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This chapter concerns the long-term dynamical evolutionplainetary systems from
both theoretical and observational perspectives. We bbyginliscussing the planet-planet
interactions that take place within our own Solar System.th#a describe such interactions in
more tightly-packed planetary systems. As planet-plamtractions build up, some systems
become dynamically unstable, leading to strong encoutedsultimately either ejections or
collisions of planets. After discussing the basic physmalkcesses involved, we consider how
these interactions apply to extrasolar planetary system®zaplore the constraints provided by
observed systems. The presence of a residual planetessoalath lead to planetary migration
and hence cause instabilities induced by resonance cgpsisowever, such discs can also
stabilise planetary systems. The crowded birth environroém planetary system can have
a significant impact: close encounters and binary companiam act to destabilise systems,
or sculpt their properties. In the case of binaries, the Kazechanism can place planets on
extremely eccentric orbits which may later circularise toduce hot Jupiters.

1. INTRODUCTION views the application of theoretical models to observation

c v ob d planet ‘ h Wi IIof the solar system and extrasolar planetary systems.
urrently observed planetary systems have typicaly Planetary systems evolve due to the exchange of angu-

evolved between the time when the last gas in the protoplar%l-

. : : r momentum and / or energy among multiple planets, be-
etary disc was dispersed, and today. The clearest ewdeqs\%en planets and disks of numerous small bodies (“plan-
for this assertion comes from the distribution of Kuipertbel

biects in th ‘ | N df th i etesimals”), between planets and other stars, and via tides
ODJects In the outer solar system, and from e ecCentriQ,, e stellar host. A diverse array of dynamical evolatio
ties of massive extrasolar planets, but many other observg sues. In the simplest cases, such as a well-separated two

properties of planetary systems may also plausibly be t Sanet system, the mutual perturbations lead only to peri-
consequence of dynamical evolution. This chapter su '

os the diff tt ¢ itational int " dic oscillations in the planets’ eccentricity and inctioa.
marizes the difierent types ot gravitational interacti Of greater interest are more complex multiple planet sys-
lead to long-term evolution of planetary systems, and r

$ems where the dynamics is chaotic. In different circum-
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stances the chaos can lead to unpredictable (but boundedih a summary of the key points of this chapter.
excursions in planetary orbits, to large increases in eccen

tricity as the system explores the full region of phase space

allowed by conservation laws, or to close approaches bé- THE SOLAR SYSTEM TODAY

tween planets resulting in collisions or ejections. Quaalit quick glance at our system, with the planets moving
tive changes to the architecture of planetary systems c@g quasi-circular and almost coplanar orbits, well sejarat
likewise be caused by dynamical interactions in binary sy$rom each other, suggests the idea of a perfect clockwork
tems, by stellar encounters in clusters, or by changes &stem, where the orbital frequencies tick the time with un-
planetary orbits due to interactions with planetesimatslis syrpassable precision. But is it really so? In reality, due
Theoretically, there has been substantial progress singgtheir mutual perturbations, the orbits of the planetstmus
the lastProtostars and Planetmeeting in understanding vary over time.
the dynamics that can reshape planetary systems. ObservaTg g first approximation, these variations can be de-
tional progress has been yet more dramatic. Radial veloCigariped by a secular theory developed by Lagrange and
surveys and the Kepler mission have provided extensive Cqlaplace (seéMurray and Dermott1999) in which the or-
alogues of single and multiple planet systems, that can g elements that describe a fixed Keplerian orbit change
used to constrain the prior dynamical evolution of planetars|owly over time. The variations can be found using Hamil-
systems (see the chapterBigcher et al.for more details). {gn's equations, expanding the Hamiltonian in a power se-
Routine measurements of the Rossiter-McLaughlin effegfes in terms of the eccentricityand inclination of each
for transiting extrasolar planets have shown that a Signifblanet, and neglecting high-frequency terms that depend on
cant fraction of hot Jupiters have orbits that are misalignee mean longitudes. Only the lowest order terms are re-
with respect to the stellar rotation axis, and have promptegined since: andi are small for the planetary orbits. The

of data, the relative importance of different dynamical-procan, then be expressed as

cesses in producing what we see remains unclear, and we

will discuss in this review what new data is needed to break ) N )
degeneracies in the predictions of theoretical modelso Als g smw; = Z ekj Sin(gkt + Or)
uncertain is which observed properties of planetary system k=1

reflect dynamical evolution taking place subsequent to the N

dispersal of the gas disk (the subject of this chapter), and ejcosw; = ) exjcos(grt + Br) 1)
which involve the coupled dynamics afydrodynamics k=1

of planets, planetesimals and gas within the protoplapetawith similar expressions fot. Herew is the longitude of
disc. The chapter baruteau et al (2013) reviews this perihelion, and the quantities;, gi, andj;, are determined
earlier phase of evolution. by the planet's masses and initial orbits.

We begin this chapter by considering the long term sta- In the Lagrange-Laplace theory, the orbits’ semi-major
bility of the solar system. The solar system is chaotic, buaxesa remain constant, while and: undergo oscillations
our four giant planets are fundamentally stable, and themeith periods of hundreds of thousands of years. The or-
is only a small probability that the terrestrial planetslwil bits change, but the variations are bounded, and there are
experience instability during the remaining main-seqeenao long-term trends. Even at peak values, the eccentscitie
lifetime of the Sun. We then compare the current solar sysre small enough that the orbits do not come close to inter-
tem to more tightly-packed planetary systems, which argecting. Therefore, the Lagrange-Laplace theory conslude
hypothesized progenitors to both the solar system and etkat the solar system is stable.
trasolar planetary systems. We discuss the conditions, tim The reality, however, is not so simple. The Lagrange-
scales and outcomes of the dynamical instabilities that cdraplace theory has several drawbacks that limit its useful-
be present in such systems, and compare theoretical modetss in real planetary systems. Itis restricted to smallesl
to the observed population of extrasolar planets. We thasf e andi; theories based on higher order expansions exist,
review how interactions between planets and residual plabut they describe a much more complex time-dependence
etesimal disks can lead to planetary migration, which desf eccentricities and inclinations, whose Fourier expan-
pending on the circumstances can either stabilize or dest&ions involve harmonics with argument wherev =
bilize a planetary system. Finally we discuss the outcomEff:1 nrgr + misk andnyg, my are integers, ang ands
of dynamical interactions between planetary systems argte secular frequencies associated widmdi respectively.
other stars, whether bound in binaries or interlopers thdthe coefficients of these harmonics are roughly inversely
perturb planets around stars in stellar clusters. Dyndmicaroportional tov, so that the Fourier Series representation
evolution driven by inclined stellar-mass (and possibly-su breaks down whem ~ 0, a situation calledecular reso-
stellar or planetary-mass) companions provides a route t@ance
the formation of hot Jupiters whose orbits are misaligned to Moreover, the Lagrange-Laplace theory ignores the ef-
the stellar equator, and we review the status of models féects of mean-motion resonances or near resonances be-
this process (often called the Kozai mechanism). We clogereen the orbital periods of the planets. The existence of



mean-motion resonances can fundamentally change the dyody integrations can never prove the stability of a system,
namics of a planetary system and alter its stability in waysnly its stability for the finite length of an integration.
not predicted by Lagrange-Laplace theory. In particute,t ~ N-body integrations can be used to distinguish between
terms dependent on the orbital frequencies, ignored in thiegular and chaotic regions, and quantify the strength of
Lagrange-Laplace theory, become important when the ratahaos, by calculating the system’s Lyapunov exporignt
of two orbital periods is close to the ratio of two integersgiven by
This situation arises whenever the critical argumgeviries = lim In[d(t)/d(0)] @
slowly over time, where t—00 t
whered is the separation between two initially neighboring

¢ = kidi + ko dj + kswi + kaw; + ks + k6§l (2)  orpits. Regular orbits diverge from one another at a rate

that is a power of time. Chaotic orbits diverge exponen-

for planetsi andj, wherel is the mean longitudé? is the . . e
. . . tially over long timespans, although they can be “sticky”,

longitude of the ascending node, and ¢ are integers. The . . =" : . ;
mimicking regular motion for extended time intervals. If

ks_g terms are included because the orbits will precess in . . . L
) . . the Solar System is chaotic, even a tiny uncertainty in the
general, so a precise resonance is slightly displaced from . ; 2 )
: : . current orbits of the planets will make it impossible to pre-
the case wherk, /k, is a ratio of integers. . . . .
. . ict their future evolution indefinitely.
To leading order, the evolution at a resonance can be de-

. . . . . One of the first indications that the Solar System is
scribed quite well using the equation of motion for a pen- . . ; i
. chaotic came from an 845 Myr integration of the orbits of
dulum Murray and Dermolt1999):

the outer planets plus Plut&gssman and Wisdoir988).
b= —w?sing (3) Pluto was still considered a planet at the time due to its
grossly overestimated mass. This work showed that Pluto’s
At the centre of the resonancegand¢ are zero and re- orbit is chaotic with a Lyapunov timescal&{ = 1/T) of
main fixed. Whenp is slightly non-zero initially librates 20 My. Using a 200 Myr integration of the secular equa-
about the equilibrium point with a frequengythat depends tions of motion,Laskar (1989) showed that the 8 major
on the amplitude of the librations. The semi-major axes anglanets are chaotic with a Lyapunov time of 5 My. This
eccentricities of the bodies involved in the resonance umesult was later confirmed using fuN-body integrations
dergo oscillations with the same frequency. There is a maxSussman and Wisdo#®92). The source of the chaos is
imum libration amplitude for whiclky approaches=w. At  due to the existence of two secular resonances, with fre-
larger separations from the equilibrium poigtcirculates quencies; = 2(gys —g3) — (s4 — s3) andvy = (g1 — g5) —
instead and the system is no longer bound in resonance. (s; — s2), i.e. frequencies not appearing in the Lagrange-
Whereas a single resonance exhibits a well-behaveldaplace theoryl(askan1990).
pendulum-like motion as described above, when multiple The four giant planets by themselves may be chaotic
resonances overlap the behavior near the boundary of egd@ussman and Wisdoit092), due to a three-body reso-
resonance becomes erratic, which leads to chaotic evoluance involving Jupiter, Saturn and Urani&ifray and Dermott
tion. Because the frequencies of the angtes and(); ; 11999). Assuming that the evolution can be described as a
are small relative to the orbital frequencies (i.e. thefiemgt random diffusion through the chaotic phase space within
cies of); ;), in general resonances with the sakngek, but  this resonancéMurray and Dermott(1999) estimated that
different values ofk; . ¢ overlap with each other. Thus, it will take ~ 10'® y for Uranus’s orbit to cross those
quite generically, a region of chaotic motion can be foundf its neighbors. However, careful examination suggests
associated with each mean-motion resonance. that chaotic and regular solutions both exist within the cur
There are no mean-motion resonances between pairsreht range of uncertainty for the orbits of the outer planets
Solar System planets. Jupiter and Saturn, however, a@uzz®005;Hayes2008), so the lifetime of this subsystem
close to the 2:5 resonance, and Uranus and Neptune aauld be longer, and even infinite.
close to the 1:2 resonance. In both cases, the resonant anNumerical integrations can also be used to assess the
gle ¢ is in circulation and does not exhibit chaotic motionlong-term stability of the planetary system, with the cdvea
In general, systems can suppoftbody resonances, which that the precise evolution can never be known, so that sim-
involve integer combinations of the orbital frequencies ofilations provide only a statistical measure of the likely be
N planets, withN' > 2. The forest of possible resonanceshavior. Numerical simulations confirm the expectation that
becomes rapidly dense, and increases with the nurdvber the orbits of the giant planets will not change significantly
of planets involved. As a result, analytic models becomever the lifetime of the SunBatygin and Laughlir2008).
inappropriate to describe precisely the dynamical evotuti Nonetheless, there remains a remote possibility that the or
of a system with many planets. bits of the inner planets will become crossing on a timescale
Fortunately, modern computers allow the long-term evosf a few Gyr Laskar(1994, 2008;Batygin and Laughlin
lution of the Solar System to be studied numerically usin@008;Laskar and GastineaR009).
N-body integrations. These calculations can include all rel In principle, if the terrestrial planets were alone in the
evant gravitational interactions and avoid the approximaolar system, they would be stable for all time. (In pragtice
tions inherent in analytic theories. One drawback is fiiat of course, the Solar System architecture will change on a



time scale of only~ 7 Gyr due to solar evolution and massmotion resonances and placed them onto their current, par-

loss.) In fact, even if the orbits of the inner planets are fretially eccentric and inclined orbits, after gas removal.

to diffuse through phase space, their evolution wouldsll The populations of small bodies of the solar system also

constrained by their total energy and angular momentum.attest to significant changes in the aftermath of gas re-
A useful ingredient in orbital evolution is the angularmoval, and possibly several 100 Myr later. The existence

momentum deficit (AMD), given by and properties of these populations thus provide important
constraints on our dynamical history (e.g., see Section 6).
AMD = ZAk <1 —cosip /1 — ei) (5) There are three main reservoirs of small bodies: the as-

A teroid belt between Mars and Jupiter, the Kuiper belt im-

mediately beyond Neptune and the Oort cloud at the out-

whereA, = M M. /(M + M.)/G(M, + My)ai is the skirts of the solar system. At the present epoch, both the
angular momentum of planétwith massM},, semi-major asteroid belt and the Kuiper belt contain only a small frac-
axisayg, eccentricitye, and inclinationi;, to the invariable tion of the mass (0.1% or less) that is thought to exist in
plane, andV/, is the mass of the host star. these regions when the large objects that we observe today

In absence of mean-motion resonances, to a good dprmed Kenyon and Bromle004). As a result, the vast
proximation,a remains constant for each planet, so AMDmajority of the primordial objects (by number) have been
is also constant (e.fL.askar1997, though this result dates dynamically removed. Some of these bodies were incor-
to Laplace), Excursions ia andi are constrained by con- porated into the forming planets, some were scattered to
servation of AMD, and the maximum values attainable byther locations within the solar system, and some where
any one planet occur when all the others have : = 0. ejected. The remaining objects (those that make up the
Mercury’s low mass means it can acquire a more eccentraurrent populations of the asteroid and Kuiper belts) are
and inclined orbit than the other planets. However, evedynamically excited, in the sense that their eccentrgitie
when Mercury absorbs all available AMD, its orbit doesand inclinations cover the entire range of values allowed
not cross Venus. However, when the giant planets are takbg long-term stability constraints; for instance, the ina}
into account, the exchange of a small amount of angulaions can be as large as 40 degrees, much larger than the
momentum between the outer planets and the inner planeisarly-co-planar orbits of the planets themselves. This ev
can give the latter enough AMD to develop mutual crossinglence suggests that some dynamical mechanism removed
orbits. As aresult, long-term stability is not guaranteed. more than 99.9% of the objects and left the survivors on ex-

The possible instability of the terrestrial planets on &ited orbits, much different from their original circulamé
timescale of a few Gyr shows that the solar system has nob-planar ones. Another constaint is provided by the ab-
yet finished evolving dynamically. Its overall structurenca sence of a correlation between the size of the objects and
still change in the future, even if marginally within the re-their orbital excitation. Presumably, the mechanism that a
maining main-sequence lifetime of the Sun. tered the orbits of these small bodies acétdrthe removal

This potential change in the orbital structure of the planef the nebular gas; otherwise, gas drag, which is notori-
ets would not be the first one in the history of the solaously a size-dependent process, would have imprinted such
system. In fact, several aspects of the current orbitaliarcta correlation. Similarly, the Oort cloud (the source of long
tecture of the solar system suggest that the planetarysorbjteriod comets) contains hundreds of billions of kilometer-
changed quite drastically after the epoch of planet formaize objects, and most trace through orbits with high ec-
tion and the disappearence of the proto-planetary disk oentricities and inclinationsWiegert and Tremaind999;
gas. For instance, as described above, the giant plan&ib and Quinh2009). Since the Oort cloud extends far
are not in mean motion resonance with each other. Howpeyond the expected size of circumstellar disks, the popu-
ever, their early interaction with the disk of gas in whichlation is thought to have been scattered to such large dis-
they formed could have driven them into mutual meantances. In the presence of gas, however, these small ob-
motion resonances such as the 1:2, 2:3 or 3:4, where tfeets could not have been scattered out by the giant planets,
orbital separations are much narrower than the current onlkescause gas-drag would have circularized their orbits just
(Lee and Peale2002; KKley et al. 2005; IMorbidellietal.  beyond the giant planet8(asser et al2007). Thus, pre-
2007). We do indeed observe many resonant configuraumably the formation of the Oort cloud post-dates gas re-
tions among extra-solar planetary systems, and in numenoval; this timing is consistent with considerations of the
ical simulations of planetary migration. Also, the currentSolar birth environment (Section 6).
eccentricities and inclinations of the giant planets of the Finally, there is evidence for a surge in the impact
solar system, even if smaller than those of many extra-soleates and/or impact velocities on the bodies of the in-
planets, are nevertheless non-zero. In a disk of gas, withawer solar system, including the terrestrial planets, the
any mean-motion resonant interaction, the damping effecidoon, and the asteroid Vesidgfa et all1974;Ryder2002;
would have annihilated the eccentricities and inclinagioh |Kring and Coher002;Marchi et al.2012a,b, 2013). This
the giant planets in a few hundred orbikdéy and Dirksen surge seems to have occurred during a time interval rang-
2006;/Cresswell et all2007). So, some mechanism musting from 4.1 to 3.8 Gyr ago, i.e., starting about 400 Myr
have extracted the giant planets from any original mearmfter planet formation. This event is often referred to &s th



“terminal Lunar Cataclysm” or the “Late Heavy Bombard-can result in the diffusive evolution of eccentricity to hig

ment”. If such a cataclysm really happened (its existence i@lues even in the absence of close encounters.

still debated today; see for instanidartmann et al2000),

it suggests that the changes in the structure of the solar sy&1 Conditions and time scales of instability

tem described above did not happen immediately after the

removal of gas from the early solar nebula, but only after a

significant delay of several 100 Myr. W
All of this discussion provides hints that the mechanism

of orbital instability discussed in the next sections okthi bits are Hill stable for separations = (as—a1 )/ Rnittm >

chapter in the framework of extra-solar planets evolutiog\/g' Hill stability implies that two planets with at least

were pro_bably not _forelgn to _the solar system. Speuﬁcall){his separation are analytically guaranteed to never @xper
a scenario of possible evolution of the solar system that ex-

) . : . ence a close approach. Numerically, it is found that some
plains all these aspects will be presented in Section 5. . L
systems can be stable at smaller separations within mean

motion resonances, and that the stronger condition of La-
3. INSTABILITIES IN TIGHTLY-PACKED Sys. drange stability — which requires that b_oth planets remain
TEMS bound and ordered for all time — requires only modestly
greater spacing than Hill stabilitBarnes and Greenberg
We will see in this section that the timescale for plane2006b;Veras and MustilR013).
tary system to become unstable is a very sensitive function There is no analytic criterion for the absolute stability
of planetary separations. Thus the separations of planeis systems withN > 3 planets. The degree of insta-
within a system is an important quantity. Unfortunatelybility can be characterized numerically by evaluating the
the typical separation of planets in newly-formed planetartime scale for orbit crossing, or for the first close encoun-
systems is unknown observationally and theoretical preers between planets, to occur (in practice, different rea-
dictions are also unclear. For terrestrial planets whose &onable definitions of “instability” are nearly equivalent
nal assembly occurs after gas disk dispersal, the resultsmigure[1 illustrates the median instability time scale as a
Kokubo and 1da(1998) suggest that separations®f10  function of the separation in units @ ., for planetary
mutual Hill radii, Ry, are typical. Whefk systems of three equal mass planets with varying mass ra-
tios 4 = M,/M.. The behavior is simplest for low mass
planets. In this regiméChambers et al(1996) found that
the time before the first close encounters could be approx-
) imated adog(te0se) = A + ¢, with b and ¢ being con-
Here AL, is the stellar mass)/), are the planetary masses,stants. The time to a first close encounter is found to vary
anda;. the semi-major axes. However, terrestrial planetsnormously over a small range of initial planetary sepa-
that form more rapidly (i.e. before gas disk dispersal) maystions. Systems wittv = 5 were less stable than the
be more tightly-packed, as may also be the case for gy — 3 case, but there was little further decrease in the
ant planets that necessarily form in a dissipative environgapijity time with further increase in the planet number to
ment. Giant planets (or their cores) can migrate due to ey — 19 or N = 20. The scaling of the instability time
ther planetesimallevison et al2010) or gas disk interac- \ith separation was found to be mass dependent if mea-
tions [Kley and Nelsar?012). Hydrodynamic simulations gyred in units ofRnium (With a steeper dependence for
of multip(;l_e P'anetz_i'”l"ﬁaraCtil?% Witr} ;g(():g (lz/lther and Wlith arger ), but approximatelyndependentf measured in
surrounding gas diskMoeckel et al. ;IMarzari et al. ; 1/4 : :
201();Moec?<egl and Armitag@012;Lega et all2013) show :Iensltuslg v]\\/ﬁ? I(.)nSmlt_h and L!ssaue(2009) extended thgse
° ger integrations. They found that a single
that resonant, tightly packed or well-separated systems cgyq o hrovided a good fit to their data for Earth mass plan-
form, but the probabilities for these channels cannot be P'8ts for3.5 < A < 8, but that there was a sharp increase
dicted from first principles. Constraints on the dynamic§.n bfor A > 8. Safficiently widely separated systems thus
must currentl_y be derived from comparison of the prediCte%pidIy become stable for practical purposes. As in the two
end states with observed systems. planet case, resonant systems can evade the non-resonant

F(,)r giant planets, two type; of instgpility provide ,dy'stability scalings, but only for a limited number of planets
namical paths that may explain the origin of hot JUD'terfMatsumoto et 22012)

and eccentri(_: giant planets. If the planets starF on circula Similar numerical experiments for more massive planets
coplanar orbitsplanet-planetscattering results in a com- with 11 ~ 1072 were conducted bMarzari and Weidenschilling

b|nat|or! ‘_)f ph)f/sr]:al CO”'S'OOS’ ejegufon, and _ghenTrambn 2002) and byChatterjee et al(2008). At these mass ra-
eggelntrlcny. | tde system |n§te? grms, Wit | P agets Otos, the plot oft.;,s. (A) exhibits a great deal of structure
widely-separated eccentric or inclined orbasgular chaos  ,qqqciated with the 2:1 (and to a lesser extent 3:1) mean-

motion resonance (Figuké 1). A simple exponential fit is no
longer a good approximation for instability time scales of

The condition for stability can be analytically derived for
o planet systemsGladman(1993), drawing on results

from IMarchal and Boz/s(1982) and others, showed that
fvo planet systems with initially circular and coplanar or-

My, + My > Y3+ a1

3M, 2 ©

Rhim = (

1This is one definition of the mutual Hill radius; there areesthin use in
the literature.



T ——— T = m—— T -
IO.E-— n = 10" - IO'E- n=3x 10 E
107 4 107 g

o - E| o - o 3

5 100 = 5 108 5 -

N 1S S :

E 10° 73 E 10° k E 3

3 3 A b= E S 3

2 10k 4 2 1ok 2 -

B E i 5 E 25 §

8 [ 1 = [ 3

% 1000 | 4 % 1000 | n L -

] E i = E £
100 |4 100 =

E: X X 3 3 . Ei E
10-—| MR T RS = 10 L 10 k1 1 1
6

3 4 5

separation / Ryym separation / Ry,

separation / Ry,
Fig. 1.— The median (triangles) instability time scale faitially circular, coplanar three planet systems, as ationcof
the separation in units of mutual Hill radii (aft€hambers et all 996]Marzari and Weidenschillin@002). The dots show
the instability time scale obtained for individual reatisas of a planetary system. The instability time scale ineel
as the time (in units of the initial orbital period of the imrm@anet) until the first pair of planets approach within orié H
radius. From left to right, the panels show mass raties M, /M, of 1075,3 x 107> and10~3.

106 — 108 yr (at a few AU) that might be highly relevant more widely spaced systems the same outcomes can oc-
for gas giants emerging from the gas di€latterjee et al. cur, but chaotic motion can also persist indefinitely with-
(2008) quote an improved fitting formula for the instabilityout dramatic dynamical consequences. In the inner Solar
time (valid away from resonances), but there is an unavoid&ystem, for example, the Lyapunov time scale is very short

able dependence on details of the system architecture suech 5 Myr), but the only known pathway to a planetary
For a single planet, resonance overlap leads to chawgthin 5 Gyr (Laskar|1989;|Batygin and Laughlin?008;
ties Wisdorm1980) andAa « 1'/° above a (small) criti- is statistically favored over collisions when the escapesp
for the stability time of multiple planet systemkigsauer be quantified by the Safronov number

criterion for the overlap of three-body resonances, finding

and instability at the separations probed numerically bnd orbital distance, andl/, is the stellar mass (see dis-
as the star loses mass can destabilize either multiple plaifiter parts of planetary systems. In the Solar System, the
belts whose members are driven to encounter mean mbbey are also at larger,.

metal-polluted white dwarfs, and white dwarfs with debrid@dii beyond the snow linea(~ 3 AU), conversely, re-
3.2 Outcome of instability 2008; Juric and Tremaine2008). Ejection proceeds via
systems is a combination of ejections, physical collisionﬁopmaﬂon of planets around young stars with very large or-

as the radial ordering of the masses in systems with unequalllision — via the entry of Mercury into a secular reso-
mass planetdRaymond et a2010). nance with Jupiter — has a probability of oy~ 102
and instability of test particle orbits out to a distancet thaLaskar and Gastinea009).
scales with planet mass dsz o /7 for low eccentrici- During a close encounter between two planets, scattering
cal eccentricitylMustill and Wyai2012). Resonance over- from the planets’ surfaces is larger than the escape speed
lap is similarly thought to underly the numerical result§rom the planetary systen@pldreich et all2004). This can
1995;Morbidelli and Froesch# 11996), though the details .
are not fully understood.Quillen (2011) considered the o2 — M,\ (Ry 7
M, ap
that the density of these resonances was (to within an or- )
der of magnitude) sufficient to explain the origin of chaodvhereM,, R, anda, represent the planet's mass, radius,
Smith and Lissaus2009). cussion inFord and Rasia?008). We expect scattering to
Once stars depart the main sequence, the increase irbe most important among massive, dense planets and in the
systemsDuncan and Lissautr998/Debes and Sigurdssondiant planets’ escape speeds are roughly 2-6 times larger
2002;Veras et all2013;Moyatzis et d12013), or asteroid than the highest value for the terrestrial planets (Egrth’s
tion resonances with a single massive plalites et dl. Physical collisions lead to modest eccentricities for the
2012). These “late” instabilities may explain the origin ofmerged remnants=ord et al.2001). Scattering at orbital
disks. sults in a broad eccentricity distribution consistent tiitht
observed for massive extrasolar plané@hdtterjiee et al.
. o scattering on to highly eccentric orbits, and hence a predic
The outcome of instability in tightly packed planetaryiion of planet-planet scattering models is the existence of
between planets, and planet-star close approaches that mgy| separatiorieras et al2009{Scharf and Mendi2009;
lead to tidal dissipation or direct collision with the stam. Malmberg et al2011). The frequency of ejections from



scattering is probably too small to explain the large aburprior epoch of scattering among more tightly packed plan-
dance of apparently unbound Jupiter-mass objects discosts.
ered by microlensingSumi et all2011), if those are to be

free-floating rather than simply on wide but bound orbits
(Veras and Raymoh2i012). 4. PLANET-PLANET SCATTERING CONSTRAINED

The outcome of instabilities that occur within the first ~ BY DYNAMICS AND OBSERVED EXOPLAN-
few Myr (or as the disk disperses) may be modified by ETS

gravitational torques or mass accretion from the protaglan The planet-planet scattering model was developed to ex-

tary disk, while instabilities toward the outer edges ofpla plain the existence of hot Jupitei®dsio and Ford1996:

etary systems will result in interactions with outer plan-W : o 1 ook :
4 . ) eidenschilling and MarzariLl996) and giant planets on
etesimal beltsMatsumura et al(2010), using N-body in- - ) 9 b

: ) . _ very eccentric orbitd(n and 1d&1997Papaloizou and Terquem
tegrations coupled to a one dimensional gas disk mod

- ) ) . &0l Ford et all 2001). Given the great successes of exo-
and Moeckel_anq Armitage2012), using tWO_ dl_men5|o_n_al planet searches there now exists a database of observations
hydrodynamic disk models, found that realistic transiion

bet ich and d ics did not | d@rl%ainst which to test the planet-planet scattering model.
etween gas-rich and gas-poor dynamics did not preciug,q, q|ayant observational constraints come from the subse
the generation of high eccentricities via scattering. karg

b f i ; h di t0 extra-solar systems containing giant planets. In this Se
numbers o re§onan systems were, NOWever, prediCleg,, \ e first review the relevant observational constraints
Lega et al.(2013), instead, found that if a planetary syste

becomes unstable during the gas-disk phase it is Iikelynt?)ext we show how the dynamics of scattering depends

tabil fter the eiecti th lisi ; s n the parameters of the system. We then show that, with
stabfiize (after the ejec lon or the COTiSIon ot some p _me simple assumptions, the scattering model can match the
in resonant low-eccentricity orbits, and avoid furthet@as :
I . observations.

bilities after that the gas is removd@aymond et a(2010)

ran scattering experiments in which planets at larger radjj
interacted with massive collision-less planetesimal glisk
The disks strongly suppressed the final eccentricities of The sample of extra-solar planets that can directly con-

1 Constraintsfrom Giant Exoplanets

lower mass outer planetary systems. strain models of planet-planet scattering now numbers more
than 300. These are giant planets with masses larger than
3.3 Secular chaos Saturn’s and smaller that3A/;,, (Wrightetal.|2011;

Schneider et al2011) with orbital semimajor axes larger

Significantly ghfferent evolution is possible in multiple than 0.2 AU to avoid contamination from star-planet tidal
planet systems if one or more planets possess a substan& ularization

eccentricity or inclination from théeginning The depar- The giant planets have a broad eccentricity distri-
ture from circular coplanar orbits can be quantified by th%ution with a median of~ 0.22 (Butler etai. 2006;

angular moment_um deficit (AMD) defined earlier. Udry and Santo®2007). There are a number of planets
Wu and Lithwick(2011) proposed secular chaos (ComWith very eccentric orbits: roughly 16% / 6% / 1% of the

bined with tidal effects) as the origin of hot Jupiters. TheySample has eccentricities larger than 0.5 /0.7 / 0.9
pr.esented a proof of concept numerical integrat.ion O].c @ More massive planets have more eccentric orbits. Gi-
widely separated (but chaotic) planetary system in wthnt exoplanets with minimum massa$, > M., have

most of the AMD initially resided in an eccentrie £ 0.3) statistically higher eccentricities (as measured by a K-S

outer gas giant{f = 1.5 M, a = 16 AU). Diffusion of test) than planets with/, < My, (Jones et al2006;
AMD among the three planets in the system eventually leﬁibas and Miralda-Esciél [2007: [Ford and Rasio 2008:

to the innermost planet attaining~ 1 without prior close Wright et al.[2009). Excluding hot Jupiters, there is no

en_co_unters among the planets. They noted seyeral Char?f?éasured correlation between orbital radius and eccentric
teristic features of secular chaos as a mechanism for form- (Ford and Rasi®008)

ing hot Jupiters — it works best for low mass inner planets

: . . ' Additional constraints can be extracted from multiple
requires the presence of multiple additional planets gelar

dii. and It in star-olanet tidal int tiong tha planet systems. For example, the known two-planet sys-
radii, and can result in star-planet idat interaction tems are observed to cluster just beyond the Hill stabil-

cur very late (in principle after Gyr). . ity limit (IBarnes and Greenber@006a; [Raymond et al.
The range of planetary systems for which secular chaggngiy  However, it's unclear to what extent detection

yields dynamically interesting outcomes on short eNoUgfases contribute to this clustering. In addition, stud-

;ume scales ;‘e'ra‘nl\a/lulgs_ tothbe_q_l:_aTnfledd_t_A prer%?_wsn_e PI1$t i8s of the long-term dynamics of some well-characterized
arge enoug In the nitial conditions. IS mig systems can constrain their secular behavior, and several

originate from eccentricity excitation of planets by theSystems have been found very close to the boundary be-

gas disk (though this is unlikely to occur for low planet, .., apsidal libration and circulatiofrard et al.[2005;
masses, e.@Rapaloizou et al2001;D’Angelo et al.2006; Barnes and Greenbe2006bVeras and Fort2009).

Eughllliﬂtﬁl' 2b01<3),t fr|02n011i>.<éerln al rier‘t;(r)liz’a)nonsfsuch a5 Often, there are significant uncertainties associated
y-bys (Malmberg et.a +iboley eta 2), orfroma with the observationsFord [2005). Orbital eccentrici-



ties are especially hard to pin down and the current sartion. Since it requires far less energy to eject a less massiv
ple may be modestly biased toward higher eccentricplanet, the recoil thatis felt by the surviving planets isamu
ties ([Shen and Turnei2008; [Zakamska et all2011), al- less. Thus, the planets that survive instabilities between
though it is clear that with their near-circular orbits theunequal-mass planets have smaller eccentricities anid incl
Solar System'’s giant planets are unusual in the context oftions compared with the planets that survive equal-mass
giant exoplanets. scattering [Ford et al. [2003; IRaymond et al2008,| 2010,
2012). This does not appear to be overly sensitive to the
planets’ ordering, i.e. if the lower-mass planets are ledat
on interior or exterior orbitsfaymond et a2010).

We now explore how the dynamics and outcomes of The timing of the instability may also be important for
planet-planet scattering are affected by parameters of tkiee outcome because giant planets cool and contract on
giant planets, in particular their masses and mass ratio)’—® year timescalesSpiegel and Burrow&012). Thus,
Our goal is to understand what initial conditions are abléhe planets’ escape speeds &hdialues increase in time.
to match all of the observed constraints from Section 4.1. Instabilities that occur very early in planetary systentdiis

During a close gravitational encounter, the magnitudges may thus be less efficient at ejecting planets and may
of the gravitational kick that a planet imparts depends omclude a higher rate of collisions compared with most scat-
the planet's escape speed. To be more precise, whattésing calculations to date.
important is the Safronov numb&, as given in Equa-
tion (@). At a given orbital distance, more massive plan
ets kick harder, i.e. they impart a stronger change in ve- Let us consider a simple numerical experiment where
locity. Within systems with a fixed number of equal-masall planetary systems containing giant planets are assumed
planets, more massive systems evolve more quickly b& form three giant planets. The masses of these plan-
cause they require fewer close encounters to give kickdts follow the observed mass distributienV/dM
equivalent to reaching zero orbital energy and being libA7—!! (Butler et al.2006;Udry and Santo€007) and the
erated from the system. The duration of an instability +masses within a system are not correlated. All systems be-
the time during which the planets’ orbits cross — is thusome unstable and undergo planet-planet scattering. With
linked to the planet masses. For example, in a set of simne fine tuning, the outcome of this experiment matches the
lations with three planets at a few to 10 AU, systems witlobserved eccentricity distributioR&ymond et ak008).

M, = 3Mj,, planets underwent a median of 81 scatter- The exoplanet eccentricity distribution can be repro-
ing events during the instability, but this number increaseduced with a wide range of initial condition&dams and Laughlin
to 175, 542, and 1871 favl, = M jup, Msa:, and30Mg, [2003; IMoorhead and Adams2005%; Juric and Tremaine
respectivelylRaymond et al2010). The instabilities lasted [2008|Chatterjee et al2008;Ford and Rasi®008jRaymond et al.
10* — 10° years; longer for lower-mass planets. 2010;Beaug and Nesvorn2012). The same simulations

Thus, the timescale for orbital instabilities in a systenalso reproduce the dynamical quantities that can be irderre
starts off longer than the planet formation timescale anflom multiple-planet systems: the distribution of parame-
decreases as planets grow their masses. The natural detized distances of two-planet systems from the Hill $tabi
come of giant planet formation is a planetary system witlty limit ((Raymond et al2009b) and the secular configura-
multiple giant planets which undergo repeated instaéditi tion of two-planet systemdimpe et al2012).
on progressively longer timescales, until the instabtlitye Certain observations are difficult to reproduce. Some ob-
exceeds the age of the system. served systems show no evidence of having undergone an

The orbits of surviving planets in equal-mass systemisistability (e.g. as they contain multiple giant planets on
also depend on the planet mass. Massive planets end mgar-circular orbits or those in resonances). The scagteri
on orbits with larger eccentricities than less massive -plammodel must thus be able to reproduce the observed distri-
ets ford et al.l2003;IRaymond et al2008, 20094, 2010). butions including a fraction of systems remaining on stable
This is a natural consequence of the stronger kicks deliwrbits. The fraction of systems that are stable is typically
ered by more massive planets. However, the inclinations aD-30%, where assumptions are made about the distribution
surviving massive planets are smaller than for less massieé planetary masses and orbitdufi€c and Tremain&008;
planets in terms of both the inclination with respect to thi&Raymond et al2010/2011). One should also note that mi-
initial orbital plane (presumably corresponding to thd-ste gration is required in order to match the observed distri-
lar equator) and the mutual inclination between the orbitsution of semi-major axes, in other words scattering alone
of multiple surviving planetsRaymond et al2010). This cannottransport Jupiter-like planets on Jupiter-likdtsitio
increase in inclination appears to be intimately linkechwit semi-major axes less than one AMdorhead and Adarmns
the number of encounters the planets have experienced2f05).
ejecting other planets rather than their strength. Perhaps the most difficult observation to match is the

The planetary mass ratios also play a key role in thebserved positive correlation between planet mass and
scattering process. Scattering between equal-mass platcentricity. In the simulations from the simple ex-
ets represents the most energy-intensive scenario for ejgeriment mentioned above, lower-mass surviving plan-

4.2 Scattering Experiments. Effect of System Parame-
ters

4.3 Scattering Experiments: Matching Observations



ets actually have higher eccentricities than more massiviee inner and outer parts of planetary systems may intro-
ones [IRaymond et al2010). For massive planets to haveduce a natural correlation between the presence of debris
higher eccentricities they must form in systems with othedisks and close-in low-mass planets, as well as an anti-
massive planets, since scattering among equal-mass megtrelation between debris disks and eccentric giant plan-
sive planets produces the highest eccentricities. This is ets Raymond et all2011,2012;Raymond and Armitage
agreement with planet formation models: when the cond2013).

tions are ripe for giant planet formation (e.g. massive disk

high metallicity), one would expect all giants to have high

masses, and vice versa. 5. PLANETSAND PLANETESIMAL DISKS

It s relatively simple to construct a population of sys- This section considers the evolution of planetary orbits

tems that can reproduce the ob_sgrved ecce_ntricity diStribHue to interactions with planetesimal disks. These dis&s ar
tionas v_veII_ as _the mass-eccentricity corre_zlatlon and dugo t likely to remain intact after the gaseous portion of the disk
mass distribution. The population consists of equal-ma§§as gone away, i.e., for system ages greater than 3—10 Myr,

high-mass systems and a diversity of lower-mass SYSteR 4 will continue to evolve in time. Such planetesimal disks

that can include unequal-mass systems or equal-mass o ' likely to be most effective during the subsequent decade

This population also naturally reproduces the observed di8f time, for system ages in the range 10-100 Myr. One of

tn_butlon_gf t\(vo_—planet systgms_whmh pile up close to th(?he main effects of a residual planetesimal disk is to drive
Hill stability limit (a_s ShOV\_’n n I_:lgurEIZ). . . planetary migration. The subsequent changes in the orbital
we conclu.de this section \.Nlth a note of caution. GV} e ments of the planets can cause instabilities (e.g. gdiuc
the observational uncertainties and the long list of SY$5v resonance crossing or by the extraction of the planets
tem parameters, o v_vhat degreg can our unq_erstandmgff;}ém their original resonances), and such action can drive
planet-planet scattering constrain pre-instability plany orbital eccentricities to larger values. On the other hand,

systems? The scattering mechanism is robust and can [)‘?anetesumal disks can also damp orbital eccentricity and

produce observations for a range of initial conditions. Bet'hereby act to stabilize planetary systems.

yond the limitations of mass, energy and angular momen- We begin with a brief overview of the basic properties of

tum conservation, the details of pre-scattered systems r;‘Jelémetismal disks. Unfortunately, we cannot observe plan-

main largely hldden_from our View. _The onI_y_ constraintyesimal disks directly. Instead, we can piece together an
that appears to require correlated initial conditions teeso

. L i understanding of their properties by considering protopla
is the mass-eccentricity correlation. 9 prop y g protop

Finallv. planet-olanet scattering d th .. _etary disks around newly formed stars (see the review of
minally, planet-pianet scattering does not happen IN 1SGgy s 1y ang Ciez2011) and debris disks (see the reviews
lation but rather affects the other components of plan

¢ ¢ Giant planet instabilit I d%'f Zuckerma001;Wyatti2008). These latter systems rep-

ary systems. s1ant planet instabiiies are generaly dgaqant the |ate stages of circumstellar disk evolutioreraft

structive to both inner rocky planetydras and Armitage the gas has been removed, either by photoevaporation or by
[ ! - I ! 1

2005, 2006Raymand etal2011 201 2Matsumura et a). accretion onto the central star (see the chaptélbyander

ggi? ;gfz-tg outer dplarzje;\esw_nal Q%ik;RaNn;(;gdet all. et al. for more details of the photoevaporation process).
- Raymond and Armiiay 3). itiona Most of the observational information that we have con-

constraints on giant planet dynamics may thus be foundi(pe ina both t f disks is found th h thei tral
a number of places. Recent discoveries by the Kepler Mi rhing bOIN types ol CIS¥s 1S Tound rolgh thelr spectra

) ¢ Earth and Earthos: lanets relativelvec] %’nergy distributions (SEDs), especially the radiationtemi
sion ot karth and super-tarth-size p\anets refativelye&Ciose § ot infrared wavelengths. Since these SEDs are primarily
to their host star reveal only a small fraction with gia

nt,5 . . .
. — ensitive to dust grains, rather than the large planetésima
planets orbiting nearbyl{ssauer et all2011;Ciardi et al. d gep

y . of interest here, much of our information is indirect. The
2013).  Multiple systems alsp appear tF’ be rather ﬂadefining characteristic of debris disks is their fractiolal
and’ stable t.o planet-planet ’lnteracnorlsssauer el fl' minosity f, essentially the ratio of power emitted at infrared
2011; Tremaine and Dong2012; Johansen et ali2012; wavelengths to the total power of the star itself. True de-
Fang and MargoP012a).

. . . bris disks are defined to haye < 10~2 (Lagrange et all.
Characterizing the relationship between small planejs e (Lagrang

2000), whereas systems with larger valuesfaodre con-

orbiting close to the host star and more massive planeéic‘dered to be protoplanetary disks. For both types of sys-

at larger separations could provide insights into the e ems, the observed fluxes can be used to make disk mass

fects of p'af‘eF scattering on the formation of Inner, _roc%stimates. The results show that the disk masses decrease
planets. Similarly, the abundance and mass dlStI’IbUtIO&ead“y with time. For young systems with agesl Myr
of planets with large orbital separationigldlmberg et al. . '

. the masses in solid material are typicaly; ~ 100Mg,
1 > - -
2.01'L.' BQIey ej[ al2012) or free-floating planets may pro albeit with substantial scatter about this value. Note that
vide insights into the planets that are scattered to the o

lﬂiis amount of solid material is not unlike that of the Min-

skirts of planetary systems or_into the galaxy as free|Fnum Mass Solar/Extrasolar Nebula (eWeidenschilling

('/0"““”9 r(le?:?ets \(e_gjz)sl"f‘s FordZO(CjJS;;I Vetrf‘Qsoit,ga"lzorg 1977;Kuchnef2004;Chiang and Laughlii2013). By the
eras and RaymoriflLe,veras and VIUSITEL LS ). In ad- time these systems reach ages~ofl00 Myr, in the inner
dition, the fact that planet-planet scattering perturbthbo
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Fig. 2.— A comparison between observed properties of giaoplanets (shown in gray) and planet-planet scattering
simulations (in black). Left: the eccentricity distriboi. Middle: the eccentricity distribution for low-mass étied
curves) and high-mass (solid curves) planets. Right: Th&iprty to the Hill stability limit, measured by the quantit

B/ Beri+ (Barnes and Greenbe2006bjRaymond et al009b) where the stability limit occurs 8f 5., = 1 and systems
with larger values of3/3.,;; are stable.

part of the disk the masses have fallen to only).01Mg  the planetesimals gravitationally scatter off the platte,
(see Figure 3 ofMyatt2008). Note that these mass esti-larger body must recoil and thereby change its trajectory.
mates correspond to the material that is contained in sm&ince the planet resides within a veritable sea of planetesi
dust grains; some fraction of the original material is thoiug mals, the smaller bodies approach the larger body from all
to be locked up in larger bodies — the planetesimals of intedirections, so that the momentum impulses felt by the planet
est here. As aresult, the total mass of the planetesimal diake randomly oriented. As a result, the orbital elements of
does not necessarily fall as rapidly with time as the SEDthe planet will experience a random walk through parame-
suggest. ter space. In particular, the semi-major axis of the playeta
At large distances from the star, instead, the decay @frbit will undergo a random walk. If the random walk is
the mass of the dust population is much slower, suggestipgrfectly symmetric, then the planet has equal probability
that belts containing tens of Earth masses can exist arouafimigrating inward or outward; nonetheless, changes will
Gyr-old starslBooth et all2009). accumulate (proportional to the square root of the number
For a given mass contained in the planetesimal disk, waf scattering events). In practice, however, many factors
expect the surface density of solid material to initially-fo break the symmetry (e.qg., the surface density of solids gen-
low a power-law form so that « r~P, where the index erally decreases with radius) and one direction is preferre
p typically falls in the approximate range/2 < p < 2 The details of planetary migration by planetesimal disks
(Cassen and Moosmatf81). The disks are initially ex- depend on the specific properties of the planetary system,
pected to have inner edges where the protoplanetary diskeluding the number of planets, the planet masses, their
are truncated by magnetic fields, where this boundary oseparations, the radial extent of the disk, and of course the
curs atr ~ 0.05 AU. Similarly, the outer boundaries are total mass in planetesimals. In spite of these complication
initially set by disk formation considerations. The an-we can identify some general principles that guide the evo-
gular momentum barrier during protostellar collapse imhtion. Some of these are outlined below:
plies that disks start with outer radij ~ 10 — 100 AU We first note that a disk of planetesimals containing plan-
(Cassen and MoosmetB81; Adams and Shia986). Fur- ets often evolves in what can be called a “diffusive regime”,
ther environmental sculpting of disks (see Section 6 belowyhere many small scattering events act to make the orbital
reinforces this outer boundary. The properties outlined heelements of both the planets and the planetesimals undergo
apply primarily to the starting configurations of the plan-a random walk. As a result, the system has the tendency
etesimal disks. As the disks evolve, and interact with plarte spread out. This behavior is often seen in numerical
ets, the surface density must change accordingly. simulations. For a system consisting of a disk of plan-
Given the properties of planetesimal disks, we now coretesimals and analogs of the four giant planets in our So-
sider how they interact with planets and drive planetary miar System, the scattering events in general lead to Jupiter
gration. The physical mechanism by which planetesimalsigrating inward and the remaining three planets migrat-
lead to planet migration can be roughly described as folng outward [Fernandez and |[1984; Hahn and Malhotra
lows (see, e.glLevison et ali2007): Within the disk, as 1999;/Gomes et &l2004) Similarly, in numerical simula-
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Fig. 3.— Orbital evolution of the four giant planets in oul&dSystem according to the Nice model. Here, each planet is
represented by two curves, denoting perihelion and apidlgiance. Hence, when the curves overlap the orbit isleircu
The region spanned originally by the planetesimal disk dE&fth masses is shown as a grey area. Notice that the plkanetar
system becomes unstabletat 762 Myr in this simulation with the planetary orbits changinglically at this point (data
from|Levison et al2011).

tions of systems with two planets embedded in a disk ajutlined above, the disk will tend to spread out, and some
planetesimals, the inner planet often migrates inwardlevhiplanetesimals are lost by being scattered out of the system.
the outer planet migrates outwalldefison et al2007). In-  Both of these effects reduce the surface density in planetes
stead, a single planet in a planetesimal disk, in general mimals. In addition, the planets can create gaps in the disk of
grates inwardsKirsh et al.2009). This can be understood planetesimals. These processes are important because they
using some considerations concerning energy conservatiame potentially observable with the next generation ofrinte
For a system made of a planet and a disk of planetesimdkrometers (ALMA). We note, however, that submillimeter
energy is conserved until planetesimals are lost. Planetdand millimeter wave) observations are primarily sensitiv
imals can be lost by collisions with the planet, collisiongo dust grains rather than planetesimals themselves. The
with the Sun or ejection onto hyperbolic orbit. In the casestirring of the planetesimal disk by planets can lead toplan
where the latter is the major loss mechanism, which hagtesimal collisions and dust production, thereby allowing
pens if the planet is massive and the disk is dynamicallthese processes to be observed.
excited, the removed planetesimals subtract energy to the Since planetesimal disks are likely to be present in most
system of bodies remaining in orbit around the star. Conssystems, it is interesting to consider what might have oc-
quently, most of the mass has to move inward and the plan&irred in the early evolution of our own Solar System. Here
has to follow this trend. Given the expected total massese follow the description provided by the so-called “Nice
in planetesimals (see the above discussion), this mode mibdel”. As described in Section 2, itis expected that, at the
migration cannot change the semimajor axis of a planetagnd of the gas-disk phase, the giant planets were in a chain
orbit by a large factor. In particular, this mechanism is unef resonant (or nearly resonant) orbits, with small ecdéentr
likely to produce Hot Jupiters with periods of about fourties and inclinations, and narrow mutual separationsséhe
days and therefore these planets have to form by a diffevrbital configurations are those that are found to reach a
ent mechanism (migration in a disk of gas or planet-planesteady-state, and hence are used as the initial condition fo
scattering and tidal damping). the Nice modellMorbidelli et al.|2007). The model also
Finally, we note that the effects discussed above can lassumes that beyond the orbit of Neptune there was a plan-
modified in the early phases of evolution by the presence etesimal disk, carrying cumulatively approximately 30-50
a gaseous component to the di§lapobianco et @l2011). Earth masses. A disk in this mass range is necessary to al-
For instance, planetesimals scattered inwards by the fpladew the giant planets to evolve from their original, compact
may have their orbits circularized by gas drag, so that theyonfiguration to the orbits they have today. More specifi-
cannot be scattered again by the planet. Consequently, ttedly, the perturbations between the planets and this disk,
trend is that the planetesimal population loses energy amdthough weak, accumulated over time and eventually ex-
the planet has to migrate outwards. tracted a pair of planets from their resonance. The break-
Planetary migration enforced by the scattering of planing of the resonance lock makes the planetary system un-
etesimals will produce a back reaction on the disk. Astable. After leaving resonance, the planets behave as de-
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scribed in Sections 3 and 4, and as shown in Figuire 8rbits of our giant planets to be damped more efficiently
Their mutual close encounters act to spread out the plangy interactions with the planetesimal digRdymond et al.
tary system and to excite the orbital eccentricities anliFinc[2009a). This trend is particularly appplicable for Uranus
nations. In particular, this model suggests that Uranus arahd Neptune: Their eccentricities could be damped from
Neptune got scattered outwards by Jupiter and Saturn, penere than 0.5 to almost zero by the dispersal of the plan-
etrated into the original trans-Neptunian disk and disgeérs etesimal disk, which is assumed to carry about twice the
it. The dispersal of the planetesimal disk, in turn, dampesum of their masses. Second, Jupiter and Saturn fortu-
the orbital eccentricities of Uranus and Neptune (and to itously avoided having close encounters with each other
lesser extent those of Jupiter and Saturn), so that the fofwhereas they both had, according to the Nice model, en-
giant planets eventually reached orbits analogous to the cwounters with a Neptune-mass planet). In fact, in the sim-
rent onesiorbidelli et al.2007;Batygin and Browi2010; ulations of solar system instability where Jupiter and Sat-
Batygin et all2012;Nesvorry and Morbidelli2012). urn have a close encounter with each other, Jupiter typ-
In addition to the current orbits of the giant planetsjcally ends up on an orbit with eccentricity in the range
the Nice model accounts for the properties of the smadl = 0.3 — 0.4 (typical of many extra-solar planets) and
body populations which, as we described in Section 3, sugecoils to 4.5 AU, while all of the other planets are ejected
gest that the structure of the solar system experienced dfeem the system.
matic changes after gas dissipation. In fact, the model
has been shown to explain the structure of the Kuiper belt
(Levison et al2008;Batyqin et ali2011), the asteroid belt 6. DYNAMICAL INTERACTIONSOF PLANETARY
(Morbidelli et al. 2010), and even the origin of the Oort ~ SYSTEMSWITHIN STELLAR CLUSTERS
cloud Brasser and Morbidelli2013). Moreover, it has

b h that. with bl i ._In this section we consider dynamical interactions be-
een shown [hat, with réasonable assumplions CONCerMifd. o, e constituent members of young stellar clusters
the planetesimal disk, the instability of the planetary or.

) ~with a focus on the consequent effects on young and form-
bits could occur after hundreds of Myr of apparent stabllWI , au young

. — N . s ing planetary systems.

ity (Tsiganis et al2005;(Gomes e? CHZOQE." Levison et _al. Most stars form within some type of cluster or associ-
201.1); the subsequent gpoch of instability could excite thgtion. In order to quantify the resulting effects on plane-
orbits of the small bodies and thereby produce a Show?éry systems, we first consider the basic properties of these

of projectiles into the inner solar system that quantitas) sier environments. About 10 percent of the stellar pop-

tll\3/e[[)t/kexr)tlallr125();t1’)e origin of the Late Heavy Bombardmenblaﬂon is born within clusters that are sufficiently robust
( (,)At tehe a ‘-t).t' th h teri t.to become open clusters, which live for 100 Myr to 1 Gyr.
€ present ime, there are no gross charactensticg, remaining 90 percent of the stellar population is born

of the Solar System that are at odds with the _N|ce mod vithin shorter-lived cluster systems that we call embedded
Nevertheless, some aspects of the general picture assq

) _ Ylisters. Embedded clusters become unbound and fall apart
gted with the model neeo! o be _rew_sed or explored_. F hen residual gas is ejected through the effects of stel-
instance, the cold population (whichis a sub-populatlonq r winds and/or supernovae. This dispersal occurs on a
the Kuiper belt characterized by small orbital inclinagpn timescale ofv 10 Myr.
probably formed in-situFarker and Quan2012) instead

f being implanted f ithime 30 AU isioned Open clusters span a wide range of masses, or, equiv-
0 Leln_g |mpta? ZOOEriom Z\VII 'rE > an i/lnv'z'_gnﬁ_ alently, number of members. To leading order, the clus-
in Levison et all ( )- S0,[Nesvorly ana MOrbIGelll o yistribution functionf.; ~ 1/N? over a range fromV

(2012) showed that the current orbits of the planets are (single stars) taV — 109 (this law requires combin-

better reproduced if one postulates the existence of a fii‘mg data from different sources. e ada and Lad003:
planet with a mass comparable to those of Uranus and Negp 42 et 411999). With this distribution, the probabil-
tune, eventually ejected from the Solar System. However,i that a star is born within a cluster of siZé scales as
has not yet been shown that a 5-planet system can beco

e . o
: : ) = Nfa ~ 1/N, so that the cumulative probability
unstable late, the work dfevison et al(2011) having been . log N. In other words, stars are equally likely to be born

conducted in the framework of a 4-planet system. These 'Within clusters in each decade of stellar membershipXize

Zuvtjrslblf;owever, are unlikely to invalidate the Nice model %or the lower end of the range, clusters have radii of oftler

" b ising that th ) triciti = 1pc, and the cluster radius scales@as 1pc(N/300)1/2,
_‘tmay be surprising that the current eccentricities ango that the clusters have (approximately) constant column
inclinations of the giant planets of our solar system can b&}ensity (ada and Lad#2003;Adams et 812006). For the
so much smaller than those of many extra-solar planets, ) g ‘ ;

allv i th . d il h ¢ alobal i Gfisﬁperend of the range, this law tends to saturate, so that the
pecially It they experienced a simiiar phase ot giobal INr, 5.0 massive clusters are denser than expected from this
stability (see Sections 3 and 4). There are two main re

for thi it First the “giant” planets of faw. Nonetheless, a typical mean density is only about 100
sons for this result. First, the “giant” planets ot our SO'stars/pé. Clusters having typical masses and radii have ve-
lar system have masses that are significantly smaller th

h f t | ant planets.  This | ) ity dispersions- 1 km/s.
0s€ o many extra-solar giant planets. is lower (to- Dynamical interactions within clusters are often sub-
tal) mass made the instability less violent and allowed the

12



ject to gravitational focussing. In rough terms, focusing

becomes important when the encounter distance is small EN=100 ]
enough that the speed of one body is affected by the poten- ¢ 1000k *XXXXXM
tial well of the other body. For a typical velocity dispensio e ot
of 1 km/s, and for solar-type stars, this critical distarse i 0.0100 ¢ ﬁf’f 3

about 1000 AU. As outlined below, this distance is compa-
rable to the closest expected encounter distance for typica ©-0010¢
clusters. As a result, gravitational focusing is important i
but not dominant — in these systems.

The timescale for a given star to undergo a close en-
counter (where gravitational focusing is important) with a
other star within a distance,,;;, can be approximated by
(Binney and Tremain&987)

100 pc—3 Voo
ene =2 3. 107
T, 3.3 X Oyr( - ><1km/s>

(22)(5) o

Heren is the stellar number density in the clusteg, is

the mean relative speed at infinity of the stars in the cluster

rmin IS the encounter distance, and is the total mass of # _— ¥

the stars involved in the encounter. The effect of gravita-  ©-000! :

tional focussing is included in the above equation. 100 b (AU) 1000
The estimate suggested above is verified by numeri-

cal N-body calculations, which determine a distribution of S

close encounters (e.@dams et di2006:Malmberg et al. Fig. 4.—. Distribution of closest approaches for the solar

2007b;Proszkow and Adafia009). These studies show SYStems inyoung embedded clusters. Each panel shows the

that the distribution has a power-law form so that the ratgiStribution of closest approaches, plotted versus amproa

T at which a given star encounters other cluster members@gtanceb, for clusters with both virial (bottom) and sub-

a distance of closest approach less thaas the fornT" = virial (_top) starting conditions. Results are shown forselu
T'o(b/bo)”, where(I'o, ) are constants arig) is a fiducial ters withV = 100, 300, and 1000 members, as labeled. The

value. The indexy < 2 is due to gravitational focusing. €Or bars shown represent the standard deviation over the

Typical encounter rates are shown in Figilre 4 for cluste@MmPpilations (Figure 5 oAdams et al.2006, reproduced
with NV = 100, 300, and 1000 members. With this powerPY Permission of the AAS).

law form for the distribution, the expectation value for the

closest encounter experienced over a 10 Myr time span (j:?oss section scales as one powet,ofinstead of two) due
about(b) ~ 1000 AU. The initial conditions in a cluster gravitational focusing.

can have an_important eff?"t on the 3upsequent _en_counterNote that Equatior{ {9) provides the cross section for di-
rates. In particular, sub-wnal CIUSt.erS Wh'Ch contagre- o ejection, where the planet in question leaves its star
icant supstructure (i.e., lumps) will have hlgr}er enCOUmqmmediately after (or during) the encounter. Another class
rates lfllison et all2009;Parker and Quan2012, see also of encounters leads to indirect ejection. In this lattelecas

Figureld). the fly-by event perturbs the orbits of planets in a multiple

bi PI:_:met_ary syst_ems ?re affecte(i by hpl)_assm dgAztars aB net system, and planetary interactions later lead to the
inaries in a variety of ways (e.gLaughlin an ams ejection of a planet. Typical instability timescales lietle

1992_3; Adams_ and Laugh!irlZOOZL; Bonnell ?tal. 2001; range 1 — 100 Myr (e.gMalmberg et al 2011, see their
Davies and Sigurdss@d01jAdams et al2006;Malmberg etra,gure 7), although a much wider range is possible. On

2007b;Malmberg and Davie009;|Spurzem et al2009; a similar note, ejection of Earth from our own Solar Sys-

Malmberg etal 20_1.L;Hao e1ali2013). Sufficiently cIo_se tem is more likely to occur indirectly through perturbaton
encounters can eject planets, although the cross sections f Jupiter's orbit (so that Jupiter eventually drives thecej
direct ejections are relatively §mall and can be written i'?ion of Earth), rather than via direct ejection from a pagsin
the form (fromAdams et 812006): star Laughlin and Adam2000). Planetary systems resid-
MoNTY2 o, ing in wide stellar binaries in the field of the Galaxy are
Ye; ~ 1350(AU)? <1M* ) (1APU) (9) also vulnerable to external perturbations. Passing stats a
© the Galactic tidal field can change the stellar orbits of wide
where M, is the mass of the planet-hosting star ands  binaries, making them eccentric, leading to strong interac
the (starting) semimajor axis of the planet. Note that théons with planetary system&a4ib et al.2013).

I (# per Star per Myrs)
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Although direct planetary ejections due to stellar en- bp
counters are relatively rare, such interactions can neaeth L ‘ ,
less perturb planetary orbits, i.e., these encounters can - — m,=0.6M, 8
change the orbital elements of planets. Both the eccen- i - - my= LM, 1
tricity and the inclination angles can be perturbed substan B |
tially, and changes in these quantities are well correlated | ]
(Adams and Laughlif2001) As one benchmark, the cross - 1
section for doubling the eccentricity of Neptune in our so- r
lar system is abouf ~ (400 AUY*; the cross section for = ot B o e oy
increasing the spread of inclination angles in our solar sys= | T R e
tem to 3.5 degrees has a similar value. Note that these cross A ‘ W, W
sections are much larger than the geometric cross sections B gy
of the Solar System. The semi-major axes are also altered, B //\/:\/ M
but generally suffer smaller changes in a relative serse, i. C
(Aa)/a < (Ae)/e. - 1

Some time after fly-by encounters, the orbital elements
of planetary systems can be altered significantly due to the O’ T BTN R B
subsequent planet-planet interactions (see Figure 10 from % 10° 10 107 10°8
Malmberg et all2011). When a planetary system becomes
unstable, planets may be ejected via scattering with other
planets. However, planets are often ejected as the resultfdf). 5.— The fraction of solar system&t) containing
several (many tens to one hundred) scattering events, wighanets with semi-major axes greater than 100 AU, plot-
each scattering event making the planet slightly less bouri@d here as a function of timeafter a close encounter for
to the host star. As a result, snapshots of planetary sytruder stars of masses 0.6, 1.0 and 1.5.Mrhese sim-
tems taken some time after the initial fly-by sometimes reulations of fly-bys involve the four gas giants of the solar
veal planets on much wider (less bound) orbits with sep&ystem withr,,,;, < 100 AU (Figure 11 ofMalmberg et al.
rations in excess of 100 AU. In Figuré 5 we plot the frac2011, reproduced by permission of RAS).
tion of post-fly-by systems containing planets on orbitfwit
semi-major axes > 100 AU as a function of time after
the fly-by encounters. This trend is found both in systemt?

mple, only a few planets are expected to be ejected per
yeoung) embedded cluster. As a result, large numbers of
ree-floating planets in young clusters point to other mech-

anisms for ejection, most likely planet-planet interactio

made unstable by fly-bys and those that become unsta
without external influence, as described earlier in Se®ion

harf M 9,V 9). .
(Scharf and Meng005iveras et.al2009) dp young planetary systemslborhead and Adam2005;

Planets on such wide orbits should be detectable via o ter 32008). O hould al te that d .
rect imaging campaigns; thus the fraction of stars possess- atienee et.a )- One should also note that dynami-

ing them will place limits on the population of unstablec?ltmecrﬁmsr?ls atr_e unlllkeI); to b_e ?ble (tjobexpl_aln tlhe Pop-
planetary systems. ulation of free-floating planets as inferred by micro-lewsi

T Trr
During fly-by encounters, intruding stars can also piclgbservat|ons.\(eras and Raymafg1z).

up planets from the planetary system (see Figure 12 (t)f ItEnclt)upt(eth |nvo:V|tr_1g b|?ar|y st?rs alsotplay an.(|jr_npo.r—
Malmberg et al2011). Clusters thus provide rich environ- ant role in the evoiution ot planetary Systems residing in

ments that can shape the planetary systems forming With:ﬁ];le"ar clus_t ers. A s_tar th‘fﬂ hosts a plane_zta_lry sys_te_zm may
exchange into a (wide) binary. If its orbit is sufficiently

them. In particular, if the intruding star already possssse” . . .
P g yp clined, the stellar companion can affect planetary srbit

its own planetary system, the addition of the extra plané ; . ) .
may destabilize the system. via the Kozai mechanism (see also Section 7). These in-

By combining encounter rates for planetary system ractions force planets onto eccentric orbits that casscro
in clusters with cross sections that describe the variod € orbits of Othef planets, and can thereby result in strong
channels of disruption, we can estimate the probabilit anetary scatteringiMaimberg et al2007z). The rate

(equivalently, the perturbation rate) that a planetary sy fsuph gncognter?tdgpends on the bltnfarytﬁopdula?on,t.but
tem will suffer, e.g., the ejection of at least one plane ozalinduced scattering may account for the destruction

over a given time interval (sdeaughlin and Adam4998; of at least a few percent of planetary systems in clusters

Malmberg et al.[2011). By combining the cross SeC_(Mla:Imberg elt "’t“ZOO?b)' te that d ical int .
tion for planetary ejection with the encounter histories or compieteness, we note that dynamical Interactions

found through N-body simulations of stellar clusters, on&2" also affect circumstellar disks, prior to the formation

finds that planets will be ejected in approximately fiveOf planetary systems. In this earlier phase of evolution,

to ten percent of planetary systems in long-lived clustel@e disks are subject to truncation by passing stars. As

(Malmberg et al2011). The number of planets ejecteda general rule, the disks are truncated to about one third
directly dl]ring fly-bys will be somewhat lower: For ex- of the distance of closest approattbsiriker1994;Heller
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1995); with the expected distribution of interaction dis-
tances, we expect disks to be typically truncated to about
300 AU through this process, although closer encounters & 120
will lead to smaller disks around a subset of stars. Since =
most planet formation takes place at radii smaller than 300 -~
AU, these interactions have only a modest effect. In a sim-

180

60 Ff

/ ese ir _ | m v i ; m‘;ﬁ
ilar vein, circumstellar disks can sweep up ambient gas 0.1 ’ { '(m !
in the clusters through Bondi-Hoyle accretion. Under fa-  g.o1 £ .’m ’m 4
vorable conditions, a disk can gain a mass equivalent to = ;-3 2 3
the minimum mass solar nebula through this mechanism e ﬁb)f
(Throop and Bally2008). 0.002 . ! ! ! E

The orientations of circumstellar disks can also be al-, E
tered by later accretion of material on the disks and by in=" 3 E
teractions with other stars within clustered environments ~9-002 (c) 3
(Bate et all2010). Alternatively, interactions with a com- ——————————————+ ( d)=;
panion star within a binary can also re-orient a dB&tygin 1.002 |- E
2012). Both processes represent an alternative to the dys 1 F =
namical processes described in Sections 7 and 8 as a way to 0.998 |- :
produce hot Jupiters on highly-inclined orbits. ogeg b v 1w 1y 1

Since clusters have significant effects on the solar sys- 0 107 2x107 3x107
tems forming within them, and since our own Solar System t Iyr]

is likely to have formed within a cluster, one can use these
ideas to constrain the birth environment of the S&ddms iy 6.— Inclination flipping due to the Lidov-Kozai mech-

2010). Our Solar System has been only moderately pejnism when the disturbing function is truncated to octupole
turbed via dynamical interactions, which implies that ougrder (upper curve on panel a and lower curve on panel b)
birth cluster was not overly destructive. On the other hand.ersys quadrupole order (lower curve on panel a and up-
close encounter with another star (or binary) may be NeceSar curve on panel b). The inner binary consists of\4.

sary to explain the observed edge of the Kuiper belt and thgar and a 17, planet separated by 6 au with, = 0.001,
orbit of the dwarf planet Sedn&g¢bayashiand Id2001;  and the outer body is a brown dwarf 461/, at a distance
Kenyon and Bromle004; Morbidelli and Levison2004),  of 100 au from the center of mass of the inner binary with
and the need for such an encounter implies an interactive . — (.6, The bottom two plots display the normalized
environment. Note that the expected timescale for an egertical components of the inner and outer orbit angular mo-
counter (about 2000 yr) is much longer than the orbital pgnentum (Figure 1 dNaoz et all2011, reprinted by permis-

riod at the edge of the Kuiper belt (350 yr), so that the edggon from Macmillan Publishers Ltd: Nature, 473, 187-189,
can become well-defined. Adding to the picture, meteoritigodpyright 2011).

evidence suggests that the early Solar System was enriche

in short-lived radioactive isotopes by a supernova explo-

sion Wadhwa et al2007), an AGB starW/asserburg et al. ion. Strong periodic interactions can also occur between

2006), or some combination of many supernovae and a sdw/0 planets, when one is highly-inclined.

ond generation massive st@&Bdunelle and Meyne2012; The Lidov-Kozai mechanism is a possible formation

Gounelle et ali2013). Taken together, these constraintshannel for hot Jupiters (as will be discussed in Section 8,

jointly imply that the birth cluster of the Solar SystemFabrycky and Tremain2007;Nagasawa et aR008). Con-

was moderately large, with stellar membership siee=  currently, the Lidov-Kozai mechanism has found wide ap-

103 — 10* (e.g.Hester et al2004;Adams2010). plicability to other astrophysical problems: binary super
massive black hole®{aes et al2002); binary minor plan-
ets (where the Sun is considered the massive outer per-

7. THE LIDOV-KOZAI MECHANISM turber) Perets and Nao2009;|Fang and Margo12012b);

. . . binary millisecond pulsar§&3opakumar et 2l2009); stellar
The perturbing effect of Jupiter on the orbits of aster-,. - X ) N . .

. . : 7 disc-induced Lidov-Kozai oscillations in the Galactic een
oids around the sun was considereckmzai(1962). It was r e ) :

- . L . ter (Chan@2009); binary white dwarfs or binary neutron

found that for sufficiently highly-inclined orbits, the ast Iy ; )

: 7 . stars [Thompsaork011); and evolving triple star systems
oid would undergo large, periodic, changes in both eccen-. "rex

. S : 4 with mass loss$happee and Thomps@af13).
tricity and inclination. Work byLidov (1962) showed that Lidov-Kozai evolution is approximated analvtically b
similar effects could be seen for an artificial satelliteibrb bp y y by

. . ; applying Lagrange’s Planetary Equations to a truncated and
ing a planet. Here we will refer to such perturbations as ) i )

. : . . averaged form of the disturbing functiovi]tonen and Karttunen
the Lidov-Kozai mechanism when also applied to perturbg )

tions of planetary orbits due to an inclined stellar compa 2:006, Chapter 9). The truncation is justified because of the
P y Paierarchical ordering of the mutual distances of the three
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10° ey rmmeeme 10° Kozai mechanism.  The solution also yields a useful rela-
tion: v/1 — e? cosi &~ constant subject toi > arcsin(2/5)
—= 10° ande < /1 —(5/3)cos?(i). This relation demonstrates
the interplay between eccentricity and inclination due to
10”7 angular momentum transfer. The period of the eccentricity
and inclination oscillations for most observable configura
108 tions lie well within a main-sequence star lifetime, thus at

T

108

107

108

Secular Timescales [yr]

‘ (b) least thousands of such oscillations may occur before the
108 bbb i bl vl ool Sinuil 108 star evolves. The period is of the order #figeleva et all.
10 20 0.1 1 10 .
1998):
a, [AU] m, [M,]
Fig. 7.— Comparison of timescales and regimes of motion 2P, My + M+ My L—2 V2 (10
for a four-body system consisting of two planets secularly kozai = 31 P, M; ( B eout) (10)

orbiting one star of a wide binary. The binary separation

and eccentricity are fixed at 500 AU and 0.5 for two M wherelM; andM, are the masses of the innermost two bod-
stars, and the inn@x31/; planet resides 1 au away from its 1€S orbiting each other with periofl, and M3 is the mass
parent star. Subscripts of “1” and “2” refer to the inner an®f the outermost_bpdy orbiting the inner binary with period
outer planet, “koz” the Lidov-Kozai characteristic timate ~ Four @nd eCCentricityoys. o
due to the distant star, and “pp” timescales due to Laplace- Recent work has demonstrated that the approximations
Lagrange secular theory. The unshaded, lightly-shaded afifhPloyed above fail to reproduce important aspects of the
darkly-shaded regions refer to where Lidov-Kozai cycles offu€ motion, which can be modeled with 3-body numer-
the outer planet are suppressed, the planetary orbitsgzreci®@l simulations. By instead retaining the octupole term
in concert, and the inner planet’s eccentricity grows chaotin the disturbing functionford et al. (2000) derived more

cally (Figure 14 of[Takeda et di2008, reproduced by per- accurate, albeit complex, evolution equations for the true
mission of the AAS). motion. Subsequent relaxation of the assumption of small

initial eccentricities has allowed for a wider region of pha

space of the true motion to be reproduced by the Lidov-
bodies. The averaging occurs twice, over a longitude ®ozai mechanism [{atz et al. [2011; ILithwick and Naaz
anomaly of both the lightest body and the outermost body2011;Naoz et al2011;Libert and Delsal®012).

Traditionally, the disturbing function is secular, mean- One outstanding consequence of retaining the octupole
ing that the planetary semimajor axes remain fixed and therm is that the effect may flip a planet’s orbital evolution
system is free from the influence of mean motion rescfrom prograde to retrograde, and consequently may explain
nances. The term “Lidov-Kozai resonance” refers simply t@bservations. The projected angle between stellar rotatio
the Lidov-Kozai mechanism, which includes large and peand planetary orbital angular momentum has been mea-
riodic secular eccentricity and inclination variationsorC  sured for tens of hot Jupiters with the Rossiter-Mclaughlin
fusingly, an alteration of this mechanism that introduceéffect (Triaud et al.2010). These observations show us that
non-secular contribution&K6zail1985) has been referred some 20% of hot jupiters most probably have retrograde
to as a Lidov-Kozai resonanegthin a mean motion res- orbits whilst 50% or so are alignedlprecht et all2012).
onance. This formalism has been utilized to help model dyin at least one casa\jnn et al.2009) the true angle is at
namics in the Kuiper BeliGallardo2006;Wan and Huang least86°, helping to reinforce indications of a subset of
2007/ Gallardo et al.2012). The Lidov-Kozai mechanism planets orbiting in a retrograde fashion with inclinations
can also be modified by including the effects of star-planetboved0° (Albrecht et al2012)/Naoz et al(2011) demon-
tides (see Section 8) resulting in significant changes in th@rated how the Lidov-Kozai mechanism can produce these
semi-major axis of a planet (a process sometimes known agbitdd. Figurel® illustrates how this inclination “flipping”
“Lidov-Kozai migration” ) (Wu and Murray2003). can occur naturally in a three-body system, and the conse-

The complete analytic solution to the secular equaguences of truncating the disturbing function to quadrepol
tions resulting from the truncated and averaged disturlprder. In panel (a) and (b) of this figure, one sees that when
ing function may be expressed in terms of elliptic functhe disturbing function is truncated at the quadrupole term
tions (Vashkov'yakl999). However, more commonly an then the spread of inclinations and eccentricities arelsmal
approximate solution is found for small initial values ofwhereas when going to octupole order, the orbit flips (ie in-
eccentricities €) (but where initial values of inclination clinations abov@€0°) and eccentricities reach to values very
(i) are sufficiently large for Lidov-Kozai cycles to occur)close to unity.
by truncating the disturbing function to quadrupole order
in the mutual distances between the bodies. This sohey also discovered an important error in the originalwdgion of the
tion demonstrates that the argument of pericenter ossllattruncated, averaged disturbing functidfogail1962) which did not con-

around90° or 270°, a dynamical signature of the Lidov- serve angular m_omentum due to an erroneous assumptiontakdangi-
tudes of ascending nodes.
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Lidov-Kozai oscillations do not work in isolation. where Lidov-Kozai oscillations dominate or become sup-
Bodies are not point masses: effects of tides, stellgressed (by comparing the curves), and the character of the
oblateness and general relativity may play crucial rolesesulting dynamical evolution (identified by the shaded re-
in the evolution. These contributions have been degions). Because the Lidov-Kozai oscillation timescale in-
tailed by|Fabrycky and Tremain€2007), |IChang (2009), creases with binary separation (see Equdtidn 10), Lidov-
Veras and Ford2010) andBeust et al(2012). Kozai oscillations are less likely to have an importantetffe

A major consequence of these effects, in particular tidesn multi-planet evolution contained in wider stellar bina-
is that planets formed beyond the snow line may become hiaes. However, for wide-enough binaries, Galactic tides ca
Jupiters through orbital shrinkage and tidal circulaimat cause close pericenter passages every few Gyr, perhaps ex-
[see Section 8]. plaining the difference in the observed eccentricity distr

The Lidov-Kozai mechanism may also be affected byution of the population of giant planets in close binaries
the presence of a nascent protoplanetary disc, and hena¥sus those in wide binariekdib et all2013).
play a crucial role during the formation of planets around

one component of a binary system. If the seconda'rg
star is sufficiently inclined to and separated from the or* DYNAMICAL ORIGIN OF HOT JUPITERS

bital plane of the primary, then the Lidov-Kozai mecha- The first exoplanet that was confirmed to orbit a main se-
nism might “turn on”, exciting the eccentricity of plan- quence star, 51 Pegasilldéyor and Queld4995) became
etesimals and diminishing prospects for planet formatiog prototype for a class of exoplanets known as hot Jupiters.
(Marzari and Barbieril2007;|Fragner et al.2012). How-  The transiting subset of the hot Jupiters (here defined as
ever, the inclusion of the effects of gas dragietal. , < (.1 AU and M, sini = 0.25 — 20M ;) provide unique
2011) and protoplanetary disc self-gravifatygin etal. constraints on planetary evolution, and allow observation
2011) assuage the destructive effect of Lidov-Kozai oacill stydies of atmospheric phenomena that are currently not
tions, helping to provide favorable conditions for plamgta possible for more distant planets. Identifying the dynam-

QFOV}/th- o o o ical origin of hot-Jupiters is a long-standing problem asd i
Lidov-Kozai-like oscillations are also active in systemsne topic of this section.

remainder of this section. Examples include quadruplgity (Bodenheimer et @R000). If true, then their origin re-
star systemsBeust and Dutrei?006), triple star systems quires either migration through a massive, and presumably
with one planetilarzari and Barbier2007) and multiple- gaseous, disk or dynamical interactions involving mutipl
planet systems with or without additional stellar compansteliar or planetary bodies. Although both possibilities r
lons. main open, recent observations (eWinn et al.2010) in-
Given the likelihood of multiple exoplanets in binary gicate that roughly one fourth of hot Jupiter orbits are sub-

systems, how the Lidov-Kozai mechanism operates itantially misaligned with respect to the stellar rotatiais.
these systems is of particular interest. In particular, eerhese systems (and perhaps others) are naturally explained

centricity and inclination oscillations produced by a wide py dynamical processes, which are the focus of this section.
binary stellar companion can induce planet-planet seattefhe relevant dynamics may involve:

ing, leading to dynamical instabilitirinanen et all1997). ) ) )
Malmberg et al.(20074) demonstrate that this type of in- ® Lidov-Kozai evolution of a one-planet system per-

stability can result in planet stripping in the stellar birt turbed by a binary stellar companion
f:lus_ter,_ where binaries are formed and disrupted at high o | iqov-Kozai evolution in a multiple-planet system
inclinations.

Alternatively, multiple-planet systems within a wide bi- e Scattering of multiple planets or secular evolution un-
nary may remain stable due to Lidov-Kozai oscillations. related to the Kozai resonance

Understanding the conditions in which stability may occur
and the consequences for the orbital system evolution can
help explain current observatiornEakeda et al(2008) out- All of these processes are likely to occur at some level,
line how to achieve this characterization by considerirgg thso the main open question is their relative contribution to
secular evolution of a two-planet system in a wide binaryforming the observed hot Jupiter population. In every case,
such that the mutual planet-planet interactions produce ttiglal interactions — which are inevitable for planets with
change in semimajor axis. These planet-planet interastiothe orbital period of hot Jupiters — are required in order
may be coupled analytically to Lidov-Kozai oscillations be to shrink and circularize the orbityanov and Papaloizou
cause the latter are usually considered to result from aecuR004;/Guillochon et all2011). Tides raised on the star are
evolution. expected to dominate orbital decay, while tides raised on
Takeda et al(2008) compare the period of Lidov-Kozai the planet are likely to dominate circularization. However
oscillations with the period the oscillations produced byides on both bodies can contribute significantly. Quanti-
Laplace-Lagrange secular interactions (see Section 2), tative comparisons between theoretical models and obser-
shown in Figurd]7. The figure provides an example ofations are limited by considerable uncertainties in tidal

e Secular chaos
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Fig. 10.— Hot Jupiter production by multiple planet evahutiwith no Lidov-Kozai cycles. The inner, middle and outer
planets have masses@bM ;, 1.0M ; and1.5M 5, and initial semimajor axes dfAU, 6 AU and16 AU, eccentricities of
0.066, 0.188 and0.334 and inclinations ofl.5°, 19.9° and7.9°. This choice places the AMD primarily in the outer planets
(Figure 2 of Wu and Lithwick?2011, reproduced by permission of AAS).

physics and planetary structure, as well as observatienal variations. In this example, after 700 Myr, GR suppresses
ases in determining the orbital period distribution and th#éhe Lidov-Kozai oscillations completely. The influence of
eccentricity of nearly circular orbitZ@kamska et aR011; the secondary star then becomes negligible as tidal interac
Gaidos and Man2013). tions dominateWu et al.(2007), using a binary population

A mechanism for generating high eccentricities, andhodel and estimates for the radial distribution of massive
tidal damping, are minimal ingredients for the dynamicaéxtrasolar planets, estimated that this process couldiatco
formation of hot Jupiters. Several other processes, hoder 10% or more of the hot Jupiter population.
ever, including general relativity, oblatene€ofreia et al. A combination of gravitational scatterinBdrd and Rasio
2012) and tides, can lead to precession of short-period @006) and Lidov-Kozai oscillations can also lead to the pro-
bits. These processes need to be included in models of tehtction of hot Jupiters from multiple-planet systems abun
Jupiter formation via secular dynamical effecté/u and single stars. Figurgl9 provides an example of three-planet
Murray (2003) quote formulae for the precession rates, scattering in which the outer planet is ejected, triggering

GM., Lidqv-Kozai cycles between the other t\(vo planets. These
m psc[llanons are not as regular as those in F@lre 6 because

P P in Figurd9 the outermost body is comparable in mass to the
15 1+ (3/2)e2 + (1/8)ey M, (Rp > ¥ middle body. Nevertheless, the oscillations of the argumen
5

o:)GR = 3n

Wtid = S NR2

2 (1—e2) M, \ a, of pericenter abou®0° is indicative of the Lidov-Kozai
2 5 mechanism at work. By about 3 Myr, the semimajor axis
Oopl = ETLL (&) M. (&) . (11) of the inner planet has shrunk to a value of 0.07 AU, after
2 (1=e€p)>\n /) M,\a which other physical effects dictate the future evolutién o

Herea,, e,, M,, R, andQ, are the planet’s semi-major the planet. _ _ _

axis, eccentricity, mass, radius and spin frequendy,the Both the fraction of scattering systems that yield star-
mean motion, and, is the tidal Love number. Lidov-Kozai 9razing planets, and the fraction of those systems that
oscillations are generally suppressed if any of these prece/ield surviving hot Jupiters, are uncertaMagasawa et al.
sion rates exceedl,..;. This can easily occur for, < (2008) andNagasawa and 1d@011) integrated ensembles

1 AU. Eccentricity can be enhanced whafir ~ —Wrosas of unstable three planet systems, using a model that in-
(Ford et alll2000). cluded both gravitational and tidal forces. They obtained
Figure[8, fromWu and Murray(2003), illustrates how @an extremely high yield+ 30%) of highly eccentric plan-

hot Jupiters can form in a single planet system with an irftS, that was larger than the yield found in earlier calcu-
clined stellar companion. Lidov-Kozai oscillations in thelations that did not include tideChatterjee et al2008).

planetary eccentricity result in periods where the petigen One should note that these numbers do not reflect the ex-
distance is close enough for stellar tides to shrink the oRected fraction of scattering systems that would ylettly-

bit. As the orbit shrinks, the additional dynamical effectdived hot Jupiters, as many of the highly eccentric planets
described above become more important, resulting in a delrcularize into orbits with tidal decay times less than the
crease in the amplitude of the eccentricity and inclinatioA@in sequence lifetimeBeaug and Nesvori (2012), on
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Fig. 8.— Hot Jupiter production by Lidov-Kozai forcing 90 - -
from a stellar binary companion. A80M ; planet with r J M T
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wp(t = 0) = 45° is evolving under the influence of two time [yr]
1.1M,, stars separated by000 AU on aep = 0.5 orbit

sion of AAS). from multiple-planet interactions. The inner, middle and

outer planets have masseslaf/ ;, 2M ; and1M ; and ini-
tially nearly circular ¢ < 0.1) and coplanari < 1°) orbits
the other hand, using a different tidal model, a dispersiofFigure 11 of Beaug and Nesvori2012, reproduced by
in planet masses, and resonant initial conditions, found germission of AAS).
yield of surviving hot Jupiters of approximately 10%. Ten
percent is also, roughly, the fraction of hot Jupiters in an
unbiased sample of all massive planets with orbital radfre not currently thought to be able to generate signifi-
less than a few AU. The efficiency of hot Jupiter productant planetary eccentricity (except for high mass planets)
tion from scattering plus tidal circularization is thus hig @nd hence the easiest route toward forming systems with
enough for this channel to contribute substantially to th@ Significant AMD appears to be an initial phase of strong
population, if one assumes that scattering occurs in the malanet-planet scattering. In such a model, hot Jupitergicou
jority of all such planetary systems. either be formed early (from highly eccentric scattered
Hot Jupiters can originate from multi-planet dynamicsif)'anets) or late (from long term secular evolution among the
without the Lidov-Kozai effect.u and Lithwick(2011) remaining planets after scattering). Which channel would
present special configurations of the 4-body problem th&ominate is unclear.
allow for the innermost planet in a 3-planet system to be The observation of strongly misaligned and retrograde
forced into the tidal circularization radius. These con©rbits from Rossiter-McLaughlin measurements provides
figurations require a significant angular momentum deficgvidence in favor of dynamical formation mechanisms (e.g.,
(AMD) in the original planetary system. Figurel10 presentW”n et al.l2009), but does not immediately discriminate
an example of hot Jupiter production without the Lidov-2mong different dynamical scenarios. In particular, al-
Kozai effect. Note that all three planets survive the evothough pure Lidov-Kozai evolution involving a circular
lution and never cross orbits. stellar companion cannot create a retrograde planet, the
If planet formation produces multiple planets on nearlpresence of eccentricity in either a stellar or planetary pe
circular, coplanar orbits, then secular evolution aloneds  turber caniKatz et ali2011;Lithwick and Nag2011). The
Sufﬁcient to produce hot Jupiters_ Planet_disk intermio same iS true fOI‘ Secular eV0|utiOI’l W|th0ut the LidOV'KOZai
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effect.

Dawson et al.(2012b) compare the three potential ori-

gin channels described above, and suggest that Lidov-Kozai

evolution in binary stellar systems is unlikely to dominate
but may explain1577]% of hot Jupiters, corroborating
Naoz et al.(2012) result of~ 30%. These estimates rely
upon the results cNagasawa and 1d42011) that find a

large fraction of scattering systems $0%) form (at least
initially) a hot Jupiter, a result that they attribute in stdm-

tial part to Lidov-Kozai evolution. Similar calculationy b
Beaug and Nesvori (2012), using a more realistic tidal
model, find less efficient hot Jupiter formation driven pri-
marily by scattering events. They suggest that higher ini-

tial planetary multiplicity results in hot Jupiter poputats

in better accord with observationgMorton and Johnson
(2011) provide constraints on the frequency of the two dif-
ferent Lidov-Kozai-induced hot Jupiter formation sceoari
from spin-orbit data. They find that the results depend crit-
ically on the presence or lack of a population of aligned

planetary systems. If this population exists, multiplanat

Lidov-Kozai scattering (specifically from the model of
Nagasawa et aR008) is the favored formation mechanism.
Otherwise, binary-induced Lidov-Kozai evolution (specif

ically from the model of|[Fabrycky and Tremain@007) is

the favored model. The above results also depend upon the

assumed tidal physicBRawson et al(2012a) identified Ke-
pler Object of Interest (KOI) 1474.01 as a proto-hot Jupiter
based on the long transit duration for its orbital periode Th
presence of large transit timing variations suggests tat s
tering by a more distant giant planet may explain the origin
of KOI 1474.01’s high eccentricity. With further analysis,
the abundance of transiting proto-hot Jupiters could pro-
vide a constraint on the timescale of the high eccentricity 10.

migration phase of hot Jupiter’s formation.

9. SUMMARY

We have reviewed the long-term dynamical evolution of

planetary systems. Our key points are listed below:

9

11.

1. The giant-planet sub-system of the Solar System is

stable although the terrestrial-planet sub-system is
marginally unstable with a small chance of planet-

planet encounters during the lifetime of the Sun.

2. Planet-planet scatterinn tighter planetary systems

can lead to close encounters between planets. The
timescale before a system undergoes such encounters
is a strong function of the separation of planets.

. Secular interactiongause the redistribution of an-
gular momentum amongst planets in a system. In
systems with a sufficiently large angular momentum
deficit (AMD), such redistribution can lead to close
planetary encounters.

. The outcome of planetary close encountisra func-

when the planetary surface escape speeds are smaller
than orbital speeds. Planetary scattering will be more
common when the surface escape speeds are larger
than the planetary orbital speeds in a system.

. Planets are predicted to pass through a phase of wide

orbits within unstable planetary systems as ejections
occur only after several scatterings. Imaging surveys
will therefore inform us about the frequency of unsta-
ble systems.

. The observed eccentricity distributias consistent

with being an outcome of planet-planet scattering in
unstable systems.

. Interactions with planetesimal diskgll cause plan-

ets to migrate which in turn can lead to instabilities
within a planetary system. This process probably
played an important role in the early history of our
own Solar System.

. Aging systems may become unstalileen the host

star evolves to become a white dwarf, and loses mass,
as the relative strength of the planet-planet interac-
tions increase compared to the interactions between
the planets and host star.

. Fly-by encounters in stellar clustemsill occur in

dense birth environments. Such encounters may lead
to the direct ejection of planets in some cases. In
other encounters, perturbations to the planetary orbits
lead to instabilities on longer timescales. The intrud-
ing star may also pick-up a planet from the system.

Exchange into binariexan occur in stellar clus-
ters. Planetary systems may be de-stabilised by the
perturbing effect of the companion star through the
Lidov-Kozai mechanism where the outer planet suf-
fers periods of higher eccentricity leading it to have
strong encounters with other planets.

The Lidov-Kozai mechanismay also operate within
primordial binaries or planetary multiple systems,
leading to the periodic increase in eccentricity of
planet's orbits and planet-planet encounters in the
case of multiple-planet systems.

12. The origin of hot Jupiterthrough dynamical interac-

tions may involve one of five possible routes: Lidov-
Kozai evolution of a one-planet system perturbed by
a binary stellar companion; Lidov-Kozai evolution in
a multiple-planet system; scattering of multiple plan-
ets; secular evolution unrelated to the Kozai reso-
nance; or the re-orientation of circumstellar disks be-
fore planets form via interaction with a companion
star, or via late infall of material or interactions or
neighboring stars in clustered birth environments.
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