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ABSTRACT

The collinear Lagrangepoints of the Sun-Earthsystem
provide an ideal environmentfor highly sensitive space
sciencemissions.Consequentlymany new missionsare
planedby ESA andNASA thatrequiresatellitescloseto
thesepoints.For example,theSOHOspacecraftbuilt by
ESA is alreadyinstalledin the first collinear Lagrange
point. Neitheruncontrolledspacecraftnorescapemotors
will staycloseto theLagrangepointsfor a long time. In
casean operationalsatelliteexplodes,the fragmentation
processwill take placecloseto theLagrangepoint. Ap-
parentlya numberof spacecraftwill accumulatecloseto
theLagrangepointsoverthenext decades.Weinvestigate
thespacedebrishazardposedby thesespacecraftif they
explodeandfall backto anEarthorbit. Fromoursimula-
tion wefind that,asexpected,abouthalf of thefragments
drift towardsthe Earth while the otherhalf drifts away
from it. Around

���
of thesimulatedfragmentsevenim-

pacttheEarthwithin oneyearaftertheexplosion.

1. INTRODUCTION

The hazardsto mannedas well as unmannedsatellites
by breakupsof satellitesandrocket upperstagesin low
Earth orbit (LEO) andgeo-stationaryorbit (GEO) have
beenextensively discussedin the literature(Jehn,1990;
McKnight & Nagl,1993;Fucke,1993;Jehn,1995;Mat-
ney & Settecerri,1997;Houchinet al. , 1997).Sincethe
early 1970ies(Farquhar, 1973) thereare considerations
to useanotherclassof orbits: quasi-stabletrajectories
aroundtheLagrangepointsof theSun-Earthsystem.Es-
pecially thecollinearpoints ��� and ��� (seefigure1) are
interestingfor solar physicsand spacescienceapplica-
tions(Farquhar, 1998). Sinceorbitsaroundthecollinear
libration pointsareinherentlyinstable,thedwell time of
rocket bodiesor uncontrolledsatellitesis shortandthus
breakupsof theseobjectsarelesslikely thanin LEO or
GEO.Breakupsof malfunctioningoperationalsatellites,
however, createa cloudof fragmentson thestableman-
ifold. The stablemanifold connectsthe locationsof pe-
riodic motion in the six-dimensionalphasespaceof the
satellite(Richardson,1980).

In order to model the fragmentationprocess,we ap-
ply a fragmentationmodel that combinesthe fragment
massdistribution by Bess(1975)with the �
	 distribu-
tion takenfrom theexplosionmodelby Reynolds(1990).
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Figure 1. Illustration of the positionof the Lagrangian
pointsof equilibriumin theSun-Earthsystem.TheSunis
at the centre of the planerepresentingthe orbital plane
of the Earth, and the horizontalaxis is fixedto the Sun-
Earth line.

Fromthesemodels,thedifferentialfragmentmassdistri-
bution of a low intensityexplosionis givenby (seealso
Jehn(1990)):
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(1)

with & ' beingthe total massof the satellite. Assuming
anaveragefragmentmassdensityof C �ED �F��>HGJIK"ML , the
fragmentdiameter
 is givenby


 � � NO < �D�P C � (2)

Accordingto Reynolds,the �
	 of a fragmentin Q I�R " �TS
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is givenasa functionof fragmentdiameter
 in Q I S :
UWV > �
	 � /1 X�  =4��541- UWV > 
�7 � /( 2� @  D UWV > 
 (3)
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We simulatean explosioncloseto � � using the models
describedabove.A totalnumberof

@=�  fragmentsis gen-
erated,thatdrift off thepointof equilibriumdependingon
thedirectionandthemagnitudeof the �
	 imposedonthe
fragmentby the explosion. Figure2 shows the distribu-
tion of �
	 in thesimulatedfragmentcloud. We assume
that thefragmentsaredistributedisotropically. After the
simulatedbreakupwe propagatethe fragmentsfor one
year, takinginto accountthegravity of theEarth,theSun,
theMoon,aswell astheoblatenessof theEarthandsolar
radiationpressure.In thefollowing sectionswe describe
themotionof thesimulatedfragments,aswell asthepo-
tentialthreatthey poseto operationalsatellites.

Figure2. Histogramof thedistribution of �
	 of thegen-
eratedfragments(total number:

@=�  ).
2. MOTION OF THE FRAGMENTS

The dynamicsof the fragmentsis dominatedby the ef-
fectivepotentialin theEarth-fixedframeof therestricted
three-bodyproblem. Thus, the fragment motion de-
pendson the Jacobianconstantthat is determinedby
the breakupprocess. Before the breakup,the satellite
is assumedto have the Jacobiconstantof the � � point
of Z\[ � /1<X�  = � @ ; � 4 in canonicalunits (distanceunit� �^]`_ , massunit � &badce&bf , time unit suchthat
periodof Earth’s orbit equals

� P ). For this valueof Z ,
the satelliteis at the intersectionof zero-velocity curves
(ZVC), i.e., in equilibrium motion. Sincethe satelliteis
in restwith respectto theEarth-fixedframe,thebreakup
always increasesthe valueof Z . Becausewe consider

lunar gravity, the Earth’s oblateness,andradiationpres-
sure,the Jacobi“constant”is not exactly constantalong
the fragment’s trajectories. The value of Z can be de-
creasedby lunarperturbations(e.g. by closefly-bys), or
by theeffect of theEarth’s oblatenessduringcloseEarth
encounters.Figure3 shows the distribution of Z for all@=�  fragments<= `g2hji#R afterthebreakup.

Figure3. Histogramof thedistributionof theJacobicon-
stantof thegeneratedfragments(total number:

@��  ). The
dottedline indicatesthe initial valueof the constantbe-
fore thebreakup.

Figure 4. Zero velocitycurves(ZVCs)in theEarth-fixed
systemfor differentvaluesof theJacobiconstant.A plane

 2�k�l�m 2�k��]`_ aroundtheEarth is shown,theSun(noton
thediagram)is at theorigin. Thecontourlines(solid forZ 9 Z [ , dashedfor Z � Z [ , dottedfor Z B Z [ ) repre-
sentZVCsfor Z � Z\[�nTZ\[5o  2�  � X� nTZ\[po  2�  � � �3 nTq ��
 Z\[!o 2�  � � X� .
The breakupcreatesa rathernarrow distribution of the
Jacobianconstantaroundtheequilibriumvalue Z\[ . Frag-
mentswith Z B Z [ areconfinedeitherto a region close



Figure5. Trajectories(solidlines)of anexplosionfragmentsin theEarth’sorbital plane. In panel(a)a region �=��������]`_ ,
and in panels(b)-(d) a region D � D ]`_ are shownwith theEarth at theorigin. Thedottedcircle indicatestheorbit of
the Moon and the dashedline the Sun-Earthline. TheSunis locatedat � D ;r�s�! =t\u�I along the positive v -axis. The
cross-markersalongthetrajectoriesindicatethefragment’spositionseparatedby

�  wg2hji#R . Panel(a) showsanOut-bound
directedtrajectory, panel(b) a typical in-boundtrajectory, andpanels(c) and(d) in-boundtrajectoriesthatarecaptured
into boundorbitsaroundtheEarth.

to the Earth or to outsidea ring aroundthe Earth’s or-
bit. This restrictioncanbe seenin figure 4 that shows
the ZVCs for fragmentswith differentvaluesof Z . ForZ 9 Z [ the fragmentsmay move freely alongthe Sun-
Earthline, but not alongtheEarth’sorbit. In generaltwo
classesof orbits arepossible:out-boundand in-bound.
Fragmentsonout-boundorbitsmoveawayfromtheEarth
sothatthey have largerheliocentricsemi-majoraxesand
smallermeanmotions. Consequentlythey drift into the
positive x -direction,which is oppositeto thedirectionof
motion of the Earth aroundthe Sun (seefigure 5 (a)).
Thesefragments,which constituteD�D � of thesimulated
objects,continueon independentheliocentricorbits and
thereforeposeno threat to Earth satellites. The other
classof orbits are in-boundto the Earththat potentially
exhibit closelunar or Earthencounters.If no closeen-

countersoccur, the orbits aroundthe Eartharevery un-
stable,as shown in figure 5 (b). Mostly lunar fly-bys
decreasethe orbital energy (andthusthe valueof Z ) of
somefragments,so that they stayin boundorbits about
the Earth for more thanoneyear (seefigures5 (c) and
(d)).



3. POTENTIAL HAZARDS TO OPERATIONAL
SATELLITES

Figure 6. Histogram of the perigee distribution of
the fragments(total number: 820) one year after the
breakup.

Figure7. Zoomof theperigeerangefrom  to D �y�p �z�u�Iin figure 6. Thedashedlines indicatethedistancerange
of theGEOring andthelunar orbit.

In our simulation 3�4 � of the fragmentsmoved towards
the EarthalongtheSun-Earthline. Whetheror not they
posea threatto operationalsatellitesdependsonwhether
they reachLEO or GEO distances,i.e. on their perigee
distance{p| . Figure6 shows thedistribution of {!| for all@��  fragments,propagatedover one year. The peakat

�=� 3}�~�p �t�u�I indicatesthe <=3�< ( D�D � ) fragmentson out-
boundorbitsthatneverapproachtheEarthcloserthanthe
distanceof � � . The D 4�� ( 3�4 � ) fragmentsonin-boundor-
bits almostalwaysapproachtheEarthcloserthanthelu-
narorbit. Figure7 showsazoomof thefragmentperigee

distribution insidethe lunarorbit. The maximumof the
perigeedistribution is at

� �m�p �zMu�I , faroutsidetheorbit
of mostoperationalsatellites. While lessthan 4� frag-
mentsapproachedthe Earth closerthan GEO, no frag-
ment actually intersectedthe GEO ring. In addition, a
crossingof fragmentsfrom ��� of the GEO ring is only
possiblearoundtheequinoxeswhentheGEOring inter-
sectstheSun-Earthline.

Figure 8. Zoom of the perigee range from  to <���f(Earth radii) in figure 7. Thedashedlines indicate the
boundariesof theLEO region and thehashedarea indi-
catestheextendof theEarth.

Dueto their low initial angularmomentum(or transversal
velocity)with respectto theEarth,fragmentscanactually
impact the Earth’s surface. In our simulation ��� frag-
mentsreachedthe LEO environment( � B �  = � Yu�I ),
and �!< ( �=� 4 � ) impactedthe Earthcloseto Earthescape
velocity (seefigure 8). Despitethe fact that the out-of
planemotion of the fragmentsstayssmall, they canim-
pacttheEarthat any latitude,becausetheEarth’sdiame-
ter small is comparedto thedistanceto � � (seefigure9).

4. CONCLUSION

The useof the collinear Sun-EarthLagrangepoints for
solar physicsand spacescienceapplicationis expected
to increase.Therefore,a breakupof a controlledsatellite
dueto amalfunctioncannotberuledout. Sincethedwell
time of uncontrolledsatellitesandrocket bodiescloseto
thelibrationpointsis short,they areunlikely to contribute
to the hazardto operationalsatellitesdueto breakupsat
thesepoints.If anexplosionof a satelliteoccurscloseto� � , about 35 � of the fragmentsmove in-boundtowards
the Earth. Collisionsof the fragmentswith GEO satel-
litesareveryunlikely andarepossibleonly if thebreakup
occurscloseto the vernalor autumnalequinox. A low
percentage(about

���
) of thefragmentsreachestheLEO

environmentandimpactstheEarth’satmospherewith ve-
locities closeto the Earth’s escapespeedof ����u�I�R " � .



Figure9. Trajectory(solidline) of animpactingfragment
in the Earth’s vicinity. The v -directionis the Sun-Earth
line and the � -direction is perpendicularto the Earth’s
orbital plane. At thebottoma segmentof thefragment’s
trajectory from an earlier closeencountercan be seen.
Thefinal segmentof thetrajectoryapproachestheEarth
fromtheupperleft corner.

TheseEarth impactscanhappenat any geographiclati-
tudeandlongitude.
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