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Abstract.
The Sun’s gradualbrighteningwill seriouslycompromisethe Earth’s biospherewithin� 109 years.If Earth’s orbit migratesoutward, however, the biospherecould remainintact

over theentiremain-sequencelifetime of theSun.In this paper, we explore thefeasibility of
engineeringsuchamigrationovera longtimeperiod.Thebasicmechanismusesgravitational
assiststo (in effect) transferorbital energy from Jupiterto theEarth,andtherebyenlargesthe
orbital radiusof Earth.This transferis accomplishedby a suitableintermediatebody, eithera
KuiperBelt objector a mainbelt asteroid.Theobjectfirst encountersEarthduringaninward
passon its initial highly elliptical orbit of large ( � 300AU) semimajoraxis.Theencounter
transfersenergy from theobjectto theEarthin standardgravity-assistfashionby passingclose
to the leadinglimb of theplanet.The resultingoutboundtrajectoryof theobjectmustcross
theorbit of Jupiter;with propertiming, theoutboundobjectencountersJupiterandpicksup
the energy it lost to Earth.With small correctionsto the trajectory, or additionalplanetary
encounters(e.g.,with Saturn),the objectcanrepeatthis processover many encounters.To
maintainits presentflux of solarenergy, the Earth mustexperienceroughly oneencounter
every 6000years(for an objectmassof 1022 g). We develop the detailsof this schemeand
discussits ramifications.

Keywords: Orbits,Celestialmechanics

1. Introduction

As the Sun burns through its hydrogenon the main sequence,it steadily
grows hotter, larger, andmoreluminous.Stellarevolution calculationsshow
that in � 1.1billion yearstheSunwill be11%brighterthanit is today(e.g.,
Sackmannetal., 1993).Globalclimatemodelsindicatethatsuchanincrease
in insolationwould drive a “moist greenhouse”on theEarth(Kasting,1988;
Nakajimaet al., 1992)which will have a catastrophiceffect on the surface
biosphere.In 3.5 billion years,the total luminosity of the Sunwill be 40%
largerthanthepresentvalue.Undersuchconditions,theEarthwill undergo a
catastrophic“runaway greenhouse”effect (Kasting,1988),which will likely
spelladefiniteendto life on ourplanet.
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Although the Earth’s ecosystemwill be seriouslycompromisedwithin a
billion years,theSunis presentlylessthanhalfwaythroughits mainsequence
life. Indeed,in 6.3 billion years,the luminosityof theSunis expectedto be
“only” a factor of 2.2 greaterthan its currentvalue.At that time, a planet
locatedat 1.5 AU from theSunwould receive thesameflux of solarenergy
thatis now interceptedby theEarth.

If theradiusof theEarth’s orbit weresomehow to begraduallyincreased,
catastrophicglobalwarmingcouldbeavoided,andthelifespanof thesurface
biospherecould be extendedby up to five billion years.In this paper, we
studythefeasibilityof alteringplanetaryorbitsover longtimescales.Special
attentionwill begivento thespecificcaseof theEarth,but many of theissues
weaddressareof moregeneralastronomicalandastrobiologicalinterest.

The presentorbital energy of the Earth is � 2 � 7 � 1040 erg. Moving the
Earthto a circular orbit of 1.5 AU radiuswould require8 � 7 � 1039 erg. An
attractive scenariofor gradually increasingthe Earth’s orbital radius is to
successively deflecta large objector objectsfrom the outer regions of the
solarsystem(theOortCloudor theKuiperBelt) ontotrajectorieswhichpass
closeto theEarth.By analogyto thegravity-assistedflight pathsemployedby
spacecraftdirectedto outersolar-systemtargets(e.g.,BondandAnson,1972,
Minovitch,1994),theclosepassageof suchanobjectto theEarthcanresultin
adecreasein theorbitalenergy of theobjectandaconcomitantincreaseof the
Earth’sorbitalenergy. For optimaltrajectorieswhichnearlygrazetheEarth’s
atmosphere,theenergy boostimpartedto theEarthis 2 � 4 � 1012 erg gm� 1 of
objectmass(Niehoff, 1966).Work by SridharandTremaine(1992)suggests
that even bodiesthat areweakly held together(“rubble piles”) cansurvive
passagesthat approachless than 1 Earth radius from the Earth’s surface,
allowing energy transfersof � 1012 erg gm� 1.

Typicalmassesfor largeKuiperbeltobjectsareof theorderof 1022 grams,
meaningthat roughly 106 passages(involving a cumulative flyby massof
approximately1.5 Earthmasses)would beneededto move theEarthout to
1.5 AU. Thus, over the remaininglifespanof the Sun,approximatelyone
passageevery 6000yearson theaveragewouldberequired.

Theouterreachesof theSolarSystemcontainanidealreservoir of mate-
rial which couldbeusedto move theEarth.TheKuiperBelt is populatedby
a largenumberof objectsthatarelargerthan100km in diameter;theKuiper
belt may containasmany as105 suchbodies,totaling perhaps10% of the
Earth’s mass(Jewitt, 1999),althoughthesenumbersremainuncertain.The
Oortcloudis believedto containabout1011 objectstotaling30or moreEarth
masses(see,e.g.,Weissman,1994).As evidencedby thefrequentpassageof
long periodSun-grazingcometsoriginatingin this region, many Oort cloud
objectswould needonly small trajectorychangesin orderto bring theminto
appropriateEarth-crossingorbits.Indeed,strategiesfor modifying theorbits
of asteroidsand cometshave beenextensively discussedin the context of
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Figure 1. Geometryof orbital encountersandgravity assistsfor a genericencounterof theO
andtheEarth.a)Encounterin theheliocentricframe.Thedistancescaleis in AU. b) Encounter
in the planet-centeredframe,in which the object’s flyby pastthe planetis a hyperbolawith
close-approachdistanceb andturningangleα. Thedistancescaleis in unitsof 109 cm, for a
typicalEarthencounter.

mitigating the hazardposedby suchobjectsimpactingthe Earth(see,e.g.,
AhrensandHarris,1992,Meloshet al., 1994,Solem,1991).Alternatively, a
mainbeltobjectcouldbedeflectedinto anorbit whichhasanaphelionin the
outersolarsystem.

Our approachin this paperis asfollows: In §2, we discussthedetailsof
our gravity assistscheme.This schemeusesan asteroidor large cometasa
catalystto transferorbital angularmomentumandenergy from Jupiterto the
Earth.Weinvestigatetheenergy requirementsof thescheme,thenatureof the
coursecorrectionsdemanded,andalsotheneededaccuracy. In §3,wediscuss
additionalconsiderations,suchaslong term orbital stability, complications
producedby other planets,and larger issues.We presentour conclusions
in §4. Although this problemraisesmany possibleinteresting(and rather
speculative) issues,thepresentpaperdiscussesonly a few of them.

2. The gravity-assist scheme

As mentionedin theintroduction,ourunderlyingscenariousesrepeatedgrav-
ity assiststo (in effect) transferorbital energy from Jupiter to the Earth,
thusenlarging the Earth’s orbit andreducingthe received solarflux. Multi-
planetencountertrajectorieshavebeendiscussedfor morethan25years(e.g.,
BondandAnson,1972)andarenow commonplacefeaturesof interplanetary
exploration,asevidencedby theGalileoandCassinimissions.
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Figure 2. Layout of successive encountersfor the Earth-Jupiterscheme,for an orbit with
initial aphelionR0 at 650 AU andapheliontangentialvelocity V0 � 6000cm s� 1. Note the
changesof scalefrom frameto frame.a) Initial orbit to Earthencounterb) Orbit post-Earthto
Jupiterc) Orbit post-Jupiterd) Initial (dotted)andreturn(solid) orbitscompared.

Theunderlyingdynamicsof theschemeareshown in Figs.1 and2. The
object“O”, asuitableKuiperbeltobjector mainbeltasteroid,first encounters
the Earthduring an inward passon its initial highly elliptical orbit of large���

300 AU) semimajoraxis. The encountertransfersenergy from O to the
Earthin standardgravity-assistfashionby passingcloseby the leadinglimb
of the Earth.The resultingorbit of O thencrossestheorbit of Jupiter;with
propertiming, it will encounterJupiteronits outboundswing,passby Jupiter,
andregaintheenergy it lostto theEarth.It wouldappear, however, thatO also
gainsangularmomentumrelative to its incomingorbit, sothatthereturnorbit
is lesselliptical thanthe initial one.As a result,a modestamountof energy
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mustbeexpendedto restoreO’s orbit to its initial parameters,unlessfurther
encountersareincludedthatcanminimizetherequiredexpenditure.

As discussedbelow, larger orbits for O entail lower first-orderenergy
requirements.On the other hand,an orbit that is too large will have too
long a periodto work well in thescheme(unlessmultiple objectsareused).
For purposesof discussion,we usean orbit with a semi-majoraxis of 325
AU, whoseperiodof 5859yearsis compatiblewith the � 6000yearaverage
periodbetweenencounters.In fact,theSun’s brighteningis slow at first and
thenspeedsup; thustheoptimumorbit sizewill decreasewith time.

2.1. FORMULATION

We begin by assumingthat EarthandJupiterareon circular orbits of zero
inclination with radii of 1 and5.2 AU, respectively. Obviously, a morede-
tailedstudywould have to take into accounttheactualelementsof theplan-
etaryorbits.To outline thescheme,however, the idealizedcaseis adequate.
The calculationof energy transferandorbital parametersis madeusingthe
so-called“patched-conic”approximation(Battin, 1987,Bond and Allman,
1986).In this approximation,theorbit of theobject is treatedasa seriesof
two-bodyproblems.Far from planets,O follows a Keplerianellipseabout
theSun.At planetaryencounters,O’s pathis givenby a two-bodyscattering
encounter. Numericalintegrationsof the full four body systemindicatethat
thisapproximationgivesperfectlyadequateresults.

Theincomingorbit of O (characterizedby subscripts0) is parameterized
for convenienceby anapheliondistanceR0 andtangentialvelocityV0. Then
theincomingangularmomentumandenergy aregivenby

c0 � R0V0  h0 � V2
0

2
� µ!

R0
 (1)

whereµ! � GM! . Assumingh0 " 0, thesemi-majoraxis,eccentricity, and
longitudeof perihelionof theorbit are

a0 � � µ!
2h0

 e0 � #
1 $ 2h0c2

0

µ2!&% 1' 2  and ω0 � 0 � (2)

For an Earth encounter, the eccentricitymust be large enoughso that the
periheliondistancea0

�
1 � e0 ()" R* , the orbital radiusof the Earth.If this

constraintis satisfied,theEarthencountertakesplaceat longitudeφE, where

cosφE � 1
e0

#
p0

R* � 1% and p0 � c2
0

µ! � (3)

Thedetailedgeometryof anencounteris illustratedin Fig. 1. For an“incom-
ing” (pre-perihelion)encounter, π " φE " 2π. TheEarth’s orbital velocity is

astro_eng.tex; 6/02/2001; 10:48; p.5



6 Korycansky etal.

V* � � µ!,+ R* ( 1' 2. Theobject’s speedVE, andtangentialandradialvelocities
VTE  VRE at the encounterfollow from conservation of angularmomentum
andenergy:

VE �.- 2 # h0 $ µ!
R* %0/ 1' 2  VTE � c0 + R*  V2

RE � V2
E � V2

TE � (4)

In the Earth’s frameof reference,the velocitiesareV 1TE � VTE � V*  V 1RE �
VRE, andtheencounterspeedis given by

�
V 1E ( 2 � � V 1TE ( 2 $ � V 1RE ( 2. Theve-

locity vectorof the encounterin the Earth’s framemakesan angleβE with
respectto theorbital velocityof theEarth,wherecosβE � V 1TE + V 1E.

In thetwo-bodytreatment,theeffectof theencounteris to turnthevelocity
vector(in the Earthframe)throughan angleαE, whereαE dependson the
encountervelocityandtheimpactparameterBE. Theencountercanbetimed
to producea specifiedminimumdistancefrom theEarth,bE. Theminimum
distance,theimpactparameterBE, andtheturningangleαE arerelatedby

BE � bE

#
1 $ 2µ*

bE
�
V 1E ( 2 % 1' 2

and αE � 2tan� 1

#
µ*

BE
�
V 1E ( 2 % � (5)

Foranencounterin whichO losesenergy andEarthgainsenergy, αE 2 0 � The
post-encountertangentialvelocity, from which the energy transferis found,
is thengivenby V 1 1TE � V 1E cos

�
βE $ αE ( . Similarly, thepost-encounterradial

velocity isV 1 1RE � V 1E sin
�
βE $ αE ( .

Thechangein energy perunit massof theobject,from pre-encounterto
post-encounter, is thengivenby

∆QE � � 1+ 2(43 � VE 5 VE ( post � � VE 5 VE ( pre6 � V* � V 1 1TE � V 1TE ( � (6)

The correspondingchangein the Earth’s orbital energy is thus � MO∆QE,
whereMO is the massof O. As mentionedabove, ∆QE will be negative
(andhencethe Earthwill gain energy) if O passes“in front” of the Earth.
Theamountof energy transferdependsnot only on the minimum approach
distancebut alsoontheencountergeometry, i.e.,βE, andtheencounterspeed
V 1E, which in turn dependon the longitudeφE of the encounter. Generally
speaking,themosteffectiveencountersoccurfor nearbut notquite“grazing”
encountersfor whichφE

�87 0 � 5 rad,not far from O’sperihelion.If bE canbe
takenassmallas109 cm (about1.6Earthradii), encountertransferenergies
of up ∆QE

� 1012 erg gm� 1 canbe achieved. This value is approximately
60% of the maximum∆QE � V* Vcirc, whereVcirc is the circular velocity in
Earthorbit ata radiusbE from theEarth’s center.

We denotepost-Earth-encounter quantitiesby the subscript1. For these
post-Earthvariables,we useCartesianvectorsin theorbital plane,for which
R * � � X*  Y* (9� � R* cosφE  R* sinφE ( . Similarformulaeobtainfor thepost-
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Earthvelocity (in thesolarframe)V1. In particular,

Vx1 � V 1 1REcosφE � � V 1 1TE $ V* ( sinφE  Vy1 � V 1 1REsinφE $ � V 1 1TE $ V* ( cosφE �
(7)

The angularmomentumis then given by c1ẑ � R * � V1, and the Laplace
vectorP1 � � µ! R * + R* $ c1ẑ � V1. With theseforms,we obtaintheorbital
elementsof theobjectO in its post-Earthorbit, i.e.,

h1 � V2
1

2
� µ!

R*  a1 � � µ!
2h1

 e1 � � P1 5 P1 ( 1' 2
µ!  ω1 � tan� 1 � Py1 + Px1 ( �

(8)
Examinationof thepost-Earthorbitalelementsshowsthatthenew orbit of

O crossestheorbit of Jupiter. We maythereforescheduleanencounterwith
Jupiterto regain energy lost by O to Earth.As before,treatingthe orbit of
Jupiterasa circle andthe orbit of O asan ellipsein theplane,we find that
thelongitudeφJ of theJupiterencounteris givenby

cos
�
φJ � ω1 (:� 1

e1

#
p1

R; � 1%  where p1 � c2
1

µ! � (9)

Theencounterof O with Jupiterimpliessimilar considerations(with respect
to thechangein orbital parameters)astheencounterwith Earth.Theorbital
elementsgiveusthetangentialencountervelocityV 1TJ (in Jupiter’s frame)and
theencounterspeedV 1J. Our initial ideawasto settheencountergeometryso
asto yield anenergy gain∆QJ (by O) equalingtheamountlost at theEarth.
As notedbelow, however, a moreefficient encounter(in termsof the final
velocity changeof O) is onethatyieldsa post-Jupiterorbit with anaphelion
equalto theoriginalvalueR0. In thatcase,it is simplestto searchnumerically
for thedesiredJupiterencounterdistancebJ. Theencountergeometrygives
usβJ; theimpactparameterandαJ thenfollow from bJ asabove.

Finally, wemustwork out theorbitalelementsaR  eR  ωR for O onits post-
Jupiterreturnorbit. Thesuccessionof encountersis shown in Fig. 2, for our
exampleorbit with aphelionat 650AU andandapheliontangentialvelocity
V0 � 6000 cm s� 1. Figure 3 shows the energy transferfor a collection of
encounters(bE � 109 cm) asa functionof φE.

In general,wefind thate0 2 eR, andhencethereturnorbit of O haslarger
angularmomentumthanthe incomingorbit. While we have not rigorously
proven this result,it seemsintuitively understandable:the “lever arm” asso-
ciatedwith the Jupiterencounter(i.e., the radiusof Jupiter’s orbit) is � 5
times larger than that of the Earth encounter, resultingin a larger angular
momentum.This finding spoils someof the neatnessof the scheme.It is
possibleto reducethe mismatchof angularmomentumby increasingthe
Earth encounterdistancebE, but this changereducesthe efficiency of the
encounter, as∆QE ∝ 1+ bE. An exampleof thisbehavior is shown in Fig 4. If
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Figure 3. Energy transfer(perunit massof O) ∆QE for encountersasa functionof φE. All
orbitshave initial apheliaat R0 at 650AU.

thereturnorbit wereidenticalto theincomingorbit (moduloits orientation),
amechanismcouldbesetup to recycle theobjectfor anindefinitenumberof
passeswith avery low energy expenditure.

The angularmomentumof O can be restoredto its incoming value by
meansof a “coursecorrection”at aphelion.Numericalexperimentationsug-
geststhat themostefficient schemeis to adjustbJ soasto producea return
orbit with the sameaphelionas the initial orbit: aR

�
1 $ eR (A� a0

�
1 $ e0 ( .

The requiredvelocity changeis thensimply ∆VR � cR + R0 � V0, appliedso
asreducethe tangentialvelocity of O to its original valueV0. This velocity
correctionis similar to thewell-known Hohmannmaneuver usedto transfer
fromonecircularorbit to anotherwith leastvelocitychange.Sincethechange
∆VR is inversely proportionalto the apheliondistance,it is advantageous
(from thepoint of view of leastenergy expenditure)to arrangefor O’s orbit
to have the largestpossibleaphelion.On the otherhand,the orbit mustnot
besolargethat its periodis incompatiblewith thebasicencountertimescale
of � 6000yearswhich is equivalent to a semimajoraxis of � 330 AU. For
typicalaphelia

���
600( AU, thevelocitychangeis ∆VR

� 6000cm s� 1.
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2.2. MULTIPLANET ENCOUNTERS POST-EARTH

Theconsiderationsdiscussedabove suggestthatwe considerthepossibility
of schedulingmultiple planetencountersafter passageby the Earth. This
addedcomplicationcanhelp optimizethe schemeby reducingthe primary
energy expenditureat the return-orbitaphelion.An encounterwith Saturn,
immediatelyafter the Jupiterencounter, is a naturalcandidate.Calculating
thepost-Saturnorbital parametersfollows in themanneroutlinedabove.We
canthensearchthe parameterspaceof encounterdistanceswith JupiterbJ

andSaturnbS to minimizethevelocitychange∆VR.
We find that∆VR canin factbereducedessentiallyto zeroby anarrange-

mentwhereO losesenergy at theSaturnencounter;thedistancebJ mustbe
decreasedfrom its bestsingle-encountervalue � 1 � 73 � 1011 cm to compen-
sate.Thereis a dramaticdecreaseof ∆VR to nearlyzero(

�
(10) cm s� 1) for

bJ
� 6 � 6 � 1010 cm.Figure5 shows theorbital geometryinvolved.However,

to find theminimum∆VR for any specifiedvaluebJ demandsthespecification
of bS (or vice-versa)to exceedinglyhighprecision.For example,reductionof
∆VR to � 10 cm s� 1 for bJ � 6 � 6 � 1010 cm, requiresbS to bespecifiedto a
precisionof � 10 cm. Lessstringentspecifications

�J�
104 ( cm aresufficient

if reduction∆VR to a few metersper secondis satisfactory. Someexamples
areshown in Fig 6.

As a result,any realisticschemewill probablynot attemptto strictly en-
force ∆VR � 0. Nevertheless,it is interestingto find that the “first-order”
energy expenditureof theschemecanbereducedin principleto a negligible
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amount.Figure7 shows bJ asa function of bS for minimum ∆VR transfers,
andalsotheresultingvaluesof ∆VR.

3. Other Issues

3.1. ACCURACY, COURSE CORRECTIONS, ENERGY REQUIREMENTS

In general,variousadditionaleffectswill interferewith theminimal-energy
schemeoutlinedabove.Thesecomplicationsincludeplanetaryorbitaleccen-
tricity, non-zeroinclination angles,andnon-gravitational impulses.We will
not attemptto developa sophisticatedmethodof guidancefor theobject,al-
thoughsuchmethodshavebeendeveloped(to averyhighdegreeof precision)
for the spaceprogramandplanetaryexploration(cf. Battin, 1987).Instead,
wewill merelymakesomeestimates.

Planetaryorbits have eccentricitiesand inclinationse and i (in radians)
of a few times 10� 2. In order to accommodatethesevalues,the velocity
changeswill be � 10� 2V, or about104 cm s� 1 whenappliedto velocitiesof
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AstronomicalEngineering 13� 10 km s� 1, which would betypical of theregion outsideof Saturn’s orbit.
With sufficient planning,onecanthuseasilyaccommodatethedeparturesof
planetaryorbitsfrom circlesin thesameplane,asdiscussedsofar.

Undoubtedly, the needfor othercoursecorrectionswill occur. High ac-
curacy is demandedat all critical stages.Closing velocitiesof 40 km s� 1

andencounterdistancesof 109 cm translateto accuracy of
�

(10-100)s in
time of arrival at theEarth.We cangetsomefeeling for thesizeof velocity
changesthatarerequiredin a fairly simplewayby makinguseof algorithms
for the solution of “Lambert’s problem” (Battin, 1987,Bond and Allman,
1986),which consistsof finding thevelocity vectorv0 neededto producea
2-bodyorbit that takes a massfrom given positionr0 to r in a given time
interval ∆t.

Wechooseatargetenergy budgetfor velocitycorrectionsof ∆V � 104 cm
s� 1. Wethenusethealgorithmfor Lambert’sproblemto computedifferential
velocity correctionsalong the incoming orbit (beforethe Earth encounter)
that yield changesin arrival times∆t. We find that a ∆t of

�
(10-100)s can

beaccommodatedfairly easilyup to � 105 sbeforeencounter. Alternatively,
muchlargerchangesin arrival timecanbeallowedfor atgreaterdistances;for
example,at � 0 � 5 AU ( � 4 � 106 s beforeencounter),thesuggestedbudget
couldshift theencountertimeby � 104 s.Of course,amorerealisticmission
profilewouldnotuseupall theallowedenergy for onecorrection,andatarget
velocity changeof ∆V � 103 cm s� 1 percoursecorrectionmight representa
reasonableaim.

For the caseof total ∆V � 104 cm s� 1, andfor a 1022 gm object,about
1030 erg are requiredto enforcethe velocity changesfor eachencounter.
About 1014 erg gm� 1 is available from H2O by deuterium-tritiumfusion,
assuminga terrestrialD/H ratio (Pollack and Sagan,1993).Thus, � 1016

gm of ice mustbe proccessedfor eachencounter(at a minimum); this ice
wouldsubtendavolumeabout2.2km onaside.For everyencounter, this ice
volumerepresentsabout10� 6 of themassof objectO; asa result,the � 106

encountersnecessarywould consumethe deuteriumof
�J�

1( large Kuiper
Belt object,assumingpureH2O ice composition.In addition,abouttwenty
times as much rock massis neededto provide lithium for the production
of tritium. An objectof predominantlychondriticcompositionmay thusbe
requiredif in situ productionis desired.Obviously, much lessprocessing
is neededif p-p fusion wereavailable; in that case,a singleobjectwith an
associatedprocessingandpowerplantcould be easilybe usedfor theentire
project.

Non-gravitational forcesarealsoan issue,and they potentiallydemand
energy expendituresabove andbeyondthosethatwehave discussedthusfar.
An icy object,althoughattractive from the standpointof containingfusion-
ablematerialandfavorableinitial locationin theoutersolarsystem,will be
moresubjectto this problemthananstony or metallicasteroid.On theother
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hand,a largemain-beltasteroidwould have to beplacedinto a suitableorbit
startingfrom theinnersolarsystem,whereenergy requirementsarehigh.

3.2. TIMING

Thesuccessfulimplementationof thisschemedemandsareasonablydelicate
interplay betweenorbital time scalesof a thousandor more years(for O)
andarrival timesscheduledto theminute.Thefirst major issueis how often
onewouldexpectto have EarthandJupiter(andSaturn)arrive in aparticular
configurationrelative to theargumentof perihelionof O. TheobjectO spends
mostof its time “hanging” at aphelion.Small adjustmentsin trajectorycan
thusbeusedto timetheinfall tocorrespondto themomentof properplanetary
alignment.With this flexibility, we couldarrangefor O to arrive whenEarth
and Jupiterare in properposition,an alignmentthat takes placeevery 13
monthsor so. As a result, two-planetencountersareeasily realized;three-
planetencounters(e.g.,includingSaturn)areabit moredifficult.

In orderfor themostidealversionof ourproposedmechanismto operate,
Earth,Jupiter, andSaturnmustall bein theproperphasesof theirorbitswhen
O makesits passagethroughthe inner solarsystem.We cansafelyassume
that minor correctionsto the orbit of O candelay its arrival in sucha way
that O’s orbital phaseis suitablefor moving the Earth.The threeplanets,
however, musthave the properphaserelative to eachother. The conditions
for thisphasealignmentcanbewritten in theform�

ω ; � ω Y ( t � 2πn  (10)

and �
ω *Z� ω ; ( t � 2πk  (11)

wheren andk areintegersandwheretheω j denotetheorbital frequenciesof
theplanetsin obviousnotation.

Wefirst considerthecasein whichtheorbital frequencies,or equivalently
theorbitalperiodsPj � 2π + ω j , areconstant.Expressedin years,theplanetary
periodsareapproximatelyP* = 1, P; = 11.86,andPY = 29.28.

Theconditionfor aperfectalignmentcanbewritten in theform

k
n � �

P; � 1( PY�
PYZ� P; ( (12)

wherewe have usedthe orbital periodsratherthan the orbital frequencies.
Sincetheorbitalperiodsareknown, theright handsideis aknown dimension-
lessnumber, which hasa valueof about18.25.We canwrite this expression
in theform

k
n � 18� d1d2d3d4d5 �[�[�  (13)
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wherethed j denotesdigitsof thenumber(whichin generalwill beirrational).
The generalmathematicalproblemis thus to representa real number(the
right handsideabove) with a rationalapproximation.For a given specified
accuracy (i.e., for agivennumberof decimalplacesin theaboveexpression),
we needaminimumsizeof theintegersk andn. Theintegerk is roughlythe
numberof Earthorbits requiredto attainsufficient alignment,andhenceis
alsotheapproximatelynumberof yearsbetweenalignments(moreprecisely,
k measurestime in unitsof P* � 1 � P*\+ P; ( � 1 ] 1.09years).

Onepossiblechoicefor thealignmentintegersis thusk = 18d1d2d3d4d5 �[�[� d j

andn � 10j , wherethelastdigit representedis the jth one.Thetime interval
betweenalignmentsis thusaboutτ � PY P; n+ � PY � P; ( ] 20 � 10j years.

The above argumentshows that a solution exists. A compromisemust
be made,however. In order to increasethe accuracy of the alignment,we
needlonger time intervals betweenencounters.But we also needenough
encountersperunit time to move theEarthbeforetheSuncompromisesthe
biosphere.

Although the alignmentconditionwill vary asEarth changesits orbital
parametersdue to the asteroidencounters,the orbital periodof Earthonly
changesby afactorof two andhencetheaccuracy requirementswill beof the
sameorderof magnitudefor theentiremigrationtime interval. Theaccuracy
neededfor alignmentsisdeterminedby theaccuracy neededfor thesecondary
encountersat JupiterandSaturn.We canassumethat theorbit of O will be
tunedto interactwith Earthat just theright impactparameter, but no course
adjustmentscan be madebefore O reachesthe outer planets.Jupiterand
Saturnthusmustbein theright placeto anaccuracy of a few planetaryradii
(say ^ � 1010 cm). This constraintimplies that we know the orbital phases
to a relative accuracy of about ^_+ r � 10� 4; we musttake j � 4 at the very
least,but we would like to use j � 5 or even6 in an idealcase.With j � 4,
for example,the time interval betweenencounters(alignmentopportunities)
is about200,000years.Duringtheallowedfew billion yeartimeperiod(until
the biosphereis compromised),we thusonly get about10,000encounters.
But, asdiscussedabove,we neednearlyamillion encountersto successfully
move theEarthto a viablelargerorbit.

Wemustthusview theproblemtheotherway around:In orderfor migra-
tion to occurwithin a few billion years,we musthave encountersevery few
thousandyears.For this frequency of encounters,thelargestallowedvalueof
the integerk is about1000(for example,oneobvious approximationwould
bek=1825andn=100).With thislevel of precision,wecantunetheencounter
so that EarthandJupiterarein the right place,but Saturnwill generallybe
in the wrong phaseof its orbit by an amountcorrespondingto a fraction� 0.02of its orbit. Thespatialdisplacementwill be0.02 � 2πr ] 1.2 AU ]
3000RY (Saturnplanetaryradii). In this case,we canuseSaturnto make
coursecorrectionsto O’s orbit , but we cannotobtainperfectpost-encounter
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orbital elements(wherethe objecthasexactly thesameenergy andangular
momentumit startedwith).

Thereforea morerealisticgoal is to aim at reducingthe aphelion∆V of
O to somesmall value,or at leastone that doesnot dominatethe "energy
budget".Thereis a rangeof possibleJupiterencounterparametersbJ that
yield a final ∆V " 1000 cm s� 1; theseencounterscorrespondto a range
of � 0.05 radianof encountersalongSaturn’s orbit, thuseasingthe timing
requirementto amanageablelevel.

In additionthereareotherconsiderationsthatmitigatetheproblem:� UranusandNeptuneareavailable,giving threetimesasmany opportu-
nitiesasusingSaturnalone.� Multiple objectscanbeusedfor energy transfer, thoughthiswill proba-
bly raisetheenergy requirementsin proportionto thenumberof bodies
involved.� Encountersneednot be scheduledat thefirst opportunity(asshown in
Figs.2 and5).They canalsobetimedto occuraftermultipleorbit passes
at eitherintersectionpoint of the orbits.The objectO canbe storedin
temporaryChiron-like orbitsaswell.

4. Discussion

In this paper, we have investigatedthe feasibility of graduallymoving the
Earthto a largerorbital radiusin orderto escapefrom theincreasingradiative
flux from theSun.Ourinitial analysisshowsthatthegeneralproblemof long-
termplanetaryengineeringis almostalarminglyfeasibleusingtechnologies
thatarecurrentlyunderseriousdiscussion.Theeventualimplementationof
sucha program,which is moderatelybeyond currenttechnicalcapabilities,
wouldprofoundlyextendthetimeover whichourbiosphereremainsviable.

The main result of this study is a theoreticaldescriptionof a workable
schemefor achieving planetarymigration.This schemeis appliedto thepar-
ticular caseof the Earth. Solar systembodies,such as large asteroidsor
Kuiper Belt objects,canbe usedto move Earthover the next billion years.
Thesesecondarybodiesareemployed in a gravity-assistmechanismto in-
creasethe Earth’s orbital energy andtherebyincreaseits distancefrom the
Sun.The mostfavorableorbits for the secondarybodieshave a large semi-
major axis, typically hundredsof AU; with this relatively high “leverage
factor”, thelargerequisiteenergy transfercanbeachieved.

An importantaspectof this schemeis thata singleKuiperBelt objector
asteroidcan be employed for successive encounters.In order to move the
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Earth at the requiredrate, approximatelyone encounterevery 6000 years
(on average)is needed(using objectswith mass � 1022 gm). Due to the
accelerationof the Sun’s luminosity increase,the encountersmustbe more
frequentas the Sunapproachesthe endof its main-sequencelife. In order
to usethe samesecondarybody for many encounters,modestadjustments
in its orbit are necessary. However, by schedulingthe secondarybody to
encounteradditionalplanets(e.g.,Jupiterand/orSaturn)in addition to the
primary Earthencounter, the energy requirementsfor orbital adjustmentat
the object’s aphelioncanbe substantiallyreduced.In particular, the energy
consumedby suchcoursecorrectionsis not likely to dominatethe energy
budget.

Any seriousproposalfor planetaryengineering,or any large-scalealter-
ation of the solar system,raisesimportantquestionsof responsibility(see
Pollack and Sagan,1993).Comparedwith other astronomicalengineering
projects,this schemehasboth positive and negative aspects.For example,
althoughno massive alterationof planetaryenvironmentsis proposed,this
schemewouldconsumeanumberof largeKuiperBelt objects.

A greatdeal of energy must be expendedto implementthis migration
scheme.However, theenergy neededto moveEarthis relatively modestcom-
paredto thatneededfor interstellartravel. For example,anoptimisticmini-
mumenergy expenditureis about1036 erg, which correspondsto thekinetic
energy of a � 1023 gm objectmoving at a velocity of 50 km s� 1 (this mass
is lessthan10� 4 M * ). As a meansof preservingthe entirebiosphere,this
schemeis thushighly efficient comparedto interstellarmigration,evenif we
have underestimatedtheenergy requirementsby many ordersof magnitude.
The energy requirementsandoverall easeof implementationalsocompare
favorablywith variousterraformingprojects(PollackandSagan,1993).

As notednearthebeginning of this paper, the requiredchangein orbital
energy of theEarthis � 9 � 1039 erg. In thebasicschemewe have outlined,
the energy is essentiallytransferredfrom Jupiterto the Earth.As a result,
Jupiter’s semi-majoraxisa; decreasesby ∆a � a; ∆E + E; � 2 � 5 � 10� 3a; ,
whereE; � GM! M ; + a; � 3 � 5 � 1042 erg is Jupiter’s orbital energy; this
changeamountsto � 0 � 01 AU. While small,this orbital changecoulddesta-
bilize someasteroidalor otherorbitsby theshift of positionof Jupiter’s or-
bital resonances.Themulti-planetschemewouldinvolvesimilar-sizedorbital
changesfor JupiterandSaturn(or otherplanets).

Potentiallymoreseriousquestionsinvolve the rotationrateof the Earth
andtheMoon’s orbit. We expectthatO will raisea tide in theEarthduring
its encounter. Thetidecouldbesubstantial;althoughO wouldbearelatively
smallbody, theclosenessof its passagemeansthat thetransientforcing po-
tential would be

�J�
10( � as strongas that of Moon, for a 1022 gm body

passing109 cm from the Earth’s center. Calculatingthe size and phaseof
the tide would requiredetailedwork, but qualitatively we would expectany
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tidal bulgeto lag in phasebehindO, asO movesmorequickly thantheEarth
rotates.Thisin turnimpliesaspin-upof theEarth(similarreasoningaccounts
for thethespin-down of theEarthby theMoon).Giventhevery largenumber
of encountersplanned,a seriousincreasein the Earth’s rotation ratecould
result.

However, theabove picture,leadingto spin-up,takesplaceonly for “in-
coming” encounters,suchasdepictedin Figs.1 and2. Thesymmetryof the
encountersequallyallows “outgoing” encounters,in which O passesby the
Earthafter its perihelion.Suchencountersalsopassby the Earth’s leading
limb from insidetheEarth’sorbit.They arethusretrogradewith respectto the
Earth’s rotation,andthesameconsiderationsasabovenow leadto spin-down
of theEarthratherthanspin-up.Thus,by carefulplanningof encounters,we
cancancelany unbalancedtorquesexertedon theEarth.

As for theMoon, reasoningby analogywith casesof stellarbinariesand
third-bodyencounterssuggeststhat theMoon will tendto becomeunbound
by encountersin which O passesinsidetheMoon’s orbit. (As well, thereis
thenon-zeroprobabilityof collisionsbetweenO andtheMoon,which must
beavoided.)Again,detailedquantitative work needsto bedone,but it seems
that theMoon will be lost from Earthorbit duringthis process.On theother
hand,asubsetof encounterscouldbetargetedto “herd” theMoonalongwith
the Earthshouldthat prove necessary. It hasbeensuggested(cf. Ward and
Brownlee,2000)that thepresenceof theMoon maintainstheEarth’s obliq-
uity in a relatively narrow bandaboutits presentvalueandis thusnecessary
to preserve theEarth’s habitability. Given that theMoon’s massis 1/81 that
of theEarth,asimilarly small incrementof thenumberof encountersshould
besufficient to keepit in theEarth’s environment.

Thefateof Marsin thisscenarioremainsunresolved.By thetime thismi-
grationquestionbecomesurgent,Mars(andperhapsotherbodiesin thesolar
system)mayhavebeenalteredfor habitability, or at leastbecomevaluableas
naturalresources.Certainly, thedynamicalconsequencesof significantlyre-
arrangingtheSolarSystemmustbeevaluated.For example,recentwork by
Innanenetal. (1998)hasshown thatif theEarthwereremovedfrom theSolar
System,thenVenusandMercury would be destabilizedwithin a relatively
short time. In addition, the Earth will traversevarioussecularand mean-
motion resonanceswith the otherplanetsasit movesgraduallyoutward.A
largerflux of encountersmight beneededto escorttheEarthrapidly through
thesepotentialtroublespots.In thiscase,additionalsolarsystemobjectsmay
requiretheirown migrationschemes.

This technologycould alsobe used,in principle, to move otherplanets
and/ormoonsinto more favorable locationswithin the solar system,per-
hapseven into habitablezones.As an application,the basicmechanicsof
this migrationschemecouldbeemployed to clearhazardousasteroidsfrom
near-Earthspace.Thereis alsothepossibilityof usingKuiper-belt objectsas
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resourcesthemselves(e.g.of volatilematerials);gravitational-assist schemes
couldperhapsdeliver materialsto usefullocationswith aminimumexpendi-
tureof energy.

An obviousdrawbackto thisproposedschemeis thatit is extremelyrisky
andhencesufficientsafeguardsmustbeimplemented.Thecollisionof a100-
km diameterobject with the Earth at cosmic velocity would sterilize the
biospheremosteffectively, at leastto thelevel of bacteria.Thisdangercannot
beoveremphasized.
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