation. In such a system, if one takes heat away from the core, the core

shrinks and gets hotter. Conversely, if one adds heat to the halo, it expands and grows colder (or at

least does not heat up as quickly as the core). Therefore the temperature gradient steepens, and a

runaway process is initiated.

In real star clusters, this “catastrophe” is averted by the second process that governs star clus-

ter evolution, namely short-range strong stellar encounters between individual stars and binaries

(and higher-order stellar systems). Early star cluster simulations showed that including the effect

of binaries as an energy source (and even a single massive binary) can allow the core to rebound

out of this collapsing phase [8]. These models also predict a new phase of gravothermal oscilla-

tions, where the core bounces between collapsing and expanding due to the interplay between the

diffusion of energy out of the core, due to two-body relaxation processes, and the input of energy to

the core, from close encounters with binary stars. More modern simulations show that with even a

modest population of primordial binaries, most star clusters can actually avoid the initial dramatic

core collapse phase for a Hubble time, due to “binary burning”, where within a core binary popu-

lation, any close binary can provide energy to the cluster until it is either ejected or the component

stars merge [26].

Binaries are also self-gravitating systems that can be understood with a similar thermodynamic

argument. If one takes energy away from a binary, for instance through a dynamical encounter

with a passing star that has less kinetic energy than the binary binding energy, the binary will

become tighter (i.e., reduce its semi-major axis) and therefore more tightly bound. These binaries

are typically referred to as “hard” binaries [41]. A hard binary can donate energy through such

encounters until the two stars merge (or until the semi-major axis is so small that encounters with

other stars becomes sufficiently rare). The process of tightening or “hardening” of binaries may

also be responsible for the production of many types of exotic stellar objects, and I return to this

below. “Soft” binaries, on the other hand, have smaller binding energies than the typical kinetic

energy of cluster stars, and therefore an encounter involving a soft binary can often completely

unbind the binary.

Externally, star clusters are also subject to the Galactic potential, which will tidally strip stars

that have appropriate velocities and reside toward the edge of a cluster (i.e., beyond the “tidal

radius”) [49]. Star clusters on Galactic disk crossing orbits or highly eccentric orbits can also

experience shocks that can remove large amounts of stars in a short duration, relative to the cluster’s

orbital period within the Galaxy [97, 62]. Due to these external stripping mechanism, internal

dynamical relaxation and stellar ejections, and the loss of stars shortly after the expulsion of natal

gas (mentioned in Section 1.2), all star clusters are evaporating, and constantly seeding the Galactic

field with their lost stellar and planetary systems.

3. Empirical Characteristics of Multi-Star and Planetary Systems

We now know that binary, and higher-order multiple stars are ubiquitous, and comprise a

relatively large fraction of the stars in star forming regions [36, 51, 53, 7, 84], open clusters [66,

72, 67, 71, 35, 34, 43] and the Galactic field [83]. Interestingly, prior to a seminal paper by Hut et al.

in 1992 [46], nearly all computer models of star clusters began with no binary stars (or higher-order

multiples), due both to the previous lack of observational evidence and the computational expense
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of including primordial binaries (though in these models, binaries were generally allowed to form

by tidal capture and/or three-body encounters in cluster cores). For an excellent and thorough

review of our current observational understanding of stellar multiplicity, I recommend Duchêne &

Kraus (2013, [23]), and I summarize some of the more salient empirical results related to this paper

below.

In general, we hope to derive from observations of single and binary stars, the binary frequency

and distributions of binary orbital periods, eccentricities and mass-ratios (and perhaps other more

difficult to measure orbital elements and individual masses) . The most relevant of these orbital

parameters for our discussion is the orbital period, which can be converted to a semi-major axis,

and is a key component of the cross section for encountering another object, and the encounter rate.

Thanks to decades of observations and dedicated observers, we know a great deal about the

field solar-type binary stars. The solar-type binary frequency in the Galactic field is approxi-

mately 50% [83], and furthermore, distributions of orbital periods, eccentricities and mass ratios

are known. For solar-type stars in the Galactic field, the orbital period (P) distribution is observed

to be log-normal with a mean of logP = 5.03 and σlogP = 2.28 (and here P is in days) [83].

Furthermore, roughly 10% of solar-type field stars in the Solar Neighborhood are in triples

or higher-order systems [83, 93]. About 60% of known spectroscopic binaries (i.e., those with

relatively short periods) in the Solar Neighborhood have additional companions [94, 4], and this

fraction rises toward shorter inner binary orbital periods. For spectroscopic binaries with orbital

periods <3 days, 96% have additional companions [94]. It is worth noting here explicitly that

Andrei Tokovinin, in particular, has been a major contributor to our empirical understanding of

triples and higher-order stellar systems in the Solar Neighborhood (e.g., [95, 94, 93, 92]).

A handful of Galactic open clusters also have sufficient observations to study statistically

robust samples of binary stars. The study of binaries in open clusters is a major focus of the ongoing

WIYN Open Cluster Study (WOCS, [63]), who use primarily radial velocities to study solar-type

stars in open clusters. Observations of such open cluster stars suggest that binary frequencies and

distributions of orbital elements and mass ratios are consistent with similar binaries in the Galactic

field (generally, out to a limiting orbital period of a few thousand days) [34, 33, 29], and results for

additional WOCS clusters are forthcoming.

Much less is known empirically about the fraction of triple (or higher-order) stars in star clus-

ters. Taurus-Auriga [53], Hyades [72], Pleiades [66, 11] and Praesepe [67, 10] (the usual suspects)

are the only clusters to my knowledge that have published observations with a statistically mean-

ingful sample of solar-type triple stars. All of these surveys have different levels of completeness,

but the raw numbers from these surveys indicate triple fractions between a few to 10% in these

clusters, which, again, appears to be consistent with similar stars in the Galactic field.

It is also worth noting here that for the binary and triple fractions observed in these particular

open clusters, encounters involving triples may be the most frequent type of dynamical encounter

[57]. Therefore, though I’ve focused in Section 2 on the impact of binary stars on star cluster

evolution, and indeed (primordial) triples are typically excluded from star cluster models (due to

computational limitations), triples may be very important contributors to the dynamical evolution

of star clusters, and perhaps also the production of exotic stars that are thought to result from

dynamical encounters.

Toward higher-mass stars, the binary frequency increases markedly. For the most massive
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stars, the binary frequency is observed to be about 70%, and perhaps even higher [83, 85, 14]. Also

unlike the solar-type stars, O stars apparently have a much stronger preference for close binaries.

The orbital period distribution of O-type stars in open clusters can be described by a power law

with an exponent of ∼ -0.5 [85]. This (and their relatively short lifetimes) suggests that a smaller

fraction of O stars will undergo dynamical encounters in star clusters than do solar-type stars. On

the other hand, more than 70% of O stars are expected to exchange mass with a binary companion,

and one-third of these cases will end in a merger of the two stars [85].

Toward lower-mass stars, the binary frequency drops below 50%, and most studies agree that

low-mass stars have a lower frequency of companions than do solar-type stars. Current empirical

values for the fraction of 0.1 - 0.5 M⊙ stars with companions is about 25% [20, 22], while some

estimates reach up to ∼40% ([25]; though it is now generally believed that this larger fraction

was inflated due to an overestimate in the frequency of wide companions). The period distribution

of low-mass stars is currently somewhat poorly constrained, due to the relatively small number

of companions in volume-limited (and nearly complete) samples. It appears that a log-normal

distribution similar to that of the solar-type binaries (though perhaps with somewhat smaller mean

and σ value) may hold for separations <500 AU, and at larger separations an Öpik-like (i.e., flat in

the log) distribution may hold [42, 21].

Turning to planets, Winn & Fabrykcy (2015, [98]) recently wrote an excellent review on “The

Occurrence and Architecture of Exoplanetary Systems”. Currently observations searching for and

characterizing exoplanets are most complete for solar-type (FGK) stars (though of course no where

near as complete in the orbital separation domain as for binary and multiple stars); within this

sample, radial-velocity and transiting planet surveys predict that about 10% of stars have a giant

planet at an orbital period of less than a few years, and about 50% have a compact system of smaller

planets at orbital periods of less than one year [44, 27, 74]. From the Kepler survey, it appears that

the orbital period distribution for planets around GK stars increases toward longer periods (out to

a completeness limit of 50 days), for planets ranging from 2 to 32 Earth radii [45]. Microlensing

surveys that probe wider separation systems (though often for lower-mass host stars) generally

suggest that more than a quarter of stars have sub-Jovian planets orbiting at & 1 AU [40, 16].

Much less is known about exoplanets in star clusters, but current observations are consistent with

the hypothesis that planets in clusters have a similar frequency as planets in the field (at least for

the close separations probed by current observations, [65, 81, 82, 13]).

In summary, observations indicate that the stellar companion fraction increases toward higher-

mass stars, and for solar-type field stars, this fraction is about 50%. The frequency of exoplanets

around solar-type field stars is now known to also be quite high (and possibly &50%), thanks to the

recent explosion of exoplanet observations. The distribution of binary-star orbital periods for all

primary-star masses extends to very wide systems, to of order 109 days or 104−5 AU. The orbital

period distribution for planets orbiting solar-type field stars increases with increasing periods, out

to a completeness limit of 50 days, and wide-separation planets (i.e., &1 AU) may also be quite

common. Though the detection and characterization of stellar multiples and exoplanets in star

clusters is generally less complete than for the field, current observations suggest that stars and

planets may have similar characteristics both inside and outside of star clusters (at least toward the

short-period end of the distribution).
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4. Star Cluster Dynamics Affect Binaries and Planetary Systems

The rate of encounters with other stars (or binaries) in star clusters increases with the size (i.e.,

orbital separation) of the target stellar or planetary system; therefore wider systems are expected to

be more vulnerable to the dynamical effects of passing stars within a clustered birth environment. I

list the general outcomes of dynamical encounters in Section 1, though disentangling the impact of

encounters on stellar and planetary systems is generally far more complicated. Such encounters are

usually thought of as one object encountering another (e.g., a single star encountering a binary);

however, especially in the open cluster regime, these “simple” encounters can often be interrupted

by another object and produce a “mini cluster”, with a more complex behavior, that then dissolves

[30]. Furthermore, in multi-stellar and multi-planet systems, perturbations to a wide outer compan-

ion that slightly modifies its orbit can, in turn, affect closer in companions due to the subsequent

internal dynamical evolution of the system.

On a more global level, there are a few key observations that we can use to search for the im-

print of dynamical encounters (no matter how complex the encounters are). Both (i) the companion

frequency and (ii) the distributions of orbital elements can be modified by the cumulative effect of

many encounters (and the general two-body relaxation processes in star clusters) as well as the less

frequent strong encounters. Also, (iii) some of the products of these encounters may be observable

as exotic objects. I discuss the effects of stellar dynamics in star cluster on these observables below.

4.1 Changes to the Companion Frequency

The term “hard-soft boundary” is often used to describe the division between the tight, hard

binaries and the wide, soft binaries, and is a function of the velocity dispersion, and therefore also

proportional to the overall cluster mass. Moreover, if one assumes a set primordial population

of binaries across all clusters, for the sake of argument let’s assume a fixed primordial binary

frequency and a primordial period distribution that extends beyond the hard-soft boundary in most

clusters, then one expects that the binary frequency will decrease with increasing cluster mass.

Indeed, this is observed for globular clusters [88, 50, 56], and open clusters appear to have still

larger binary frequencies (and lower masses) [34, 33, 29]. This result may be due to the disruption

of binaries (or the truncation of disks around proto-stars) by stellar encounters early on in the lives

of star clusters.

Taking this one step further, the binaries born in the denser cluster core are expected to be

most severely affected by dynamical disruptions at early times (before halo binaries have time

to orbit through the core). Observations of NGC 1818, a young (∼30 Myr) rich cluster in the

Large Magellanic Cloud, may show this exact phenomenon, where the binary frequency decreases

toward the core [19, 60] (the opposite of what is observed in most older star clusters, [68, 32]).

One explanation for this is that the core binaries experienced an early phase of rapid dynamical

disruptions resulting from strong stellar encounters, thereby preferentially decreasing the binary

frequency toward the cluster core [31].

Over time two-body relaxation and mass segregation effects become dominant, which cycle

binaries through the core (where wider binaries are destroyed) and also cause the (hard) binaries to

preferentially sink toward the core relative to the lower-mass single stars. Thus, the radial distribu-

tion of the binary frequency in star clusters may evolve with time, from one that decreases toward
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Figure 1: Radial distribution of the binary

frequency for an N-body model of the rich
LMC star cluster NGC 1818, adapted from

[31]. Each panel shows the distribution at

a different age, from the initial conditions
(t = 0) at the top, and working downward

in steps of the initial half-mass relaxation
time (trh(0)). The arrows in all but the top

panel mark the respective cluster radii in-

side of which the local dynamical friction
time-scale for a binary with a mass equiva-

lent to that of the mean binary mass in the
cluster is shorter than the simulated time,

calculated analytically. Binaries at smaller

radii than marked by the arrows are ex-
pected to sink toward the core due to dy-

namical friction and mass segregation ef-
fects.

the core (as in NGC 1818), to one that increases toward the core (as observed in most older star

clusters). In Figure 1, I show an example of this phenomenon from a particular N-body model of

the LMC star cluster NGC 1818 [28], with each panel showing the radial distribution of the binary

frequency as a sequence in time (in steps of the initial half-mass relaxation time, trh(0)). After one

relaxation time, the global binary frequency drops from the initial value, due to the disruption of

initially soft binaries, and this is most severe in the core. Then over time the radial distribution of

the binary frequency evolves as described here. Importantly, these models (and others) show that

the radial distribution of the binary frequency in a star cluster, may be an indicator of the cluster’s

“dynamical age” (i.e., how many relaxation times the cluster has lived through) .

Considering planetary systems in star clusters, most, if not all, planets would be “soft” by

the definition given above (due to the small masses of planets as compared to stars). Therefore

the concept of a hard-soft boundary as discussed above does not apply. However, N-body models

do predict that the distribution of planet semi-major axes (or periods) should also be truncated by

dynamical encounters [99], though here it is the encounter rate that sets the limit rather than the

encounter energy.

4.2 Changes to the Distributions of Orbital Elements

The most dramatic change to the distributions of orbital elements predicted by numerical star

9
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Figure 2: Changes to the main-sequence binary period (left) and eccentricity (right) distributions from an

N-body model of the open cluster NGC 188, adapted from [32].

cluster models due to stellar dynamics is the steep drop off in the period distribution at the clus-

ter hard-soft boundary, whereas, in the field, binaries of similar masses may exist out to much

longer periods (see Figure 2). Unfortunately, observing this cutoff directly is very challenging for

a number of reasons, and to my knowledge no statistically robust empirical evidence exists that

can substantiate this model prediction (though there is little doubt that soft binaries are disrupted

on the appropriate time-scales in clusters to create the cutoff). As a function of radius from the

center of the cluster, models predict that for dynamically young clusters this hard-soft boundary

will increase toward the cluster outskirts (where the density and velocity dispersion are lowest),

until the cluster is sufficiently relaxed to cycle most binaries through the denser core [31].

Also for wider hard binaries, models predict an increase in eccentricity, resulting from per-

turbative fly-by encounters and exchanges [32]. These encounters may not disrupt the system, but

tend to increase eccentricities most toward the widest systems, as these wider systems undergo

encounters more frequently. Changes to the distribution of mass-ratios (the other common observ-

able) are much more difficult to detect, as the mass-ratio is rarely a direct observable. Furthermore,

changes to the mass-ratio distribution would result primarily from exchange encounters, which are

far less frequent than perturbative fly-bys.

In Figure 2, I show an example of the changes to the eccentricity and period distributions due

to stellar dynamics resulting from a particular N-body model of the open cluster NGC 188 [32].

Here the black lines and points show the initial conditions, and the grey region and points show

the main-sequence binaries at the current cluster age (having lived through 7 Gyr of dynamical

interactions). The drop in the period distribution at the hard-soft boundary, and the increase in

eccentricities for the widest binaries are clearly visible. (However, note that these results combine

20 different N-body realizations of the cluster, and therefore the statistics are much better than

could be expected for the true cluster, which contains of order 1000 stars.)

Much less work has been carried out to study these similar processes within a planetary popu-

lation in star clusters. However, models do indicate that, like binary stars, the semi-major axis (or
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period) distribution for planets should be truncated by encounters (as also discussed above, [99])

and that eccentricities are most easily modified in planets with wider orbits [90].

4.3 Formation of Exotic Stars

Exotic stars and binary systems can also be formed through dynamical encounters within star

clusters. A long-standing paradigm in the globular cluster community is that encounters involving

hard binaries can shrink the binary orbits sufficiently to bring the stars into a stage of mass transfer

(and potentially a merger). If one of the stars is a compact object, this can create an X-ray source

(i.e. a CV, LMXB, etc.). Indeed the frequency of such X-ray sources is observed to be higher for

star clusters with higher encounter rates [77].

Blue stragglers are another class of exotic stars, observed to be brighter and bluer than the

main-sequence turnoff in an optical color magnitude diagram of a star cluster, that have long been

associated with dynamical processes. Natalie Gosnell’s contributions to these proceedings [37]

discusses the origins of blue stragglers in detail. She finds that many, and perhaps most, of the

blue stragglers in open clusters (and particularly those in the open cluster NGC 188, where we

have the best observations) may come from a mass transfer mechanism involving giants [39, 38].

Moreover, though some blue stragglers likely have origins in stellar collisions (or perhaps mergers

induced by binary hardening) the dominant blue straggler formation mechanism may not require

dynamics. Furthermore, dynamical encounters may actually inhibit blue straggler formation by

disrupting or modifying the orbits of (wide) binaries that would otherwise undergo mass transfer

if evolved in isolation. More quantitatively, the specific frequency of blue stragglers in globular

clusters decreases with increasing total absolute luminosity (mass) [75], and when also considering

blue stragglers in dwarf galaxies and the field, the frequency of blue stragglers also decreases with

increasing collision rate [79, 69]. Only in the most luminous (massive) globular clusters begin to

produce blue stragglers predominantly through collisions [18]. These result therefore suggest that,

though globular clusters are efficient at producing CVs and LMXBs through dynamics, similar

encounters may prohibit the formation of blue stragglers.

“Sub-subgiants” (sometimes also termed “red stragglers”) are another class of exotic star that

may come from stellar collisions (among other mechanisms). These stars are observed to be redder

than the main sequence but fainter than the subgiant branch in an optical color-magnitude diagram

of a star cluster [3, 64], and are generally much less well studied than the others discussed here. In

one collision scenario, the sub-subgiant may be a star observed right after a direct collision between

two main-sequence stars, that is currently contracting and settling back into thermal equilibrium

along an analogous track to pre-main-sequence stars [87]. In a second collision mechanism, a sub-

subgiant may be formed through a grazing collision between a subgiant and more compact star, that

strips some of the envelope off of the subgiant (but does not result in a merger). We are actively

working to model these channels in detail and to determine how likely these formation pathways are

(and indeed other non-dynamical mechanisms may be more likely; see Emily Leiner’s contribution

to these proceedings, [59]). Nevertheless, our current models and calculation indicate that some

sub-subgiants (and particularly those in globular clusters) may indeed be the products of stellar

collisions brought on by dynamical encounters.

In summary observations suggest that for some exotic stars, dynamics may be very important

(and perhaps critical) to their formation, while in other cases, dynamics may destroy or modify
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systems such that they do not form exotic stars when they would have otherwise. Regardless, the

population of exotic stars in a star cluster is directly linked to stellar dynamics and the processes of

binary-star evolution.

5. Summary and Outlook

In this review, I highlight the importance of stellar dynamical encounters in shaping the archi-

tectures of the multi-star and planet systems that we observe today. I argue that, because most stars

are expected to form in star clusters or groups (some that are many orders of magnitude more dense

than the Galactic field), that most binary (and higher-order-multiple) stars and planetary systems

are subjected to encounters with other stars that can perturb their orbits and modify their primordial

orbital elements and masses. Most of these stellar encounters are distant, though close energetic

encounters do occur regularly in many clusters. Strong stellar encounters are most frequent and

distant perturbations most severe for the widest systems, and therefore, as a population, these wide

systems are affected most significantly. In multi-star and multi-planet systems, slight perturbations

to an outer member can, over time, also propagate inwards through the system’s internal dynamics.

Thus star clusters dynamically process their inhabitants through stellar encounters. Further-

more, star clusters are constantly losing stars to the Galactic field though various evaporation pro-

cesses, and many star clusters dissolve completely within less than 1 Gyr of birth. Therefore in

order to properly interpret the observations of present-day stellar and planetary systems, both in

star clusters and in the field, and especially if trying to map these observations back to study star

and planet formation, we must consider the effects of dynamical encounters within a clustered birth

environment.

Binary (and higher-order multiple) stars are also critical to the dynamical evolution of star

clusters. It has long been known that binaries can reverse core collapse in globular clusters, and

current models show that even a very modest binary frequency can delay the onset of core col-

lapse in most globular clusters for over a Hubble time, through the processes of “binary burning”.

Furthermore, since encounters involving binaries (or higher-order systems) are far more common

than those involving only single stars (because of the larger geometric cross-sections for multi-star

systems), including binaries in star cluster models is critical. Moreover, star cluster models cannot

produce realistic results without empirically motivated primordial populations of binaries, both in

terms of the overall cluster evolution and the impacts of stellar encounters on the cluster population.

Looking ahead, I anticipate a few particularly important observational surveys for this field,

namely WOCS, Kepler/K2, LSST and Gaia. The WOCS team are in the process of analyzing

and publishing radial-velocity data for the solar-type binary populations in a set of key rich open

clusters. Kepler has already discovered transiting planets in the open cluster NGC 6811 [65],

and hopefully more similar discoveries will be forthcoming from the other open clusters in the

original Kepler field and the many others in the K2 fields. LSST and Kepler/K2 will also surely

discover and help to better characterize many eclipsing binary stars (and higher-order systems), and

also to help identify exotic photometric variables that may be the result of dynamical encounters.

Gaia parallaxes, proper motions, and to some extent also the radial velocities, will be an amazing

resource for star cluster membership, dynamics and perhaps also binary star identifications. Taken
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together, over the coming decade or so, the depth and breadth (and uniformity) of empirical data

for studying star cluster dynamics will dramatically increase.

High-performance computers, more efficient software parallelization, and more modular codes

and code environments like AMUSE (amusecode.org, [78]), are pushing the computational limits

on star cluster models into new regimes. Great strides have been made recently that may soon open

the door to modeling realistic globular clusters with the star-by-star direct N-body method [96]

(which is preferred as this requires the least simplifying assumptions of all methods). Realistic

open cluster models including 1000s of stars and large populations of multi-planet and multi-stellar

systems, evolved for many 100s of Myr, are also on the verge of feasibility and will be completed

in the near future.

In summary, binaries are intimately linked to the dynamics of star clusters and the encounters

that may modify binaries, higher-order-multiple stars and planetary systems within clustered birth

environments. Advances in numerical modeling of star clusters will soon allow us to build very

sophisticated star cluster models, that include realistic empirically guided stellar and planetary

populations. Through these models and observations, we will study how and where previous stellar

dynamical encounters from a clustered birth environment are imprinted on the stellar and planetary

populations that we observe today.
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