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Planetary systems that encounter passing stars can experience
severe orbital disruption, and the efficiency of this process is en-
hanced when the impinging systems are binary pairs rather than
single stars. Using a Monte Carlo approach to perform more than
200,000 N-body integrations, we examine the ramifications of this
scattering process for the long-term prospects of our own Solar
System. After statistical processing of the results, we estimate an
overall probability of order 2× 10−5 that Earth will find its orbit se-
riously disrupted prior to the emergence of a runaway greenhouse
effect driven by the Sun’s increasing luminosity. This estimate in-
cludes both direct disruption events and scattering processes that
seriously alter the orbits of the jovian planets, which force severe
changes upon the Earth’s orbit. Our set of scattering experiments
gives a number of other results. For example, there is about 1 chance
in 2 million that Earth will be captured into orbit around another
star before the onset of a runaway greenhouse effect. In addition, the
odds of Neptune doubling its eccentricity are only one part in several
hundred. We then examine the consequences of Earth being thrown
into deep space. The surface biosphere would rapidly shut down un-
der conditions of zero insolation, but the Earth’s radioactive heat
is capable of maintaining life deep underground, and perhaps in
hydrothermal vent communities, for some time to come. Although
unlikely for Earth, this scenario may be common throughout the
universe, since many environments where liquid water could exist
(e.g., Europa and Callisto) must derive their energy from internal
(rather than external) heating. c© 2000 Academic Press
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The Sun is scheduled to increase its luminosity over the
several billion years on its way to becoming a red giant. As
solar flux of energy striking Earth increases, the end of life
our planet becomes almost inevitable. Although this scen
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mains unstudied: A passing star or binary system could dis
the Solar System before the solar energy increase reaches
proportions. If such a fortuitous event takes place, several di
ent outcomes are possible. The Earth could be directly eje
from the Solar System, the Earth could be captured by on
the interloping stars, or the orbits of the jovian planets could
come seriously disrupted. In this latter case, the disturbed o
of the giant planets can force the Earth to either leave the S
System or be driven into the Sun. In this paper, we estimate
chances for each of these possible outcomes using an exte
series of Monte Carlo scattering calculations.

This work is motivated by two separate but converging lin
of research, namely, scattering events as a possible mecha
for planetary migration (Laughlin and Adams 1998) and stud
of the far future of the universe (Adams and Laughlin 199
This latter line of inquiry shows that a myriad of previous
unstudied astrophysical processes are waiting to occur a
Solar System, the Galaxy, and the Universe grow increasi
older. The disruption of solar systems through binary scatte
events is one such process and is developed in some det
this present work.

Regarding the former issue, the detection of planets orb
nearby solar type stars (e.g., Mayor and Queloz 1995, Marcy
Butler 1998) indicates that large numbers of extrasolar pla
lie in unusual orbits. Many planets have large orbital eccen
ities (e.g., those in 16 Cyg B and 14 Her), while others h
alarmingly small orbital radii (e.g., 51 Peg andτ Boo). The dis-
covery of these unexpected orbits strongly suggests that or
migration has occurred in these systems. The planets are po
to have formed at large radii, 5–10 AU, where most of the m
resides in the original circumstellar disk. The planets are su
quently transported inward to their new observed locations w
new orbital parameters, often with high eccentricities.
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Planetary systems interacting with passing stars can be
rupted, and the efficiency of this process is greatly enhan
when the encounters involve binary systems. Such scatterin
counters can occur within the birth aggregate, in a bound clu
or in the field. These events often produce highly elliptical orb
and can sometimes drive the planets to escape into inters
space. In our previous paper (Laughlin and Adams 1998),
demonstrated that jovian planets can experience orbital dis
tion due to interactions with the binary stars within their bir
clusters; this process may account for some of the highly e
tic orbits observed for extrasolar planets. In this 1998 paper
attacked the problem using a Monte Carlo approach (descr
below) and found the effective cross section for severe orb
disruption within dense open clusters.

In this paper, we study planetary scattering within the con
of our own Solar System interacting with field binaries. Thus
in the history of the Solar System, encounters with other ste
systems have not significantly affected our planetary syst
for example, the eccentricity of Neptune’s orbit can be ea
enhanced, but is now onlyε= 0.01. Nevertheless, disruptio
events remain possible in the future. In Section 2, we pre
the theoretical formulation for our approach and estimate
cross sections for direct disruption events. These events inc
ejection of the Earth from the solar system and capture of
Earth by an impinging star. Using the cross sections, we t
estimate the probabilities for these events to take place while
biosphere still remains intact. In Section 3, we consider indir
effects, i.e., cases in which stellar scattering events lead to l
eccentricities in the orbits of the outer planets, which in tu
drive severe orbital evolution of Earth. In this scenario, Ea
can be either driven into a collision with the Sun or ejected fr
the Solar System altogether. We then consider the formatio
ice layers over liquid oceans, in Section 4, both for the ejec
Earth and for putative Earth-like planets in other solar syste
We present a summary and discussion of our results in Secti

2. FORMULATION AND DIRECT DISRUPTION

The problem of planetary scattering can be treated as a s
tical process. In taking this approach, we separate the prob
into two parts: (1) the dynamics of the close encounters th
selves, which impart an impulsive, and often destructive, kic
the planetary system; and (2) interactions between the distu
planets after an encounter has taken place. In this section
present our theoretical approach to the problem and calculat
cross sections for direct disruption events, i.e., either the outr
ejection of the Earth or its capture by one of the impinging st
Long-term interactions within more modestly disrupted syste
are considered in a subsequent section.

2.1. Theoretical Formulation

As the Sun traces its orbit around the galactic center, our S

System will occasionally encounter other stellar systems, ma
of which are binary stars and can experience gravitational s
N EARTH 615
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tering events. The interaction rate0 for such scattering event
can be written in the form

0 = 〈nσv〉 ≈ 〈n〉〈σ 〉〈v〉, (1)

wheren is the number density of stellar systems,σ is the cross
section for the particular outcome of interest, andv is the relative
velocity of the systems at infinity. The brackets denote effec
averages.

To fix ideas, let us make a rough estimate of the expec
interaction rate. Approximately 50 known stellar systems l
within 5 parsec of the Sun, and about 40% of these syst
contain more than one star (e.g., Henry 1991, Fischer and M
1992). The space density of binary systems in the immed
solar neighborhood is thus aboutn≈ 0.04 pc−3.

Although there are significant differences in theu, v, and
w space velocity dispersions of disk stars at the solar cir
(〈u2〉1/2> 〈v2〉1/2> 〈w2〉1/2), as well as correlations with spec
tral type, it is nevertheless reasonable to adopt an isotropic
tribution of field stars having a velocity dispersion〈v〉field=
40 km/s (see, e.g., Binney and Tremaine 1987). Notice that
characteristic velocity〈v〉field is comparable to the Earth’s orbita
velocity v= 30 km/s. The solar neighborhood also contain
component of population II stars, which have a highly anis
tropic distribution of relative velocities with〈v〉∼200 km/s.
(Among the nearby stars, Barnard’s star and Kapteyn’s star
examples of this class.) Such high-velocity stars can provide
pulsive kicks on close passage, although their net cross se
for disruption of the Earth’s orbit is much smaller than for th
disk stars.

For this paper, we find it convenient to write scattering cro
sections in units of AU2, since many of the cross sections
interest lie in the range 1–1000 AU2. For a “unit cross sec-
tion” of 1 AU2, the interaction rate in the solar neighborho
is 0≈ 4× 10−8 Gyr−1. This small interaction rate, which cor
responds to a fiducial interaction time of about 2.5× 107 Gyr,
is indicative of the vast distances that separate the stars in
galaxy. Since the characteristic time scale of solar evolutio
about 10 Gyr, the odds of these scattering events taking p
are generally quite small, only about 1 part in 2.5 million for
“unit cross section.”

We want to find the effective cross section〈σ 〉 corresponding
to a specified degree of change in orbital parameters resu
from scattering encounters with binary stars. In principle,
should consider the effects of all possible encounters, no ma
how distant. In practice, however, only the sufficiently clo
encounters have an appreciable contribution to the cross sec
hence we define our cross sections through the relation

〈σ 〉 =
∫ ∞

0
f (a)(Bπa2)p(a) da, (2)

where a is the semimajor axis of the binary orbit andp(a)

ny

cat-
specifies the probability of encountering a binary system with
a given value ofa. For a given value ofa, we thus include
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only those scattering interactions within the predetermined a
Bπa2, whereB is a dimensionless factor of order unity. Th
function f (a) specifies the fraction of encounters which r
sult in a particular outcome (for scattering between the S
System and a binary of semimajor axisa). Notice that we neglec
the contribution to the cross section from scattering interacti
outside the areaBπa2, so that Eq. (2) thus provides a lower lim
to the true cross section.

The distributionp(a) is determined by the observed distrib
tion of binary periods and by the usual normalization condit

∫ ∞
0

p(a) da= 1. (3)

We model the observed distribution, and hence obtainp(a), by
making a simple fit to the results of Kroupa (1995). Noti
that the observed binary period distribution peaks at a pe
of P= 105 days, but the distribution is relatively broad and s
nificant numbers of binaries have periods longer than 107 days.

An infinite number of possible encounters can occur betw
the Solar System and a field binary of semimajor axisa. This
class of events is described by nine basic input parameters
cluding the stellar masses,m1 andm2, of the binary pair, the
eccentricityεb and the initial phase anglelb of the binary orbit,
the asymptotic incoming velocityvinf of the Solar System with
respect to the center of mass of the binary, the anglesθ, ψ , andφ
which describe the impact direction and orientation, and fin
the impact parameterh of the collision. Notice that additional pa
rameters are required to describe the angular momentum v
and initial orbital phases of the planets within the Solar Syst

To compute the fraction of disruptive encountersf (a), and
hence the cross sections, we perform a large number of sep
scattering experiments using a Monte Carlo scheme to se
the input parameters. Our approach is similar to the prog
used for studying binary–single star interactions in a clus
setting (see the series of papers from Hut and Bahcall 198
McMillan and Hut 1996). Individual encounters are treated asN-
body problems in which the equations of motion are integra
using a Bulirsch–Stoer scheme (see Presset al. (1986) for the
numerical formulation; see also Laughlin and Adams (1998)
a similar application). The number of bodiesN depends on the
outcomes of interest (see below).

During each encounter, we require that overall energy c
servation be maintained to an accuracy of at least one pa
108. For most experiments, both energy and angular momen
are conserved to better than one part in 1010. This high level
of accuracy is needed because we are interested in the res
planetary orbits, which often carry only a small fraction of t
total angular momentum and orbital energy of the entire syst

For each scattering experiment, the initial conditions
drawn from the appropriate parameter distributions. More s
cifically, the distribution of binary eccentricities is sampled

accordance with the observed distribution of Duquennoy a
Mayor (1991). The stellar masses of the two binary compone
D ADAMS
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are drawn separately from the initial mass function advoca
by Adams and Fatuzzo (1996); this IMF is consistent with
observed distribution of stellar masses. We adopt a lower m
limit of 0.075 solar masses, for both the primary and the s
ondary, and hence our computed scattering results do not inc
the effects of brown dwarfs. The impact velocities at infinite s
aration,vinf , are sampled from a Maxwellian distribution wi
dispersionσv =〈v〉field= 40 km/s. The initial impact paramete
h are chosen randomly within a circle of radius 2a centered on
the binary center of mass; notice that the use of a circular ta
of radius 2a requires that we adoptB= 4 in Eq. (2).

2.2. Direct Disruption of Earth’s Orbit

To study the direct effects of binary scattering on the Ear
orbit, we perform a series of 5-body scattering calculations.
five bodies include the binary system, the Sun, Earth, and Ju
We include Jupiter in the calculations because it stands a rea
able chance of changing its orbital elements, and such cha
can have a devastating impact on the orbit of the Earth. In p
ciple, we should include the entire Solar System in the ca
lation, but Jupiter has the greatest effect in this role (includ
more outer planets in the calculation would greatly increase
computational costs and thereby reduce the number of scatt
experiments we could perform).

The integrations are started when the Sun–Earth–Jupiter
tem has fallen to a distance corresponding to either 85 AU
10a (whichever is larger) from the binary center of mass. Up
this point, the joint motion of the Solar System and the impi
ing binary is assumed to follow the Keplerian approximation.
the other end of a scattering event, the numerical integratio
terminated automatically upon the receipt of any one of sev
flags. These flags include: (1) the escape of a planet from
system, (2) the escape of any one star from the system, (3) a
tegration time which exceeds 40 free fall times, or (4) 2.5× 105

integration steps. Criterion (4) is used in order to prevent r
which develop extremely short time steps from eating up
computing budget. After integration termination, the orbital
rameters of all five bodies are computed and stored.

Scattering events of this type can have a wide variety of
comes and often show complicated orbital behavior. An eng
ing example is shown in Fig. 1, which depicts a scattering e
in which Earth is captured by one of the passing members o
binary. Notice the highly chaotic nature of the interaction.

When calculating probabilities and cross sections for the
rect modification of the Earth’s orbit, we do not consider
counters with binaries havinga> 85 AU, and we do not conside
encounters with impact parameterh> 2a. Such encounters wil
cause some additional scattering, thus boosting the cross
tions reported here. Additional exploratory calculations sh
that this enhancement is relatively small and is not worth
large additional computational effort required for an accur
estimate. More importantly, however, encounters with wider

nd
nts
naries can have a significant impact on the orbits of the outer
planets. Longer-term dynamical interactions can then affect the
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FIG. 1. An encounter between a red dwarf binary pair (M1= 0.229M¯,
M2= 0.199M¯, eb= 0.785,ab= 7.7 AU) and the Earth–Sun system. The ax
of the initial approach is in the direction perpendicular to the page. The or
of all four objects are plotted over a period of 9000 years. Immediately after
initial encounter, the Earth is captured into orbit around the 0.199M¯ star and
stays with that star for three long, looping excursions. After slightly more th
1000 years, the Earth is recaptured by the Sun, with whom it remains
6500 years. After many complicated interactions, the Earth is captured by
0.229M¯ star, and soon thereafter, that star escapes, pulling the Earth alo
an orbit of eccentricityeEarth≈ 0.7 and semimajor axisaEarth= 0.3. A popula-
tion I red dwarf of 0.229M¯ has a main sequence lifetime of 1.5 trillion yea
(Laughlinet al.1997).

Earth’s orbit. This class of indirect processes is discussed in
following section.

Performing the integral in Eq. (2) using our numerically d
termined set of scattering events, we find the effective cr
sections for various particular outcomes. The results are s
marized in Tables I and II for events leading to direct disrupti
of the Earth. Table I shows the effective cross sections for p

TABLE I
Cross Sections for Earth Obtaining

Large Eccentricities

ε σ (AU)2 Odds

0.05 111± 10 6.4× 104

0.1 81± 9 8.8× 104

0.2 54± 7 1.3× 105

0.3 39± 6 1.8× 105

0.4 29± 5 2.5× 105

0.5 22± 5 3.2× 105

0.6 16± 4 4.5× 105

0.7 12± 3 6.0× 105

0.8 7± 2 1.0× 106
0.9 3± 2 2.4× 106
N EARTH 617
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TABLE II
Cross Sections for Direct Disruption

Events

Event σ (AU)2 Odds

Earth escape 19± 4 3.8× 105

Earth capture 4± 2 1.8× 106

Jupiter escape 86± 9 8.3× 104

Jupiter capture 9± 3 7.9× 105

Binary capture 26± 5 2.7× 105

ducing an orbital eccentricity larger than the given values lis
Table II shows the cross sections for the ejection of the E
from the Solar System, the capture of Earth by a passing sta
ejection of Jupiter from the Solar System, the capture of Jup
by a passing star, and finally the capture of one of the pas
stars by the Sun. In the third column of the tables, we give
odds of these events occurring within the next 3.5 Gyr, whic
the expected time scale over which Earth will be heated s
ciently to experience a runaway greenhouse effect (see Ka
1988, Sackmannet al. 1993, and the discussion below). W
thus find that the cross section for direct disruption of Eart
roughly 20 AU2; hence the odds that Earth will be ejected bef
experiencing a runaway greenhouse hover near one part in
hundred thousand. The likelihood of the Earth obtaining a h
eccentricity orbit is somewhat higher, with the odds running
about one part in 105. As we demonstrate in the following se
tion, however, the chances of indirect disruption events ar
roughly similar order.

Another way to represent the outcomes of these scatte
events is provided by Fig. 2, which shows the final orbital
rameters of the Earth. The Earth begins each scattering e
with zero eccentricity and a semimajor axisa= 1 AU. At the
end of each event, the Earth has the final orbital parame
shown in the plane of Fig. 2.

3. OUTER PLANET DISRUPTION AND
LONG-TERM EFFECTS

The results of the previous section indicate that the E
stands only a small chance of being directly ejected or capt
by an impinging star. Due to their much larger cross sect
however, the outer planets have a much greater chance of
ing their orbits significantly affected by scattering events. If
outer planets (especially Jupiter) are given sufficiently large
centricities, it is likely that the Earth would be ejected from t
Solar System or driven into the Sun during subsequent dyn
cal interaction. In this section, we estimate the likelihood of t
scenario for the end of the Earth. Our assessment of this sce
contains two components. First, we perform a series of Mo
Carlo experiments to determine the cross sections for ev
representing significant disruption of the outer Solar Syst

We then evaluate the effect on the Earth’s orbit arising from the
longer-term evolution of these perturbed postencounter systems.
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FIG. 2. Distribution of the final periods and eccentricities of the Earth as a result of∼100,000 properly sampled encounters. The figure shows the distribution
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3.1. Disruption of the Outer Solar System

Using a series of Monte Carlo experiments fully analogou
those of the previous section, we have performedN≈ 100,000
scattering experiments for collisions between binary star s
tems and the outer Solar System. These 7-body interaction
volve all four giant planets, the Sun, and the two binary memb
The numerical approach and choices of random input param
are nearly the same as those described in the previous secti
this case, however, we include binaries with wider separat
and a wider possible range of impact parameters. In partic
we consider all possible binaries witha< 1000 AU and impact
parametersh< 2a.

We first find the cross sections for both the escape and
capture of each of the outer planets. These results are show
Table III. Each cross section listed in the table includes the
standard deviation error estimate for the Monte Carlo integ

TABLE III
Cross Sections for Outer Planet Events

Event σ (AU)2 Odds Nevent

Jupiter escape 86± 14 8× 104 180
Saturn escape 180± 21 4× 104 375
Uranus escape 335± 29 2× 104 643
Neptune escape 580± 41 1× 104 996
Jupiter capture 14± 5 5× 105 27
Saturn capture 7± 3 1× 106 18
Uranus capture 20± 8 4× 105 14

Neptune capture 17± 6 4× 105 15
.

to

ys-
in-
rs.
ters
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ne
al;

this quantity should be regarded as a rough indication of
probable error from the satistical sampling process (see P
et al.(1986) for further discussion). To a very rough approxim
tion, the escape cross sections are comparable to the squ
the orbital radii. More precisely, we find values of 86, 180, 3
and 580 AU2 for the escape cross sections of Jupiter, Sat
Uranus, and Neptune, respectively. The capture cross sec
are all roughly the same, about 15 AU2, for all four planets. With
these cross sections, the odds of the Solar System losing
planets run from about 1 part in 12,000 (for Neptune) to 1 p
in 83,000 (for Jupiter); the odds of giant planets being captu
by another star are considerably smaller, only about 1 pa
500,000.

Notice that the estimated cross sections for the captur
Jupiter and the escape of Jupiter are nearly the same (withi
quoted error bars) in Tables II and III. This agreement occur
spite of the fact that the scattering experiments used to de
the Table III cross sections included a wider range of bin
separations, a wider range of impact parameters, and als
cluded the planet–planet interactions among all four gas gia
These effects, however, are of little importance for Jupiter.
naries witha> 85 AU do not couple efficiently to the 5.2 AU
jovian orbit, and due to Jupiter’s large mass, its orbit is not ea
affected by disruptions in the orbits of Uranus or Neptune.

From this set of scattering calculations, we also obtain
cross sections for eccentricity increases for each of the o
planets; these results are given in Table IV. Notice that the c
sections for creating large eccentricities are much higher

those of escape or capture. For example, the cross section for
Neptune to attain a tenfold increase in its eccentricity (from
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TABLE IV
Cross Sections for Eccentricity Increases for Outer Planets

Jupiter Saturn Uranus Neptune
ε σ (AU)2 σ (AU)2 σ (AU)2 σ (AU)2

0.02 1740± 69 3970± 110 10740± 190 21520± 290
0.05 960± 51 2130± 78 5350± 130 9530± 190
0.10 600± 42 1270± 60 3100± 100 5170± 130
0.20 330± 31 640± 42 1580± 70 2740± 94
0.30 210± 23 400± 34 970± 54 1690± 74
0.40 140± 18 280± 30 680± 47 1120± 61
0.50 89± 14 210± 26 510± 41 770± 51
0.60 56± 10 140± 21 370± 35 510± 42
0.70 35± 8 110± 19 250± 30 350± 35
0.80 26± 7 69± 16 140± 21 220± 28
0.90 11± 5 32± 9 58± 13 100± 20
0.95 8± 4 15± 6 24± 6 49± 14
0.97 7± 4 6± 2 15± 4 34± 13

ε= 0.01 to ε= 0.10) is∼5200 AU2; the corresponding odd
are “only” 1 part in 1300. For large eccentricity increases,
ε >0.5, the cross sections run from 90 AU2 (for Jupiter) to
800 AU2 (for Neptune).

We characterize the possible outcomes of scattering ev
in Fig. 3, which shows the orbital parameters of each of
giant planets in thea–ε plane. Before each scattering event, t
planets have nearly circular orbits (low eccentricity) and wo
piter
,

sted
ons
thus lie near the bottom of the figure. At the end of the scattering
event, the planets can take on a wide range of possible orbital

FIG. 3. The distribution of orbits of the outer planets immediately following∼100,000 scattering experiments. All of the experiments began with Ju
(filled circles), Saturn (open circles), Uranus (open triangles), and Neptune (open squares) in initially circular orbits (zero eccentricity) of semimajor axes 5.2, 9.54

giant planet to be less than the Earth’s orbital radius are li
in the first line of Table V (which also shows the cross secti
19.19, and 30.06 AU. The radial size of the symbol marking each resultan
depicts orbits which have a periapse of 1.0 AU, and the dashed curve corre
N EARTH 619

ay
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e
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parameters and tend to fill the plane. The giant planets fal
above the dashed curve have final orbits which come wi
1.5 AU of the Sun, and hence can seriously disrupt the o
of Earth, as discussed in the following section. Planets fal
above the solid line enter Earth-crossing orbits and can
easily eject Earth from the Solar System (see also below).

3.2. Long-Term Dynamical Evolution of Disrupted
Solar Systems

The results of the preceding section indicate that highly d
ruptive events—such as escape or capture of the planets—
relatively rare. On the other hand, mildly disruptive events
much more common. For example, the cross sections for incr
ing the orbital eccentricities of the giant planets toε >0.05 lie
in the range 1000–10,000 AU2. In this subsection, we conside
the ramifications of “mildly” disruptive events for the fate o
Earth.

From this collection of scattering experiments, we can
rectly find the cross sections for forcing the outer planets to
tain Earth-crossing orbits. In most cases, the semimajor ax
the orbit does not change substantially, whereas the eccent
can increase dramatically. With no orbital migration, for exa
ple, Jupiter, Saturn, Uranus, and/or Neptune will attain Ea
crossing orbits if their eccentricities are increased to the va
ε >0.8, 0.9, 0.95, and 0.97, respectively. The estimated c
sections for the minimum radial positionrmin=a(1− ε) of each
t orbit is in proportion to the semimajor axisa of the impinging binary. The solid line
sponds to a periapse of 1.5 AU.
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TABLE V
Cross Sections for Orbit Crossings for Outer Planets

Jupiter Saturn Uranus Neptune
rmin (AU) σ (AU)2 σ (AU)2 σ (AU)2 σ (AU)2

1.0 22± 8 23± 7 15± 5 29± 12
2.0 48± 10 40± 9 25± 6 39± 13
3.0 97± 13 76± 14 39± 7 66± 16
4.0 206± 22 113± 16 61± 10 98± 19
5.0 1020± 53 169± 20 93± 14 109± 19
5.2 — 176± 20 104± 15 116± 20
9.5 — — 352± 33 295± 34

10.0 — — 400± 36 320± 35
19.0 — — — 1030± 56

of the giant planets obtaining larger values ofrmin). The cross
sections for the four planets to enter Earth-crossing orbits
22, 23, 15, and 29 AU2; hence they are all roughly comparabl
Although the innermost giant planets require less eccentri
pumping to achieve Earth-crossing status, the cross section
disruption are smaller for planets further in. These compet
effects almost cancel each other, and hence the cross sectio
Earth-crossing orbits is about〈σ 〉≈20–30 AU2 for each of the
jovian planets. This cross section is slightly greater than t
for direct disruption of the Earth’s orbit, as calculated in t
previous section. As a result, orbital disruption of the Earth
reasonably likely to take place through the intermediary acti
of the jovian planets. The odds of a giant planet entering
Earth-crossing orbit are thus about 1 part in 250,000.

Another scenario of destruction arises when the giant pla
are endowed with large orbital eccentricities but do not cr
Earth’s orbit. If the eccentricity is large enough, the giant pla
can drive a runaway increase in the eccentricity of Earth’s o
through longer-term dynamical interactions. In this case, o
the orbital eccentricity of the Earth exceeds aboutε≥ 0.99, the
Earth will become baked on its yearly close passage by the s
photosphere. With such an extremely eccentric orbit, the E
would be eventually driven into the Sun or ejected from the So
System.

It should also be noted than an encounter-induced incre
in inclination of one of the giant planets can also have ev
tual consequences for Earth’s orbit. As a result of the Ko
effect (Kozai 1962), the eccentricity and inclination of intera
ing planets can be interchanged. Thus, an increase in inclina
of an outer planet can spur increases in eccentricity over l
time scales.

In order to quantify the likelihood of this scenario of indire
ejection, we need to study the stability of three-body syste
consisting of the Sun, Earth, and a giant planet with a la
orbital eccentricity. This stability problem has been studied
length, but due to its deceptively complicated nature, comp
solutions are not known. As a starting point, we can use stan

analytic theory to calculate the condition for Hill stability of th
three-body system (e.g., Gladman 1993). We first define
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γ j =
[
1− ε2

j

]1/2
, η j = mj

m1+m2
, α = m1+m2

M¯
, (4)

where the subscriptsj = 1, 2 refer to the Earth and the g
ant planet, respectively. The condition for stability can then
written

[η1+ η2/a2][η1γ1+ η2γ2
√

a2]2 > 1+ 34/3η1η2α
3/2. (5)

If we start with an initially circular orbit for the Earth, so th
ε1= 0 andγ1= 1, and use the fact them1¿m2, the above ex-
pression simplifies to the form

γ2 =
[
1− ε2

2

]1/2
> η

−3/2
2 − 1

2
a2η1η

−5/2
2 − η1a−1/2

2 η−1
2 . (6)

Saturating this bound, we thus obtain the eccentricityε2 required
for the system to become Hill unstable (for a giant planet w
semimajor axisa2).

This criterion predicts that three-body systems will beco
Hill unstable for relatively modest values of the eccentricity. F
the present application, if we consider Jupiter witha2= 5 AU,
then the eccentricity required for instability is onlyε >0.15. The
cross section for this eventuality is relatively large,σ ≈ 500 AU2.
As many previous authors have found for this high-ε regime of
parameter space (e.g., Valsecchiet al.1984, Milani and Nobili
1983, Gladman 1993), systems that are unstable accordi
the criterion (5) may live for an extraordinarily long time b
fore showing any signs of instability (e.g., see also Holman
Wiegert 1999, Levisonet al.1998, Duncan and Lissauer 199
Wisdom and Holman 1991, Laughlin and Adams 1999). In
context, if the system is unstable according to the Hill criter
(5), but stable on time scales as long as 3.5 Gyr, then the sy
can be considered as stable for evaluating the prospects fo
demise of Earth. We thus need to study the stability of the th
systems on intermediate time scales. The only way to study
systems is through long-term numerical integrations.

To explore the stability issue further, we use a symplectic c
(written for Laughlin and Adams (1999), following the lead
Wisdom and Holman (1991)) to perform a series of three-b
experiments. We use Jupiter as the giant planet and then stud
long-term effects on the orbit of Earth, which is always starte
a circular orbit with radiusa1= 1 AU. For each starting value o
the semimajor axisa2 and the orbital eccentricityε2 of Jupiter, we
integrate the system forward in time. For the sake of definiten
and in order to cover a large range of parameter space, we us
million years as the upper limit for the integration time. The
experiments thus give us either a time scale for instability
lower limit of one million years on the possible destruction tim

The long-term evolution of these three-body systems all

e
the
low the same general trend. Jupiter is started with a substan-
tial eccentricity, whereas Earth has an initially circular orbit.
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FIG. 4. Time scales for the deterioration of Earth’s orbit as a function of the distance of closet approach of Jupiter,rmin≡a2(1− ε2). These results were

obtained from a set of three-body integrations of the Sun–Earth–Jupiter system using a symplectic code (see text for further detail). Notice the relatively sharp
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transition between long-lived systems (t > 10 yr for rmin> 1.6 AU) and short-l

Over the first few thousand years (a few thousand Earth orb
Jupiter drives Earth into an orbit with ever higher eccentric
Since Jupiter is more than three hundred times more mas
than Earth, the orbital elements of Jupiter change far less
those of Earth. Furthermore, Earth’s orbital eccentricity d
not show a slow and steady increase but rather shows a c
and often chaotic pattern. As a result, Earth’s eccentricity is b
described as a distribution of possible values. As Earth con
ues to orbit the Sun, it samples all of the eccentricity value
this distribution. For cases in which Jupiter has a larger st
ing eccentricity, the eventual distribution of eccentricity for t
Earth’s orbit is correspondingly broader. When the distribut
becomes too broad, the Earth stands a fair chance of ent
into an orbit of extremely high eccentricity, which leads to
stability. The Earth then either plunges into the Sun or is ejec
from the Solar System altogether.

As depicted in Fig. 4, for the class of Earth–Sun–Jup
experiments performed here, we find a relatively robust cr
rion for the Earth’s orbit to be disrupted within one millio
years:τmin≡a2(1− ε2)< 1.5 AU. The cross section for Jupite
to obtain such an orbit through scattering events is roug
〈σ 〉∼35 AU2, which is only slightly larger than the cross se
tion for Jupiter to obtain an Earth-crossing orbit. The odds
this channel of secondary disruption are thus about 1 pa
200,000. Notice that if we had included instabilities with tim
scales longer than one million years, this disruption cross sec
would increase accordingly.
Before leaving this section, we note that yet another possi
cataclysm can lead to the demise of life on our planet. If t
ed systems (t¿ 10 yr for rmin< 1.4 AU).
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orbit of Jupiter (and/or another gas giant) becomes sufficie
eccentric so that it enters the asteroid belts, which extend f
orbital radii of about 2.2–4 AU in our Solar System, then a rain
destructive asteroids will pummel the Earth. These impacts
continually change the planet’s climate, drive mass extinctio
and thereby compromise biological development. As show
Table V, the cross sections for giant planets to enter the aste
belt run from about 20 to 200 AU2, with corresponding odds o
1 part in 360,000 to 1 part in 36,000.

4. ICE LAYERS AND ENERGETICS OF FROZEN PLANETS

Over the next several billion years, the Sun will grow stead
brighter as it depletes its reserve of nuclear fuel. It is g
erally assumed that the Earth’s biosphere will be destro
when the solar flux becomes large enough to drive a runa
greenhouse effect. For example, a cloud-free climate m
of the Earth (Kasting 1988) predicts that a runaway gre
house effect will occur when the solar flux reaches 1.4 tim
its present value. According to detailed solar evolution calc
tions, this luminosity level will be achieved in 3.5 billion yea
(Sackmannet al. 1993). Alternate climate models predict a
even earlier demise of life on Earth. In any case, it is clear
a catastrophic greenhouse situation can be avoided only i
Earth’s orbit is moved substantially away from its current rad
position (ata= 1 AU). This relocation can be realized by th
scattering events described in the previous sections, althoug

ble
he
odds are not highly favorable. In this section, we discuss radia-
tive equilibrium models for frozen planets, in general, including
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an ejected Earth and also less ideally located terrestrial pla
in other solar systems.

4.1. Equilibrium Ice Layers

As a starting point, we consider a terrestrial planet that con
mostly of rock. We further assume that a substantial amoun
water, both in frozen and unfrozen form, graces the surfac
this putative planet. The planet will be warmed from above
the radiative flux of its parent star and will be heated from be
by energy resulting from radioactive decay. We must solve
the temperature distribution near the surface of the planet
find the equilibrium depth of the ice layer covering its ocean

The effective luminosityL in of the planet due to radioactiv
heating can be written in the form

L in = MP

∑
j

X j e−λ j tλ j ε j , (7)

where MP is the mass of the planet,X j is the mass fraction
of radioactive speciesj , λ j is the corresponding decay rat
andε j is the energy per decay. Within the Earth, for examp
the most important heat-producing radioactive isotopes inc
U235, U238, Th232, and K40 (e.g., Verhoogen 1980), which hav
half-lives of 0.71, 4.51, 14.1, and 1.3 Gyr, respectively (We
1977). As another reference point, the total interior lumin
ity of the Earth is approximatelyL in≈ 4× 1020 erg/s; of this
power, anywhere from 60 to 100% percent is due to radio
tivity (Verhoogen 1980). Other possible energy sources inc
heat left over from the planet’s formation, gravitational ener
and tidal dissipation of kinetic energy; these additional sou
are thought to be subdominant (see also Poirier 1991, Melc
1986). Notice that since the interior luminosityL in is propor-
tional to the planetary mass, the net flux of energy out thro
the surface of any vaguely similar planet must scale accor
to the relation

Fin = L in

4πR2
P

∼ MP

R2
P

∼ RP ∼ M1/3
P , (8)

so that larger (smaller) planets have correspondingly la
(smaller) outward fluxes due to their intrinsic radioactivity.

The surface boundary condition is determined by the requ
ment that the planet can radiate both the fluxFin in due to its
intrinsic radioactive energy sources and the fluxF∗ intercepted
from its parent star; i.e.,

σT4
S = Fin + F∗, (9)

whereTS is the equilibrium surface temperature of the plan
The radiative fluxF∗ from the star is given by

F∗ = f
L∗

16πr 2
, (10)
where the “extra” factor of 4 appears from the usual effect th
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the planet intercepts energy with an area ofπR2
P and radiates en-

ergy over the entire surface area 4πR2
P. The fractionf accounts

for the albedo of the planet (f = 1− A). For an icy planet, we
expect f ≈ 0.5 (for example, a comparable body in our So
System—the moon Europa—has an albedoA≈ 0.4 and hence
f ≈ 0.6 (Weast 1977)).

We consider planets with a respectably large complemen
water, which can exist in both liquid and frozen form. In gener
an ice layer will cover an inner liquid ocean, provided that t
total water content of the planet is large enough. Within the
layer on the outside of the planet, the temperature distribu
must take on the proper form to push the interior luminos
of the planet outward. For a simple diffusion model of the h
transfer, the governing equation becomes

Fin = −κice
dT

dz
, (11)

whereκice is the thermal conductivity of ice, which has a tem
perature dependence of the approximate form

κice = a

T
+ κ0. (12)

For clean, crystalline ice, the conductivity constants have v
uesa≈ 4.88× 107 erg/s cm−1 andκ0≈ 4.68× 104 erg/s cm−1

K−1 (see Hobbs 1974, Ojakangas and Stevenson 1989; see
Peixoto and Oort 1992). Notice that amorphous ices have t
mal conductivities which are much lower (by nearly a factor
100 atT = 30 K) than those given here. Lower thermal condu
tivity requires a correspondingly thinner ice layer on the pla
tary surface. In this paper, we adopt a conservative approac
using the larger values for the conductivity constants to find
largest required thickness for the ice layer.

The surface boundary condition (Eq. (9)) defines the ou
temperatureTS. By definition, the temperature at the inner bou
dary is the melting temperature of ice,TC∼ 273 K. With the form
(11) for the diffusion equation and the form (12) for the the
mal conductivity, we can integrate to estimate the equilibriu
thicknessl ice of the ice layer,

l ice = 1

Fin
{a ln[TC/TS] + κ0[TC− TS]}. (13)

For a given frozen planet, we can use Eq. (13) to evaluate
ice thicknessl ice. For the sake of definiteness, consider an Ea
like planet orbiting a solar-type star, and let the orbital radius
5 AU, i.e., well past the “snow-line” of the circumstellar dis
from which it formed. With the same radioactive luminosity
the Earth, and withf = 0.5, this hypothetical planet maintain
a surface temperature ofTS≈ 106 K, well below the freezing
point of water. (Notice that we ignore the warming effects
an atmosphere—these estimates thus represent a “worst
at
scenario for those with biophilic inclinations.) For this particular
case, we find the ice layer thickness to bel ice= 6.9 km. When



,
s

h
r

w

i
c
f

o

r

i

o

e
c
r
h
v

o

r

e
T

e

me
truc-
ime
tion

ivity

ace
he
han

the
to in-
re of
ach

e

ove
ed,

be-
oth
ort,

s
a

3)).
ice/

n of
sity
x-

lem

the

ss.
t

THE FROZ

the same planet is completely removed from its parent star
surface temperature falls to 34 K, and the ice layer grow
14.4 km.

If the planet contains enough water, a liquid ocean will surv
beneath the ice layer. The mean depth of the oceanlwat is then
determined by the total water content of the planet. In ot
words, if the total quantity of water creates an ice/water laye
thicknesslH2O, the three length scales are related by

l ice+ lwat = lH2O. (14)

The results derived above suggest that Earth-like planets
lH2O> 15 km will maintain liquid oceans, even in the comple
absence of stellar warming. (Again, keep in mind that amorph
ices with smaller heat conductivities require even thinner
layers.) We can also find the temperatureTB at the base of the
ocean by integrating the diffusion equation (11) from the
layer inward to the bottom of the ocean. In this case, we
assume a constant valueκwat for the thermal conductivity o
water. As long as the heat flow remains radiative, we thus ob

TB = TC+ lwatFin/κwat. (15)

In principle, we could solve for the temperature distributi
of the entire planet by making a model of the planetary in
rior and enforcing the requirement that the radioactive ene
must be transferred to the surface layers (assuming equilib
conditions). In practice, this procedure is complicated by the
terior structure of the planet and by the possibility of convect
as a means of energy transport in the inner regions. Indeed
energy transport deep within our Earth is dominated by c
vection (Melchior 1986, Poirier 1991). In this paper, howev
we are mostly concerned with the ice layer thickness and h
we do not address this issue. The interior temperature stru
could be biologically important, however, especially if the o
gin of life occurs in high-temperature environments deep wit
the rocky mantle (see, e.g., Pace (1997), Gold (1992), Da
(1999), and the discussion below).

4.2. Time Scales for Ice Layer Formation

For the particular scenario in which the Earth is ejected fr
the Solar System, we need to estimate the cooling time a
ciated with the process. In this case, the growing ice laye
the surface of the planet must push out both the flux due to
interior radioactivity of the planet and the heat of fusion lib
ated as the water freezes into an ever thicker layer of ice.
scenario is thus an example of the classic Stefan problem (
see Carslaw and Jaeger 1948) and has been studied previou
many contexts. For this case, the diffusion equation must o
the following boundary condition, which includes the latent h
of the phase transition; i.e.,
Fin + ρ ful̇ = −κice
dT

dz
, (16)
EN EARTH 623
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where fu is the heat of fusion of water/ice. To estimate the ti
scale for ice layer formation, we assume that the thermal s
ture of the ice layer adjusts quickly compared to the growth t
of the layer; in this case, the solution to the diffusion equa
takes the approximate form

(Fin + ρ ful̇ )l = {a ln[TC/TS] + κ0[TC− TS]}, (17)

where we have used Eq. (12) to specify the thermal conduct
κice. This equation can be integrated to findl (t).

We next make the simplifying assumption that the surf
temperatureTS is a constant in time. As we show below, t
time required for the ice thickness to grow is much longer t
the time required for the newly ejected planet to escape from
Solar System; the outer surface of the planet is thus exposed
terstellar conditions and must eventually attain a temperatu
TS= 3–10 K. The time required for the planetary surface to re
this temperature is given approximately by1t = ρ fu(1l )/F ,
where1l is a characteristic depth of thesurfaceandF is the
outward radiative flux. Using1l = 1 km and the current valu
F ≈ 7× 1024 erg/s, we find an adjustment time scale of1t ≈
10 years. For comparison, a planet ejected at 30 km/s will m
away from its parent start at about 10 AU/year. With this spe
an Earth-like planet will have its dominant luminosity source
come its interior radioactivity within a decade or so. Since b
the adjustment time and the ejection time are relatively sh
the planet loses most of its heat under conditions withTS≈
10 K andF ≈Fin.

The characteristic equilibrium ice depthl0 is the same a
l ice, which is the equilibrium thickness of the ice layer on
“stationary” planet, i.e., one that remains in orbit (see Eq. (1
We also define a characteristic cooling time for the entire
water layer; i.e.,

τ0 = ρ ful0
Fin

. (18)

This scale represents the time required for the heat of fusio
the entire water/ice layer to be radiated away by a lumino
source with power ratingFin× area. This time scale is appro
imately one million years for a planet similar to Earth.

With the foregoing assumptions, the time-dependent prob
(17) can be integrated to obtain the expression

t

τ0
= − l

l0
− ln[1− l/ l0], (19)

which shows that the equilibrium ice thicknessl0 is reached
asymptotically in time. Notice that the leading order term on
right-hand side of the equation∼l 2, so thatl (t)∼ t1/2 for short
time intervals, which is characteristic of a diffusion proce
After one cooling timeτ0, for example,l ≈ 0.85l0, so that mos

of the ice formation process takes place within the first million
years.
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For the particular case of our planet Earth, the mean oc
depth is less than the equilibrium ice depthl0 and hence mos
of the oceans will freeze solid within a half a million yea
Since geological activity continues nonetheless, hot spots
continue to erupt at particular places on the ocean floor and
keep the local water volume in liquid form. These patches
liquid water can continue to sustain life, in principle, as lo
as geological activity continues. Such webs of life will beco
isolated by vast expanses of solid ice, however, and the l
biological communities will face the continual hazard of the
spots moving away.

For the ejected Earth, we can also estimate the temper
correction due to the presence of an atmosphere. Since th
face temperature of the planet will quickly fall toTS∼ 34 K,
well below liquid nitrogen temperature, the atmospheric ga
will condense out of the sky and fall like rain onto the ocea
where they ultimately form a layer abouth= 10 m deep. This
layer will act as insulation and will keep the surface of the froz
ocean warmer by the temperature increment

1T = hFin/κnit ≈ 4 K, (20)

where we have usedκnit≈ 2× 104 erg/s cm−1 K−1 (extrapolated
from Weast (1977)). Atmospheric effects for frozen planets
thus quite modest.

4.3. Life in Other Solar Systems

The models of frozen planets developed in the previous
tion can have important implications for the general issue
life on Earth-like planets in other solar systems. A commo
but overly restrictive—assumption in exo-biology is that lif
bearing planets must have surface temperatures above the
ing point of water (for representative accounts, see, e.g., D
(1964), Shklovskii and Sagan (1966), Kastinget al. (1993)).
Within the protoplanetary nebulae that form planets, howe
the majority of the volatile material resides in the outer regi
past the so-calledsnow-line, which lies at the radius in the dis
where the temperature is∼150 K (for the expected low pres
sures). As a result, rocky planets can obtain large quant
of water quite easily where their surface temperature is so
what lower than∼150 K, rather than∼300 K like our own
Earth. Transporting large amounts of water (through come
other means) onto the Earth is difficult because of its locatio
the inner Solar System, but providing water to an Earth-
planet beyond the snow-line is essentially automatic. In
Solar System, the icy moons of the giant planets demons
the ready availability of water during the formation epoch. F
example, the ice layer on Europa may be as thick as 120
(e.g., Ojakangas and Stevenson 1989), whereas Callisto
have an ice layer thickness up to 350 km (e.g., Andersonet al.
1998).

The radial position of the snow-line is set in the late p
main-sequence phase of star formation (as the later stag

planet formation occur), when the star is somewhat brigh
than during the main-sequence phase (this result depend
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the stellar mass, but is especially valid for the low-mass st
which comprise most of the stellar population). In the long
term, the equilibrium temperature of the planet (due to ste
radiation only) can thus become slightly lower than 150 K.
the other hand, planets often migrate inward, so the plane
surface could make it back up to 150 K.

The interior luminosity of such a planet will be powered
its natural radioactivity, in analogy to the Earth. If these sno
line planets had the same chemical composition as Earth,
the surface flux would scale likeFin∼M1/3

P in accordance with
Eq. (8). The composition is expected to be somewhat differ
however, due to the large quantities of volatile material t
supply the large amounts of water and ice. In cold regions
molecular clouds, for example, the icy mantles coating the d
grains can make up about half of the total dust mass (see,
the conference volume of K¨aufl and Siebenmorgen (1996));
this case, the mass fractionsX j appearing in Eq. (7) could b
smaller than those for Earth by roughly a factor of two.

As another point of reference, we can consider how the bur
of radioactive elements differs between an object like Ganym
(which lies past the snow-line in our Solar System) and
Earth. Logically, primitive Ganymede “rock” should have e
emental abundances close to that of carbonaceous chond
In comparison, Earth is very depleted in potassium but is
lieved to be enhanced in uranium and thorium by a facto
∼2 with respect to the chondritic values (although large unc
tainties remain). In any case, the present-day heat produc
in the mantle (and crust) of Earth is about 6.0× 10−12 W/kg
(Turcotte and Schubert 1982); when scaled to the mass o
entire Earth, this heat production rate drops to 4.1× 10−12 W/kg.
In Ganymede, the heat production rate in the rock is estim
to be 4.7× 10−12 W/kg, and 5.0× 10−12 W/kg when corrected
for rock’s water/ice content (Mueller and McKinnon 1988); t
heat production averaged over the entire body (including b
rock and ices) is smaller than this latter value by a factor
0.54 (i.e., 2.7× 10−12 W/kg). As a result, the present-day he
production rate is roughly a factor of two smaller for Ganyme
than for Earth. Notice, however, that the heat production ra
would have been different in the past (again, at the factor of
level) because the radioactive species are different.

Putting together all of the considerations of this section,
thus obtain an important characteristic result: Thetypicalplanet
that is compatible with biological development will not ha
liquid water at its surface, like the Earth, but rather it will be
planet formed at or beyond the snow-line. These snow-line p
ets would have a characteristic surface temperature ofTS∼ 100–
150 K due to stellar insolation; this temperature is augmen
only slightly by the intrinsic radioactivity. For comparison, no
that the mean surface temperature of Europa isTS∼ 100 K (e.g.,
Ojakangas and Stevenson 1989). For the same radiogenic
as the Earth, a snow-line planet needs an ice layer about
7.3 km thick to maintain liquid water below; an even thinn
layer is needed if the ice is amorphous, but a thicker laye

ter
s on
needed if the radiogenic flux is smaller (recall that the heat pro-
duction rate per unit mass is about a factor of two smaller for
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Ganymede than for Earth). As long as the total water conten
the planet exceeds that of a∼8-km ocean, which is quite likely
past the snow-line, a liquid water environment would be read
available for possible biological activity (where the required
layer thickness is subject to some uncertainty). Because t
planets can form in a much wider range of possible envir
ments than Earth (which lives in a rather narrow habitable z
in our Solar System), these frozen Earth-like planets may w
represent the most likely environments for life to emerge in
galaxy.

This scenario has an important additional complication. If
total ice/water layer is sufficiently thick, then the bottom po
tion of the ocean will freeze as well as the top. On a planet w
gravity comparable to Earth, for example, the ice layer could
as thick as 15 km, where the pressure is about 1.35 kbar
the melting temperature of ice is about 260 K. The ocean
freeze (once again, into ice III) at greater depths where the p
sure exceeds about 3 kbar, i.e., deeper than about 30–35 k
this example. Since the liquid ocean can be bounded from
low by ice rather than rock, the accessibility of the ocean (and
putative biosphere) to the geothermal energy changes mark
The system will also have isolated pockets of liquid water at
bottom interface between ice and rock; these areas provide
analogs of the hydrothermal vent communities within Eart
oceans.

We note that rocky Earth-like “planets” that form beyond t
snow-line could in fact be moons of giant planets, as in the c
of Europa in the jovian system. Under special circumstan
(e.g., the proper set of orbital resonances), such moons can
an additional energy source due to the tidal stresses they s
from gravitational interactions with their parent planets. T
additional energy source can be quite substantial for appro
ately situated moons and makes it much easier for their oc
to remain, in part, in liquid form (see, e.g., Cassenet al. 1979,
Ojakangas and Stevenson 1989, Carret al. 1998, Pappalardo
et al.1998).

5. CONCLUSION

5.1. Summary of Results

In this paper, we have estimated the likelihood for scatter
events to disrupt our Solar System in the near-term future;
have also considered the consequences of such disruption.
following summary, the results are presented as interaction c
sections (in units of AU2) and as the odds that the events w
occur during the next 3.5 billion years, i.e., before the increas
luminosity of the Sun extinguishes our biosphere.

1. The Earth can be ejected from the Solar System, with o
of 1 part in 400,000 and a cross section of∼20 AU2.

2. The Earth can be captured by a passing star during it
teraction with the Solar System. With a cross section of∼4 AU2,
the odds of this outcome are about 1 part in 2 million.
3. The Solar System can capture a passing star from a bin
system, thereby making our Solar System into a binary star s
EN EARTH 625
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tem. The cross section for this eventuality is 26 AU2, with odds
of 1 part in 270,000.

4. The Earth stands a reasonable chance of increasing i
bital eccentricity by a substantial amount (see Table I). For
ample, the cross section for the eccentricity to become gre
than 0.5 is about 22 AU2, with corresponding odds of 1 part i
320,000.

5. The outer planets are even more likely to experience se
eccentricity pumping due to scattering events. The cross sec
for ε >0.5 are 89, 212, 509, and 767 AU2 for Jupiter, Saturn,
Uranus, and Neptune, respectively (see Table IV).

6. The net effect of high eccentricity of the outer plan
is to severely disrupt the orbit of the Earth. For example,
cross section for driving one of the giant planets into an Ea
crossing orbit is〈σ 〉∼20–30 AU2. The odds of Earth being
disrupted through this channel of destruction are thus abo
part in 250,000.

7. As an additional by-product of this set of calculation
we also obtain the cross sections for escape and capture o
giant planets. The escape cross sections are 86, 180, 340
580 AU2 for Jupiter, Saturn, Uranus, and Neptune, respectiv
The capture cross sections are approximately 15 AU2 for all four
of the jovian planets.

8. The cross sections for the giant planets to enter the aste
belts are〈σ 〉∼100 AU2. In this case, with odds of about 1 pa
in 70,000, the end of conventional life on Earth could take pl
through asteroid bombardment.

9. The time scale for an ejected Earth to freeze into a s
quasi-equilibrium state is comparable to the characteristic c
ing time of the system,τ0∼ 106 yr. After this time, life on the
surface will be frozen out, but life in hydrothermal vent comm
nities and deep underground can continue in largely unpertu
fashion.

10. This work suggests that the most likely location of liqu
water environments in the galaxy is beneath the icy surfac
snow-line planets, i.e., partially frozen planets that form beyon
the snow-line within the nebular disk that gave them birth. Th
icy planets (and perhaps jovian-like moons with similar char
teristics) may thus be the most likely environments for life
emerge outside of our Solar System.

5.2. Discussion

The 3.5 Gyr time scale for the Sun to drive a severe greenh
effect on Earth is roughly comparable to the 4.6 Gyr age of
Solar System. Thus, the odds of disruption events taking plac
the future, as presented here, are roughly similar to the odd
such events taking place during the past history of the Solar
tem. Since mildly disruptive events are relatively common, a
since our Solar System has not yet been seriously perturbed
way of thinking provides an important consistency check.
example, the planet Neptune has an orbital eccentricity of o
ε≈ 0.01, whereas the cross section for doubling the eccentr
of Neptune is relatively large. The odds of Neptune attain

ary
ys-
ε >0.02 during the age of the Solar System are only about one
part in 330.
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Before leaving this discussion, we note that the cross sect
for various events are related to those calculated earlier for
case of young solar systems still living within their birth cluste
(Laughlin and Adams 1998). The largest difference between
two settings is the velocity dispersion, which is∼1 km/s in open
clusters and∼40 km/s for field stars. For most of the even
of interest, the cross sections decrease with increasing rel
velocity.

Although many of the potential scattering outcomes presen
here are not very likely, a wide variety of different outcom
could take place in the future of our Solar System. This pa
thus provides valuable perspective on what can possibly o
and on what is highly unlikely to ever take place. More spec
cally, the characteristic cross section for highly disruptive eve
is very roughlyσ ∼ 100 AU2. Over the total expected lifetim
of the solar system, about 10 Gyr, the effective odds for ser
disruption are thus about 1 part in 25,000. Although these o
are far better than the chances of winning a typical state-w
lottery, solar system disruption remains rather unlikely. View
from the larger perspective of the Galaxy as a whole, howe
these odds imply that the Galaxy should contain millions of pl
etary systems disrupted through the scattering channels exp
in this paper.
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