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Abstract.

The Sun’ gradualbrighteningwill seriouslycompromisethe Earth’s biospherewithin
~ 10° years.If Earth’s orbit migratesoutward, however, the biospherecould remainintact
over the entiremain-sequenchfetime of the Sun.In this paper we explore the feasibility of
engineeringucha migrationover alongtime period.Thebasicmechanisnusesgravitational
assistgo (in effect) transferorbital enegy from Jupiterto the Earth,andtherebyenlagesthe
orbital radiusof Earth.This transferis accomplishedby a suitableintermediatebody, eithera
KuiperBelt objector amainbelt asteroid The objectfirst encounter&arthduringaninward
passoniits initial highly elliptical orbit of large (~ 300 AU) semimajoraxis. The encounter
transferenegy from theobjectto the Earthin standardyravity-assistfashionby passinglose
to theleadinglimb of the planet. The resultingoutboundtrajectoryof the objectmustcross
the orbit of Jupiter;with propertiming, the outboundobjectencounterslupiterandpicks up
the enegy it lost to Earth. With small correctionsto the trajectory or additionalplanetary
encounterge.g., with Saturn),the objectcan repeatthis processover mary encountersTo
maintainits presentflux of solarenegy, the Earth mustexperienceroughly one encounter
every 6000years(for an objectmassof 10?2 g). We develop the detailsof this schemeand
discussts ramifications.

Keywords: Orbits,Celestialmechanics

1. Introduction

As the Sun burns throughits hydrogenon the main sequenceit steadily
grows hotter larger, andmoreluminous.Stellarevolution calculationsshav

thatin ~1.1billion yearsthe Sunwill be 11% brighterthanit is today(e.qg.,
Sackmanretal., 1993).Globalclimatemodelsindicatethatsuchanincrease
in insolationwould drive a “moist greenhousebdn the Earth(Kasting,1988;

Nakajimaet al., 1992) which will have a catastrophieffect on the surface
biosphereln 3.5 billion years,the total luminosity of the Sunwill be 40%

largerthanthe presenwvalue.Undersuchconditions the Earthwill undegoa

catastrophi¢runaway greenhouseéffect (Kasting,1988),which will likely

spelladefiniteendto life on our planet.
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Althoughthe Earths ecosystenwill be seriouslycompromisedwvithin a
billion yearsthe Sunis presentliessthanhalfway throughits mainsequence
life. Indeed,in 6.3 billion years,the luminosity of the Sunis expectedto be
“only” a factorof 2.2 greaterthanits currentvalue. At thattime, a planet
locatedat 1.5 AU from the Sunwould receve the sameflux of solarenegy
thatis now interceptedy the Earth.

If theradiusof the Earth’s orbit weresomehav to begraduallyincreased,
catastrophiglobalwarmingcouldbe avoided,andthelifespanof thesurface
biospherecould be extendedby up to five billion years.In this paper we
studythefeasibility of alteringplanetaryorbitsoverlongtime scalesSpecial
attentionwill begivento thespecificcaseof the Earth,but mary of theissues
we addressreof moregeneralastronomicabndastrobiologicalnterest.

The presentorbital enegy of the Earthis —2.7 x 10°° erg. Moving the
Earthto a circular orbit of 1.5 AU radiuswould require8.7 x 10°° erg. An
attractve scenariofor gradually increasingthe Earth’s orbital radiusis to
successkely deflecta large objector objectsfrom the outer regions of the
solarsystem(the Oort Cloud or the KuiperBelt) ontotrajectoriesvhich pass
closeto the Earth.By analogyto thegravity-assistedlight pathsemploedby
spacecraftlirectedto outersolarsystentargets(e.g.,BondandAnson,1972,
Minovitch, 1994),theclosepassagef suchanobjectto theEarthcanresultin
adecreasé theorbitalenegy of theobjectandaconcomitanincreasef the
Earths orbital enegy. For optimaltrajectoriesvhich nearlygrazethe Earths
atmospherethe enegy boostimpartedto the Earthis 2.4 x 102 erg gm™?* of
objectmass(Niehoff, 1966).Work by SridharandTremaing(1992)suggests
that even bodiesthat are weakly held together(“rubble piles”) cansurvive
passageshat approachlessthan 1 Earth radiusfrom the Earths surface,
allowing enepy transfersof ~ 102 erg gm2.

Typicalmassesor large K uiperbeltobjectsareof theorderof 10?2 grams,
meaningthat roughly 10° passageginvolving a cumulatve flyby massof
approximatelyl.5 Earthmassesjvould be neededo move the Earthout to
1.5 AU. Thus, over the remaininglifespanof the Sun, approximatelyone
passagevery 6000yearson theaveragewould berequired.

Theouterreache®f the SolarSystemcontainanideal reseroir of mate-
rial which couldbe usedto mave the Earth.The KuiperBelt is populatedoy
alarge numberof objectsthatarelargerthan100km in diameterthe Kuiper
belt may containas mary as10° suchbodies,totaling perhaps10% of the
Earths mass(Jewitt, 1999), althoughthesenumbersremainuncertain.The
Oortcloudis believedto containabout10* objectstotaling30 or moreEarth
massegsee e.g.,Weissman1994).As evidencedby thefrequentpassagef
long period Sun-grazingcometsoriginatingin this region, mary Oort cloud
objectswould needonly smalltrajectorychangesn orderto bring theminto
appropriateEarth-crossingrbits. Indeed stratgiesfor modifying the orbits
of asteroidsand cometshave beenextensiely discussedn the context of
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Figure 1. Geometryof orbital encounterandgravity assistdor agenericencounteof theO
andthe Earth.a) Encountein theheliocentridrame.Thedistancescaleis in AU. b) Encounter
in the planet-centeredfame,in which the objects flyby pastthe planetis a hyperbolawith
close-approacHistanceb andturninganglea. Thedistancescaleis in unitsof 10° cm, for a
typical Earthencounter

mitigating the hazardposedby suchobjectsimpactingthe Earth (see,e.qg.,
AhrensandHarris, 1992,Meloshetal., 1994,Solem,1991).Alternatiely, a
mainbeltobjectcould bedeflectednto anorbit which hasanaphelionin the
outersolarsystem.

Our approachn this paperis asfollows: In §2, we discussthe detailsof
our gravity assistschemeThis schemeusesan asteroidor large cometasa
catalystto transferorbital angularTmomentumandenegy from Jupiterto the
Earth.Weinvestigateheenegy requirementsf theschemethenatureof the
coursecorrectionglemandedandalsotheneedediccuray. In 83, wediscuss
additionalconsiderationssuchaslong term orbital stability, complications
producedby other planets,and larger issues.We presentour conclusions
in 84. Although this problemraisesmary possibleinteresting(and rather
speculatie) issuesthe presenpaperdiscussesnly afew of them.

2. Thegravity-assist scheme

As mentionedn theintroduction,ourunderlyingscenariausesepeatedjrav-
ity assiststo (in effect) transferorbital enegy from Jupiterto the Earth,
thusenlaging the Earths orbit andreducingthe receved solarflux. Multi-
planetencountetrajectoriehave beendiscussedor morethan25yearge.g.,
BondandAnson,1972)andarenow commonplacdeaturesof interplanetary
exploration,asevidencedby the GalileoandCassinimissions.
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Figure 2. Layout of successie encounterdor the Earth-Jupiterschemefor an orbit with
initial aphelionRy at 650 AU andapheliontangentialvelocity Vo = 6000cm s~1. Note the
change®f scalefrom frameto frame.a) Initial orbit to Earthencounteb) Orbit post-Earthto
Jupiterc) Orbit post-Jupited) Initial (dotted)andreturn(solid) orbitscompared.

The underlyingdynamicsof the schemeareshawvn in Figs.1 and2. The
object*O”, asuitableKuiperbeltobjector mainbeltasteroidfirst encounters
the Earthduring an inward passon its initial highly elliptical orbit of large
0(300 AU) semimajoraxis. The encountertransfersenegy from O to the
Earthin standardyravity-assistfashionby passingcloseby the leadinglimb
of the Earth. The resultingorbit of O thencrosseshe orbit of Jupiter;with
propertiming, it will encountedupiteronits outboundswing,passoy Jupiter
andregaintheenepy it lostto theEarth.It wouldappearhowever, thatO also
gainsangulamomentuntrelative to its incomingorbit, sothatthereturnorbit
is lesselliptical thantheinitial one.As a result,a modestamountof enegy
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mustbe expendedo restoreQ’s orbit to its initial parametersnlessfurther
encounterareincludedthatcanminimizetherequiredexpenditure.

As discussedbelow, larger orbits for O entail lower first-order enegy
requirementsOn the other hand, an orbit that is too large will have too
long a periodto work well in the schemgunlessmultiple objectsareused).
For purposeof discussionwe usean orbit with a semi-majoraxis of 325
AU, whoseperiodof 5859yearsis compatiblewith the ~ 6000yearaverage
periodbetweerencountersln fact,the Suns brighteningis slow atfirst and
thenspeedsp;thusthe optimumorbit sizewill decreaseavith time.

2.1. FORMULATION

We bggin by assumingthat Earth and Jupiterare on circular orbits of zero
inclination with radii of 1 and5.2 AU, respecirely. Obviously, a more de-
tailed studywould have to take into accountthe actualelementsof the plan-
etaryorbits. To outline the schemehowever, the idealizedcaseis adequate.
The calculationof enegy transferand orbital parameterss madeusingthe
so-called“patched-conic’approximation(Battin, 1987, Bond and Allman,
1986).In this approximationthe orbit of the objectis treatedasa seriesof
two-body problems.Far from planets,O follows a Keplerianellipse about
the Sun.At planetaryencountersQ’s pathis givenby a two-bodyscattering
encounterNumericalintegrationsof the full four body systemindicatethat
this approximatiorgivesperfectlyadequateesults.

Theincomingorbit of O (characterizedy subscript®) is parameterized
for cornvenienceby anapheliondistanceRy andtangentialvelocity Vp. Then
theincomingangulaiTmomentumandenegy aregivenby

VE _ Ho
Co = RoVo, ho = 2 "R’ (1)
wherep, = GMg. Assuminghy < 0, the semi-majoraxis, eccentricity and
longitudeof perihelionof the orbit are

2hoc3\ 2
ao:_zkﬁo, eO:<1—|- p(éo) , and  w=0. (2

For an Earth encounterthe eccentricitymust be large enoughso that the
periheliondistanceag(1 — ey) < Ry, the orbital radiusof the Earth. If this
constraints satisfiedthe Earthencountetakesplaceat longitudege, where

cosp: = é (% - l) and Po = % 3

Thedetailedgeometryof anencounters illustratedin Fig. 1. For an“incom-
ing” (pre-perihelionlencountern< @ < 21t The Earths orbital velocity is
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Vs = (Ho/Re)Y2. The objects speedvg, andtangentiakindradial velocities
Vre,VRe at the encounterfollow from conseration of angularmomentum
andenegy:

1/2
Ve = [2 (ho + %)] ,  Vre=co/Re, VE=VE-Vfe. ()
In the Earth’s frame of referencethe velocitiesareV{g = Vrg — Vg, Vie =
Vre, andthe encountesspeeds given by (VE)? = (Vig)?+ (Vie)?. The ve-
locity vector of the encounteiin the Earths frame makesan angle3g with
respecto theorbital velocity of the Earth,wherecosfe = Vg /VE.

In thetwo-bodytreatmenttheeffectof theencounters to turnthevelocity
vector (in the Earthframe)throughan angleag, whereag dependon the
encounterelocity andtheimpactparameteBg. Theencountecanbetimed
to producea specifiedminimum distancefrom the Earth,bg. The minimum
distancetheimpactparameteBg, andtheturningangleag arerelatedby

_ 2l Y2 _ —1 He
Be =bg (1-|— W) and o =2tan (BE(Vé)Z)' (5)

Foranencounteim which O losesenegy andEarthgainsenegy, ag > 0. The
post-encountetangentialvelocity, from which the enegy transferis found,
is thengivenby Vi'z = V¢ coqBe + o). Similarly, the post-encounteradial
velocity is Vg = VE sin(Be + ag).

The changein enegy per unit massof the object,from pre-encounteto
post-encounteis thengivenby

AQe = (1/2)[(VE 'VE)post— (VE'VE)pre] :V@(VT”E _V1I'E)- (6)

The correspondingchangein the Earth’s orbital enegy is thus —MoAQg,
where Mg is the massof O. As mentionedabove, AQg will be negative
(andhencethe Earthwill gainenegy) if O passesin front” of the Earth.
The amountof enegy transferdependsot only on the minimum approach
distancebut alsoontheencountegeometryi.e., Bg, andtheencountespeed
VL, which in turn dependon the longitude ¢z of the encounterGenerally
speakingthemosteffective encountereccurfor nearbut notquite“grazing”
encountergor which@e ~ +0.5 rad,notfarfrom O’s perihelion.If bg canbe
takenassmallas10® cm (aboutl.6 Earthradii), encountetransferenegies
of up AQg ~ 10'? ery gm~! canbe achieved. This value is approximately
60% of the maximumAQg = Vg Veirc, WhereVg is the circular velocity in
Earthorbit ataradiusbg from the Earth’s center

We denotepost-Earth-encountejuantitiesby the subscriptl. For these
post-Earthvariables we useCartesianvectorsin the orbital plane,for which
Re = (Xg,Ys) = (Rp c0SPe, Ry sin@e ). Similarformulaeobtainfor thepost-
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Earthvelocity (in the solarframe)V ;. In particular

Via = Vre COSPE — (Vig +Ve) Singe, V1 =VReSinge + (Vrg +Va ) COSPE.

Q)
The angularmomentumis then given by ¢;Z2 = Rg x V1, andthe Laplace
vectorP; = —pgRg /Rg + €12 x V1. With theseforms, we obtainthe orbital
elementof the objectO in its post-Earthorbit, i.e.,

VZ P,-P 1/2 _
hl:%_%’ alz—zhﬁl, 912%, Wy =tan 1(Py(18/)PX1)'

Examinatiorof thepost-Earthorbital elementshavs thatthenew orbit of
O crosseghe orbit of Jupiter We may thereforeschedulean encountemith
Jupiterto regain enegy lost by O to Earth. As before,treatingthe orbit of
Jupiterasa circle andthe orbit of O asanellipsein the plane,we find that
thelongitudeq;, of the Jupiterencounteis givenby

1/ m ) &
co — =—==-1], where =—.
@ — o) o (Ru PL=1

Theencounteof O with Jupiterimpliessimilar considerationgwith respect
to the changein orbital parametersasthe encountewith Earth. The orbital

elementgive usthetangentiaencountewrelocityVy ; (in Jupiters frame)and
theencountespeed;. Ourinitial ideawasto setthe encountegeometryso

asto yield anenegy gainAQ; (by O) equalingtheamountlost at the Earth.
As notedbelow, however, a more efficient encounter(in termsof the final

velocity changeof O) is onethatyieldsa post-Jupiteorbit with anaphelion
equalto theoriginalvalueRy. In thatcaseijt is simplestto searclmumerically
for the desiredJupiterencountedistanceb;. The encountegeometrygives
usf;; theimpactparameteandaj thenfollow from by asabore.

Finally, we mustwork outtheorbital elementsg, er, wr for O onits post-
Jupiterreturnorbit. The successiomf encounterss shavn in Fig. 2, for our
exampleorbit with aphelionat 650 AU andandapheliontangentialvelocity
Vo = 6000 cm s~1. Figure 3 shavs the enegy transferfor a collection of
encountergbg = 10° cm) asafunctionof @e.

In generalwe find thatey > er, andhencethereturnorbit of O haslarger
angularmomentumthan the incoming orbit. While we have not rigorously
proventhis result,it seemsntuitively understandablehe “lever arm” asso-
ciatedwith the Jupiterencounter(i.e., the radiusof Jupiters orbit) is ~ 5
times larger than that of the Earth encounterresultingin a larger angular
momentum.This finding spoils someof the neatnes®of the schemelt is
possibleto reducethe mismatchof angularmomentumby increasingthe
Earth encounterdistancebg, but this changereducesthe efficiengy of the
encounterasAQg [ 1/bg. An exampleof this behaior is shavn in Fig 4. If

9)
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Figure 3. Enengy transfer(per unit massof O) AQg for encountersasa function of @g. All
orbitshave initial apheliaat Ry at650AU.

thereturnorbit wereidenticalto theincomingorbit (moduloits orientation),
amechanisntouldbesetupto regycle theobjectfor anindefinitenumberof
passesvith averylow enegy expenditure.

The angularmomentumof O can be restoredto its incoming value by
meansof a “coursecorrection”at aphelion.Numericalexperimentatiorsug-
geststhatthe mostefficient schemas to adjustb; soasto produceareturn
orbit with the sameaphelionas the initial orbit: ar(1+ er) = ag(1+ ).
The requiredvelocity changeis thensimply AVg = cr/R0 — Vy, appliedso
asreducethe tangentialvelocity of O to its original valueVp. This velocity
correctionis similar to the well-knovn Hohmannmaneuer usedto transfer
from onecircularorbit to anothemith leastvelocity changeSincethechange
AVR is inversely proportionalto the apheliondistance,it is adwantageous
(from the point of view of leastenegy expenditure)to arrangefor O’s orbit
to have the largestpossibleaphelion.On the otherhand,the orbit mustnot
be solargethatits periodis incompatiblewith the basicencountetimescale
of ~ 6000yearswhich is equvalentto a semimajoraxis of ~ 330 AU. For
typical aphelia0(600) AU, the velocity changds AVg ~ 6000cms™.

astro_eng.tex; 6/02/2001; 10:48; p.8



AstronomicalEngineering 9

8x10" —

6x10"" —

A Q. (cm’s?)

4x10" —

2x10" —

.998 — —

996 — —

o 994 — —

992 — —

99 — —

| ‘ | I | ‘ | | ‘ | I | ‘ I N | ‘ | I | ‘ |

10° 2x10° 3x10° 4x10° 5x10° 6x10°
be (cm)

Figure 4. a) Enegy transferper unit massof O asa function of Earthapproachdistancebg

for orbitswith Ry = 650AU andVy = 6000cms 1. b) Eccentricities (dotted)ander (solid)
asafunctionof Earthapproachdistancebg.
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Figure 5. Successie encountergcf. Fig. 2) for an Earth-JupiteiSaturnarrangementor an
orbit with initial aphelionRy at 650 AU andapheliontangentialvelocity Vo = 6000cm s~ 1.
a) Inner portionof the successie orbits.b) Initial (dotted)andreturn(solid) orbitscompared.

2.2. MULTIPLANET ENCOUNTERS POST-EARTH

The considerationsliscussedbore suggesthatwe considerthe possibility
of schedulingmultiple planetencountersafter passageby the Earth. This
addedcomplicationcan help optimize the schemeby reducingthe primary
enegy expenditureat the return-orbitaphelion.An encountemwith Saturn,
immediatelyafter the Jupiterencounteris a naturalcandidate Calculating
the post-Saturrorbital parameter$ollows in the manneroutlinedabore. We
canthensearchthe parametespaceof encounteristanceswith Jupiterb;

andSaturnbs to minimizethe velocity changeAVg.

We find thatAVr canin factbereducedessentiallyto zeroby anarrange-
mentwhereO losesenegy at the Saturnencounterthe distanceb; mustbe
decreaseftom its bestsingle-encountevalue~ 1.73x 10! cmto compen-
sate.Thereis a dramaticdecreas®f AVy to nearlyzero(0O(10) cm s1) for
by ~ 6.6 x 10'° cm. Figure5 shaws the orbital geometryinvolved. However,
to find theminimumAVk for ary specifiedvalueb; demandshespecification
of bs (or vice-versa)to exceedinglyhigh precision For example reductionof
AVR to ~ 10 cm s~ for by = 6.6 x 10'° cm, requiresbs to be specifiedto a
precisionof ~ 10 cm. LessstringentspecificationsO(10%) cm aresuficient
if reductionAVk to a few metersper seconds satisactory Someexamples
areshavnin Fig 6.

As aresult,ary realisticschemewill probablynot attemptto strictly en-
force AVR = 0. Neverthelessijt is interestingto find that the “first-order”
enegy expenditureof the schemecanbereducedn principleto aneggligible
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Figure 6. Velocity AVr requiredto restoreinitial orbital enegy andangularmomentumas

a function of differenceb — bg from Saturnencountedistancefor threedifferentvaluesof

Jupiterencounterdistancebyj. (Initial aphelionRy = 650 AU, apheliontangentialvelocity

Vp = 6000cms1) a) by = 6.8 x 1019, bg = 5.6106641326 10'° cm, b) by = 7.02 x 1010

cm,bg = 5.875164199% 101° cmc) by = 7.2 x 1019 cm, bg = 6.102270337% 10'° cm
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Figure 7. a)Jupiterencountedistanceb; asafunctionof Saturnencountedistancerequired
to minimize AVr. (Initial aphelionRy = 650 AU, apheliontangentialvelocity Vo = 6000
cm s 1) The uppercune is for encountersn which O gainsenegy at Saturn;the lower
for encountersn which O losesenegy. b) Resultingminimum velocity changeAVr for the
encounterspecifiedn a). Again,theuppercurerefersto enegy-gainingencounterstSaturn
andthelower for enegy-losingencounters.

amount.Figure7 shawvs by asa function of bg for minimum AV transfers,
andalsotheresultingvaluesof AVg.

3. Other Issues

3.1. ACCURACY, COURSE CORRECTIONS, ENERGY REQUIREMENTS

In generalyvariousadditionaleffectswill interferewith the minimal-enegy
schemeoutlinedabove. Thesecomplicationsncludeplanetaryorbital eccen-
tricity, non-zerainclination angles,andnon-graitational impulses.We will
not attemptto develop a sophisticateanethodof guidancefor the object,al-
thoughsuchmethodsave beendeveloped(to avery highdegreeof precision)
for the spaceprogramand planetaryexploration (cf. Battin, 1987).Instead,
we will merelymake someestimates.

Planetaryorbits have eccentricitiesandinclinationse andi (in radians)
of a few times 1072. In order to accommodateéhesevalues, the velocity
changewill be~ 1072V, or about10* cm s~ whenappliedto velocitiesof
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~ 10km s~1, which would be typical of the region outsideof Saturns orbit.
With sufiicient planning,onecanthuseasilyaccommodatéhe departure®f
planetaryorbitsfrom circlesin the sameplane,asdiscussedofar.

Undoubtedly the needfor othercoursecorrectionswill occur High ac-
curay is demandedht all critical stages Closing velocitiesof 40 km s~1
and encountedistancesof 10° cm translateto accurag of 0(10-100)s in
time of arrival at the Earth.We cangetsomefeeling for the sizeof velocity
changeshatarerequiredin afairly simpleway by makinguseof algorithms
for the solution of “Lambert’s problem” (Battin, 1987, Bond and Allman,
1986), which consistsof finding the velocity vectorvy neededo producea
2-body orbit that takes a massfrom given positionrg to r in a giventime
intenal At.

We chooseatargetenegy budgetfor velocity correctionsof AV ~ 10* cm
s~1. Wethenusethealgorithmfor Lamberts problemto computedifferential
velocity correctionsalong the incoming orbit (beforethe Earth encounter)
thatyield changesn arrival timesAt. We find thata At of O(10-100)s can
beaccommodatethirly easilyupto ~ 10° s beforeencounterAlternatively,
muchlargerchangesn arrival time canbeallowedfor atgreatedistancesfor
example,at ~ 0.5 AU (~ 4 x 10° s beforeencounter)the suggestedudget
couldshift theencountetime by ~ 10* s. Of course amorerealisticmission
profilewould notuseupall theallowedenegy for onecorrection andatamget
velocity changeof AV ~ 10° cms~! percoursecorrectionmight represena
reasonablaim.

For the caseof total AV = 10* cm s~1, andfor a 10?2 gm object, about
10°° ey are requiredto enforcethe velocity changesfor eachencounter
About 10' erg gm™! is available from H,O by deuterium-tritiumfusion,
assuminga terrestrialD/H ratio (Pollack and Sagan,1993). Thus, ~ 106
gm of ice mustbe proccessedor eachencounter(at a minimum); this ice
would subtendavolumeabout2.2km onaside.For every encounterthisice
volumerepresentsibout10-° of the massof objectO; asaresult,the ~ 10°
encountersecessaryvould consumethe deuteriumof O(1) large Kuiper
Belt object,assumingpure H,O 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 less processing
is neededf p-p fusionwereavailable;in that case,a single objectwith an
associategbrocessingand powerplantcould be easily be usedfor the entire
project.

Non-gravitational forcesare also an issue,and they potentially demand
enegy expendituresabose andbeyondthosethatwe have discussedhusfar.
An icy object,althoughattractve from the standpointof containingfusion-
ablematerialandfavorableinitial locationin the outersolarsystemwill be
moresubjectto this problemthanan story or metallicasteroid On the other
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hand,a large main-beltasteroidwould have to be placedinto a suitableorbit
startingfrom theinnersolarsystemwhereenegy requirementsrehigh.

3.2. TIMING

Thesuccessfuimplementatiorof this schemalemandsareasonablylelicate
interplay betweenorbital time scalesof a thousandor more years(for O)
andarrival timesscheduledo the minute. Thefirst majorissueis how often
onewould expectto have EarthandJupiter(andSaturn)arrive in a particular
configuratiorrelative to theargumentof perihelionof O. TheobjectO spends
mostof its time “hanging” at aphelion.Small adjustmentsn trajectorycan
thusbeusedo timetheinfall to correspondo themomeniof properplanetary
alignment.With this flexibility, we couldarrangefor O to arrive whenEarth
and Jupiterare in properposition, an alignmentthat takes place every 13
monthsor so. As a result, two-planetencountersare easily realized;three-
planetencounterge.g.,including Saturn)area bit moredifficult.

In orderfor themostidealversionof our proposednechanisno operate,
Earth,Jupiter andSaturnmustall bein the properphase®f their orbitswhen
O makesits passagehroughthe inner solar system.We cansafelyassume
that minor correctionsto the orbit of O candelayits arrival in sucha way
that O’s orbital phaseis suitablefor moving the Earth. The three planets,
however, musthave the properphaserelative to eachother The conditions
for this phasealignmentcanbe writtenin theform

(. — wp)t = 2rm, (10)

and
(0 — Uy )t = 21K, (11)

wheren andk areintegersandwherethe w; denotetheorbital frequencieof
the planetsin obviousnotation.

Wefirst considerthe casein whichtheorbital frequenciesor equivalently
theorbital periodsP; = 211/ wj, areconstantExpressedh yearstheplanetary
periodsareapproximatelyPy = 1, Py = 11.86,ande =29.28.

Theconditionfor a perfectalignmentcanbewrittenin theform

k_ (P —1)Py
n_ (Pb_P'll-)

wherewe have usedthe orbital periodsratherthanthe orbital frequencies.
Sincetheorbital periodsareknown, theright handsideis aknown dimension-
lessnumbeywhich hasa valueof about18.25.We canwrite this expression
in theform "

- = 181dpydacs.., (13)

(12)
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wherethed; denotesligits of thenumber(whichin generalill beirrational).

The generalmathematicaproblemis thusto representa real number(the

right handside above) with a rationalapproximation.For a given specified
accuray (i.e.,for agivennumberof decimalplacesn theabove expression),
we needa minimumsizeof theintegersk andn. Theintegerk is roughlythe

numberof Earthorbits requiredto attainsuficient alignment,and henceis

alsotheapproximatelynumberof yearsbetweeralignmentgmoreprecisely
k measuresimein unitsof P (1— Pg /Py ) ! ~ 1.09years).

Onepos_,sibla:hoicefor thealignmentintegersis thusk = 18d; d>d3d,ds . . . d;
andn = 10/, wherethelastdigit represented the jth one.Thetimeintenal
betweeralignmentss thusaboutt = PhP@n/(Ph —Py ) = 20x 10 years.

The abore agumentshaws that a solution exists. A compromisemust
be made,however. In orderto increasethe accurag of the alignment,we
needlonger time intenvals betweenencountersBut we also needenough
encounterger unit time to move the Earthbeforethe Suncompromiseshe
biosphere.

Although the alignmentconditionwill vary as Earth changests orbital
parametersiue to the asteroidencountersthe orbital period of Earthonly
change®y afactorof two andhenceheaccurag requirementsvill beof the
sameorderof magnitudeor the entiremigrationtime interval. Theaccurag
neededor alignmentss determinedy theaccurag neededor thesecondary
encounterat Jupiterand Saturn.We canassumehatthe orbit of O will be
tunedto interactwith Earthat justthe right impactparameterbut no course
adjustmentscan be madebefore O reachesthe outer planets.Jupiterand
Saturnthusmustbein theright placeto anaccurag of afew planetaryradii
(say? ~ 10'° cm). This constraintimplies that we know the orbital phases
to a relative accurag of about//r ~ 104, we musttake j = 4 at the very
least,but we would like to usej = 5 or even 6 in anideal case With | = 4,
for example,the time intenal betweenencountergalignmentopportunities)
is about200,000years During the allowedfew billion yeartime period(until
the biospheres compromised)we thus only get about10,000encounters.
But, asdiscusse@bore, we neednearlyamillion encountergo successfully
move the Earthto a viablelarger orbit.

We mustthusview the problemthe otherway around:In orderfor migra-
tion to occurwithin afew billion years,we musthave encountergvery few
thousandyears For thisfrequeng of encounterghelargestallowedvalueof
theintegerk is about1000(for example,oneolvious approximationwould
bek=1825andn=100).With thislevel of precisionwe cantunetheencounter
sothat Earthand Jupiterarein theright place,but Saturnwill generallybe
in the wrong phaseof its orbit by an amountcorrespondingo a fraction
~0.020f its orbit. The spatialdisplacemenwill be0.02 x21r ~ 1.2 AU =~
3000 Rh (Saturnplanetaryradii). In this case,we canuse Saturnto make
coursecorrectiongo O’s orbit, but we cannotobtainperfectpost-encounter
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orbital elementqwherethe objecthasexactly the sameenegy andangular
momentumit startedwith).

Thereforea morerealisticgoalis to aim at reducingthe aphelionAV of
O to somesmall value, or at leastone that doesnot dominatethe "enegy
budget". Thereis a rangeof possibleJupiterencounteparameterd; that
yield a final AV < 1000 cm s1; theseencounterscorrespondo a range
of ~ 0.05radianof encountersalong Saturn$ orbit, thus easingthe timing
requiremento amanageablével.

In additionthereareotherconsiderationshatmitigatethe problem:

— UranusandNeptuneareavailable,giving threetimesasmary opportu-
nitiesasusingSaturnalone.

— Multiple objectscanbeusedfor enegy transfey thoughthis will proba-
bly raisethe enegy requirementsn proportionto the numberof bodies
involved.

— Encountersieednot be scheduledat the first opportunity(asshavn in
Figs.2 and5). They canalsobetimedto occuraftermultiple orbit passes
at eitherintersectionpoint of the orbits. The objectO canbe storedin
temporaryChiron-like orbitsaswell.

4, Discussion

In this papey we have investigatedthe feasibility of graduallymoving the
Earthto alargerorbitalradiusin orderto escapdrom theincreasingadiative
flux from the Sun.Ourinitial analysisshavs thatthegenerajproblemof long-
term planetaryengineerings almostalarminglyfeasibleusingtechnologies
thatare currentlyunderseriousdiscussionThe eventualimplementatiorof
sucha program,which is moderatelybeyond currenttechnicalcapabilities,
would profoundlyextendthetime over which our biospheregemainsviable.

The main result of this studyis a theoreticaldescriptionof a workable
schemdor achiezing planetarymigration.This schemas appliedto the par
ticular caseof the Earth. Solar systembodies,such as large asteroidsor
Kuiper Belt objects,canbe usedto move Earthover the next billion years.
Thesesecondaryodiesare employed in a gravity-assistmechanisnto in-
creasethe Earth’s orbital enegy andtherebyincreasets distancefrom the
Sun.The mostfavorableorbits for the secondanbodieshave a large semi-
major axis, typically hundredsof AU; with this relatvely high “leverage
factor”, thelargerequisiteenegy transfercanbeachiered.

An importantaspecbf this schemads thata single Kuiper Belt objector
asteroidcan be emplo/ed for successie encountersin orderto move the
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Earth at the requiredrate, approximatelyone encounterevery 6000 years
(on average)is needed(using objectswith mass~ 10?2 gm). Due to the
acceleratiorof the Suns luminosity increasethe encountersnustbe more
frequentasthe Sun approacheshe end of its main-sequencéfe. In order
to usethe samesecondarybody for mary encountersmodestadjustments
in its orbit are necessaryHowever, by schedulingthe secondarybody to
encounteradditional planets(e.g., Jupiterand/or Saturn)in additionto the
primary Earth encounterthe enegy requirementdor orbital adjustmentat
the objects aphelioncanbe substantiallyreduced.In particular the enegy
consumedby suchcoursecorrectionsis not likely to dominatethe enegy
budget.

Any seriousproposalfor planetaryengineeringpr ary large-scalealter
ation of the solar system,raisesimportantquestionsof responsibility(see
Pollack and Sagan,1993). Comparedwith other astronomicalengineering
projects,this schemehasboth positive and negative aspectsFor example,
althoughno massie alterationof planetaryenvironmentsis proposedthis
schemavould consumea numberof large KuiperBelt objects.

A greatdeal of enegy must be expendedto implementthis migration
schemeHowever, theenegy neededo move Earthis relatvely modescom-
paredto thatneededor interstellartravel. For example,an optimistic mini-
mum enegy expenditureis about10®® ery, which correspondso the kinetic
enepy of a~ 107 gm objectmoving at a velocity of 50 km s~ (this mass
is lessthan 10~* Mg,). As a meansof preservingthe entire biospherethis
schemas thushighly efficientcomparedo interstellammigration,evenif we
have underestimatethe enegy requirementdy mary ordersof magnitude.
The enegy requirementsand overall easeof implementationalso compare
favorablywith variousterraformingprojects(PollackandSagan;1993).

As notednearthe beginning of this paper the requiredchangen orbital
enepy of the Earthis ~ 9 x 10°° em. In the basicschemewe have outlined,
the enepgy is essentiallytransferredrom Jupiterto the Earth. As a result,
Jupiters semi-majoraxisaq, decreaseby Aa = ag, AE/E,, ~ 2.5x 1073y, ,
whereEqy. = GMgMq, /aq. = 3.5 x 10* erg is Jupiters orbital enegy; this
changeamountgo ~ 0.01 AU. While small, this orbital changecould desta-
bilize someasteroidalor otherorbits by the shift of positionof Jupiters or-
bital resonances.hemulti-planetschemevouldinvolve similarsizedorbital
changedor JupiterandSaturn(or otherplanets).

Potentiallymore seriousquestionsnvolve the rotation rate of the Earth
andthe Moon’s orbit. We expectthat O will raiseatide in the Earthduring
its encounterThetide couldbe substantialalthoughO would be arelatively
smallbody, the closenesf its passageneanghatthe transientforcing po-
tential would be O(10)x as strongas that of Moon, for a 10?2 gm body
passingl0’ cm from the Earths center Calculatingthe size and phaseof
thetide would requiredetailedwork, but qualitatvely we would expectary

astro_eng.tex; 6/02/2001; 10:48; p.17



18 Korycansk etal.

tidal bulgeto lagin phasebehindO, asO mavesmorequickly thanthe Earth

rotatesThisin turnimpliesaspin-upof theEarth(similarreasoningiccounts
for thethespin-davn of theEarthby theMoon). Giventheverylargenumber
of encountergplanned,a seriousincreasein the Earths rotation rate could

result.

However, the above picture,leadingto spin-up,takes placeonly for “in-
coming” encounterssuchasdepictedn Figs.1 and2. The symmetryof the
encountergquallyallows “outgoing” encountersin which O passedy the
Earthafterits perihelion.Suchencounterslso passby the Earths leading
limb frominsidetheEarths orbit. They arethusretrogradevith respecto the
Earthsrotation,andthesameconsiderationasabore now leadto spin-davn
of the Earthratherthanspin-up.Thus,by carefulplanningof encountersywe
cancancelary unbalancedorquesexertedonthe Earth.

As for the Moon, reasoningoy analogywith casesof stellarbinariesand
third-bodyencountersuggestshatthe Moon will tendto becomeunbound
by encountersn which O passesnsidethe Moon’s orbit. (As well, thereis
the non-zeroprobability of collisionsbetweenO andthe Moon, which must
beavoided.)Again, detailedquantitatve work need4o bedone,but it seems
thatthe Moon will belostfrom Earthorbit duringthis processOn the other
hand,asubsebf encountergouldbetargetedto “herd” theMoon alongwith
the Earth shouldthat prove necessaryit hasbeensuggestedcf. Ward and
Brownlee,2000)thatthe presencef the Moon maintainsthe Earths oblig-
uity in arelatvely narrawv bandaboutits presentvalueandis thusnecessary
to presere the Earth’s habitability Giventhatthe Moon’s massis 1/81 that
of the Earth,a similarly smallincrementof the numberof encountershould
besuficientto keepit in the Earths ervironment.

Thefateof Marsin this scenariaemainsunresoled. By thetime this mi-
grationquestiorbecomesirgent,Mars (andperhapstherbodiesin the solar
system)may have beenalteredfor habitability or atleastbecomevaluableas
naturalresourcesCertainly the dynamicalconsequencesf significantlyre-
arrangingthe Solar Systemmustbe evaluated.For example,recentwork by
Innaneretal. (1998)hasshavn thatif theEarthwereremovedfrom the Solar
System,then Venusand Mercury would be destabilizedwithin a relatively
shorttime. In addition, the Earth will traversevarious secularand mean-
motion resonancewith the otherplanetsasit movesgraduallyoutward. A
largerflux of encountersnight be neededo escortthe Earthrapidly through
thesepotentialtroublespots.n this case additionalsolarsystemobjectsmay
requiretheir own migrationschemes.

This technologycould also be used,in principle, to move other planets
and/or moonsinto more favorable locationswithin the solar system,per
hapseven into habitablezones.As an application,the basic mechanicsof
this migrationschemecould be employed to clearhazardoussteroidfrom
nearEarthspaceThereis alsothe possibility of usingKuiperbelt objectsas
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resourceshemseles(e.g.of volatile materials) gravitational-asst schemes
couldperhapsieliver materialsto usefullocationswith a minimumexpendi-
tureof enepy.

An olviousdravbackto this proposedschemas thatit is extremelyrisky
andhencesufiicient safgguardsmustbeimplementedThecollision of a100-
km diameterobject with the Earth at cosmic velocity would sterilize the
biospheranosteffectively, atleastto thelevel of bacteriaThisdangercannot
beoveremphasized.
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